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Chapter 1
Introduction and Motivation

More than 20 years ago, in 1987, Tang and V. Slyke reportedirtsteefficient small molecule
(SM)-based light emitting device using tris(8-hydroxymline) aluminum Alg as active layer
[1]. Three years later, a breakthrough for polymer light ¢tinig diodes (PLEDs) was reached
through the discovery of electroluminescence from polgjmnenylene vinylene) polymers at
the University of Cambridgé [2]. Since then, developmentsabus polymer or small molecule
materials [3][4] and a range of OLED architectures|[5] haveeen investigated [6][7]. Just a
few years after the above mentioned discoveries, the growtegest in industry and research
opened a new market for the so-called organic electronick anrecent times, this technology
has shown its true potential for overcoming some of the litoits of inorganic semiconductor
devices|[[8].

Organic devices based on small molecules are already placetie market.[[9][10]. In 2002,
Philips and Pioneer supplied OLEDs already in a commeraiale for mobile display applica-
tions. Only one year later, Kodak introduced the first AMOL&Dital camera - the KODAK
EasyShare LS633. Samsung’s OLED production based on srokdtutes reached mass pro-
duction in 2008 and this is basically due to the use of the OldiEdplays in their mobile phone
applications. For displays, organics offer many advantagempared to the current technology
of LCD and Plasma screens [11][12]. Apart from economic adages and the requirement of
simpler fabrication steps and technology, they also offerdr power consumption [13], a wider
viewing angle[5] and faster response tinie [14]. However, ¢hare still many challenges until
OLEDSs can be integrated in our daily life. Environmental da@ions, such as high temperature
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and high humidity, lower the operating lifetime due to therddgtion of the organic material
and the use of highly reactive electrode materials. Re$eaxrk nowadays focuses on the in-
crease of the device lifetime avoiding electrode matetikéscalcium or barium and improving
the encapsulation. In addition, there is an ever growing itapéo avoid the use of less abundant
and costly materials.

In this thesis, novel metal combinations, such as ultrathetal bilayer, are studied to replace
ITO, which is still a bottleneck for the introduction of orgaxevices into the mass market due to
its high cost and high process temperature, which is not caitp&or the deposition on flexible
substrates such as PET. ITO is a high cost material compositased on rare indium(lll) oxide
(In203) and tin(1V) oxide (Sng). Another disadvantage of ITO, looking at the device stmgt
is that most of the light is trapped inside the device dueéaked of a relatively thick ITO layer
as transparent bottom electrode. Various approaches fomgproved light outcoupling have
been proposed and successfully applied into the OLED strei¢L5]-[18]. Indeed, most of the
presented solutions still use ITO as anode material withegithmodified surface or capped with
an additional metal layer. The study in chapter 3 addressesesof the approaches in this area,
such as OLED manufacturing with low cost alternative semgparent and highly conductive
substrates[[19]. Nickel (Ni) is widely studied as an ultra-thayer in terms of transmittance,
conductivity and morphology and then Ni is applied as anodteria for OLEDs. Ni-OLEDs
show reasonable efficiencies at a comparable brightnesesipect to the ITO reference device.
It is demonstrated that pure Ni is very stable against temioeesand humidity. Better electrical
and optical properties can be measured for pure copper (Coyever, it shows poor stability
during environmental tests (humidity and temperature).efcellent trade-off between the Ni-
stability and the optical and electrical properties of Cuasihd by forming a double-layer based
on Cu and Ni. The bilayered CuNi ultra-thin metal films (UTMF) stexieellent stability against
temperature and oxidation. When applied to OLEDs, the @swstiow high efficiency, almost as
good as ITO-based devices with good operation stability taez. Thus, it is shown that Ni and
NiCu are potentially better candidates as semitransparenti@material for OLED applications
due to easy fabrication, use of low cost material, low malezonsumption and a reasonable
OLED efficiency.

A growing research and industry interest on solution proedsSLEDs can be noticed despite
the fact that the performance has not reached the one of vaaeposited devices. However,
solution processed OLEDs can be fabricated via differemtprg techniques. In the future,
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it might be even possible to use roll-to-roll (R2R) processe a continuous web, similarly to
the printing process of newspapers. Such R2R-process tadigle usually a Slot Die and/or
Inkjet print-system for the deposition of the electrodes tne active material. The R2R process
would decrease significantly the cost of the OLED fabricatishich could make OLED a seri-
ous competitor of lighting and display technologies. Smadlecules became printable and the
replacement of the commonly vacuum deposited electrodegrintable materials encourages
the industrialization of solution processed OLEDs. A parar challenge of solution processed
OLEDs is the preparation of multilayer devices. A conceptlie preparation of solution pro-
cessed multilayer devices is presented. The insertionroA2O3 layer prepared by atomic layer
deposition protects the organic layer on the substrate asfatihe solvent used in the deposition
of the subsequent layef. [22]. Specifically, within this stualgz as electron-transport material
is spin-coated onto an ADs protected emissive polymer layer. The brightness of theeley
furthermore significantly enhanced due to the presenceettéctron transport layer and the
avoided dissolution of the emissive polymer. This studygzsuccessful the concept behind this
idea and a further enhancement of the OLED efficiency can hyelikely achieved by choosing
a different material combination. However, such a processvshagain the importance of the
ALD-process integration into a R2R process due to its exdémange of processing possibilities.
The application of the ALD is therefore not only limited te #ncapsulation process when used
for organic electronics.

Avoiding the intermixing of materials for solution procedsmultilayer structures is one of the
main approaches in chapter 4. However, a careful intermixihtyvo or more polymer materials
might lead also to an increase of the host polymer perforraamicen choosing a proper guest-
host relation. Usually an emissive hole-conductive hostmer is blended with a non-emissive
electron conductive guest polymér [20]. In chapter 5, aadéht approach is presented based
on an emissive polymer as host material doped with an emissinad molecule. MEH-PPV
and Alg, both emissive materials and commercially available, demtled successfully together
without changing the emission spectra of MEH-PPV as host maatelhe energy transfer of
MEH-PPV doped with Algivarying the concentration is investigated in this chapted such a
blend is successfully applied as emissive layer into an Oktilrture. Both concepts, the use of
multilayer structures (chapter 4), and the blending of tlhsthmaterial are compared. The same
emitter, MEH-PPV, is used and Alds either spin-coated or used as dopand. Both concepts
show a significant increase of the OLED efficiency compargdgdIEH-PPV reference OLED.
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The blended OLED shows still a higher efficiency and lower regwoltage for the maximum
light emission. Blending of the host with a charge carrier ttenishows a significant advantage
compared to multilayer structure, due to lower process 8te less process steps are needed.
Furthermore, a multilayer device fabrication requires &dwhal process steps (for instance,
cross-linking or protection layer) to avoid intermixing thie solution processed layers.



Chapter 2

Fundamentals and experimental details of
organic light emitting diodes (OLEDS)

Understanding the physics and process requirements otsachicting polymers are crucial for
the successful implementation of the polymer as emissyes ia (OLEDs). The fundamentals
of conductive polymers as well as their optical and electriteracteristics are explained in the
following chapter. The fabrication techniques used in thissis are described and the process
recipes are listed.

2.1 Theoretical background of organic light emitting diodes

Semiconducting conjugated polymers have attracted muehest recently. These materials
combine the processability and outstanding mechanicalackexistics of polymers with the
ready-tailored electrical and optical properties of fumaal organic molecules. The electronic
characteristics of these materials are primarily goveheithe nature of the molecular structure,
but intermolecular interactions also exert a significafiuence on the macroscopic material
properties. Polymer light emitting diodes consist of alstaiclayers where an electrically ex-
cited fluorescent polymer is sandwiched between two conduetectrodes. At least one of
the electrodes has to be transparent for the outcoming ligistcan be either the anode or the
cathode depending on the OLED configuration (standard eried). A simple OLED stack is
shown in figure 2.1a with an emissive polymer sandwiched éebnwo electrodes. A photo-

11
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graph has been taken and is shown in figure 2.1b from a fabdeabrking device. This device is
the so-called bottom-light emitting diode configuratiorganing that the top-electrode (cathode)
IS opaqgue, so that the emission of light takes place throluglglass substrate.

Anode

Substrate

(@) (b)

Figure 2.1: a simple OLED stack (a) can be electrically edfor light emission (b)

A successful electrical excitation requires the injectadncharges, the transport through the
layers as well as a balanced amount of positive and negdtasges within the active emissive
material resulting in an effective formation of excitiorw the radiative recombination. The

following subchapters give an insight of some of the fundataleprocesses within the OLED

structure.

2.1.1 Fundamentals of organic semiconductors

When two atoms interact to form a molecule, they form a chelnfioad either by creating a
bonding molecular orbital or an antibonding molecular tabiA bonding molecular orbital is
formed when the wavefunction of the two reacting electrenga phase; an antibonding molec-
ular orbital will be created when the wavefunction is 18@splaced forming a nodal point (am-
plitude = 0). Orbitals that lie along the bond axis are calteldonds and are very strong and
highly localized in space. They do not allow mobile chargeiees and are largely responsible
for the shape and the structure of the molecule. Hbends lie above and below the plane of the
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polymer backbone, are spatially delocalized over the emtinjugated segment, and are much
weaker [21]. Electrons in tha orbital make this particular class of organic materialsdtan
tive. A tbond and as-bond can form a double bond resulting in the formation of mlcimed
orbital, the so-called molecular orbital. Normally, thglmest occupied and lowest unoccupied
molecular orbitals (HOMO and LUMO, respectively) in orgasemiconductor molecules ame
orbitals. The energy difference between the HOMO and the OJbithen regarded as band gap
energy with a typical energy between 1.5 eV - 3 &V [22][22]selsematically shown in figure
2.2. Therefore, the HOMO corresponds to bondingnd LUMO to anti-bondingt" orbitals
which have higher energy. In a simplified analogy, the HOM@ BUMO levels are to organic
semiconductors what valence and conduction bands arergainiac semiconductors. By adding
more conjugated double bonds into the system, more moleathddals will be created leading
to a decrease of the energy gap between the highest occupledutar orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO). As a resulghli with a longer wavelength will
be absorbed.

A o*-orbital
n*-orbital

p %
% é/ ‘q:) Optical excitation
/\ C— C\ ‘4 v\ worbital
O / “v‘ o-orbital

(a) (b)

Figure 2.2: molecular orbital of Ethylene (a) and the cqroggling band splitting (b)

A consideration of the HOMO and LUMO level is mandatory for alMbalanced injection of

positive and negative charges when using conjugated posym®LED devices. The electrodes
(anode and cathode) are usually defined by the workfunctioichwshould be aligned to the
HOMO and LUMO level. Assuming a proper injection and transpbthe charges towards the
polymer center, an exciton (a bounded state of an electrdm d&ole) will be formed creating an
excited state. Indeed, two processes are in charge of ttimafimm of an exciton. The first process
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is also known as Langevin recombination where an excitoariséd due to the recombination
of an electron-hole pair. This recombination mechanismejgethdent on the injection and the
transport of the charges and is more efficient for a well+heda number of positive and negative
charges. The second process is related to the photon absov optical excitation where
an electron of the ground state will be excited towards thevi@Omolecular orbital. For both
processes, the excited molecule keeps this gained energyviery short time, approximately
109 to 10~ “s until it falls back to the ground level by releasing its eyer

The Jablonski-diagram (figure 2.3) illustrates the elettratates of a molecule and the transi-
tions between them. The singlet ground stajead the excited singlet stateg,;® with n > 1

as well as the triplet stateg Bnd T, are shown in the diagram. The ground state can only be a
singlet state regarding Paulis exclusion principle. Tfoges only the singlet state can be excited
via photoabsorption. The excitation of an electron fromgheund state §by photoabsorption
generates an excited state in.$with n > 1 [24]. The radiative recombination from ® S is
known as fluorescence. A radiative decay from the tripleediathe ground state is spin for-
bidden. Such a radiative decay is called phosphoresceldesesa much smaller recombination
rate than for the fluorescence [22][29].

However, the emission probability for each molecule is tim#ependent and the emission inten-
sity depends in fact only on the number of molecules in théedstate. The ideal exponential
decay of the fluorescence intensity of the excited molecairebe described with the following
law:

| = lpe kot (2.1)

lo and | describe the intensity of the emitted radiation diyeefter the excitation and after
passing the time tkg is known as velocity constant and can be calculated from veeage
lifetime of the excited state (equation 2.2).

o= = (2.2)

To

The lifetimetg is almost temperature independent, but it depends on emagatal conditions
and also the used solvents. The estimated value for the sastant for the fluorescence is be-
tweenkg =10°-10°s 1. The phosphorescence process is forbidden by nature siv¢hatlocity
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constant withkp=102-10%*s is much smaller than for the fluorescenice [26].

N Excited Singlet State

IC Excited Triplet State

S2 ISC Tn

S1
A \ .

T2

= T

Absorption Fluorescence Phosphorescence

v

So

Ground State

Figure 2.3: energy transfers and recombination mechaniphiaed by the Jablonski diagram

The electrical excitation is different from the photoeativbn and involves basically the charge
transfer and the diffusion of the electrons and holes in tigrper material until they are at-
tracted by their mutual coulomb force and recombine eitbdotm a singlet or a triplet state.
The 3:1 law occurs in that case where many more triplet sea$ormed and the intersystem
crossing from singlet to triplet can still happen. The intrconversion (IC) is the transfer with
the same spin-multiplicity. Such a non-radiative transitoccurs between higher excited states
Shi1t0 §. On the other hand, electron transfer between states @freliff multiplicities via
spin-inversion is called intersystem crossing, which isidelly the conversion from the triplet
state to the singlet state or vice versal [25]. Only 25 % of x@ditens created in this described
way are singlets and 75 % are triplets according to the qunamtechanical rules (also known
as 3:1 rule) which limits the internal quantum efficiency diEDs. The limitation of the in-
ternal quantum efficiency is due to the low probability of diaéive recombination of triplet
excitions. Therefore, only the radiative recombinatiosiafjlet excitons contributes to the emit-
ted light [21]. The electroluminescence efficiency is ndiynawer than the photoluminescence
efficiency since not all the injected holes and electronsmdsne to form excitons and only a
fraction of these are in the singlet stdtel[27].

The presence of molecules from different species might teagther a fluorescence enhance-
ment or a fluorescence quenching due to the possible enarggfér between the molecules. The
presence of a donor molecule might result in a change of themas chain aggregation of the
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host polymer. It has been described that MEH-PPV chainsxarecéed to coil more tightly in
CHCI3. The figure 2.4 just illustrates the possible influence ofAlg; dopand on the MEH-
PPV aggregation. The size of the MEH-PPV (hydrodynamicug)dhas been reported to be
between 10 and 30 nm depending on the solvent and on the nfedi@eeight, whereas the size
of the small molecule Algis around 2 nm. The energy transfer between the acceptondin t
presented case MEH-PPV) and the donor (in this example;) Algcomes more dominant for
a high donor concentration compared to the energy transfievden polymer chains from the
same species. Such an energy transfer might lead to a sagrigmission enhancement when
the molecules (donor and acceptor) are properly chosenhénsatic example for the donor and
acceptor behavior is shown in the following figure:

MEH-PPV X//T /‘Gf
MEHPPV T
11— Y e

7 ‘
v
(@) MEH-PPV polymer chains (b) MEH-PPV doped with Alg

Figure 2.4: MEH-PPV polymer chain with schematically shawterchain energy transfer (a), MEH-PPV doped
with Algs and the corresponding energy transfer between the polyinaén end the molecules.

The energy transfer of the excitons in figure 2.4 is indicateded arrows. Excitons can transfer
energy from an excited donor specie$s 0 an acceptor species A. In that case, a non-radiative
energy transfer may occur, the so-called Forster transféneoDexter transfer [28][29]. The
principle is schematically shown in figure 2.5.

An explanation for the energy transfer by the Dexter procassbe found for a very short dis-
tance in the order of 10 A or below with a significant overlapttof molecular orbitals. The
Dexter process is based on the electron exchange betwedartbeand the acceptor with a de-
creased energy transfer probability for larger distaned&déen them. A strong overlap between
the absorption and emission spectrum of the donor and amcisphot required, however, the
exciton energy of the acceptor should be lower than thatefitnor molecule for an efficient
transfer[26]. The Dexter transfer allows both singletgtét and triplet-triplet transition$ [30].
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Singlet Exciton

Forster Transfer

Triplet Exciton

Dexter T% ISC

So

Acceptor Donor

Figure 2.5: schematic of an Forster (long range) and Degtear{ range) transfer

The Forster process explains the energy transfer for amiolecular distance lower than 100
A. The excited electrons (donor molecule) act as an osaifjatipole resulting in an alternating
electric field which again creates an oscillating dipolehia aicceptor molecule. Only singlet-
singlet energy transfer is created by the Forster procese $he spin state of the donor and
acceptor is the same. An example of a strong overlap betweeerission spectrum of the
donor and the absorption spectrum of the host polymer hage sleown in figure 2.6 with an
overlap between 450 nm and 575 nm of absorption spectrum dfiHMEV and the emission
spectrum from Alg.

Extinction MEH-PPV >

1.0+ 1.0 ©
—— Photoluminescence Alg3 3

-

—~ 0.8+ 0.8 g
=] o
& ]
5 0.6- 0.6 5
= @
o (2
c Q
E 5
@ 0.4+ r0.4
E 5
S 5]
= 0.2- L0.2 @
<

)

0.0 0.0 =

T T T T T T T
350 400 450 500 550 600 650 700 750 @
Wavelength (nm)

Figure 2.6: absorption spectrum for MEH-PPV and photolwsagnce spectrum for AJgstrong overlap between
450 nm and 575 nm.

If one monomer is in an excited state, the intermolecul@&radtion is described as excimer. The
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term excimer refers to the interaction of equal monomershitkvone is originally in the excited
state and the other is in the ground state. The excited steaction of different monomers is
known as exciplex. Bimolecular excited states can be formeehkectron-transfer from donor
to acceptor using blends consisting of at least two compsnémthat case, exciplexes can have
either singlet or triplet character dependent on the accepin exciplex is therefore similar to
an exciton with electrons and holes on different molecules.

Excimer and exciplex emission is typically broad and urtteed and shifted to lower energies
with respect to the emission of the monomer. Both chargeecarare able to form either ex-

cimer or molecular emissive states when injecting holesedectrons via electrical excitation.

Therefore the PL and EL spectrum might differ due to the vesitypes of excimer (singlet and

triplet) which can be formed via electrical excitation[3Mote that excimer and exciplex can be
observed in both, the PL and the EL spectrum [30][32].

2.1.2 Charge injection and transport processes

The current-voltage characteristic for organic light ¢imgt diodes is characterized mainly by
two effects, the injection of the charge carriers from thecegbdes into the devices and the
charge carrier transport within the device structure kBaiby the organic material properties.
This subsection gives an overview of the commonly appligeciion processes of OLEDs and
the current voltage behavior defined by its characteristyoons.

Charge carrier injection mechanism

The OLED device performance is strongly related to a balameetion of negative (electrons)
and positive (holes) charges. When applying a voltage, ivegahd positive charges have to
overcome the energy barrier between the electrodes andgario material. This energy barrier
is the result of the difference of the metal workfunction aimel HOMO or LUMO level of the
polymer. Two main processes are involved in the injectiorcttdrges, the Fowler-Nordheim
tunneling (FN) and Richardson-Schottky (RS) thermionic siors (figure 2.7).
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EVAC EB EVAC

Metal Semiconductor Metal Semiconductor

Figure 2.7: metal-semiconductor contact without an agmlectric field (a), Richardson-Schottky (RS) and Fowler-
Nordheim (FN) injection mechanisms after applying a vaitagwith the electric field E (b)

The first model, the FN tunneling mechanism, describes theeting principle of charges from
the metal electrode through a triangular barrier into thiyrmper material, independent of the
temperature [33]. The triangular potential barrier restrihm the applied electrical field and the
tilt of the energy levels of the semiconductor. The slopeheftilt depends on the electric field
strength and thus the barrier width becomes field dependieefjuation 2.3 it can be seen that
the injection current is limited by the potential barries lietween the electrode and the polymer
material and the electric field E [34][35].

3
_ 2,2(qE)? —81,/2qnT EZ
N = grhE, & 3hE 2:3)

The second mechanism for the injection of charges is knowhea&ichardson-Schottky (RS)
thermionic emissior [36][37]. Three effects are importamtthis model [38]. The first effect is
the potential difference g=between the workfunction of the electrode metal and the LUMO
ergy level for the electrons of the polymer material. Forgheond effect, the applied electrical
field manipulates the characteristics of the potentialcWinesults in the typical triangular poten-
tial barrier. The last effect results from the image potdmi the injected charges. The magnitude
of the electrostatic force Bbetween two point charges can be calculated by coulombsrdwsa
inversely proportional to the square of the distance betvilee charges. The total potential as a
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function of the distance is the result of the superpositibthose three potentials. The potential
difference B will be therefore lowered due to the resulting electricaldfief the image force.
This lowering of the potential is the so-called Schottkieef. We obtain the total current as the
final result. As described by equation 2.4, the current dépem the temperature, the applied
electrical field and the lowering of the potential barriette electrode-polymer interface through
the image force [39].

(2.4)

2
Jth _ 4T[QITTk(T kB) exp(Ebl — EB>

h3 ke T

To summarize, several effects increase the injection othage carrier into the OLED when
looking at equations 2.3 and 2.4. Increasing the appliettréddield increases also the injection
of charges due to the lowered potential difference. Howewvdow applied electric field (low

turn-on voltage) is required for commercial OLED applioati A key element for tuning the
charge carrier injection is lowering the potential difiece B by aligning the workfunction of

the cathode to HOMO energy level of the Polymer for an inedasjection of the holes and
also aligning the workfunction of the cathode to the LUMOdkof the polymer for an increased
injection of electrons.

Space-charge-limited current (SCLC) model

The current-voltage behavior curve of the OLEDs can be de=trwith the space-charge-
limited-currents (SCLC) model. The SCLC model includes theemi@tproperties, the charge-
carrier-mobility and also the intrinsic charge-carriencentration of the polymer semiconduc-
tors [40]. Four regions can be distinguished in the |-V clasé is schematically shown in figure
2.8:
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Figure 2.8: current-voltage behavior with traps, ohmic 8&l.C transition, with n > i

A perfect single layer device with two symmetric, ohmic @mts, free of traps and a free charge
carrier mobility has been assumed. The diffusion currentelbas the charge carrier densities
at the thermal equilibrium has been neglected in this assampThe thermally generated free
holes override the square law at low electric field where tmlmer of injected holes is quite
low. This so-called ohmic region occurs until the averagesdsg of injected excess free charges
becomes comparable with the thermally generated one. T8wigton of the ohmic region can
be found in equation 2.5 [41]:

U
J = qnouH (2.5)

The current density is proportional to the applied voltage & the thermionic intrinsic charge
carrier density p. When the applied voltage is high enough, more charge csaier injected
than are present during the transport process within thawpallayer. Taking x=d and V =V(d)
and taking into account the boundary condition (E(x = 0) =@ obtain the current voltage char-
acteristic, also known as the trap-free square law, the-Kathay square law as described in
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equation 2.6/[35][36]:

5 gssouuz
8 a3

(2.6)

A perfect organic single layer device is not a realistic objéut the equation 2.6 can be used
when the applied voltage is high enough. At high voltages,ttital number of injected holes
is substantially higher than the total number of empty tiagbe material. The number of free
charges will be reduced at lower injection levels by the @nes of charge traps, which can
be impurities or structural defects. Those empty traps edafture a number of free charges
and therefore the current through the device will be limit€de characteristic range of voltage
where the current abruptly increases is called the tragdfiimit, and U-g|_ is the characteristic
voltage to reach trap filling. The position of this crossdiegrdiscrete levels of traps is roughly
estimated from the formula in equation 2.71[41]:

qprd?
2¢€

UTtpL = (2.7)

As the current flow grows with applied bias, the quasi-Feeael moves closer to the valence
band and may eventually cross the energy level of the traphigipoint, the traps will become
essentially filled and further injected free carriers vililerefore, not be trapped.

2.1.3 Optical losses within the OLED structure

Optimizing the light extraction of OLEDSs is a particularenést in research nowadays. The
external efficiencyney: is related to the internal quantum efficiengy;; of the organic material
and the out-coupling efficienayyy; of the multilayer planar structure as shown in equation 2.8:

Next = MNint Nout (2.8)

It has been shown that 40 - 50 % of the generated light of the &égissive polymer is trapped
within the ITO-layer and/or absorbed as surface plasmorhemtetal-polymer interfacé [42].
Part of the light (20 - 30 %) is totally reflected on the inteddetween the substrate and air and
will be therefore guided to the lateral faces of the devickispart of the light is basically not
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lost since it can be directed orthogonal to the surface uspiigal systemd [43]. A maximum
external efficiency of around 20 - 30 % can be therefore aekli¢d4].

An OLED stack consists of different organic and inorgany@la with their specific optical prop-
erties. The transmission, absorption, reflection as wahagptical coefficient n and extinction
coefficient k of these materials are wavelength dependenardmon methodology for optimiz-
ing the OLED stack in respect to the emission wavelengtheptilymer can be found using the
transfer-matrix analysis (appendix C). The optical praperdf the OLED stack will be therefore
described as a matrix where the wavelength dependence optital parameters is considered.
The characteristics of the optical properties of each natere given by the complex refractive
index which can be described with the following formula:

N(A) = n(A) — ik(A) (2.9)

The complex refractive index is wavelength dependent andezeither measured for a known
layer thickness using the spectroscopic ellipsometry lmutated from the optical properties. A
simplified method for the calculation of the complex refraeindex n of a thin film with a low
absorption has been already described in 1975 by J. C. Man#aal[52]. In this thesis, the
refractive index and the absorption coefficient have bedrulzded from the transmission and
reflection measurements. The imaginary part of the indegfodiction is related to the absorption
coefficienta and the wavelength of light, shown in equation 2.10:

k_)\cx

= (2.10)

The absorption coefficient can be determined by the optiaakmission measurement and the
thickness of the measured film. This parameter is also kn@napécal density (OD) with the
following relationship:

q - ODIn(10)

. (2.11)

The incoming light intensity is given by | in equation 2.12:

e (2.12)
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The remained light intensity after passing through a filmhvatthickness x is named witlg |
Basically, the transmission decay through an absorbingumetias been described in equation
2.12. Using these equations and the Matrix Transfer fortimiathe refractive index n and the
absorption coefficient k can be calculated over the wavéteagd with these results, the out-
coupling efficiency can be evaluated under the consideratidosses due to the formation of
optical modes within the dielectric stack. Layer thickressbetween a few nm and 150 nm are
very common within the OLED stack structure leading to etaoiagnetic waves or modes; TE
- and TM modes. TE-modes: the electric field is transversealirection of propagation (no
longitudinal electric field component) while the magnetatdihas both transverse and longitudi-
nal components (Ez = 0, H2 0). TM-modes, the magnetic field is transverse to the dvaaf
propagation (no longitudinal magnetic field component)lgvtie electric field has both trans-
verse and longitudinal components (Hz = 0, £20). Various localized intensity maxima of
the TE or TM modes might occur due to the difference of thekitéss and refractive index for
each layer. The out-coupling of such modes can be realized i example either periodic or
non-periodic nanostructurées [49]. A simplified OLED sturetis shown in figure 2.9.

Emissive Polymer
n(A), k(A), PLQY

Glass Substrate, n(A), k(A)

Evanescently coupling to SPP
—— Substrate guided Mode

—— Waveguide Modes

—— Outcoupled emission

Figure 2.9: The OLED stack consists of various layers wiffedént thicknesses, each of the layers have their
unique optical constants n and k as a function of the wavéteng/aveguiding and substrate guided modes are
indicated as arrows. The emitter dipole position definefitecal paths for the emitted light and possible losses
due to the coupling to the metallic cathode.

The arrows indicate the out-coupling losses due to sulesgjaitied mode (green), waveguiding
modes (grey), and power evanescently coupled to surfasenplas and charge density fluctua-
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tions (light blue). Additionally losses due to the absayptproperties of the organic layers and
non-radiative losses (for a quantum efficiency of less thard very likely to occur. Figure 2.10
shows an example of the power fraction of the calculated madihin the OLED stack between
500 and 700 nm using the Setfos 3.3 Software and as a fundtithre selative emitter dipole
position within an emissive polymer with the thickness x ("© metal cathode - polymer inter-
face, "1™ = PEDOT:PSS - polymer interface). The softwarecaidtes the outcoupled fraction
of the total emitted power by the emitter dipole (red) witkine escape cone, as schematically
shown in figure 2.9. The graph shows the fractions of the podaler, which is outcoupled (red),
coupled to substrate guided modes (blue), absorbed in ganiorstack (yellow), waveguided
modes (violet), evanescently coupled to surface plasmodglaarge density fluctuations (light
blue), and lost non-radiative, for instance in terms of a Barqum efficiency lower than 1 (pink).
The intensity of the optical modes depends on the thicknesaah layer and furthermore the
position of the emissive dipole due to its influence on thécappath of the emitted light.
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Figure 2.10: Simulated exampled for an OLED device with til®¥ing structure; ITO (150 nm), PEDOT (25 nm),
emissive polymer (70 nm) and Ag (nm). A PL quantum yield of 75d¥the polymer has been considered for the
simulation.

A simulated example for the dependence of the shape andttesity of the emission spectrum
by varying only the thickness of the emissive layer is showfigure 2.11. Only the thickness
of the emissive polymer has been changed and the emissienhamnbeen always kept in the
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center of the polymer. The calculation of the outcoupledssion spectrum has been done using
the Fluxim Setfos emission module with the following resufigure 2.11). It is quite evident
that the outcoupling intensity varies depending on thetosof the dipole and depending on
the stack parameters. Additionally the shape of the ennissh@nges by varying the thickness
of the emissive polymer layer (figure 2.11). Looking at thenmalized emission, a shift of the
emission spectrum is also visible.
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Figure 2.11: outcoupled emission varying the thickness@&missive polymer MEH-PPV

Therefore, when designing an OLED, it is important to take imccount not only the desired
electrical properties, but also the optical parametersderato enhance the light emission due to
the improved out-coupling and to guarantee the desiredssonispectrum.

2.2 Deposition techniques and processing procedure of OLED
devices

The fabrication of OLEDs includes cleaning processes o$tistrate, different deposition tech-
niques for the thin organic and inorganic layers such asepating, printing and the evaporation
of metals or oxides as electrode or interfacial layer. Tloenat layer deposition (ALD) is well
known from semiconductor fabrication because of its gbibtdeposit highly packed and dense
oxides in a very controlled process. In this section in patér, the ALD deposition is explained
in detail because this technique is going to be extensivegdun chapter 4. The fabrication
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procedure of the different OLEDs devices processed withi tesearch work is described as
well.

2.2.1 Atomic layer deposition

The Atomic layer deposition belongs to the chemical vapqodéion and is based on a self-
limiting surface reaction. The semiconductor industnhis tain motivation for the recent ALD
development; however, there is a growing interest for thee afsthin ALD deposited oxides
as encapsulation layer for organic devices. The ALD thin fileposition technique has been
widely used for example for the deposition of high dielectronstant gate oxides in MOSFET
structures. The advantage of ALD is the precise thicknessalat the Angstrom or monolayer
level. The self-limiting aspect of ALD leads to excellerggtoverage and conformal deposition
on high aspect ratio structurés [53]. ALD can be used to depgeseral types of thin films,
including various oxides (e.g. AD3, TiO2, SNG, ZnO, HfG,), metal nitrides (e.g. TiN, TaN,
WN, NbN), metals (e.g. Ru, Ir, Pt), and metal sulfides (e.qg. ZB&)55]. An example of the
excellent coverage of the ALD deposition is given in figurg22.

10uym366kY 915E3 9936-0600

Figure 2.12: SEM image of a 300 nm ;3 film on a Si wafer taken from reference [56], courtesy of S. Mofye

A commercial ALD reactor (the Savannah 300, Cambridge NaclojTbas been used for the
deposition of the AIO3 layer. The deposition of a thin ALD layer typically involvéssically
4 steps as explained for the deposition of the@y. The precursor Trimethylaluminum (TMA)
will be injected into the vacuum reaction chamber resuliing reaction with the available sur-
face groups of HO. The self-limiting mechanism prevents further reactiomshe surface due to
a high amount of precursor and/or due to the purging mechmanifie reaction chamber will be
purged by a gas Nin the next step for removing all rest-products. After pungpihe residues,
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the second injection of a precursor takes place again negutta chemical reaction with the new
groups on the surface. Another purging step concludes tH2 @&jcle, removes all the volatile
reaction byproducts and the excess of precursor preseheinoitamber. After one ALD cycle
(including the 4 steps) a monolayer of material is formeadhé substrate surface with identical
surface groups so that the same reaction can be started again

The stabilization of the growth rate depends on the doseeoptkcursor. Initially the growth
rate is very low due to the low injection of the precursor dnddreases when more precursor is
injected up to the self-limiting character. A stable deposigrowth rate requires a very specific
temperature window, the so-called ALD window. Lower tengteres lead to higher growth rates
due to condensation of the precursor or even lead to lowertgnates due to insufficient thermal
energy as a requirement for the surface reaction. In thesigpeay, higher temperatures might
lead to higher growth rates caused by increased gas phati®near eventually to lower growth
rates due to the partial decomposition of precursor moéscul

Despite this broad application field, there is still a lackuafierstanding of the nucleation and
growth of AlbO3 ALD on polymers. ALD processes can be performed at relatilel tempera-
tures compared to standard CVD processes, thus significam#yging the range of applications
especially in the field of polymer-based devices. It has &ewn that AJO3 can be also
deposited at temperatures as low as’@0keeping most of the material properties, except the
density, which decreased significantly from 3.5 glam2.5 g/cn? [57]. A longer cycle time is
required at lower process temperatures due to the slowetioraate and lower vapor pressure
of the precursors. An increased purge is required in ordegrtwove the remaining 40 in the
reaction chamber. The mechanism of the nucleation of the Flyer has been investigated in
several studies, especially when depositing on organarsaip6][58]. J. D. Fergusoet. al. ob-
served a migration of Al(Ck)4 reactant into polyethylené [59]. It has been proven furtia@e
that the polyethylene particles are covered with an ALD fiftera40 cycles. The diffusion effect
of the TMA into polymethylmethacrylate (PMMA), polypromre, polystyrene, polyethylene,
and polyvinylchloride during cycling was extensively istigated in the work of C. A. Wilson
et. al. in 2005 [53]. The diffusion of the TMA is stronger during thesficycles and will be
hindered when the ALD begins to form a continuous film. Théofeing picture illustrates the
migration of the ALD precursors into the organic layer (fig#.13a), followed by the partial
coverage (figure 2.13b) until the ALD film prevents furtheignaition (figure 2.13c) and finally
when a closed dense ALD layer has been grown (figure 2.13d).
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Figure 2.13: Schematic ALD deposition on polymer films, a)ymer chains at the surface, b.) &8z nucleation
clusters, c.) growing of a closed ALD film, d.) formation of ane AbOs film (taking from [60], courtesy of S. M.
George)

The ALD process tool Savannah S300 from Cambridge Nanoteshd®n used throughout this
thesis. The Savannah is known as flow type reactor with aesgpag injection and a single outlet
through which the reaction gases are pumped continuousiyeker, such a reactor might also
create a non-uniformity of the layer thickness since theflpag is extremely directional atop
the substrate. The process of the atomic layer depositie@stplace, as described before, in
cycles where each cycle is supposed to deposit 1.1 A. Thpe®édr the process and for each
temperature are discussed and given by Cambridge Nanotddghawn in table 2.1.

Process Purge HO | Stop | Purge TMA| Stop

80°C 0.015s | 30s 0.015s | 30s
150°C 0.015s | 20s 0.015s | 20s
235°C 0.015s | 5s 0.015s 5s

Table 2.1: ALD process recipes for A3 and one cycle

2.2.2 Measurement techniques

The thickness and the quality of the layers and their mogahohlnd roughness have to be con-
trolled during the fabrication process using profilometent KLA Tencor Alpha-Step 1Q and
atomic force microscopy (AFM) from digital Instruments,ni@nsion D 3100S-1. The pro-
filometer is used to measure the thickness of the layer andaioae the quality, in terms of
roughness. In the case of the AFM, a tiny silicon needle ismtexion the cantilever. A de-
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flection of the needle takes place too and it is measured bgzoeiectric crystal. The AFM
analyzes the roughness as well as the morphology of the ilegpdsyer. The AFM provides a
true three-dimensional surface profile allowing to obtaghiresolution images, without requir-
ing any special treatments of the surface (such as metadicaoatings) that would irreversibly
change or damage the sample. The values for the roughnasdd dlecas low as possible in order
to avoid short circuits between layers and to obtain a umifi@ayer.

The optical properties of the organics are obtained by paiftg photoluminescence, absorp-
tion, reflection and transmission measurements. The djEcalgap of the polymer can be ob-
tained by measuring the absorption spectrum. Once thisowknthe polymer can be excited at
the exact wavelength in order to obtain photoluminescght Emission. Such measurements are
also very important when trying to characterize polymenttewhere optical interaction might
take place between the two entities of the blend. An exangpléhfs will be discussed in chapter
5. Photoluminescence measurements (PL) were done usingmfsem an Olympus Micro-
scope (model BX51M). Various filters were used to select tleeifip wavelength regime of the
white light source. This wavelength regime correspond$i¢ospecific absorption spectrum of
the polymers used in this thesis. The emitted light was tledleated through an objective with
50 x magnification, then into an optical fiber coupled to a HRR28Pectrometer from OCEAN
OPTICS. An example of a photoluminescence and absorptiarirsipeis given in the following
example in figure 2.14:
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Figure 2.14: example of an optical absorption and photatestence spectrum

Transmission, reflection and absorption measurementsbieem used in combination with the
layer thickness for the calculation of the complex refrgetndex N = n - ik. The measurements
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have been performed using the Varian Cary 5000 UV-Vis-NIRCspeneter with an attached
Ulbricht sphere for the measurement of the total emission.

An important parameter for light emitting organic matesisltheir quantum efficiency (Qquantum
yield), which is given by the ratio of the number of emittedbfins to the number of photons
absorbed by the material. The quantum yield measurememéspeeformed using the quantum
yield measurement system (C9920-02 from HAMAMATSU), forrspbated organic layers on

guartz substrates. The system is made up of an excitatibhdmurce that uses a xenon lamp
and a monochromator, an integration sphere and a multinghapectrometer. The integration
sphere is basically a hollow spherical cavity where thediess covered with a diffuse reflective

coating. A detector which is attached on the sphere meatheesnitted light without the effects

of beam shape, incident position and incident direction.

Electrical characterization allows to obtain the efficigioc performance of the fabricated de-
vices. The light intensity of a light source as perceived liy human eye is included when
referring the luminous intensity (photometric unit) me&slin candela (cd). The maximum
spectral intensity of the human eye is described with 555 ndeudaylight and shifts to 507 nm
under night light. Candela is a base unit defined as: a monoditio light source emitting an
optical power of (1/683) W at 555 nm into the solid angle of , grich has a luminous intensity
of 1 cd. The luminous flux (known as the light power) is meadumdumen (Im) as is defined as:
a monochromatic light source emitting an optical power é88B) W at 555 nm has a luminous
flux of 1 Im. This means that 1 cd equals 1 Im/sr. An isotropidctEmwith a luminous intensity
of 1 cd thus has a luminous flux of@lm. Furthermore, the luminance of an OLED (any sur-
face source) is defined as the ratio of the luminous intemsi&ycertain direction divided by the
projected surface area of that direction (céym

An example of the measured current density and luminancdwascdon of the applied voltage
is shown in figure 2.15a. The efficiency of the measured OLEDbmathen calculated from the
current density and the luminance (2.15b).
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Figure 2.15: I/V and L/V characteristic (a), current and powfficiency (b)

The electrical characterization was done in a glove boxesyso protect the OLED from air as
the devices are not encapsulated. The devices were measitneal Keithley 236, 237 Source
Measure Units and a photodiode coupled to a Keithley 6485apipmeter, using a luminance
meter Minolta LS100 to calibrate the photocurrent. Two hegdere contacted with the anode
and the cathode of the OLED and a voltage between -2V up to 2@&¥ applied. Both, the
current density (A/rf) and luminance (cd/R) versus voltage curves were measured simultane-
ously. The threshold voltagety, is defined as the voltage where the OLED starts to emit light
(see figure 2.14a).

The electroluminescence spectrum was measured with a HR#firometer from OCEAN
OPTICS. The optical simulations have been performed usiagthission module from Fluxim
Setfos package 3.3. All the materials used in this thesis baen characterized by their trans-
mittance and reflectance. The measured characteristiesdesn used for the calculation of the
refractive index n and absorption coefficient k using sofemdeveloped by the University of
Potsdam (department Prof. Neher). The calculated cosstane been included in the material
database of the simulation software. The software usegantm based on the transfer-matrix
formalism for the simulation of the optical properties of tack (see appendix).



Chapter 3

Ultra Thin Metal electrode for OLEDs

Nowadays ITO is widely used in research and industry as a samsjarent conductive electrode
material for OLEDs and solar cells. A semitransparent casttke electrode material requires
a low sheet-resistance, a high transmittance in the vidiglg spectrum, a work function, suit-
able for efficient charge injection. Fulfilling such requments is complicated and although
ITO achieves most of them, it has also many drawbacks. It iskmeilvn that most of the light
is trapped inside the ITO layer which makes the light-outdiogpless efficient. Furthermore,
ITO contains indium, which is a rare and expensive materidle @eposition on flexible plas-
tic substrates is problematic since ITO requires tempegatteatments higher than 400 for
achieving a low sheet-resistance and high transmittanggical plastic substrates cannot be
treated at temperatures as high as required to achieve higllity ITO. Flexible substrates re-
guire mechanically stable materials, but ITO is brittle ameaks upon bending. Using flexible
transparent substrates, however, is a strong motivatiortifercommercialization of OLEDs.

Various types of doped oxides which do not contain cost interisdium have been recently
investigated; among them, aluminum doped zinc oxide (AB€])dnd gallium doped zinc oxide
(GZO) [67], which have promising material properties in texwf electrical conductivity, trans-
mittance, sheet resistance and the same efficiency has baehed as for ITO-based OLEDs
[68]. The light trapping mechanism [61], derived from théfeience in refractive index between
the polymer/ ITO layer and the glass substrate, has been vérough various approaches.
Nano-imprinted[[62], nano-structured layefs [62][63] or arb-lenses([64] have been shown to
decrease the high refractive index of the ITO resulting inrammeased outcoupling [65]. Oxide

33
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based electrodes have to be relatively thick due to the reduow sheet resistance. However,
using thick layers usually leads to a lower outcoupling edficy. As proposed by a number
of research groups [69][70][71], carbon nanotubes (CNTSs), whmocessed as thin films, are
suitable for replacing ITO in OLED technology for flexiblepipations, because CNTs hold key
properties such as flexibility and transparency. Overcanire relatively high sheet-resistance,
reproducibility and the quite complex surface functiomation is a focus of the research nowa-
days. A complete oxide and indium free anode has been prdfyskleiss et all[72] where a
multilayer contact made of ultra-thin thermally evapoi#l and Ag films was used for organic
solar cell application with an achieved efficiency up to 22 A solution for an ITO and TCO
free device was presented by H. Peng et al [74] where they pezpassimple thin silver (AQ)
layer as semitransparent anode contact.

Ni as ultra-thin metal for optoelectronic applications hasem developed [75]. It was shown
that a similar device performance can be obtained when usingsNanode material instead
of ITO [786], even though the transmittance of the ultrathinl&ier is poor when compared to
ITO. A further improvement in terms of transmittance andeshesistance for the metal anode
has been obtained when using Cu capped with Ni, combining theheet-sesistance and high
transmittance of Cu with the high work-function and stabilityNo[[77].

3.1 Experimental details

For the OLED fabrication, glass plates either covered wittium-tin-oxide (100 nm ITO with
13 Q/sq, Labor fur Bildschirmtechnik, University Stuttgart) oretal such as Ni, CuNi, Cu
(ICFO, optoelectronic group led by V. Pruneri) were clear@dl0 min in Methanol using an
ultrasonic bath. The deposition was performed with a DCagmtsputtering machine Kenosistec
Dual Chamber at room temperature and in pure Ar atmosphereuniatside optically polished
UV grade silica substrates. In all cases a DC power of 200 Wagmetssure during deposition
of 8 x 10723 Torr have been used. The thickness was calculated based afeposition rate,
which in turn was determined by an MCM-160 quartz crystal. fidsalting deposition rate for
the single Ni layer was 1.6 A/s. The deposition rates for thRi@ouble layer were 1.5 and 0.57
AJs for Cu and Ni, respectively. Afterwards, the samples wise rinsed in water, then dried
with Nitrogen and finally heated and dried for 10 min at TZ0 The samples were exposed
by an ozone treatment for 10 min just before the depositioh®PEDOT:PSS (Clevios P VP
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Al 4083) hole injection organic film. The measured thicknesthe PEDOT:PSS layer was 25
nm using a spin-coating recipe with no ramp time and 6000 qmd® s followed by a postan-
nealing process for 30 min at 12C. Two polymers (SY and PFO) as emissive layer have been
sandwiched in the device structure, while the transpar@mdlective bottom electrode material
has been varied. Poly(phenylenevinylene) co-polymer (6 MERCK, was dissolved in
Toluene (5 mg/ml) and stirred overnight. Poly(9,9-diofidrene) (PFO) was purchased from
H. W. Sands and dissolved with a concentration of 7 mg/mlircdfidkom (CHCE) and finally fil-
tered with a 1um filter. The samples spin-coated with SY were additionaéigtied for 10 min

at 120°C due to the higher boiling point of Toluene (11C). The spin-coating recipe and the
corresponding thickness vary depending on the concemtratid material used. The recipes are
summarized in table 3.1.:

’ Polymer‘ Concentration‘ Solvent‘ Spincoating Recipe# Thickness

PFO 7 mg/ml CHCl3 -/1500/20 70 nm
SY 5 mg/ml Toluene -/2500/20 80 nm

Table 3.1: Polymer solution concentration, spin-coatexjpe and resulting thickness

Different electrodes have been used in this study. Theyneatiporated (<5 x 1 mbar) Al or
CaAg films (100 nm) were used as single or double layer cathfmidébe devices. A shadow
mask with a circular electrode has been used (12.6)mffhe following device architectures
have been used in this chapter:

SY

—
-
PEDPTPSS

ITO, Ni, #u, ‘NiCu

(@) (b) ()

Figure 3.1: (a) Variation of the Ni thickness for PFO-bas&dEOs, (b) with PFO and Ca as electron injection layer
and (c) SY-based OLEDs with ITO, Ni, Cu, CuNi as anode (thegsof 8 nm)
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3.2 Characterization of the ultra thin metal electrodes

Metal films as bottom electrode contacts have excellentreleic properties due to high con-
ductivity. Metals can be easily processed and patternedalipus techniques. Despite all ad-
vantages, metal films with a thickness of only 20 nm are magibque. L. Martineet.al. [[78]
demonstrated that ultrathin-Ni films show promising resurtterms of film continuity and sheet-
resistance, although the transmittance was lower tharh®tTO. In this section, the ultrathin
Ni-films have been studied in detail and applied as semipament anode in OLEDs. Four dif-
ferent deposition times for the Ni process were chosen sxgéction and the resulting thickness
was calculated from the deposition rate and the depositiog; 6 nm (75 s), 7.2 nm (90 s), 8.5
nm (105 s), 9.5 nm (120 s). The conductivity and transmisefauitrathin Ni-films have been
compared to those of commercially available ITO. The shesistance is shown as a function of
the Ni thickness in figure 3.2.
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Figure 3.2: Sheet Resistance vs. layer thickness of theyidr [@ourtesy of D. S. Ghosh)

The sheet resistance was higher for the best Ni-film(@a€y) than for ITO (14/sq) [78] film.

It can be also seen that the sheet resistance is lower fdeethidi layers. The sheet resistance is
analogous to resistivity when using a three-dimensionstiesy with a planar current flow. The
resistance can be therefore written as shown in equation 3.1

_PL L

R= v = Reyy (3.1)

where R is the resistance, L is the length, tis the thicknedd/ refers to the width of the cross
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sectional area. A common term for the definition of the elealiproperties i<2/sq, which is
dimensionless and is exclusively used for sheet resistamte L = W and R = R) [7S]. The
transmittance and reflectance of Ni layers with a thicknds8.% nm and 9.5 nm have been
compared with the reference 100 nm thick ITO layer as a fonatf the wavelength (figure 3.3).
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Figure 3.3: Transmittance (a) and Reflectance (b) for IT® (1®) and Ni films (thickness 8.5 nm and 9.5 nm) as
a function of the wavelength deposited on 1.1 mm corningsglas

A lower transmittance over the visible light spectrum witlslght increase for shorter wave-
lengths was measured for the Ni-films compared to ITO. In &R8u3b the results of the re-
flectance measurements with higher values for the Ni are showchapter 2.1.3 it has been
explained that most of the light is trapped within the OLEBcktdue to internal reflection and
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the different dielectric constants of the materials uséds therefore mandatory to keep the re-
flectance of the semitransparent electrode as low as pessilihat the outcoupling of the light
is not hindered [80].

The surface roughness has to be kept below the thickness tdytar, otherwise films could be
discontinuous and thus non-conductive. Impurities andasomants are likely to be the most
important source of defects. The fabricated Ni thin layeesencharacterized by atomic force
microscopy (AFM). The analysis revealed that the surfacth@®fNi layer is homogeneous and
flat for all thicknesses (figure 3.4). In general, the rougisnef the Ni layer increases with
thickness and is for each film thickness higher than that 6f, Mhich is around 0.5 nm.

100w

@) (b)

Figure 3.4: AFM pictures from ITO (a) and Ni = 9.5 nm (b)

The measurement of the work-function of the Ni films was alswied out and listed in table
3.2. A work-function of 5 eV for the ITO film and a work-functicof 5.4 eV for the 6 nm and
5.1 eV for thicker layers have been measured by ultravidietgelectron spectroscopy (UPS).
Hung et. al. demonstrated that the workfunction might change for ditrametal film due
to the irregular islandic growth of metals. The workfunatior layer thicknesses close to the
percolation thickness of around 2 - 5 nm differs therefooenpared to the continuous filin [81],
which explains probably the higher workfunction of the Isivé&li thickness. The percolation
of metals ranges between 2 and 6 nm depending on process @esprconditions. Another
explanation has been found for double metal laylers [82] Téeddence of the workfunction
has been attributed to interfacial issues due to resigtiiterences of the metallic films. This is
even more significant in the case where the film thicknes®&edo the percolation thickness.
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Material and Thickness (hm) ITO(100) | Ni(6) | Ni(72) | Ni(85 | Ni(95) |
Transmittance (%) 86 40 35 31 29
Rs @Q/s0) 14 80 62 51 33

b= TRL: 15.8x10° | 1.31x10°% | 0.44x10°% | 0.16x10° | 0.13x10°
Workfunction (eV) 5.0 5.4 5.1 5.1 5.1
RMS (nm) 0.5 not carried out 1 15 2.2

Table 3.2: Mean optical transmission and sheet resistaitbedeposition time of the nickel films. The Haacke
figure of merit was calculated from the average transmigam the sheet resistancel[83]

The values in table 3.2 show, the best figure of merit for théaier is obtained for the highest
transmittance even though the sheet resistance is thetlovisstherefore important to increase
the transmittance to reach a better figure of merit.

To summarize, Ni as ultra-thin metal film shows good materiapprties in terms of low sheet-
resistance and low roughness. The films were shown to be consrtay AFM. Furthermore,
it was found that the work function matches quite well the wouxkfan of the commonly used
ITO electrode material. The transmittance is constant eisible spectrum although the trans-
mittance is lower than for the ITO. The reasonable electrgraperties of the ultra-thin Ni film
might be useful for the application of such metal films as sansparent electrode for OLED
application even though the transmittance is rather lowe dtcoupling efficiency depends on
both, the transmittance and the thickness of the layer. TigesNi layer is therefore applied
as conductive and semitransparent electrode in the follgwurbchapters in order to investigate
the influence of the UTMF on the outcoupling and finally on therall OLED performance.
Further work is conducted in the subchapter 3.4 to decreaseslieet resistance and to increase
the transmittance.

3.3 Nickel UTMF as bottom anode for OLEDs

The UTMF-Ni layer was characterized in the previous seciod is applied as semitransparent
electrode material in bottom-emitting OLEDs in the folloygisection varying the thickness of
the Ni-film. The OLEDs were optimized further, depositingaarenonly used electron injection
layer (Ca) between the polymer and the cathode. OLEDs baséilienPFO) and red (SY)
emitting polymers were fabricated and characterized.
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3.3.1 Influence of the Ni layer thickness on the performance of OLEDs

The variation of the electrical and optical properties wita thickness of the ultra-thin-Ni layer
has been studied in the previous section. Now the influentieeaietal anode thickness on the
OLED performance has been investigated. Ultra-thin Nilay@ave been used as semitranspar-
ent anode material in a bottom light emission OLED configarat The used device structure
(ITO,NI/PEDOT:PSS/PFO/AIl) and the corresponding eneeggls are shown in figure 3.5.

(a) (b) 2.3eV
2.6eV @
Al (100nm)
J: PFO (70nm) PEDOT PFO
PEDOT:PSS (25nm)
ITO, Ni 4.2eV
Substrate Al
ITO 5eV
v v Ni 5.1eV ( 5.1eV

@% 5.8eV

Figure 3.5: OLED schematic (a) and energy band diagram (b)

The device structure in figure 3.5 favors holes as majorigrgh carrier because of the large
energy gap between the Al-cathode and the LUMO level of thenper. Thus, the injection of
the electrons is hindered (figure 3.5b). The device effigientherefore expected to be low. As
mentioned in the introduction, the main focus of this thesi® find new concepts (and not to
point efficiency records).

Photoluminescence measurements are mandatory in ordegt& the quality of the spin-coated
polymer film and whether the Ni-roughness affects the mdaggyoof the deposited polymer
layer. The PL spectra of the ITO and the Ni OLED have been nredsat different positions at
the device configuration due to the difference in reflectaarw transmittance spectrum of the
ITO and the Ni. The positions for the measurements are shovigure 3.6.
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Figure 3.6: Positions of the PL measurements position

The figures 3.7 below show the emission spectrum from the ARCspin coated on ITO and
on Ni (8.5 nm). The emission spectra are very similar and stmoee sharp peaks at 440 nm,
470 nm and 490 nm. Those values correspond to the singlatiam excitons where the most
intensive first peak at 440 nm refers to the electrartiie ttransition [84].
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(a) PL spectrum from the Top  (b) PL spectrum from the Bottom (c) PL spectrum below Al-cathode

Figure 3.7: PL spectrum for Ni/ITO OLED has been taken fromttip (a), from the bottom (b) and from the bottom
just below the cathode of the OLED (c)

However, the emission wavelength is not only regarded tethission of the polymer, but also
to the optical characteristic of the stack. Therefore, tite@upled spectrum might differ from
the pure emission spectrum of the polymer which has beendalsoribed in equation 2.13 in
the theoretical chapter. AlImost no difference can be oleskwhen measuring the PL spectrum
from the top (figure 3.7a), since the effect of the reflectiommg from Ni and ITO on the emis-
sion spectrum of the polymer is very low. The PL spectrum leenkiaken from the top, which
means the measured light does not have to travel througltlaaitéayers with different optical
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properties for each layer as it was observed for the measueoonfiguration in figure 3.7b.
The refractive index as well as the absorption coefficieniegan dependence to the wavelength.
For the PL spectrum (and later for the EL spectrum) all thesarpeters have to be considered
when evaluating the Ni-anode as possible replacement @r The recorded PL spectrum looks
different, which might be due to the influence of the optidack on the emission of the poly-
mer. The emitted light has to travel from the PFO through tBBOT:PSS (25 nm), the anode
material (either ITO (100 nm) or Ni (8.5 nm)) and through thesg substrate (1.1 mm). The low
outcoupling efficiency of OLEDs has been explained in thetégcal chapter with the result
that most of the light will be trapped inside the OLED stack gnided either to the edges of the
OLED or absorbed within the stack. The different modes anesleagth dependent and they are
related to the reflectance, absorbance and transmittacaatéristic over the wavelength for
each material used in this OLED stack[[85]. An even strongfégrédnce of the emission spec-
trum for the ITO and Ni has been observed in figure 3.7c. Thetedlight will be nearly 100
% reflected by the Al-back electrode and will travel agaimtigh the stack overlapping the pure
emission spectrum coming from the polymer. Such a behasidiosely related to the guidance
of the light when the OLED is electrically excited. It is teéore expected that the out-coupled
electroluminescence spectrum will differ from the photoinescence spectrum, especially for
the vibronic replica.

The current density, luminance and the power efficiency agnation of voltage have been
measured for the uncapsulated OLEDs (figure 3.8a-c). Tleetiop of electrons is unlikely to
be efficient given the estimated energy gap of 1.6 eV betweenvork-function of the Al and
the LUMO level of the polymer. Apart from the thickest Ni laydevice (9.5 nm), in general, the
Ni-based devices show lower current densities and hightagethresholds than the ITO-based
device (figure 3.8a). In general, the Ni layers show a higheesresistance than ITO resulting
in higher required threshold voltages. It has been repdhatthe current density in the ohmic
regime at low voltages is determined by the anode contagigpties rather than by organic bulk
properties([86]. The surface roughness influences alsouttiert density by changing the total
effective area of contact [87]. Y. - R. Jemd. al. [87] has shown that this additional effect
plays a more significant role at initial and low voltages. Tigher sheet resistance for low Ni
thicknesses limits therefore the device performance msef threshold voltage and the voltage
at maximum brightness.
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Figure 3.8: Current density (a), luminance (b) and efficjgog versus voltage of the PFO-based diode with ITO (-)
and Ni as the anode material, for various Ni thicknessesi@!6 nm.
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The maximum brightness of the ITO device, about 680 édisreached at 7.5 V, while the max-
imum brightness for the Ni-based devices is reached at highltages between 8.5 and 12 V
(figure 3.8b). Higher driving voltages are required in dewstructure where the charge injection
or the charge transport is hindered. An energy level mismat¢he polymer and workfunction
of the anode/cathode usually leads to a hindered chargercajection while the material prop-
erties themselves influence the charge carrier transpbe. wiorkfunction of the Ni-electrodes
and the ITO is very similar. Actually, the device with Ni 9.5ras anode even shows an almost
similar voltage threshold as the ITO-based device whilenshg the highest RMS roughness
value. These results indicate an interplay between effetased to the roughness and those as-
sociated with the sheet resistance of the Ni anode, whickases for lower thicknesses. Indeed,
the power efficiency (Im/W) is still lower for the Ni-OLEDs due the high current density and
higher required voltage at the maximum brightness (figue)3.However, Ni shows potential
as anode material due to similar measured luminance leélésoptical and electrical properties
are very promising and applying Ni as anode does not requiyecamplicated deposition or
further treatments in order to achieve reasonable effienc

All the parameters of the OLEDs are summarized in table 3.3:

Material | 11O | Ni6nm | Ni7.2nm| Nig.5nm | Ni9.5nm
Current Densityax. (A/cm?) | 0.78 0.21 0.36 0.51 0.79
V1u  Vimaxt (V) 3.5/7.5| 5.5/12 5.5/10 45/11 4/8.5
Luminance (cd/rf) 680 471 444 815 623
max. Efficiency (Im/W) 0.09 0.03 0.02 0.03 0.04

Table 3.3: Performance data of OLEDs with ITO and Ni as bothmode.

The electroluminescence (EL) spectrum obtained for eacicelés very similar, showing a three
peak structure centered at 449 ( mttransition), 470 and 500 nm with a small bump at around
550 nm, which is typical for the EL spectrum of PFO-based dev{figure 3.9a). Passive optics
simulations have been carried out in order to understandththieence of the ultrathin Ni-metal
layer on the outcoupling efficiency. The simulation is pyreased on the optical interaction
within the device stack. As a difference, the intensity & finst spectral peak is significantly
higher when simulating the EL spectrum and comparing withrtteasured results. In order
to obtain better agreement with the experimental data, uilavbe necessary to fully take into
account the charge injection, charge transport, and exdiiffusion in modeling the emitted
spectra. Additionally it would be necessary to integratpeginental factors such as defects,
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pinholes and emissive layer degradation and moreover #e psitions of the emissive dipole
due to the charge carrier transport properties within th&DIstack. The thermal deposition
of the metal cathode onto the PFO under high vacuum might imflveenced the EL spectrum
additionally due to the occuring temperature which has laeady observed for the Pl mea-
surements in figure 3.7c [84].
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Figure 3.9: measured EL spectrum (a) and simulated EL spadip) for PFO-based OLEDs on ITO and Ni (8.5
nm)

The increase of the brightness can be explained lookingeappical properties of the OLED
structure. The typical OLED consists of a multilayer saradwof a planar glass substratg =

1 mm, = 1.51), a layer of ITO gyp= 100 nm, firo = 1.8), one or more organic layerg}
=20 -100 nm, Brg = 1.6 - 1.8) and a reflecting cathode (Al, Ag or Au), where t ref® the
layer thickness and n to the real part of the complex refragtidex. In the case of using Ni as
anode, the parameters would ke < 10 nm. The complex refractive index for each material in
this OLED configuration has been calculated from the trassioin and reflection measurements
(A.1 = PEDOT:PSS, A.2 = PFO, A.11 = Ni). The outcoupled powegufe 3.10a) and the
guided mode (relative dipole emitted power guided in theaoig layer) (figure 3.10b) have
been calculated for the device structure using commercfddiare based on the Transfer-Matrix
algorithm.
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Figure 3.10: out-coupled (a) and guided mode (b) fractiotheftotal emitted power for ITO and Ni OLED

The average outcoupling and guided mode fraction of thé éotétted power by the dipole have
been calculated using the photoluminescence spectrure &HD between 420 and 620 nm. The
calculated outcoupled fraction of the total power for th©DLED for the given wavelength
range is around 5.6 % which is significantly lower than for heOLED (Ni thickness 8.5 nm)
with 7.3 %. Figure 3.10a does not explain the reason for twed@utcoupling efficiency of the
ITO-OLED, but shows the variation of the outcoupling powgeiothe wavelength as a result
of the wavelength dependence of the refractive index. Ei@utOb demonstrates the possible
reason for the increase of the outcoupling efficiency of thieyr even though the transmittance
is much lower. It shows a significant drop of the guided modenisity defined as the relative
dipole emitted power guided in the organic layers due to ¢fiactive index difference between
the organic layer and the electrode.

Very significant for the lower outcoupled power of the ITO ifetence of the dipole emitted
power lost in guided modes. The simulated guided modes kgvedy constant over the emis-
sion wavelength of the polymer even with a slight increasddioger wavelength. The opposite
behavior has been observed for this particular device aoraigpn for the Ni device. The power
lost into guided modes drops from an initial high value atrgdrovavelengths to very low values.
The ITO outcoupling efficiency suffers therefore due to thespnce of high losses due to the
guided modes, in particular at the emission wavelengthePiRO as active material. Again, the
outcoupling efficiency has to be calculated and optimized&xh specific device structure and
each specific emissive polymer since the optical propedigbe stack are wavelength depen-
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dent. The electrical properties in terms of workfunctiod dipole position have been considered
to be the same for all the devices.

The outcoupled power as a fraction of the total power emittethe dipole has been simulated
for a Ni layer thickness between 3 and 20 nm (figure 3.11). T@wceé configuration including
the simulation parameters (dipole position, quantum efficy of the polymer) was identical as
before. The thicker the Ni electrode, the lower the outcedgiower. The highest outcoupled
power has been simulated for the emission wavelength regirtie polymer, between 430 and
490 nm, and a Ni layer thinner than 10 nm, which again confitragtevious results.
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Figure 3.11: outcoupled fraction of the total emitted powedependence of the Ni thickness for the emission
spectrum of PFO, the used Ni thickness and the charactemsixima at 440 nm, 470 nm and 500 nm for the PFO
emission are indicated

To conclude, it has been demonstrated that ultrathin Ni filaos loe easily fabricated without
having any post process and still reach reasonable value®nms of electrical and optical
properties. Ultrathin Ni-film have been applied as semitarent conductive anode contact for
bottom light emitting OLEDs. Despite the fact that thin Njyées have a lower transmittance,
higher roughness and a higher sheet resistance compared@@ofilms, the device efficiency
was reasonably good when compared to that of the ITO-basedealstiowing the potential
of Ni as anode material. The simulation has shown that the oplony intensity of the Ni-
based OLEDs is higher than for the ITO due to a low guided mognsity, which explains the
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similar luminance level even though the transmittance eMNhlayer is lower. Ultrathin Ni films
show therefore a significant potential as low cost and easggssable semitransparent anode
material.

3.3.2 Increased efficiency of Ni-OLEDs due to improved electron jection

The charge injection is very crucial for an efficient funaiiog of OLEDs with the aim of obtain-

ing a balanced charge injection for both, holes and elestrosually calcium (Ca), magnesium
(Mg) or barium (Ba) are used as interfacial layer between thignper and the metal electrode
to improve the electron injection [89]. A poor electron ictien might have lead in the previous
section to an unbalance of electrons and holes resultingpwoa OLED efficiency. Therefore,

a 20 nm thin Ca layer was deposited as interfacial layer betilee polymer and the cathode
metal to improve the overall efficiency. The device archiiee (Anode/ PEDOT/ PFO/ Ca/ Ag)
and the proposed band diagram are shown in figure 3.11.

2.3eV
2.6eV NQ
3eV
PEDOT PFO CaAg
PEDOT:PSS
ITO/Ni-Anode
Substrate ITO, Ni
5eV
v v ®& {5.1eV
O\Cerr

(@) (b)

Figure 3.12: Schematic of PFO-based OLEDs (a) with Ca adgatial layer and corresponding band diagram (b)

As expected, the overall efficiency is higher for the OLED#wialcium as interfacial layer due
to the improved charge carrier balance since more elecammjected. The current density is
lower and furthermore the threshold voltage has been signifly decreased, as represented in
figure 3.12.
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Figure 3.13: measured OLED characteristics for devicek RO as active polymer and CaAg cathodes, current
density and luminance level (a) and power efficiency (b)

The measured brightness for the Ni-based OLED is indeed 4p &b higher than for the ITO-

OLEDs. Also the threshold voltage (measured at 1 &jiimas been improved and is with 4.5
V slightly lower than for the ITO (5 V). The required voltagethe maximum light emission

for the best Ni-OLED is also 0.6 V lower than for the ITO. Thaa® factors have a significant
influence on the power efficiency resulting in a strong inseeaf the power efficiency for the
Ni-OLED, almost 3 times of that one of the ITO. The table 3.dw&the measured values for all
Ni-based OLEDSs; the applied voltage at the maximum brigtgnthe threshold voltage for light
emission at 1 cd/A) the maximum brightness and the calculated power efficiency

’ ‘ ITO‘NiGnm‘NiSnm‘NilOnm‘

max. Luminancgaxj (cd/n?) | 1317 | 1106 1165 1970
Current Densityax. (A/m?) | 0.59 0.41 0.45 0.55
V1u / Vimaxt (V) 5/9.7 | 5.1/11.8| 5.3/10.3| 4.5/9.1

max. Efficiency (Im/W) 0.08 0.15 0.14 0.24

Table 3.4: Performance data of the PFO-OLEDs with ITO and mide and CaAg as cathode. The current
densitynax. and VmaxL has been measured at the maximum luminance before the Old##3 &1 degrade. The
current density and luminance differ at the in the table gr@ximum efficiency.

As indicated, the supposedly increased injection of edastmight shift the recombination zone
away from the cathode towards the center of the polymer [90je emitter dipole position
within the emissive layer has been calculated taking intmatcthe device stack parameters and
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the measured PL/ EL spectrum. The simulation proves thateb@mbination zone is shifted
from the position close to the CaAg - cathode towards the PERSS - PFO interface. A
dipole position at around 61 nm (close to the Al-cathode)leen calculated for the previous
OLED structure without Ca while the dipole position is shift® be at 19 nm (close to the
PEDOT:PSS-PFO interface) for the present configuratiofftigithe emitter dipole away from
the metal cathode leads to lower losses due to evanescenibyedd modes. The simulation in
figure 3.14 shows the calculated fraction of power lost indééce due to evanescently coupled
modes, waveguiding modes, absorption losses and nortived@ower losses (measured PL
qguantum efficiency of 57 %) and the finally outcoupled poweadsanction of the emissive
dipole position. The highest outcoupling intensity can b&amed when the emissive dipole is
close to the center of the emissive polymer. The electriaedipmeters, such asry and current
density, are mostly influenced by the improved injection androved charge carrier balance.
Both effects together increase the power efficiency (Im/Whef@®LED device.
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Figure 3.14: relative average power contribution, outéedipower (red), substrate guided mode (blue), absorption
losses in the organic stack (yellow), waveguiding modesl€tf) and non-radiative losses (pink) depending on the
relative emitter dipole position. An emitter dipole pasitiof ‘0" indicates a position at the PEDOT:PSS polymer
interface while a relative position of 1" refers to the [pmer - CaAg cathode interface

The shift of the emissive dipole towards the PEDOT:PSS-R#&face influences additionally

the outcoupled emission spectrum. A significant change eaebn for the electroluminescence
of these OLEDs compared to the previous study shown in therded electroluminescence

spectra. The comparison can be seen in figure 3.15.
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Figure 3.15: comparison of the normalized electrolumirase spectrum for Ni and ITO-OLEDs

The three characteristic peaks for the EL emission haveahe sntensity which has not been
observed in the previous study. In the previous study thedeak was measured to be the most
intense followed by the second and the third peaks. The samavior has been observed for
the Ni and the ITO-based OLED. A shift of the recombinationeds often related to a spec-
trum shift or even a change of the spectrum shape. Simutatiene been used for a better
understanding of the optical characteristics of such acgesiructure (figure 3.16). The previ-
ously measured optical parameters have been includednatsaftware simulation tool so that
the optical effects and their influences on the emissiontspacof the OLED can be evaluated
[91]]. The emission color and in particular the CIE(Y) compatrie related to the emitter dipole
position. The more green-shifted emission of the Ni OLED mhigpntribute additionally to an
efficiency enhancement due to the wavelength dependentiggn®f the human eye and the
derive photometric quantities.

0.17
0.16
0.15
¢ 0.14+
0.13+
0.12+
0.11

|E coordinat:

C
o
O
)

0.094 —CIE_x
—CIE_y

0.08

10 20 30 40 50 60 70
Emitter dipole position (nm)

Figure 3.16: CIE coordinates as a function of the emitteol@iposition



3. Ultra Thin Metal electrode for OLEDs 52

It would require more work to optimize the device structurégrms of layer thickness, process
conditions (solvents, annealing) and/or material pararsetAn important result was to show
the potential of Ni as semitransparent conductive anodenmaats replacement for the ITO and
it was not the intention to achieve the highest possibleieff@es. However, in order to show
the potential of Ni, Ni has been additionally tested in aeti#int OLED configuration using SY
polymer. This polymer is known to be stable with high effiders in OLED configuration and
it was expected to achieve higher OLED efficiencies for bboth ITO and the Ni-OLED. The
proposed OLED structure and proposed band diagram are shdwgnare 3.17:

2.3eV @
- CaAg-Cathode 2.6ev } \
Sy 3eV
PEDOT 5% CaAg
PEDOT:PSS
ITO/Ni-Anode
Substrate IO, Ni
5eV
v v & {5.1eV
@ @ §> 5.4eV

(a) (b)

Figure 3.17: Schematic of SY-based OLEDs with Ca as int@&iftayer (a) and corresponding band diagram (b)

The luminance is significantly higher for both devices ustjas emissive layer (figure 3.18a).
A significant increase of the OLED efficiency has been catedldrom the measurements with
a maximum efficiency of 2.1 Im/W at 4 V and 840 cd/fior the ITO-OLEDs and 1.1 Im/W at
3.9 V and 143 cd/rhfor the Ni OLED. The lower efficiency for the Ni is related toettower
outcoupling efficiency of the Ni-OLED compared to the ITOukisig in higher required driving
voltage as shown in figure 3.18a. The lower outcoupled poaebe attributed to the difference
in the refractive index of the SY and PFO polymers which infleess significantly the optical
interaction within the OLED stack. An outcoupled fractiohtle total emitted power of 8.3
% was calculated for the PFO-based Ni device while the oylooy power of an OLED based
on SY would be around 2 % considering the identical deviagcsire and shift of the emissive
dipole position.
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Figure 3.18: measured OLED characteristics for devicels /it as active polymer and CaAg cathodes, (a) current
density and luminance level, (b) power efficiency and (c3tetduminscence spectrum
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The presented device structure will be investigated inidetaection 3.4.2., during the analysis
of different metal anodes. The threshold voltage (at 1 éjlimvery similar for both devices.
G. G. Malliaraset.al. [92] described theoretically that the layer propertieeé&thesistance and
roughness) have a stronger influence when having a lower HG@We and workfunction dif-
ference while, for a high difference, the contact will beetrtjon limited and the layer properties
will play a secondary role. Furthermore, the position ofb@mbination zone is not optimized
yet and leads additionally to an unbalance of electron ameshdo optimize the OLEDs, the
thickness has to be aligned for achieving the best possititmapling intensity and to shift the
recombination zone towards the center of the emissive.laye measured EL spectrum looks
different when comparing the Ni and the ITO OLED (figure 3)18this phenomenon is prob-
ably related to the difference in the optical constants dkagan the thickness difference of Ni
and ITO.

To conclude, the potential of Ni as ITO replacement has begheiucorroborated. Adding an
electron injection layer obviously increases the preseiadectrons, leading to a higher recom-
bination rate. Additionally, the evaluation of the EL speaat has shown that the recombination
zone for the PFO-based OLEDs is shifted away from the eleetrotdsing the well-known SY
as emissive polymer leads to more efficient OLEDs and showthéhali-anode can be applied
in different OLED configurations. The easy processable Nishatrue potential in both cases
and further optimizations in terms of layer thickness ofedlént hole/electron injection materials
should result in even higher efficiencies.

3.3.3 Influence of the oxidation of the UTMF on device performance

The activation of ITO, which is basically understood as acefoxidation, is widely used in the
fabrication process of OLEDs in order to improve the holedtipn from the ITO into the or-
ganic layer[[98] due to the increase of the workfunction eflffO. A significant increase of the
efficiency of OLED devices has been observed and such a eeaiswidely accepted as pre-
treatment process for OLEDs and OPV devices. The activatitine ITO layer is usually done
by plasma treatments or UV ozone processes. Furthermor@zoie has additionally become
a simple, inexpensive and fast method of obtaining ulteatlsurfaces for the manufacturing of
OLEDs. It has been also shown that the contact angle has bedified using these methods so
that the polymer materials will form a uniform layer on to@]9
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Many metals are known to be easily corroded. It is therefikedyl that the surface treatment
or even the exposure of metals to air might influence the ptigseof the metal film especially
when using thicknesses of 10 nm or even less. The effect aftitgzation of Ni when stored

under ambient condition and when treated with UV-ozone & Istudied in this section. Ni-
films on a glass substrate were left for two months under amba@nditions (naturally oxidized)

and a second Ni-film sample was treated under UV-ozone. OLt&vs been fabricated using
the following structure: Ni/PEDOT/SY/CaAg and the OLEDswihe treated Ni-layers have
been compared with a pristine Ni-based OLED.

In figure 3.19, the effect of the oxidation on the Ni samplesubing the contact angle mea-
surements can be clearly seen. The newly prepared Ni-filwsl@ocontact angle of around
63 ° while the contact angle was significantly increased to 8laBer the natural oxidization.

The opposite takes place for the Ni-layer treated for 10 tesiby UV-ozone. The surface be-
comes more hydrophilic and the contact angle is lowered ta ®sually a low contact angle is
preferred when spin-coating polymer on top for obtainingi@asth and uniform film[[95].

Ni8_NatOx Ni80z10

Figure 3.19: Contact angle of a thin Ni-film after naturaldixation

The pure Ni-film shows a sheet resistance of 2Q/gq and is slightly lowered to 27.Q/sq

by leaving the Ni-film for 2 months under ambient conditiodsyain, the Ni-film exposed to
ozone behaves differently and the sheet resistance isaseteo around 32.@/sq which is an
increase of more than 9 %. The effect of the ozone treatmethteinansmittance is more or less
negligible. An average Vis transmittance of around 36.5 % maasured before the treatment
and was slightly increased to 36.8 % after the treatmentréi@20). A slight enhancement
of the transmittance has been observed for the UV-ozontetédi-film for wavelength longer
than 500 nm. ITO compared to Ni shows a constant sheetaasistvhen treated with UV-o0zone
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with around 16.7/sqg. A similar behavior arose for the ITO transmittance; @dtmo change
for the transmittance was evaluated (86.3 % before thener@tand 86.2 % after the treatment).
The UV-ozone process shows a small effect in terms of tratesmaie for longer wavelengths on
UTMF, but the effect on ITO is negligible.

42
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——Ni-Ozone

401

38+

36+

34+
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Figure 3.20: Transmittance and Rs before and after ozoatrient

The different pre-treated Ni-films have been then appliedemsitransparent conductive anode
material for OLEDs. The identical OLED configuration hasrbased as in the previous section
with SY as emissive polymer and a CaAg cathode for an efficikestr®n injection. The OLED
configuration and the proposed band diagram are shown iref@y@d.a and b.

SY

PEDOT:PSS
ITO/Ni-Anode

Substrate

(@) (b)

Figure 3.21: OLED configuration (a) and proposed band dradt®
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The Ni films show very similar behavior and the results for @ieED measurements are pre-
sented in figure 3.22. An increase of the OLED efficiency hanh@bserved for the Ni film
which was treated under the UV-ozone. Lower current desss#tnd higher luminance have been
measured for the UV-ozone treated OLED resulting in an ameeof the power efficiency. The

maximum power efficiency has been increased from 1.2 Im/Whieuntreated OLED up to 1.4
Im/W for the UV-ozone treated Ni-OLED.
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Figure 3.22: measured OLED characteristics for devicek @i as active polymer and CaAg cathodes, I/V, LIV
and measured efficiency for Ni and oxidized Ni samples
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Such an increase of the current density has been explain&ihbt. al. [96] where a work-
function enhancement for ITO has been measured due to thetiewl of carbon atoms and the
formation of an oxygen-rich surface by the treatment. Farrtiore, the UV-ozone treatment re-
moves all organic residues which potentially decrease @héact resistance between the Ni and
the PEDOT film leading to an increase of the brightness anefte in efficiency. No change
of the workfunction has been observed after the treatments.

A small increase of the current density has been observati¢aXi-film stored for two months

under ambient conditions (natural oxidization). An oxatipn of the Ni takes place leading
to a similar effect as for the UV-ozone treated Ni-OLEDI|[9However, it is well-known that

Ni has a very slow oxidization rate at room temperature. Tharacteristics of the OLEDs are
summarized in table 3.5:

‘ Ni ‘NiUV—ozone Ni ambient

max. Luminancgay (cd/n?) | 10298 11468 11356
Current Densityax. (A/m?) 0.8 0.79 0.8
V1y / ViaxL (V) 2.5/9.8 2.5/10.1 2.5/9.5
max. Efficiency (Im/W) 1.2 1.4 1.3

Table 3.5: Performance data of the PFO-OLEDs with ITO andridde and CaAg as cathode

To conclude, the contact angle has been significantly deegtavhen treating the Ni-film with

UV-ozone, which is an advantage when depositing uniform paljiims. The electrical and op-

tical properties in terms of sheet resistance and transmdé of the Ni-film did not change very
much when treated under UV-ozone. Applying the UV-ozone egra@tment process for OLED

application leads to an efficiency enhancement of the OLEDtd@n improved charge carrier

injection [96] compared to the untreated OLED. The thin NitahéIm is therefore a good can-

didate as an alternative semitransparent conductive anodeerial due to its low oxidization

rate and its potential improvement when treated by UV-ozone.
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3.4 Further improvements of UTMF layer using double metal
layer

In the previous section, Ni thin metal films were proposedlsraative anodes in OLEDs due
to several key advantages over ITO[[98][99]. However, othetals have better electrical and
optical properties [99] than Ni. Another very good alteiveatfor such applications is Cu, a
very inexpensive material with excellent electrical antiag properties already widely used in
microelectronics. Ultrathin Cu films are strongly subjectedxidation and corrosion which
alter significantly their electrical and optical propestifl00]. A newly developed bilayered
ultrathin-metal film (UTMF) structure consisting of an alinin and continuous Cu film covered
by a protective Ni film has been applied as semitransparent lectrode for organic solar
cell (OPV) applications[[101]. It was found out the stalildf the Cu-film was significantly
increased by capping with Ni and such a CuNi-based OPV shompamble efficiency to the
ITO-based device. In the following section, a newly develbjpilayered ultrathin-metal-film
(UTMF) structure is presented consisting of an ultra-thmd aontinuous Cu film covered by a
protective ultra-thin Ni film as bottom electrode in OLEDsheTmultilayer has been applied as
semitransparent conductive anode material in an OLED devic

3.4.1 Properties of Ni, Cu and CuNi as UTMF

The following UTMF layers were deposited by magnetron sty on double-side optically
polished UV grade silica substrates. Cu, Ni, and Cu with a emist nm Ni capping layer, of
total thickness of 8 nm each, have been fabricated and tke pagperties have been investigated
in detail. Figure 3.23a shows the optical transmittancetspm of as-grown Cu (8 nm), Ni (8
nm), bilayer CuNi (Cu =7 nm, Ni =1 nm) and ITO (100 nm) commeré&ilah which has been
always used as a reference.

The ITO shows the highest transmittance value at 86 %, wh#eQu layer shows 65 % and
the Ni layer shows 36 % (values given in table 3.6). The cappinCu by 1 nm Ni slightly

lowered the transmittance of the bi-layer, but it is stitjimer than for Ni. The reflectance of the
transparent anode is very crucial for the efficiency of th&=OE, the light will be either trapped
inside the dielectric stack or outcoupled in an efficient wdnych obviously increases the overall
OLED efficiency [108]. In figure 3.23b, the reflectance of tlepdsited layers is shown and it is
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visible that the highest reflectance was measured for thaysirldue to its poor transmittance.
The double layer shows lower reflectance than for the Ni bilibggher than for ITO.
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Figure 3.23: Transmittance (a) and reflectance (b) overuthgigible wavelength range

For the sheet resistance, both ITO and Cu layers show a low satund 15 to 1R/sq while Ni
is slightly higher, around 3Q/sq. Itis also observed that the conductivity behavior eftittayer
UTMF is mainly dominated by the underlying ultra-thin Cu lay#02]. Surface treatment is a
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crucial process for the activation of the anode layer, h@rean important side effect is the
change of the contact angle [104] for a better spreadingeoptiymer on the anode surface. A
lower contact angle leads to an uniform layer with an impdogaode-polymer contact due to
the change of the surface energy [105], which can be easilyedrusing the simple but effective
scotch tape test. Several surface treatments have beeibddsand investigated in literature, but
this investigation deals with UV-ozone treatment whichnsgéo be the most efficient one for our
device configuration. It is well known that the ozone treattradfects the hydrophobicity of the

layer by varying the contact angle, and indeed, all the Eyerluding ITO show a reduction of

the contact angle, therefore becoming more hydrophilicshasvn in figure 3.24 as an example
for the CuNi bi-layer.

(@) (b)

Figure 3.24: Contact Angle for CuNi before (a) and after (ap@e treatment

A treatment with UV-ozone influences as well the optical aletteical properties. A 10 min
0zone treatment results in an increase of the sheet résisti® % for Ni, 65 % for Cu, 8.5 % for
Cu-Ni and has almost no influence at all on the ITO layer. Cu lakiews a better transmittance
and lower resistivity than Ni. While its transmittance isy81% decreased, its sheet resistance
is increased by about 65 % after a 10 min treatment in ozonepi@gphe Cu layer with Ni
offers a better stability of the resistivity with ozone ezpoe, with only an increase of 8 % this
time. The effect of the ozone treatment on the transmitt@o®re or less negligible for all the
layers studied.

Looking at the morphology of the various thin layers, thetmo@an-square (rms) roughness
measured over an area ofih? of all the layers is quite low (less than 0.7 nm), the roughget
being the Cu layer. Surface roughness has to be kept belowitkaéss of the layer, otherwise
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films could be discontinuous and thus non-conductive (fi@u2g). A high roughness might also
lead to local short circuits in the device.

(a) (b)

Figure 3.25: AFM pictures from ITO (a) and CuNi (b)

Pre - or postannealing processes are very important foattrechtion of OLEDs. The materials
used in solution processed devices are water-based olicoatéous solvents. It is well-known
that the presence of solvents or water residues (after brec&ion of the OLEDS) is a limiting
factor for the device lifetime and efficiency. Thereforenealing processes are crucial for a
functioning device and they might take in a quite broad tenajpee range with temperatures up
to 200°C or even more. The stability improvement of the Cu layer witiaapping is also
observed upon thermal treatment of the layers, as shownurefig; 26.

(ARIR )%

Figure 3.26: Stability of the metallic layers upon thermmabtment (Courtesy of D. S. Ghosh)

The variation of the sheet resistance with thermal treatmeaches high values for temperatures
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as low as 100°C for the Cu layer, while for the CuNi bilayer, up to 22C the variation in
the sheet resistance is small. Cu films are strongly subjecteridation and corrosion, which
alter significantly their electrical and optical propestielhe inevitably partial oxidation of the
Cu layer leads consequently to an increase in the sheetamsgst Ni on the other hand is
characterized by its very slow oxidization rate and pratéutrefore efficiently the underlying Cu
layer. Aida Vareat.al. (Int. J. Electrochem. Sci., 7, p.1288 (2012)) proved thai-ed¥ electro
deposited CuNi film improves the corrosion resistance of taéenal which is very similar at
surface of the CuNi UMTF bilayer. ITO is known to be stable upséoy high temperatures.
Thus, high temperatures of 30Q or more improves the optical and electrical propertiehef t
ITO. The Ni and the CuNi bilayer also provide a larger workeftion, which is beneficial for
the anodic injection. The Haacke figure of mepitshows a significant improvement for the
CuNi bi-layer compared to that of the pure Ni even if it stifler than the ITO. The results are
summarized in table 3.6:

ITO Ni 8 nm Cu8nm | CuNi8nm
mean. Transmittance (%) before Ozone 86 36.5 64.1 56.8
mean. Transmittance (%) after Ozone 86 36.8 61.5 58.6
RQ/sq before Ozone 16.7 29.6 15.5 15.3
RQ/sq after Ozone 16.8 324 25.7 16.6
b= TRAZO (after ozone) 13.2x10°% | 1.4x10° | 0.3x103 | 0.29x 10°3
Contact angle before Ozone 78 63 / 61
Contact angle after Ozone 65 54 / 20
Workfunction (eV) (before Ozone) 5.0 5.1 4.7 5.1
Workfunction (eV) (after Ozone) 5.1 5.2 4.8 5.2
Roughness (nm) (before Ozone) 0.5 0.6 0.7 0.6

Table 3.6: Structural, Optical and Electrical Parametéth®|TO, Ni, Cu and the CuNi layers. The Haacke figure
of merit$ was calculated from the average transmittance and the sfsstiance

To summarize, the main drawback of the Cu layer for device egidin, which is its low stability
to oxidation and temperature, has been alleviated by simplpg a 1 nm Ni capping layer.
Therefore, the Ni capping makes Cu-Ni UTMF very interestinglierOLED applications as it
overcomes the stability issue of the Cu layer and increasesvtitrk function, still maintaining
good optical and electrical properties.



3. Ultra Thin Metal electrode for OLEDs 64

3.4.2 Double metal layer as anode for bottom light emitting diodes

In the previous section, UTMF anodes were analyzed andexpp semitransparent conductive
anode for bottom light emitting diodes. The following OLEDusture has been used in this
investigation with the corresponding layer sequence imé@u27.

2.3eV
2.6eV QNQ

3eV
PEDOT Sy CaAg

PEDOT:PSS (50 nm)
ITO/Ni/Cu/CuNi-Anode Cu

Substrate ITO, Ni, CuNi

 J  / @kﬁl&v}% 5.4eV

(@) (b)

Figure 3.27: Schematic of SY-based OLEDs (a) and correspgrihnd diagram (b) varying the anode material

Figures 3.28a and b compare the current-voltage (I/V) amdnance characteristics of OLEDs
with a thin metal anode against those of a typical ITO anodecah be seen that the lowest
performance is obtained for the Ni-based device. Slightiyér voltage threshold, lower current
density and lower luminance reflect the poor transmittamcehagh resistivity of the 8 nm Ni
layer. The luminance of the Ni-based OLED is significant Iowak&hough the workfunction
of Ni is similar to the one of ITO and guarantees thereforenailar charge carrier injection.
A limiting factor for the charge carrier transport might thes thigher sheet resistance of the Ni
which would explain higher driving voltages but not the loweninance level. Also the emissive
dipole position is with a simulated value of 56 nm closer te thetallic cathode resulting in a
less efficient radiative recombination due to possibledesa the metal cathode. As a result,
the current efficiency 1.5 cd/A for the Ni-OLED is poor comgeéto the reference ITO OLED
with 2.9 cd/A. Another limiting factor is the difference dig outcoupling efficiencies of the
different device configuration. The optical interactiontlhe stack is explained more in detalil
for the presented device structures in the following parthef chapter and shows a very low
outcoupling for the Ni-OLED.
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Figure 3.28: IV, LV and efficiency of SY-based OLEDs with thede being ITO, Ni, Cu or CuNi
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The Cu-based device behaves very similarly to the Ni-basegteleas the driving voltage at a
given current density is found to be higher than the one of.IThls difference might be due
to the sheet resistance values of Cu and Ni, which, after tbaeireatment, stand around 32
Q/sq and 27Q/sq respectively, compared to I¥sq for ITO. The advantage of the Cu-based
device lies in the higher transmittance of the Cu layer coexbao the Ni layer and therefore
it shows a higher luminance level than the Ni-based devidee Aigher luminance is possibly
obtained due to a shift of the emitter dipole position, siaed to be at 49 nm. When looking at
the device efficiency, the Ni-based and the Cu-based devae athower efficiency compared to
the ITO-based device.

The CuNi double layer anode has a similar sheet resistanocen@rl7Q/sq) to the one of the
ITO resulting in a similar threshold voltage and maximum ilwamce level for the OLED. A
further increase of the luminance compared to the Ni and CEI0H _has been obtained due
to the lower sheet resistance and the higher transmittainttee dCuNi film. The CuNi-OLED
shows a threshold voltage for light emission and a maximuminance level close to the ITO
reference device. Additionally the emitter dipole positis with a simulated value of 46 nm
well centered leading to an efficient radiative recomboratFurthermore, the current efficiency
has been significantly increased compared to the single tagéal films and is with 2.7 cd/A
close to the value of the ITO-OLED, which again shows the midéof the double metal layer
as anode for bottom light emitting diodes. The results of@Qh&D measurements including the
calculated power efficiency in Im/W are summarized in table 3

| | 11O | Ni8nm | cugnm| CuNignm
V1H ! VmaxLce (V) 2.4/6.9| 2.5/8.6 | 2.5/11.3 2.4/8.1

max. Luminance (cd/A) | 18730 | 9265 | 15024 17165

max. Efficiency (Im/W) 2.1 1.1 13 1.9

Table 3.7: Threshold voltagety;, voltage at maximum brightnessy¥xce, €fficiency at maximum brightness
efficiencynax. and maximum efficiency for SY-based OLEDs when using ITO,Q\Ni,or CuNi as anode and CaAg
as cathode.

The difference in terms of OLED efficiency is very likely natlg caused by the different elec-
trical properties of the anode metals, but also by the diffee in the optical properties within
the OLED structure. An important aspect of metal based OLEDbBe possible presence of
cavity effects, which leads to an angular dependence thditfesent from that of ITO-based
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devices. Hence, the fact that luminous efficiency is congara the normal direction does
not necessarily guarantee that it is also in an off-norm@ation. Indeed, microcavity OLED
can exhibit significantly enhanced emission in the forwardation as well as a much narrower
emission spectrum [106][107], making evident that possibicrocavity effects of the proposed
metal-based devices have to be considered. To this endheébestical description of the micro-
cavity effect in OLEDs, as cited in Refl_[107], explains thav@ak microcavity effect occurs
associated to the low reflectance of the Cu, Cu-Niand ITO layérh is about 15 - 18 % at the
wavelength of the emission peak (for Ni, it is about 30 %). €letrically stimulated emission
is slightly shifted for the different material with aroundznm for the Ni-OLED and around 549
nm for the rest. The highest transmittance and thereforedoveflectance takes place between
500 and 600 nm for the Cu and CuNi resulting in a low microcavifgat. Furthermore, the
electroluminescence (EL) spectrum for all devices has besasured and the results are shown
in figure 3.29.

1.0 —ITO

0.8

0.6

0.4

norm. EL intensity (a.u.)

0.2

0.0

500 525 550 575 600 625 650 675 700
Wavelength (nm)

Figure 3.29: Electroluminescence spectrum of SY-basedi3LEth the anode being ITO, Ni, Cu or CuNi

The full width half maximum (FWHM) of the spectrum is similarfthe Cu, CuNi and for the
ITO-based OLED (around 90 nm). Only the Ni-based device stethinner FWHM (around 72
nm), which agrees with the value of its reflectivity — the laghamong the three metal electrodes.
The calculated full width at half maximum (FWHM) and the wargjth at the maximum EL
emission have been summarized for the OLEDs in table 3.8.
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’ ‘ ITO ‘Ni8nm‘Cu8nm‘CuNi8nm

FWHM (nm) | 87.3 | 72.1 91.4 92.2
max. EL (nm)| 548.8| 542.8 | 549.2 548.2

Table 3.8: FWHM and the wavelength at the maximum EL emiss&akfor OLEDs with ITO, Ni, Cu or CuNi as
anode and CaAg as cathode

The electroluminescence and the outcoupling efficiency teeen calculated for OLEDs based
on the UTMFs anode and using the measured PL and EL spectroentefractive index n and
the extinction coefficient k for the different anode matsri@TO, Ni, Cu, CuNi) and from the
polymer materials used (PEDOT:PSS, SY) have been measudati@results for each material
can be found in the figure section of the appendix. The data baen used in commercially
available optical simulation software.

A shoulder in the EL-spectrum appears for all the measuredeke (ITO, Cu, CuNi) at around
600 nm. This shoulder is suppressed for the Ni-OLED and isthi@ reason for the reduction of
the FWHM. The difference in the EL-spectrum might result frora different refractive index
of the Ni and the CuNi as shown in figure A.11 and A13. The charfghe spectrum can
be explained in detail when simulating the outcoupled spetiusing the PL spectrum of the
SY (figure 3.30). As an example, the Ni and CuNi OLEDs have besnpared since their
FWHM shows a significant difference of 20 nm. The simulated Becsrum shows a similar
difference at around 600 nm (figure 3.30a). It can be assuhdhis effect is only related
to the different optical properties of the stack. The shapthe outcoupled power over the
wavelength is very similar for the Ni and the CuNi (figure 3.3@ut the outcoupled fraction of
the total emitted power is around 1.5 % lower for the Ni dewager the calculated wavelength
regime. Additionally the curve of the CuNi-bilayer does natdw exactly the Ni curve showing
an enhanced outcoupling between 550 nm and 650 nm whichyfireults in a difference of
the EL-shape. This effect is more visible when normalizimg dutcoupled power between 550
nm and 650 nm (see inset figure 3.30b). This difference of theowipling is attributed to the
absorption coefficient, as shown in figure A.11 and A13, wiiiaps significantly for the CuNi-
bilayer for wavelengths longer than 550 nm.
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Figure 3.30: simulated EL (a), calculated outcoupled foscof total emitted power (b) for Ni and CuNi OLED

The average outcoupled fraction of the total emitted powehb emitter dipole over the wave-
length range between 500 nm and 700 nm has been calculatedl the device structures.
The highest outcoupled fraction has been calculated folT@eOLED in this particular de-
vice configuration, resulting in the highest efficiency améme OLEDs. However, the average
outcoupled fraction is not significantly higher for the IT® %) compared to the metal lay-
ers, in particular to the CuNi OLED (3.6 %). Cu, for instancepwt good optical properties
(outcoupled fraction of 3.8 %) with even a slightly highet@aupled fraction than CuNi which
makes Cu favorable as anode material if it would be thermadliple and not showing such a
fast oxidization. Such values are quite typical for OLED#wguch a configuration indicating
that almost 80 % of the emitted dipole power is therefore flastll the presented devices (due
to intrinsic non-radiative losses as explained in the tegcal chapter), but this investigation
also shows the potential of OLEDs when improving the outdogp The results show that the
outcoupling intensity as well as the good electrical prapsrof the CuNi lead to the highest
device efficiency among the UTMF-OLED, even though the &fficy of the ITO-OLED has not
been completely reached. However, the brightness, thiksiottage, as well as the emission
spectrum is very similar which makes CuNi a potential candidiar replacing ITO.

Further improvements in terms of the electron - hole balamgeld lead to a further shift of
the emissive dipole position towards the PEDOT:PSS - poalyinterface resulting in a further
enhancement of the efficiency for the CuNi OLED. An optimuntoupling efficiency of around
4.75 (%) can be found for this particular emission spectruremshifting the emissive dipole at
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a position of 21 nm from the PEDOT:PSS - polymer interfacee ®ptimized outcoupled power
as a function of the emission wavelength of the emitting py SY and the emitter dipole
position has been simulated in figure 3.31.
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Figure 3.31: Outcoupled fraction of the total emitted poasra function of the emitter dipole position with the
distance from the PEDOT:PSS - polymer interface

It is important to point out the role of the capping Ni layehieh has enabled the Cu-Ni layer
to retain good electrical and optical properties after thene treatment. This is even more
visible when studying the luminance as a function of the afieg time of the devices (shown in
figure 3.32). The graph shows the inital investigation fer lifetime measurement and a deeper
analysis is required to understand the metal anode influemtiee device stability. The lifetime
experiments were performed under inert atmosphere andhesslkwvithout encapsulation. The
OLEDs have been stressed for 360 min and the luminance hasiessured for every 10 min.

For glass/ ITO device, the luminance decay of the devicefois, $osing around 30 % of its
initial brightness after 360 min. Although the luminancetioé Cu-Ni anode/ glass substrate
device dropped initially, its decay is very smooth and reacB5 % after 360 min, at higher
current when compared to the driving current for ITO anodasg substrate. Cu anode/glass
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substrate devices loses about 77 % of the initial luminarftes applying a voltage for around
360 min due to the expected reaction of the waterbased adi &EDOT:PSS with the Cu.
Actually, the ITO and Cu-Ni based devices show a similar slopée luminance, showing
again similar behaviors of the Cu-Ni bilayer and ITO as andde®LEDs.
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Figure 3.32: Lifetime of SY-based OLEDs with the anode béir@, Ni, Cu or CuNi

In sum up, the use of Cu—Ni UTMF as anode in high-performanceB3Lias been demon-
strated. Previous studies have shown the potential of Ni UTdieplace ITO for organic de-
vice applications, due to easy fabrication, good opticall atectrical qualities([76]. Cu UTMF
was also studied due to better optical and electrical propsrthan Ni, although it shows poor
stability when treating the metallic layer with higher tematires. A good trade-off between the
Ni stability and the Cu excellent optical and electrical prages for UTMF is an ultrathin Cu
layer stabilized using a capping Ni layer. Its average visiblansparency is as high as 84
and its sheet resistance as low as@fqg. The bilayer Cu—Ni UTMFs show excellent stability
against temperature and oxidation. It is demonstrated tiratble layer UTMFs are an effective
alternative electrode with easy fabrication and low cést][77

3.5 Conclusions

Initially, Ni as ultrathin single layer metal film was invegted for its potential as anode elec-
trode for bottom light emitting diodes. Ultrathin metal &g with thicknesses between 6.5 and
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9.5 nm have been investigated and compared with ITO. A 9.5mmNi film shows a rea-
sonable sheet resistance and workfunction which is seitol OLED applications. However,
the transmittance is around 33% and therefore much lower fbral TO with 86%. The trans-
mittance of thinner Ni films would be obviously higher, buettrawback is the significantly
increased sheet resistance. Furthermore, the metal filndvbeudiscontinuous for thicknesses
below the percolation thickness, which is usually betweem® 6 nm. The Ni film has been
applied as semitransparent conductive anode for bottorttieghdOLEDs and it has been shown
that a similar or even higher luminance can be reached ewemgkhthe transmittance of the Ni
is much lower than for ITO. The improvement is not the reséiho improved electrical con-
tact and charge carrier injection, since the power effigieiche Ni OLEDs is lower due to its
higher driving voltages. The high driving voltage is theulesf the missing electron injection
layer leading to an unbalance in electrons and holes. Araegpibn for the increased luminance
intensity has been found looking at the different opticade®in the device structure. The lu-
minance enhancement is the contribution of an increasexopling for the investigated device
specification and the characteristic emission for the useeldmitting polymer. A simulation
based on the matrix-transfer formalism confirmed this aggiom of an increased outcoupling
efficiency. Ni shows therefore its potential as anode abeletwith several advantages including
simple deposition, no need for post deposition treatmeamis Jower cost.

However, the efficiency of the presented OLEDs was stillegpdor due to the inefficient electron
injection, which results from the use of only Al on the catbaide. Increasing the overall
efficiency using an electron injection layer (Ca) and PFO avich§& emissive polymer was the
issue in section 3.2.3. The significant enhancement of tenlnce as well as the efficiency
is clearly the result of the increased electron injecti@udlag to a more balanced ratio between
electrons and holes. A difference in the electrons - holes nafluences obviously the position
of the recombination zone. The position of the recombimaone can be simulated and was
shifted from before x = 0.85 (relative distance from the PEHD®olymer interface) to 0.26 for
the OLEDs with electron injector and PFO as emissive polymbe measured efficiencies for
the OLEDs with PFO and Ni were even higher than for the ITOrezfee OLED with almost a
three-time higher efficiency for the best Ni OLED with a 10 rinimtlayer.

To overcome the issues of Ni-metal films such as low tranantdt and relatively high sheet
resistance, a double layer based on Cu and Ni has been exignsuestigated. Cu shows better
optical and electrical properties than Ni, but poor stapilipon heating. Cu as single material
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is well-known for oxidizing very fast with a strong negatiwepact on the electrical and optical
properties. It was found that Cu is very stable when capped aviNi layer, maintaining the
excellent electrical and optical properties of pure Cu angl geod stability against temperature
and oxidation of pure Ni. The average transparency in theleipart of the spectrum is around
64 %, which is more than a twofold increase compared to pur&\ien applied to OLEDSs, the
device with CuNi as anode shows the highest efficiencies artt@ngetal film based OLEDs.
The efficiency of the CuNi-based OLED is still lower than folQTn this device configuration;
however, a strong increase has been obtained comparedi @ieED. A strong enhancement
of the luminance was observed for the double layer with alamtinreshold voltage as it was
measured for the ITO. The simulation confirms the signifigantreased outcoupling efficiency
for the CuNi-OLED configuration in comparison with the ITO-BD. The observed temperature
stability, processability at room temperature togethéi wie optical transmittance and electrical
resistivity performances confirm that multilayer UltratiMetal Films are serious competitors to
transparent conductive oxides such as ITO.



Chapter 4

Atomic Layer Deposition (ALD) Technique
applied to multilayer organic LEDs

An established method to enhance the efficiency of OLED=isigh of multilayered device
structures, consisting of layers of organic semiconduataterials with different energy levels
and functionalities (e.g. charge transport, emissionchking layers). In small-molecule-based
OLEDs, which are commonly fabricated via vacuum depositgmhriiques, the fabrication of

heterostructures is relatively straightforward [108][IP9 In contrast, in solution-processed

OLEDs, the situation is more complex. When a layer stack identyy solution processing, it

is imperative that a layer is not attacked and dissolved lyssquent coating steps [110][111].

In the past few years many strategies were developed to auertize dissolution problem and
to prepare multilayer OLEDs by spin coating [112]-[114]. itcan be achieved, for example,
by using orthogonal solvents for each layer or by making tepogited film insoluble by, for

instance, a subsequent cross-linking step [114]. Sinceselimking steps require high tempera-
tures and may lead to unwanted diffusion of material, a fudlyton processed OLED with good
performance is very difficult to obtain. Recently, a liquigifer method which completely pre-
vents the dissolution between solution-processed polyayerd was reported to achieve high-
efficiency and stable OLEDSs [115].

A possible approach for obtaining multilayer OLEDs is the w$ a thin film of a metal-oxide
deposited directly on top of the solution processed orgkayier. C.-Y. Chang et. al[ [116] have
shown that OLEDs can withstand an aggressive photolithogcapétterning process without

74
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any degradation of the organic layer by using a thin (1 nmyaitslayer-deposited AD3 film
as a protecting layer for the electroluminescent (EL) origanaterial. A possible routine for the
alignment of the charge carrier transport has been shown_ii/Jiwhere a 1 nm thin natural
grown aluminum oxide has been used as buffer layer in orgami¢gvoltaic cells. Such AD3
can be deposited well controlled via atomic layer depositismeferenced before.

In this chapter, atomic layer deposition (ALD) was used torfdkhbOs films as buffer layers,
taking advantage of ALD’s low defect density, high confoynaind low deposition temperatures
to maximize the surface coverage of such thin films and toda¥a@rmally degrading the EL
layer. Multilayer OLED structures are realized using seiied solution processing and a thin
Al,Os film as an intermediate protection layer. Even though ALDriginally a vacuum based
process, there are recent approaches for ALD at atmosplpeeissure and R2R manufacturing.
Very recently, BENEQ sold a R2R ALD equipment to the CPI's NEdfailities in Sedgefield
in North East England for the development of flexible thin tooésbarriers films.

4.1 Experimental details

The same ITO substrate, surface treatments and PEDOT:R#8Sitilen recipe as described in
chapter 3 have been used for the OLED fabrication. The sangpiim-coated with poly(para-
phenylene vinylene) (PPV) copolymer SY were additionahated for 10 min at 120C due to

the higher boiling point of Toluene (12T) while the samples with 2-methoxy-5-(2-ethylhexyloxy)-
p-phenylene vinylene, namely MEH-PPV were heated for 10 ati@i0 °C due to the lower
boiling point of chloroform (62C) and low glass transition temperature of the MEH-PPV. The
process recipes are summarized in table 4.1.

Polymer ‘ Concentration (mg/mlj Solvent‘ Spincoating Recip# Thickness (nm)‘

MEH-PPV 10 CHCIlz | 1500 RPM for 20s 120
SY 5 Toluene| 2500 RPM for 20s 80
Algz——1 1 CHCI3 | 2500 RPM for 20s 5*
Algz——3 3 CHCI3; | 2500 RPM for 20s 8*
Algz——6 6 CHCIz | 2500 RPM for 20s 10*

Table 4.1: Polymer solution concentration, spin-coatigjge and resulting thickness) (ndicates that the layers
were measured on glass
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Algs (Sigma Aldrich) has been dissolved in chloroform ChI@I different concentrations and
spin coated either directly onto the SY film or onto the SY tgyetected by the oxide. AD3
layers with different thicknesses and deposited at diffetemperatures have been used in this
chapter. The final multilayer device structure is shown inrkég4.1b.

Il 2

Alg3
Al203 (ALD)
s Y
PEDGT:PSS PEDOT:PSS
ITO su%s‘rate ITO substrate

Figure 4.1: reference OLED (left) and investigated mujeladevice with a solution processed Aligyer, SY has
been protected by a thin aluminum oxide®k layer deposited by ALD (right)

4.2 Effect of the deposition process on the intrinsic properties

of organics

High quality Al,O3 can be deposited by the ALD technique when the temperatdrtharcycling
time (referring to the chemical reaction) are calibrated {1d.8][119]. In that term, a densely
packed oxide promotes a better protection against envieatathimpacts (e.g. oxygen, water and
solvents) when used as encapsulation. Usually, the ALDga®cequires temperatures higher
than the glass transition temperature (Tg) of the polynuéilling the requirements for process-
ing densely packed oxides. Itis therefore important toysthd effect of the ALD process on the
polymer for two reasons: first, the temperature effect dutine deposition process and, second,
the effect of a chemical reaction of the polymer with the prsors. The well-known soluble SY
with a high Tg of around 180C has been used and compared with MEH-PPV with a low glass
transition temperature of around 76 in the following demonstration (figure 4.2a,b). The ALD
layer was deposited with different thicknesses rangingnf@o2 nm up to 5 nm. The process time
was varied depending on the process temperature and thedwhntkness (number of cycles).
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Samples without an ALD deposited oxide have been choseriexenee.

[ AR2030xide |
sy
Substrate Substrate
(a) sample with SY as emissive ma- (b) sample with MEH-PPV as emis-
terial sive material

Figure 4.2: AbO3 deposited on SY (a) and MEH-PPV (b)

It should be mentioned that such ALD process has been sholWwavi® adverse effects on the
organic layer. C.-Y. Changt. al. [L16] have shown that the AD3 layer deposition disrupt the
conjugation length of the polymer (MEH-PPV in that case).e Hffected MEH-PPV became
insulating due to the disrupted conjugation, and therefoeedevice characteristics deteriorated
drastically. This polymer chain conjugation disruptiors @een attributed to the exposure to
trimethylaluminum (TMA) and the use of elevated tempemtarthe ALD process, which ac-
celerated the permeation of TMA vapors into the organici§i20]. They determined that the
mechanism of the conjugation disruption happens througgttrelphilic addition of TMA to the
vinylene C=C groups of MEH-PPV. The significant change in thé\lis spectrum (spectrum
shift and weakening of the signal) caused by the ALR@Y layer indicated that the TMA expo-
sure affected not only the top surface but also the bulk oME&1-PPV layer. In order to reduce
the effect of the ALD deposition on the organic layer, theas#on of the AbO3 layer should be
performed at low temperatures, even though such a low teaahperALD process takes longer
time. The deposition process in this work was very similatht® ALD process described by
C.-Y. Changget. al. using a pulse of TMA followed by a pulse of,B® [119].

To check the possible deterioration of the organic layerhigyALD process, the optical prop-
erties of MEH-PPV (low Tg) and SY (high Tg) were studied befand after the AlO3 layer
deposition at different temperatures (8D, 150°C and 235°C ). Figure 4.3 demonstrates the
importance of a low temperature A3 deposition (80C ) on 2-methoxy-5-(2-ethylhexyloxy)-
p-phenylene vinylene (MEH-PPV) with a glass transitionpenature as low as Tg = 7& . The
intensity of the PL spectrum is significantly decreasednélieugh a low temperature deposition
process (figure 4.3 left) for the deposition of only a 2 nm tAipO3 layer has been used. The
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normalized PL spectrum (figure 4.3 right) shows clearly tifeience of the deposition process
on the PL spectrum. The spectrum is slightly red shifted &edeimission peaks are different.
The polymer properties might be influenced by two processedf the required elevated process
temperature for the deposition of aluminum oxide layer dwediossible degradation of the poly-
mer due to the ALD precursors. A systematic study of the teatpee effect and on the chemical
reaction is addressed in the following investigation. Thpli@ability of the ALD process might
depend therefore on the Tg of the polymer and the chemidailistaagainst the reactants.
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Figure 4.3: PL spectra (left) and normalized PL spectranfyitpr MEH-PPV film capped with a 2 nm ADs layer,
deposited at 80C

The phenylsubstituted poly(para-phenylene vinylene MPgdpolymer (*“‘superyellow™ (SY)
from Merck) shows excellent properties with a given Tg ofuad 175°C which should lower
the influence of the process temperature on the polymer giepe No shift of the emission
wavelength has been observed in the PL spectrum when depasitB0°C (figure 4.4a). Often
a temperature treatment below Tg is used in order to rem@veesidual solvent after film depo-
sition. Such a low temperature treatment often increase®lthefficiency due to the change of
the polymer morphology and its influence on the orientatibdipole moments and the degree
of interchain interactions, resulting in an enhanced isitgrwhich is clearly visible for all the
processes [122]. A maximum PL intensity has been measurgbddaleposition of a 0.8 nm thin
ALD film. An ALD process for the deposition of an D3 thicker than 0.8 nm leads again to
a slight decrease of the PL intensity. However, no damagleeofihderlying polymer due to the
heating or the migration and reaction with TMA and/ofQHis expected. A change of the poly-
mer itself due to the process temperature has not been exigote the process temperature is
far below the glass transition temperature of the SY.
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(a) PL spectra of SY after the ALD process at 80
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(b) PL spectra of SY after the ALD process at T80
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(c) PL spectra of SY after the ALD process at 285

Figure 4.4: PL spectrum of AD3 covered SY, the temperature of the ALD deposition was varetdveen 80C

(a), 150°C (b) and 235 C (c) and the thickness of the ALD layer was varied betweemth4nd 5 nm
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It is different for a process temperature of 18Din figure 4.4b, which is close to the glass tran-
sition temperature of the SY polymer. The spectrum for tlieremce sample and the samples
with a 0.4 nm and 0.8 nm ALD films are identical without any dpacshift or influence on the
PL intensity. For ALD processes with thickness of 2 nm andentre PL intensity decreases
drastically and the PL emission looks slightly differengaeding the shoulder at 600 nm. The
peak at 560 nm and the shoulder at 600 nm are not clearly @iaitpymore and the PL spectrum
becomes broad and unstructured. It is unlikely that thea¢delprocess temperature decreases
significantly the PL efficiency. Therefore the decrease candyy likely attributed to a chem-
ical reaction of the ALD precursors with the polymer, whialmthe other hand, is a thermally
activated process [120].

The maximum deposition temperature was considered to b&€23&r obtaining a high quality
Al>Og3 layer (figure 4.4c). An expected drastic change of the PLtsp@chas been observed
for a high deposition temperature of 235 due to the ALD reactants and a process temperature
which is significantly higher than Tg of the polymer. The Pteimsity decreases significantly
even when depositing very thin ALD film of only 0.4 nm. No speat could be recorded for an
oxide layer thicker than 0.8 nm which corroborates againdiégradation of the polymer itself
due to the thermally activated stronger chemical reaction.
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Figure 4.5: PL spectrum of temperature treated SY, the testyre of the ALD deposition was varied between 80
°C, 150°C and 235 C and with an identical annealing time as for the 2 nm ALD défmwsprocess
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In order to verify if the change of the PL emission spectrurmes purely from the heating
effect or from the chemical reaction of the TMA with the polgmSY has been spin-coated on
a glass again and treated at 8D, 150°C and 235°C without the deposition of AlD3;. The
annealing time at different temperatures is equal to the Akdress time, so that the effect of
the temperature could be evaluated (figure 4.5). The PL spratf the SY does not show a
wavelength shift after the temperature treatment. Only allstiecrease of the PL intensity has
been measured for temperature as high as’235

Both measurements (figure 4.4 and 4.5) together show thaiftosion of TMA into the poly-
mer layer is stronger for higher temperatures and causea®rgstiegradation of the polymer
properties. An additional decrease can be expected foragsdemperature higher than Tg due
to the morphological change of the polymer. Therefore, &gss temperature lower than Tg
should be chosen for the deposition of the®@d in order not to damage the polymer due to the
temperature and moreover the chemical reaction. The Aldggssed SY films show identical
PL spectra at low deposition temperatures due to a low pdromeaf TMA vapors into the or-
ganic layer. M. D. Groneet. al. [121] have studied the effect of the low temperature on the
quality of the ALD layer grown and have shown that many of theperties of the low tem-
perature A}Os ALD films were comparable with the properties of the®§ ALD films grown

at higher temperatures of 17 . Good thin film properties were observed despite decrgasin
densities and increasing hydrogen concentrations andritigsu As a result, the ALD process
of Al,O3 deposition should not be detrimental to the SY layer usedi;wwork, and therefore
the protection mechanism of low temperature processe@M\LD films is investigated in the
next section.

Atomic Force Microscopy was also used to study the heatiferebn the morphology of the
polymer film (figure 4.6). The untreated SY film shows the hgjlmeughness (area RMS around
2.5 nm) which decreases with higher temperatures, with hafter a temperature treatment of
80°C, 1.1 nm at 150C and with the lowest RMS roughness of 1.0 nm at 2351t is clearly
visible that a temperature treatment above Tg changes thghwlogy of the polymer film.
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(©) (d)

Figure 4.6: AFM images from spin-coated SY-films without ealing (a), annealed at 8€ (b), 150°C (c) and
235°C (d)

The AFM images shown in figure 4.7 illustrate a good unifoynoit the ALD film with a thick-
ness of 2 nm and 5 nm all over the organic layer. Furthermbesptganic layer has a root-mean
square (RMS) roughness of around 2.5 nm (figure 4.6a) withoytt@mperature treatment,
which decreases to 0.6 nm (figure 4.7b) when a thin ALD layesr(@ 5 nm) is deposited on
top of it. Such parameters should be beneficial for devicdicgijon in terms of the protection
but, on the contrary, a 5 nm 403 is not suitable, as AD3 is an electrical insulatof [123].

() (b)

Figure 4.7: 2 nm (a) and 5 nm (b) AD3 on SY film

An Al,0O3 film deposited at 80C with a thickness of 2 nm has been chosen. In the first appli-



4. Atomic Layer Deposition (ALD) Technique applied to miatier organic LEDs 83

cation, the charge blocking characteristic of the@y layer is demonstrated with an example
in the next figures before applying the film into the multileygEDs. The insulation AlO3
has to be thin enough to guarantee a charge carrier trangpbés been demonstrated that the
breakdown electric field for the bulk aluminum oxide is ardu® MV/cm [124]. The charge
carrier transport is dominated by direct charge carrienéling for a film thickness of up to 3
nm. Choosing a 2 nm layer thin aluminum oxide guaranteesftirera sufficient charge carrier
transport and protection mechanism. Moreover, this erpart proves if the ALD deposition
process at low temperature has an influence on the emisseatrem due to the migration of the
TMA into the polymer layer. The device structure and the psmal band diagram are shown in
figure 4.8.

| i

CaAg-Cathode 2.3ev
Al203

SY

PEDOT|
25nm

PEDOT: PSS
ITO-Anode

Substrate

ITO 5ev

5.1eV

(@) (b)

Figure 4.8: OLED device structure (a) with&)3 and proposed band diagram (b)

The current density-voltage and luminance-voltage charstic are presented in figure 4.9a.
As already indicated, the current density is lowered dubégtresence of the oxide layer which
acts as charge blocker. As a result, the brightness of theDOdé&creases significantly and
its maximum is shifted towards higher voltages. The lowdraghtness and the voltage shift
have a significant influence on the OLED efficiency, shown iarkg4.9b. The voltage drop of
around 0.5 V in the current - voltage behavior is due to thegmee of the 2 nm aluminum oxide
film. An applied electric field of around 25 MV/cm can be calted which is even higher than
the breakdown electrical field given in literature and tfene sufficient high for charge carrier
transport.
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Figure 4.9: OLED characteristic for OLEDs with and withouthén 2 nm ALO3 layer between SY as emissive
polymer and the CaAg cathode
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More important is the record of the emission spectrum of th&Ds since it shows if the ALD
process changes the intrinsic properties of the polymer dilnf there is a degradation of the
emissive polymer while depositing AD3. When normalizing the EL spectrum of both OLEDs,
shown in figure 4.9c, it can be seen that the presence of tde axid, moreover, the ALD process
itself have no influence on the emission spectrum in this Edpvice configuration. The effect
on the OLED is therefore truly related to the blocked cham@yeier transfer.The characteristics
of these OLEDs are summarized in table 4.2.

‘ Reference without ALD| 2 nm Al,O3

Current Densityax. (A/m?) 0.8 0.76
V1h / Viaxt (V) 2.5/9 3/10

max. Luminance (cd/R) 13220 6360
max. Efficiency (Im/W) 1.4 0.5

Table 4.2: Performance of SY-based OLEDs with and withobira2 nm AL O3 layer between the emissive polymer
and the CaAg cathode

This section shows the importance of a well-chosen proceshtmonfor the ALD process when
depositing AlO3 on film polymer. A degradation of the polymer takes place duled migration
and possible reaction of the TMA into the polymer. The pueeafsAbOs as interfacial layer
would result in a lower OLED efficiency because@d is an electrical insulator. However, the
solution processed injection layer might compensate saaffect. This will be demonstrated in
the next sections.

4.3 The ALD layer used to avoid intermixing of successive
spin coated organic layers

In this section, an ALD deposited layer of 2 nm of28k is used as a protective layer for a
polymeric film of poly(phenylenevinylene) co-polymer (SYyhich was successively covered
by spin coating of a second organic layer [125]. The resulthésdeposition by spin coating
of successive organic layers, separated by an ultra-thi@Alayer, without intermixing of the
successive organic layers due to solvent dissolution.
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4.3.1 Study of the solvent influence on the underlying layer.

To study the surface coverage of the ALD layer on top of SY arghow that no penetration of
the solvent from the top organic layer to the bottom orgaayet occurs, the following experi-
ment was done. Various SY layer samples were prepared withna 2,03 layer deposited at
80°C on top (figure 4.10).

— T —

S)il

Substrate

Figure 4.10: Solvent drop on SY protected by a thin@{ layer

Figure 4.11a shows the photos of the samples prepared, whasknt a strong yellow coloration
uniform throughout the samples.

Figure 4.11: (a.) SY samples with (left) and without (rigatR nm thick AbO3 layer, showing a strong yellow
coloration. A drop of chloroform was deposited on top of bt samples. The dissolution of the SY layer below
is clearly seen, with a transparent area appearing whettelthene was deposited (b) while for the SY covered by
the 2 nm thick ALD layer, no dissolution area nor defect casdsen to the SY layer (c).
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A small drop of solvent was deposited on the®@4 coated SY layer, the solvent used being
chloroform. Chloroform has been used as solvent for the Algctron transport/injection layer.
After drying out, the solvent did not damage the bottom SYefayvhich still shows the same
yellow coloration uniformly all over the layer (figure 4.)1df the SY is not protected by the
Al,O3 layer, the small drop of solvent dissolves immediately tiYel&/er beneath and results
in a white mark on the sample, where the polymer has beenldissagain, as can be seen in
figure 4.11b[[125]. Such visual proof shows very well the ective role of the AlO3 layer to
the organic layer beneath, with no selectivity regardirgggblvent used.

Figure 4.12 shows the effect of the solvents on the PL spcton samples with or without a
protection layer. A strong deterioration of the PL spectham been observed for the unprotected
SY layer due to the partial dissolution of the SY-film by théveat. A very strong decrease has
been observed when depositing ChldLooking at the normalized PL spectrum (figure 4.12b),
a strong shift of around 14 nm has been measured.
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—— Chloroform 1.01
2nm ALD + Chloroform
5nm ALD + Chloroform

Reference
—— Chloroform
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Figure 4.12: PL spectrum of SY samples after depositingrofdom and using a 2 nm/ 5nm thin ALD layer as
protection, PL spectrum (a) and normalized PL spectrum (b)

] \ Y% \ SY + CHCk | SY + 2 nm ALO3 + CHCl; \ SY + 5 nm ALO3 + CHCh

FWHM (nm) | 80 77.5 76 77.5
max. PL (nm)| 557 549 550 552.5

Table 4.3: FWHM and the wavelength at the maximum PL emissioritfe reference SY film, SY treated with
CHCIl3 and protected with a 2 nm and 5 nmpQi3
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A thin 2 nm Al O3 layer provides already a protection against solvents. Kewéhe protection

is only lowering the impact of the solvents, since a partehgtration of the solvents into the
polymer cannot be avoided [119][126]. The PL enhancememwdepositing a 5 nm film is
the result of the temperature effect at 8D, which has been already observed in the previous
section. The shape of the emission spectrum is similar fagaahples, however, a small shift
of the emission spectrum of 7 nm has been still observed dw@epartial dissolution of the
polymer surface (figure 4.12b). A5 nm thick oxide layer pd®s obviously a stronger protection
resulting in a decreased spectral shift of only 4.5 nm.

In both cases, the emission intensity was higher using aghiglkOs layer resulting in a more
efficient protection. No shift of the emission spectrum wasmks and the emission maximum
stays at the same wavelength [127]. Even though it is evidleat,a more efficient protection
of the organic layer against solvents is provided by thick&Os layers, it has to be noted
that AbOs is an electrical insulator. Thus, for the multilayer OLED®s,2 nm thin A}Og3 is
deposited as protection layer in the following subchaptevling sufficient protection, but still
not blocking all the charges.

4.3.2 Application to multilayer OLEDs; avoidance of intermixing of the
layers

Most of the standard OLED polymers favor hole-transpordileg to a charge carrier unbalance
in the device, which results in poor efficiencies. The stathdgproach to improve the efficiency
of OLEDs is to insert an electron transport and/or injectayrer (ETL) at the cathode interface
in order to improve the electron transport and/or injecti®uch EIL/ETL may consist of an
organic molecule, which is thermally evaporated, or barummalcium, which are highly reactive
materials. In this chapter, the possibility to use a spirtedehin film of tris(8-hydroxyquinoline)
aluminum (Alg) as ETL is investigated by using a thin 2 nmpy®k deposited between the two
spin coated layers. Algblocks efficiently the holes due to its deep HOMO level and ilso

a good electron transport layer, commonly used in small cubdeOLEDs [128]. Using Alg

as interfacial layer should therefore provide an improvethhce between electron and holes,
leading to a shift of the recombination zone towards the pelycenter instead of being close
to the cathode [129]. Alghas been spin-coated without any protection onto the palyiine
(figure 4.13b). Furthermore, a AD3 layer within the OLED has been prepared (figure 4.13c)
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and, as the final device, an OLED with the complete stack of 8¥D3; and Algs has been
investigated (figure 4.13d).

Ag Cathode

Ag Cathode

Alg3

sY sy

PEDOT:PSS PEDOT:PSS

ITO Anode ITO Anode

Substrate Substrate

(@) (b)

Ag Cathode

Ag Cathode

SY SY

PEDOT:PSS PEDOT:PSS

ITO Anode ITO Anode

Substrate Substrate

(© (d)

Figure 4.13: (a) OLED structure without ALD and without dlen injection layer as reference, (b) with Alg
injection layer and without ALD protection layer, (c) witH 03 as protection layer and without an electron injection
layer, (d) solution processed Alglectron injection layer on a AD3 protected SY polymer film

The band diagram is schematically shown in figure 4.14. eigut4a shows the simple OLED
structure without having any interfacial layer for an irased electron injection and transport.
The energy bandgap between the LUMO level of the polymer hadvorkfunction of the Ag
cathode is big, resulting in a poor electron injection. Aetént behavior can be expected when
looking at the band diagram in figure 4.14b after insertingsAds electron injection material.
The energetic step between the fermi-level of Ag and the LUM®Iq3 is slightly smaller than
that to the LUMO of SY. The Alg does not only improve the electron transport towards the
emissive polymer, additional it will also improve the podeatron injection. Furthermore, the
holes are blocked at the polymer/ALD/Alinterface due to the Algs deep HOMO level.
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Figure 4.14: proposed band diagram for the reference OLEBNn@the improved OLED with AlDs as protection
layer and Alg as electron transport layer (b))

The measured current and luminance behavior is shown inghee 4.15a and b. Additionally,
the power efficiency of these OLEDs has been calculated indfigui5¢c. The OLED efficiency
for the device structure (a) and (c) is poor due to the largegngap between the cathode and
LUMO level of the polymer. The poor injection of electrons(a) is even more hindered by
adding an ALD deposited oxide between the polymer and thHeodatin (c). AbO3 blocks ef-
ficiently the charge transport even for very thin layers. refae, the efficiency in (c) is even
lower than in (a) due to the higher required voltages anddiverd luminance. However, intro-
ducing an electron injection layer (for instance, #lgoes not necessarily mean that the OLED
efficiency will increase; this can be seen for the OLED (b)e Boblution processed Addayer
was spin-coated onto the polymer film. The SY film was theeefmartially dissolved by the
Algs film, as already demonstrated in figure 4.11b. The efficierfaphis OLED is very low,
with additionally a strong increase of the threshold vadtégy the light emission. It can be seen
that the device performance is significantly improved wheseiting a 2 nm thin AlOs layer be-
tween the SY and the Afdayer (d). Not only does the current density decrease, Wiitiadally
the luminance level is significantly increased leading t@ficiency enhancement of one order
of magnitude (figure 4.15c) from 0.016 Im/W for the referedegice up to 0.17 Im/W for the
multilayer OLED. When electrically excited, the maximal limance of 243 cd/fmeasured at
9.7 V for the reference (a) increases up 1445 cdamthe same voltage and with a maximum
possible luminance of 4734 cd?rat 12.1 V for the multilayer OLED (d).
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Figure 4.15: OLED characteristic for OLEDs with and withauthin 2 nm AbOgs layer between SY as emissive

polymer and Alg as electron injection layer, a.), b.), c.) and d.) refertim¢he OLED architecture shown in figure
4.13.
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The underlying SY-polymer film has been therefore succéiggitotected by a 2 nm thin A3
film so that a solution processed Algould be deposited on top leading to a significant effi-
ciency increase of the OLED. A decrease of the luminance adgehing its maximum has been
observed and it has been explained literature by the imieffeharge accumulation [180]. This
is more likely the case when the thickness of the layers isptiinized or when the energy levels
are not optimally aligned.

Additionally, the EL spectra have been measured in orderdbiftthe additional layers (ALD +
Algs) have an impact on the emission spectrum (figure 4.16). Tikere shift of the emission
wavelength and no additional emission comes from the Aldhe lower wavelength range. The
slight increase at around 600 nm might be a contribution efattiditional layers on the optical
properties of the stack.
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Figure 4.16: measured (a) and simulated (b) electrolurnare spectrum for the reference OLED and the OLED
structure using AlO3 as interfacial layer, a.)and d.) referring to the OLED aetture shown in figure 4.13.

The optical simulation corroborates the above assumptidnmeasured photoluminescence
guantum vyield for the spin-coated superyellow polymer filn22.5 % has been considered for
the simulation. The optical constants for each materiallmfound in the appendix. The out-
coupled EL spectrum has been simulated using the devicenpéees (thickness of each layer)
as well as the measured photoluminescence spectrum of #i#gn8YThe developing of the
shoulder between 550 nm and 650 nm on the spectrum of thaweltifilm is therefore purely
related to the introduced Atdayer with its specific optical constants (figure A.5) as timeus
lation proved. Additionally, conclusions on the electmproperties of the device stack when
introducing Alg can be drawn using the simulated EL spectrum. The relatpeleliposition
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(relative distance from the PEDOT:PSS - polymer interfaea) be calculated using the simula-
tion software. For the device structure shown in figure 4.4a3alative dipole position of around
0.95 (corresponds to 76 nm distance from the PEDOT:PSS nmaolinterface) has been calcu-
lated, while the relative dipole position was clearly stdftowards the PEDOT-Polymer interface
with a value of 0.28 (corresponds to 22 nm distance from the®EPSS - polymer interface)
for the multilayer device in figure 4.13d. Therefore the fivggnt recombination mechanism
close the metallic cathode (in terms of radiation) has beemied due to the presence of the
Algs. A dipole position close to the metallic electrode leads tmapling to surface plasmon
polaritons (SPP).

Additionally, these values have been taken for the calmraif the outcoupling fraction of the
emitted power over the wavelength and as a function of theleliposition (figure 4.17).
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Figure 4.17: Simulated outcoupled power fraction as a fanaif the wavelength for the reference OLED and the
multilayer OLED (a). Simulated outcoupled power fractieeafunction of the Alg thickness (b)

The intensity of the optical outcoupling shows a signifiadifference between the devices. The
OLED shown in 4.13a has a calculated average outcoupledrgaaetion of only 2.2 %, which

is significantly lower than 7.7 % for the multilayer OLED. & therefore very likely that the
multilayer OLED structure not only increases the charge&abalance, resulting in a recombi-
nation zone shift towards the center, but also it improvesitkensity of the outcoupled power.
The outcoupled power is shown as a function of the wavelefogthoth OLEDs. It can be seen
that for the multilayer OLED, the highest outcoupled powmcfion of almost 9 % has been
reached at around 590 nm, which is actually exactly the veaggh where a shoulder appears
for this device configuration (see inset 4.17a). The bemasiidhe outcoupled power for the
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multilayer OLED is shifted towards longer wavelength résgl in a shoulder at around 600 nm
for the electroluminescence spectrum.

Again, the presence of the interfacial layer®} and the EIL/ETL Alg leads to a shift in the
emissive dipole position resulting in an enhancement ofatieoupled power. The average
outcoupled power varies depending on the thickness of thewith a maximum of around 7.8
% for an Algs thickness of around 8 nm. The intensity of the outcoupledssioin varying the
Algs thickness and emitter dipole position has been additiprsafhulated (figure 4.18). The
highest emission intensity (dark red) has been simulated ftipole position between 16 - 32
nm distance from the PEDOT:PSS - polymer interface and aglAjger thickness lower than 10
nm, which is in an good agreement with the previously preskdevice structure.
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Figure 4.18: outcoupled power intensity as a function ofAleg; thickness and dipole position with the distance
from the PEDOT:PSS - polymer interface

The dipole position has been shifted away from the electesdealculated before resulting in a
significant increase of the outcoupling power. The measdestite characteristics are summa-
rized in table 4.4.
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OLED J(Lmax) (A/mz) VTH /Vmache (V) Lmax (Cd/mz) max. Eﬁ (Im/W)
a.) Reference 0.76 4.3/9.7 243 0.016
b.) Algs 1 mg 0.9 7.1/13.8 198 0.08
Algsz 3 mg 0.3 10.6/19.4 113 0.07
c.) ALD 0.8 5.3/13.6 134 0.005
d.) ALD + Algs (5 nm) 0.73 4.8/12.1 4734 0.17
ALD + Alg 3 (8 nm) 0.49 5.3/13.2 3886 0.19
ALD + Alg 3 (10 nm) 0.12 8.2/15.2 701 0.15

Table 4.4: experimental results of SY-based OLEDs with aitldout a 2 nm AyOg3 layer as protection, varying the
concentration of the spin-coated Aljim

The subsequent spin-coating Alyer onto a A}Os protected SY polymer film has been suc-
cessfully implemented into the OLED structure. Such a coméijon has shown the expected
enhancement in the device efficiency due to the presenceedTh/EIL. The relative dipole
position was clearly shifted from being very close to the SM>O3 interface towards the SY -
PEDOT:PSS interface as simulated before. Such a shift adrtiissive dipole position indicates
an improved charge carrier balance. The result shows trenpal of the ALD as protection
and/or interfacial layer. A significant increase of the OLEfidciency has been measured; how-
ever, the effect has to be investigated for different polggwaieie to their different required process
conditions (for instance, temperature and used solvents).

As another example, MEH-PPV shows very poor electron caimucOLEDs with MEH-PPV
as emissive material and without an electron injector lyaedhit light. The band diagram as
well as the device structure is shown in figure 4.19. The baagrdm shows a big energy gap
between the LUMO level of the MEH-PPV and the workfunctiortted Al-cathode without an
electron injection layer. The same idea has been appliederasnstrated previously. Adgvas
spin-coated onto the AD3 protected MEH-PPV layer and the OLED performance has been
compared with the reference OLED (figure 4.20). Taking irdooant the low Tg from MEH-
PPV, the impact of the ALD process will be more significant esidnstrated in figure 4.3.
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Figure 4.19: proposed band diagram for the reference OLEBN@the improved OLED with AlD3 as protection
layer and Alg as electron injection (b)

The reference OLED shows very poor behavior with a very Idwiehcy of around 0.002 Im/W.
The maximum luminance of the multilayer OLED is significgritlgher with around 900 cd/fn
resulting in an increase of the power efficiency of aroundander of magnitude. The efficiency
is still quite low taking into account that the layer thickses and process conditions have not
been optimized so far. However, the improvement is quitai@ant and is related to the shift
of the dipole position away from the Al-cathode due to theadtiction of the interfacial AlOs.
The decrease of the luminance for the MEH-PPV reference OkEDe to the degradation of the
OLED after reaching its maximum. The results, including ¢herent density at the maximum
brightness, are summarized in table 4.5.

Material MEH-PPV | MEH-PPV + ALD + Algs
Current Densityaxice (A/m?) 0.3 0.68
Vrr ! Vinaxtce (V) 45175 3.5/12
max. Luminance (cd/R) 9 880
max. Efficiency (Im/W) 0.002 0.035

Table 4.5: Performance of MEH-PPV-based OLEDs with andauitia thin 2 nm A$O3 layer between the emissive
polymer and the cathode
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Both OLED structures show an increase of the efficiency whigeng #d,O3 as protection layer
and a solution processed Al@s electron injection layer. It has been demonstrated tihadbD
deposited AlOs film prevents efficiently the degradation of the underlyintymer when spin-
coating a layer on top. Additionally, the charge blockingamanism of the AlO3 layer has to
be considered due to its insulation character. Solutioncpesed Alg compensates therefore
the charge carrier blocking effect of the ALD film leading tsignificant enhancement of the
luminance and results in a strong increase of the efficiehbgrefore, a good trade-off has to be
found between the protection mechanism and the charge hipakechanism of the oxide layer.

4.4 Conclusion

In this chapter multi-layered, solution processed OLERs®mveloped. Thin intermediate metal-
oxide layer prepared by ALD are used to avoid solvent indutegpgtadation of the organic layers.
This chapter deals with mainly two issues: 1.) finding thétigrocess condition of the ALD
process for the deposition of oxides onto a polymer layeat,2ah defining an oxide layer thick-
ness with sufficient protection properties and the chargeecalocking behavior of the oxide
within the OLED structure. Those ultra-thin ALD films werepdsited at low temperatures at
80°C in order to avoid degradation of the bottom organic lay&e @legradation of the polymer
results in a change of the PL-spectrum and has been measurefpolymers with different
Tg. It was shown that a 2 nm ALD film on a polymer is very uniforrithwiow roughness. The
deposition process of the AD3 at low temperatures onto SY does not degrade the polymer. A
strong degradation of the SY-polymer was found when usig@ér temperature for the ther-
mally activated chemical reaction during the ALD processvedy low permeation to various
solvents through the oxide onto the underlying SY-polynaestbeen demonstrated. Furthermore,
this technique has been applied to the OLED fabricationgsscattempting to fabricate both the
emissive layer and the electron transport layer by suoceesgin coating. No intermixing was
observed between the two organic layers due to the thin Al diposited between them. The
device showed an improved luminance and efficiency, whichdegn expected due to the pres-
ence of the ETL. An enhancement has not been observed whEif this applied directly on top
of the emissive organic layer. The simulation shows thatélsembination zone is shifted away
from the metallic cathode towards the PEDOT:PSS - polymierfizce by the presence of the
ALD and Algsz layer. The additional AlOs and Algs layers lead to a shift of the emissive dipole
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position away from the polymer-metal cathode resultingnrsegnificant decrease of the non-
radiative losses due to the surface plasmon coupling on #talmathode surface. Additionally,
the outcoupling intensity is significantly increased legdio a twentyfold increase of the lumi-
nance and a higher efficiency of the OLED of around one orderaginitude. The same concept
has been proven using a less efficient polymer, named MEH-RR\hcrease of the efficiency
and brightness in the same order of magnitude has been redamod corroborates the previ-
ously made assumption. Thus, the method reported here vepitbe applicability of atomic
layer deposition in OLED fabrication and the possibilityusing solution processed multilayer
for an enhancement of the OLED efficiency.



Chapter 5

Blend of a polymer and an organic small
molecule as emissive layer for OLEDs

A simple approach for the fabrication of efficient OLEDs is tise of blended organic material
in order to avoid multi-layer structures and decrease thenptexity of the device architecture.
Many conjugated light emitting polymers are hole condwcstiowing a low electron mobility.
Low electron mobility leads to an unbalance of electronslaolés in an OLED device structure,
resulting usually in a shift of the position of the recomltioa zone towards the cathode. The
recombination close to the electrode is known to be ineffi¢E3i]. An increase of the OLED
efficiency can be achieved by doping the polymer with an eledtansport material. Both,
the carrier injection and transport can be improved by callgfselecting the materials and their
concentration in the blended polymer [132][133]. Among jegated polymers, 2-methoxy-5-(2-
ethylhexyloxy)-p-phenylene vinylene (MEH-PPV) has ba@mnsively investigated [134][135]
as host material for polymer blend based devices due tofitseaft EL emission and for its hole
transport properties. MEH-PPV as host material was blendet am electron-transport or hole-
blocking material (usually a non-emissive material).lbgls a significant enhancement of the
device efficiency when used as emissive layer [132][136].ifstance, the device efficiency was
increased by blending MEH-PPV with a newly synthesized eledtansport material (DFD) or
with a hole-blocking material [137][138], but the voltagerfthe maximum light emission was
shifted towards higher voltages.

In this chapter, MEH-PPV doped with the small molecule etacttonductor tris(8-hydroxyquinoline)

100
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aluminum Alg was used as active material for the OLED [139]. Both materaatks often used
as emissive layer either for solution processed OLEDs incdme of MEH-PPV or for vac-
uum processed small molecule OLEDs foraAldn efficient energy transfer from the Al the
MEH-PPV is expected due to the overlap of the emission spadaif the Alg and the absorption
spectrum of the MEH-PPV [140]. The blend has been invesajay means of electrolumines-
cence and fluorescence spectroscopy upon variation of tipecéhtent in the blend. Used in
OLEDs, such a blend shows a significant enhancement for thedmee and power efficiency.

5.1 Experimental details

The OLED fabrication procedure is identical to that desadliin the previous chapters. The con-
jugated polymer 2-methoxy-5-(2-ethylhexyloxy)-p-phlEme vinylene, namely MEH-PPV, was
blended in different weight concentration with Al¢pooth from Sigma Aldrich) and dissolved
in chloroform CHC4. The formulations have been stirred overnight and thencgpited on the
PEDOT:PSS layer with no ramp time and 2500 rpm for 30 s. Alumir{Al) was used as cath-
ode and was thermally evaporated through a shadow mask.eMeedtructure and the finished
device are shown in figure 5.1a,b.

-
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Figure 5.1: device structure for blend-based OLED (a), wayklevice after fabrication (b)
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5.2 Spectroscopy Study of the Energy transfer mechanism be-
tween the polymer and the organic small molecule

The absorption and emission spectrum for Adand MEH-PPV measured for a thin spin-coated
film are shown in figure 5.2. A strong overlap of the emissioecsum of the Alg with absorp-
tion spectrum of the MEH-PPV is indicated with the red haithe absorption maximum of the
MEH-PPV was measured to be at 500 nm while the maximum emisgivelength of the Alg

is at 540 nm.
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Figure 5.2: optical absorption and photoluminescence faHMPPV and Alg

A broad emission peak can be seen in the photoluminesceectrsm of the MEH-PPV film
with a maximum at 580 nm and a weaker peak at around 620 nm. €ktterés at 580 and 620
nm are assigned to the transition from the lowest vibratitenee! of the first excited electronic
state to the lowest vibrational level of the ground eledtretate (0— 0) and a combination of its
vibronic replica (0— 1) and an increasing interchain interaction due to the pelyaggregation
when spin-coated as a film, respectively. This fluorescemgebkwith its characteristics is the
result of the convolution of the emission of intrachain éxes and interchain species due to the
possible exciton transport along and between the polymansh As a result, the usually mea-
sured sharp spectrum with a clear resolution of the vibréeatures, as measured for instance
in very low concentrated polymer solution (M. Yaat,al. Phys. Rev. Lett. 75, p.1992 (1995))
or single MEH-PPV polymer chain, is broadened due to a stintegchain interaction in the
polymer film [154]. Since interchain interactions lead te thrmation of lower-energy excited
(resulting in a redshift) states coupled only weakly to theugd state, they are generally consid-
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ered to lower the luminescence efficiency. An increasingrapponcentration might influence
therefore the interchain contribution due to the sepamadibthe polymer chains. This effect
and, as a consequence, resulting influence on the emisseotrism and device performance is
investigated during this chapter.

The optical properties have been measured for MEH-PPV dstretterial. MEH-PPV was then
blended with Alg as electron conductive material in different concentregit® %, 17 %, 33 %,
50 % and 60 % weight ratio), spin-coated on glass. The noredlabsorption spectrum does
not show any change for the maximum absorption peak, evenvery high blend concentration
(figure 5.3a). The maximum absorption remains located at®0@or the blended MEH-PPV.
A second absorption peak at 380 nm appears for the blend witiceeasing Alg amount.

The interaction between two different molecules of the sapexies (MEH-PPV) doped by the
electron transporter Alpwas investigated by studying the fluorescence measurenigrggre-
sented blended system meets the necessary conditionssbéFtype energy transfer due to the
strong overlap of the donor emission and the absorptionispeof the acceptor molecule. For
Alqgs concentrations in the range up to 60 %, the blend fluorescemma&s similar spectral fea-
tures as the pure MEH-PPV as it has been demonstrated alredidyre 5.2. No substantial
contribution from Alg is found when looking at the photoluminescence spectrurhebtend
layer (figure 5.3b). The normalized spectra reveal thatdhg-wavelength contribution at 620
nm becomes weaker with increasing Alcpncentration. This may be the result of an increased
separation of individual polymer chains due to the incregpiresence of Alggmolecules and a
resulting reduced chain-chain interaction (figure 5.84)J1 A strong aggregation (low separa-
tion of the polymer chains) might, additionally to vibrated feature, lead to an increased num-
ber of weakly emissive species [152]. As the polymer chaamine separated by the electron
transporting small molecules, the emission appears to bendoed by single chain MEH-PPV
exciton. No emission coming from the Aldgs visible for all concentrations.

The FWHM has not been significantly changed when doping the NP with Algs, as shown
in table 5.1. The reference MEH-PPV layer shows a maximurhRitspeak at 580 nm with a
calculated FWHM of around 104 nm. These values vary sligintl range of around 3 nm for
all blend concentrations. It can be therefore concludetidtding Alg as electron transport
material in low concentrations does not change signifigahtt PL spectrum of the host MEH-
PPV material.
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Figure 5.3: (a) extinction spectrum, (b) PL spectrum andh¢enalized PL spectrum for MEH-PPV:AJdlended
films for Algs contents from 5 % up to 60 %.
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MEH-PPV | 9% | 17 % | 33 % | 50 % | 60 %

FWHM (nm) 104 101| 100 | 103 | 110 | 107
max. PL (nm) 580 574 | 577 | 578 | 583 | 580

Table 5.1: FWHM and the wavelength at the maximum PL emissitensity for the blended MEH-PPV

A more detailed analysis on the emission contribution isjoled by looking at the time-resolved
PL (TRPL). The emission has been detected at the emissiommmuaxof the MEH-PPV at 570
nm. The excitation has been varied between the absorpticimmazof the Alg (400 nm) or
MEH-PPV (500 nm), respectively. The TRPL shows the influerfcia® small molecule Alg

on the luminescence kinetics of the MEH-PPV as emissionrlayée blended layer shows
an exponential behavior and the decay function could belfiitethree main components with
their specific percentile contribution. The calculatedreslfor different blend concentrations are
listed in tables B.1 - B.4 in the appendix.
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Figure 5.4: PL decay for the MEH-PPV emission detected atrB@@nd with a blend concentration of 9 % and 60
%, excitation at the absorption maximum of the Al@), excitation at the absorption maximum of the MEH-PPV

(b)

The PL decay is additionally divided in three different podpons after the exponential fitting
analysis. The tables in the appendix give an overview of #regntage of the PL decay compo-
nent with a certain delayt For instance, 63.6 % of the generated photons requiredr3. f&r
the decay, 30.9 % of the generated photon required an avénagef 0.42 ns while only 5.5 %
of the generated photons required an average decay timé ofs1for pure MEH-PPV and an
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excitation wavelength of 400 nm. Figure 5.4a shows the ties®lved PL decay profiles of the
MEH-PPV fluorescence (probed at 400 nm) of the MEH-PP\LAllpnd with a concentration
of 9 % and 60 %. It is clearly visible that the decay time of tiend films are significantly
increased for a concentration of 60 % of AlqThe time constants of the decay components
increase to maxima of 0.16, 0.47 and 1.98 ns (at 60 % of MEH:RIgY) compared to 0.14, 0.4
and 1.5 ns for the lower concentration (table B.1). The flumrese decay kinetics of the blend
is also monitored when exciting MEH-PPV (excitation wawgih 500 nm), as shown in figure
5.4b. The PL decay time is not as significant longer due to gdoeehsed emission contribution
of the Algs (excitation wavelength is not at the maximum for exciting #gz). The increase
in the photoluminescence lifetime of the MEH-PPV:Algrovides further evidence of Foérster
energy transfer from the Afgto MEH-PPV in the blend films due to the indirect excitation of
the Algs in the blend which is an evidence of Forster energy transfer.

Time-resolved spectroscopy evidences the dynamics offagiai transfer from intrachain to in-
terchain species in MEH-PPV and from Altp MEH-PPV for varying Alg content (figure 5.5).
The influence of the intrachain and interchain contributiothe blend emission varying Adq
(percentages 0 %, 9 %, and 60 %) is investigated by carryihduminescence measurements
with various time windows (i.e. delay intervals) after thxeigation.
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(a) excitation pulse with a delay interval be- (b) excitation pulse with a delay interval be-
tween 0 ps to 960 ps tween 2.5 ns delay to 17 ns

Figure 5.5: Time resolved PL of MEH-PPV alone (green), MEPMRAIQs = 9% (blue) and MEH-PPV:Alg= 60%
(light blue). The red curve refers to the Algteady state PL emission as a reference. (E) ahdifEicate the
double peak signal with the vibrational transitions at 580 620 nm.

The delay intervals run from the excitation pulse (0 ps detay960 ps (“FAST™ range) and
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from 2.5 ns delay to 17 ns (“MEDIUM™ range). In the FAST randg(re 5.5a), the fluores-
cence from the three samples with MEH-PPV exhibit similaarelsteristics (red curves refer to
the CW PL spectrum of Alg). The signal is dominated by MEH-PPV emission, with the abar
teristic double peak signal fluorescence transitions sab580 nm and 620 nm. The emission
at 620 nm (E) loses its intensity with increasing AJgcontent and is therefore related to the
reduced interchain contribution, as pointed out in figuie B\s results, a sharper fluorescence
signal has been detected for the highest doping concemtrati6O % with a clear indication of
the vibrational transitions at 580 and 620 nm. The emisgiomfoure MEH-PPV is less struc-
tured and exhibits overlapped interchain and intrachaiisgion components. The decrease of
the interchain emission component has its origin in thepelychain separation due to the pres-
ence of the Alg molecules. The nature of the emitting species in the blerdrnes apparent
when collecting the signal for longer delay times (more appate for the Alg PL kinetics):

in the case of pure MEH-PPV (figure 5.5b), the intrachain #8oence rapidly changes into an
unstructured fluorescence centered between 620 nm - 660signed to MEH-PPV excimers
[142]. In the case of the 9 % and 60 % blend, the emission atlongvelengths (g is reduced
and tends to dissappear due to the reduced interchain cantqubion. Then, the MEH-PPV
excimer formation is nearly completely hindered by the pneg of a large amount of AA(60
%). In this latter case, Alggemits almost independently from MEH-PPV and its fluoreseenc
contribution is seen as overlapped by that of MEH-PPV. Theeolked Alg fluorescence com-
ponent lifetime amounts te 6 ns (at 530 nm), i.e., shorter than what is usually measuaretlq

ns - 12 ns) at room temperature [143].

It has been shown previously that the intrachain comporgenbi influenced by doping MEH-
PPV with Algz. The chain — chain interaction is reduced when doping MEN-RiRh Alq3
resulting in a structured fluorescence signal with the dtarsstic vibrational transitions at 580
and 620 nm and with a lowered emission intensity at 620 nm. diffierence in the interchain
and intrachain contribution should result also in a diffe of the quantum yield which is im-
portant for the use of the blend as emissive layer and thagnmétion is additionally required
for the optical simulation (figure 5.6). For the quantum gieteasurements in figure 5.6, the
blend layers were excited using either the wavelength atrtie@mum absorption of the Alg
(395 nm) or the wavelength at the maximum absorption of theHMEPV (480 nm). A de-
crease of the PLQY has been observed for an increasing bteteotration in both cases. This
effect has been observed in various publications. R. Pimaiteet.al. (Chemical Physics Let-
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ters 414, p.234, 2005) observed a decrease of the PLQY wbkadibh a PAE co-polymers with
polystyrene or polymethyl-methacrylate since not all tbymer chains within the host polymer
matrix might be effectively dispersed [145] [146]. One exmtion has been described as lumi-
nescence quenching mechanism due to low miscibility of taadbcomponents and a possible
dopant aggregation [144]. A possible aggregation at vagl Algs concentration might result in
locally stronger MEH-PPV interchain interaction due to lilieal compression of the MEH-PPV
polymer chains as a result of the Algggregates, as described by R. Pizzoferrato. The observed
effect is even stronger for higher doping concentratiomefitivestigated blend where the PLQY
drops from the initial 22 - 24 % (depending on concentratiot excitation wavelength) to 18 %
for a blend concentration of 60 %. A lowered PLQY will consently decrease the outcoupled
power (increasing non-radiative losses) when applyindtbied as emissive layer in OLEDs.
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Figure 5.6: Quantum Yield for MEH-PPV:Adblended films for Alg contents from 5% up to 60%.

AFM measurements show the morphology difference of thedddrpolymer reflecting also the
miscibility of the polymer blend (figure 5.7).

(a) (b)

Figure 5.7: AFM images of MEH-PPV:Algblended films with 9 % (a) and 60 % (b) concentration
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The surface roughness is slightly lower for low concentragi (figure 5.7a) and increases for
a high doping concentration of around 60 % (figure 5.7b), Widould be an indication of a
possible dopant aggregation due to a lower miscibility ghldoping concentrations. A low
surface roughness should be beneficial for device apmitatie to a better interface between
the layers.

To conclude, the modulation observed in the steady statesemnispectra of the blends mainly
originates from the different contributions to the fluoresce deriving from excited intrachain
species of MEH-PPV, i.e., excimers states. Progressivadgipg from low concentrations to
more than 50 % Algin the blend, it is possible to tune the formation of MEH-PR¢imers
(by Algs molecules interposition between polymer segments) andgifirhit of Algg high con-
centration, to hinder it totally. Whereas the steady stggectrum does not show any evident
contribution of Alg fluorescence, by using detection techniques with time résoland by
properly choosing the delay ranges, it is possible to ewtdethe contribution of the guest poly-
mer. As a result, as the AJgontent in the blend increases, the interchain contributgoreduced
with respect to the intrachain one, since the presence of Alglecules augments the distance
between the MEH-PPV chains, progressively hindering therexcformation. TRPL evidences
the dynamics of excitation transfer from intrachain to mteain species in MEH-PPV and from
Algs to MEH-PPV when the Algconcentration is increased.

5.3 Performance of the blend as emissive layer for OLEDs

The architecture of the blend-based device was ITO/PEDE8S/Polymer Blend/Al, as seen
in figure 5.8a. The effect on the charge carrier transport stagied by the investigation of
the blended MEH-PPV doped with the electron transport smalecule Alg with different
concentrations as emissive layer in OLEDs. MEH-PPV is a koleductive material with a
reported mobility between 1 x 18 cn?/Vs and 3 x 103 cm?/Vs [144]. The electron mobility
isaround 1 - 2 order of magnitude lower for MEH-PPV. On thetamy, Algs is a typical electron
conductor with good hole-blocking properties due to the W@MO energy level of around 5.6
eV and with a maximum electron mobility of around 4 x P0cn? [145]. The energy band-
diagram shows the energy level for each layer (figure 5.80EHMPPV is blended with Alg
in different concentrations which might influence the alacic nature of the blended MEH-
PPV within the OLED structure. Algblocks also efficiently the holes due to its deep HOMO
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level. Therefore, the holes are supposedly trapped at the-MEV:Algs interface [146]. The
majority charges are holes traveling form the anode (IT@ptads the Al cathode. The injection
of electrons is very limited due to the energy gap betweemibidfunction of the Al and the
LUMO level of the MEH-PPV. On the other hand, the presencelq$ Aight lead to an improved
transport of electrons due to its higher electron mobiltgth effects might lead to a shift of the
emitter dipole position and an increased radiative recaoathon rate.
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Figure 5.8: OLED architecture for blended OLEDs (a) and psagl band diagram (b)

The electrical characterization of the fabricated OLED®nghthat the current density decreases
when increasing the Algamount (figure 5.9a). On the other hand, an increasing lummaas
measured when doping MEH-PPV with the highest luminancehe for a concentration of
only 9 % of the Alg (figure 5.9b). The Alg favors the transport of electrons throughout the
blend layer and the blocking of the holes due to the deep HONEDgy level [144][145]. Since
small amounts of Algin the blend do not provide efficient hole blocking, the catiféow is still
high. For higher Alg concentrations, the overall current density decreasesncausly as the
confinement of the holes becomes more efficient due to a daiggenetwork. As the separation
of the polymer chains by Alginsertion becomes larger for very high concentration (tegyu
very likely in a dopand aggregation for very high concemndrat), the interchain charge transport
is hindered, thus reducing the carrier mobility. Such a larinas more visible for very high
concentrations of Algdue to the rapid decrease of the current density. The thicesitiage
increases significantly for Algcontent above 33 % weight concentration from originally 5p/ u
to 21 V for the highest concentration.
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The increased presence of electrons and the hole blockiehanesm due to Alggmight result
in a shift of the emissive dipole towards the center of thg/p@r and away from the inefficient
recombination close to the metal cathode. The power effigiém Im/W shows a significant
improvement compared to the reference MEH-PPV device @idu8c), due to the increase
of the luminance by almost keeping the same voltage and mudensity. The results of the
measurements are summarized in table 5.2.

Weight concentration (%) 0 9 17 33 50 60
Current Densityax, ce (A/m?) | 0.43 0.42 | 0.37 | 0.38| 0.22 | 0.24
V1h ! Vinaxtee (V) 5.5/14.5| 5/15.5| 4,5/16 | 5/19 | 12,5/27| 21/40
Luminance (cd/rf) 48 1106 | 919 | 709 268 153
max. Efficiency (Im/W) 0.003 | 0.055| 0.05 | 0.03| 0.01 | 0.005

Table 5.2: Current Density (A/fj and efficiency (Im/W) at the maximum brightness (cé)yrior MEH-PPV:Algs
varying the doping concentration. Best overall perfornegfioc the blend OLEDs with a concentration of 9 %

The reference device exhibits a broad EL band centered abdm®00 nm, which is assigned to
the convolution of the emission of intrachain excitons artdrichain species [142][139] (figure
5.10).
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Figure 5.10: Normalized EL spectra for various Algpncentrations in the blend as active layer. The arrow shows
the decay of the emission intensity at around 620 nm
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Such a broad structure is especially a characteristic fpingoconcentrations lower than 33 %
Algs. Above 33 %, as the Alggamount increases, the lower - energy component at around 620
nm of the emission loses intensity and almost disappeagnig a broadband emission peaked
at 580 nm with a shoulder at 620 nm. The FWHM is reduced from It@ar the pure MEH-
PPV OLED up to 55 nm for the highest doping concentration oP6@table 5.3). The EL
spectra show no Algemission contribution for all blend concentrations [14&mall blueshift

of around 10 nm at the FWHM has been observed for the EL spedaifuhe blended layers.
Several publications reported such an effect for blendégnpers [148][149]. To clarify, the
blend layers have been processed under the same conditidnsig the same solvents. Itis
therefore unlikely that the EL shift is related to the pracesnditions. The changes in the EL
and PL spectrum upon Atgdoping are often understood in terms of higher sensitivitthe

EL to the chain separation due to the transport of the etedtexcited charge carriers, which
happens mainly across the polymer chains [150][151]. Heweke lowered emission intensity
at 620 nm as result of the increased Atgpncentration is not as significant when recording the
CWPL (figure 5.3b) leading to the assumption that the positioth® emissive dipole in the
device accounts for the substantial change of the EL spactru

] \MEH-PPv\g%\17%\33%\50%\60%\
FWHM (nm) 110 110] 122 | 90 | 67 | s5
max. EL (nm) 619 606 | 607 | 570 | 571 | 573

Table 5.3: FWHM and the wavelength at the maximum EL emisse&akor blended MEH-PPV OLEDs

The device structure, the CWPL spectrum, the measured ELrapgdhe PLQY and the optical
constants for each layer are required for the simulatioh@BL spectrum and the calculation of
the emissive dipole position. The PL and EL spectrum are exadrexperimental previously in
figure 5.3b and 5.10. The measured transmittance and refbectaquired for the calculation of
the optical constants are shown in figure A.14 and A.15. Thauted refractive index n and
the extinction coefficient k for each blend concentratiom measured and shown in figure A.4
- A.10. A good agreement between the experimental resulisréi5.10) and simulated outcou-
pled emission spectrum for the pure MEH-PPV and the blend aitoncentration of 9 % and
60 % has been found, as shown in figure 5.11a. The shape of ¢ée&raor the given blend
concentrations seems to be similar when comparing the iexeet and simulation. The dipole
position has been calculated for the previously simulateddconcentrations (MEH-PPV, 9 %
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and 60 %) (figure 5.11b). The passive optics simulation tyledrows the shift of the emissive
dipole position without consideration of the electroniogrties such as charge carrier injection
or charge carrier mobilities. For the undoped MEH-PPV, aittendipole position with a dis-
tance of only 5 nm from the metallic cathode - polymer blendriiace has been calculated taking
into account an emissive layer thickness of 150 nm. The ki position of the emitter dipole
was found to be around 26 nm away from the metallic cathoddynper blend interface for a
concentration of 9 %. More significant is the shift of the geridipole for the highest concen-
tration. The emitter dipole position is 125 nm away from thetallic cathode - polymer blend
interface. Again, the simulation is based on passive opadsulation without consideration of
charge transport and recombination mechanism. As a rékalsimulation clearly shows that
the polymer chain separation and its influence on the PL gspacind PLQY does not influence
significantly the EL spectrum. In fact, the significant deseat 620 nm is mainly the result of
the shifted emitter dipole position towards the anode sidbeactive layer.
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Figure 5.11: simulated EL spectrum for various blend cotredion (a), calculated emitter dipole position (b)

Figure 5.12 shows a deeper analysis of the influence of thétezndiipole position and the
changed intrinsic properties on the emission spectrum lagid itelationship to each other. The
electroluminescence spectrum has been simulated in figla5ising the reference blend
OLED (concentration 9%, black) with n, k, PL and PLQY when idgpMEH-PPV with 60

% of Algs and keeping the emitter dipole position as calculated fer@®6 blend concentra-
tion (red) and vice - versa (green). A change of the intripsaperties of the polymer due to a
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high doping concentration (intrinsic properties) lowérs second peak of the emission spectrum
(red). The second peak at 620 nm is completely suppressed s¥iting the emitter dipole
very close to the PEDOT:PSS - polymer interface (as for ardpponcentration of 60 %) and
keeping the intrinsic properties (blend concentration 9 Ph)s simulation proves again that the
difference of the PL and EL spectrum is rather related to theng shift of the emitter dipole
than to the change of the intrinsic properties.

The emitter dipole position and the intrinsic propertie wonsequently influence the charac-
teristic of the outcoupled power fraction. Figure 5.12hbgtrates the simulation results. The
outcoupling characteristic for the reference blend dey&&b6) and the device with the influ-

enced intrinsic properties are very similar, however, terage outcoupled fraction is lowered
from 3.3 % to 2.61 %. A different characteristic of the outolma fraction over the wavelength

has been simulated when shifting the emitter dipole towdrel®EDOT:PSS - polymer interface
(green curve). The average outcoupled power is also lower@d7 % in this particular case.

This drastic change of the outcoupling characteristic wdtefting the emitter dipole is therefore

mainly responsible for the change of the EL spectrum sineeotiticoupling around 570 nm is

enhanced while the outcoupling at 620 nm is almost compisigbpressed.
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Figure 5.12: simulated EL spectrum (a) and outcoupledifvaaif total power (b) for a doping concentration of 9
& varying either the dipole position or the intrinsic propes

An optimization of the optical characteristics of such aidewconfiguration should consider a
low doping concentration since the intrinsic material gndigs are maintained and the shift of
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the emitter dipole does not influence the EL spectrum and togler therefore the outcoupling
efficiency. The simulation results are in good agreemenrt wWie experimental results when
using a low doped MEH-PPV blend as emissive layer in OLEDKI€t&®.2). The outcoupled
fraction of the total emitted power has been simulated ferghre MEH-PPV device, the best
blend device (9 %) and the blend with the highest doping catnagon (60 %) (figure 5.13a).
The simulation shows a significant increase of the outcalptaver fraction for the low blend
concentration (up to 3.3 %), while the outcoupled fract®around 2 % lower for the reference
MEH-PPV and the high concentration blended OLED (figure & 13he outcoupled fraction of
the total power depends on the intrinsic optical propeuiase blend influenced by the doping
concentration (n, k, PL, PLQY) and moreover the dipole pmsias previously proved. The
average outcoupled power fraction has been also evaluatedd OLEDs as a function of the
emitter dipole position (figure 5.13b), assuming that tleeteical properties will be maintained.
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Figure 5.13: outcoupled fraction of total emitted powerrotree emission wavelength of the blend devices (a),
average outcoupled fraction for blended OLEDs as a funaifdhe relative dipole position (b) with an indication
of the calculated emitter dipole position for these patéicdevice configurations

The dependence of the outcoupled power on the emitter dpmd#ion is clearly visible. The
MEH-PPV and blend 9 % OLED exhibit a very similar charactasifor the outcoupled power
fraction since the low concentration of Algoes not influence significantly the intrinsic optical
properties of the MEH-PPV, as seen when evaluating the PLi@W¥ré 5.6), the PL (figure 5.3)
and EL (figure 5.10) spectrum and the optical constants figu6). The enhancement of the
outcoupled power fraction is therefore mostly related ®ghift of the emitter dipole position,
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as shown in figure 5.13b for a low doping concentrations. Whamnd) MEH-PPV with a high
amount of Alg, the intrinsic material properties, such as n, k, PLQY ardahotoluminescence
spectrum are strongly influenced. As a result, the chaiatiteof the outcoupled power fraction
as a function of the emitter dipole position has been chafiigaate 5.13b).

An optical optimization would lead to a significant increa$¢he outcoupled power when shift-

ing the emitter dipole towards the center of the blend lag®illustrated in figure 5.13b (assum-
ing that the electrical performance of the OLED is not a#elgt An optimum distance of the

emitter dipole of 79.5 nm from the metallic cathode has bedoutated reaching a maximum

outcoupling power fraction of 6.76 % (polymer thickness 1Bd). Changing the thickness of
the emissive layer also influences the distance of the andittele to the electrodes keeping the
relative position within the polymer. An optimized layerdakness leads to higher outcoupling
power intensities, as shown in figure 5.14., since the distanthe emitter dipole to the metallic

cathode is larger. An optimum for the blend thickness has lieend at 380 nm reaching an

outcoupled power fraction of 6.66 %. Again, the optimizatinethod considers only the optical
parameters and does not take into account the electrompeies of this device structure.

6.66
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Figure 5.14: Simulated outcoupled power fraction and itgimam at 380 nm as a function of the thickness of the
blend layer with a concentration of 9 % Alq

The best blend OLED device can be compared with the muliilayrecture, which has been
investigated in chapter 4.3.2 (figure 4.19). Both concepsemted in this thesis show a strong
improvement compared to the reference OLED. It has beeredrthat the blending of the host
polymer can even lead to higher efficiencies than multil&EDs when optimizing the doping
concentration. The best blend device shows higher lummaalues at much lower current den-
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sities compared to the multilayer OLEDs. The charge catrgrsport in such a blend structure
is not hindered due to the presence of an interfacial priotetayer. As an advantage, the mul-
tilayer device shows a lower threshold voltage which mighbbneficial for some applications.
These both concepts have to be understood as model due tetbécommercially available but

less efficient materials. The choice of solution processetiilayer or blend device concept de-
pends on the required specifications. The measured chastictef the devices are summarized
for comparison again in table 5.4.

Material MEH-PPV:Algz (9 %) | MEH-PPV + ALD + Algs
Current Densityaxice (A/m?) 0.42 0.67
Vrn ! Viaxtce (V) 5/15.5 3.5/ 12
max. Luminance (cd/R) 1106 880
max. Efficiency (Im/W) 0.055 0.035

Table 5.4: Comparison of MEH-PPV based OLEDs, 1.) MEH-PP¢ blanded with 9 % Algand 2.) multilayer
device with AbO3 and Al

The significant increase of the MEH-PPV OLED efficiency viginlg with Alg is the result of
an improved charge carrier transport. An increase of thettan transport can be expected due
to the presence of the electron transport and hole blockiatgemal Algs. The increased doping
concentration leads to a shift of the emissive dipole pmsitowards the center which prevents
the inefficient and non-radiative recombination close t mhetallic electrode. Additionally, the
outcoupled fraction of total power has been increased dubecshift of the emitter dipole. As
a result, a significant enhancement of the OLED luminanceflmw doping concentration at
similar voltages and similar current densities has beensnead. A significant decrease of the
emission intensity at around 620 nm for increasingzAdqncentration has been recorded when
examining the EL spectrum. It has been reported that thdrelaminescence signal responds
more sensitively to the interchain contribution due to tharge carrier transport across the
polymer chain. However, the difference between the PL anddfiakis very significant and the
passive optics simulation disproved this conclusion. Té@ehsed emission intensity at around
620 nm can be related to the difference in the optical pathtdube shift of the emitter dipole
resulting in an increased outcoupling efficiency. The rfaylér concept from chapter 4 has been
compared with the blend OLED, showing slightly lower perforoewhen using multilayer
structures.
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5.4 Conclusion

Blending of polymers is an efficient solution for increasihg efficiency of solution processed
OLED devices. Conjugated polymers are usually hole-comieind the electron mobility is
very low. The energy transfer from the guest small molecuég £ the host polymer MEH-PPV
has been elaborated in this chapter. Atgs been added in different concentrations to MEH-
PPV and the optical and electrical properties have beemuate. It has been shown that no
contribution of the Alg has been measured for the steady state photoluminesceasan@@ent.
TRPL evidences the dynamics of excitation transfer from ti¥@chain to interchain species in
MEH-PPV and from Alg to MEH-PPV when the Algiconcentration is increased. As the content
of the Algg in the blend increases, the interchain contribution to Redticed with respect to the
intrachain contribution, since the presence of thesAtgplecules augments the distance between
the MEH-PPV chains, progressively hindering the excimemftion. The OLED efficiency
has been increased significantly taken into account thataudren-injection has been inserted
between the blend and the Al-cathode. The increase of then&umoe when blending MEH-
PPV at similar voltages and current densities can be thereftributed to the improved electron
transport and the resulting shift emissive dipole away ftheninefficient recombination position
close to the metallic cathode. However, not only the el@atrproperties have to be considered in
such a blend device. Blending the host polymer also changexptical characteristic in terms of
transmittance and reflection. The calculated absorptiefficeent k and refractive index n show
strong wavelength dependence and it has been proved thdbpireg concentration influences
also the outcoupled emission spectrum. A drastic decrdabe @mission intensity at 620 nm
has been measured for the electroluminescence spectrungh@rhresponse sensitivity of the
EL signal on the interchain contribution has been consilbug this explanation is not sufficient
for such a decrease. The simulation proves that the diféerefithe EL and PL spectrum can
explained by the difference of optical path length due toshidt of the emissive dipole away
from the metallic electrode.Additionally, the outcoupledction of the emitted total power by
the emitter dipole is around 2-times as high as for the onlyHWPV device when doping with

9 %. It is therefore mandatory to consider two effects whemdling a polymer: optimizing the
concentration in respect to the desired electronic pragseand controlling the influence of the
guest small-molecule on the optical characteristic withenOLED stack.



Chapter 6
Summary and Outlook

The introduction of OLEDs for applications such as advertisnt or signages is limited due to
the high price of the OLEDs resulting from the use of ITO anel tomplex and cost intense
processing for achieving high efficient devices. A significenotivation for the applicability
of OLEDs in different niche markets would be a low cost dewiseng commercially available
materials and without ITO and not necessarily achieving kigjciencies and long lifetimes. The
present thesis analyzes different methods for the efficisatand improvement of commercially
available materials for their application in organic ligiitting diodes. Furthermore, these
materials have been used also in solution processed meiti@LEDs using an ALD deposited
aluminum oxide film within the stack. The focus of the thesiga find alternative processes
and material combinations without being focused, in thisahstate, on record efficiencies of
OLEDs. Nevertheless, similar or even higher efficienciegeHaeen reached for the proposed
techniques which already show the promising potential ®idieas herein presented even though
further work is required for a deeper analysis.

Three main topics have been covered throughout the thesis.chiapter 3 deals with the re-
placement of ITO using ultra-thin metal films. ITO is one o ttost drivers of OLEDs and it
has also a few fundamental disadvantages due to its cougtbifity, processing and brittleness
when using flexible substrates. The field of applicationfiefALD has been further exploited in
chapter 4. Only a few nanometers thin aluminumoxide laysrideen deposited onto the active
emissive polymer to prevent intermixing when spin-coatingelectron transport material on top.
However, intermixing is a desired process when using blerase a host material (MEH-PPV)

120
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is controlled doped with an electron transport materiafighl The energy transfer and its effect
on the OLED efficiency have been investigated in chapter 5.

It is well know that OLEDs have a poor outcoupling efficienafich is mostly limited by the
relatively thick conductive and transparent ITO anode. f@igctive index of this oxide is dif-
ferent from the polymer refractive index and influencesefae the intensity of the outcoupling
power. (see equatiomou=(1/2n?)). Replacing the commonly used ITO as anode material is
one of the main issues in research nowadays. Promisingdatedifor the replacement of ITO
as electrode materials are ultra-thin metal films (UTMFEIsas Ni and a double layer CuNi
layer as presented in chapter 3. Ultra-thin Ni layers canas#lyeand controlled deposited and
do not require any further treatments. The sheet resistamta surface roughness is a bit higher
for the Ni film compare to the ITO. The workfunction matches tHOMO level of the on top
spin-coated PEDOT layer, so that an efficient injection déb@an be guaranteed. The optical
characterization shows that the transmittance is arouee times lower. However, an improved
OLED efficiency and a higher brightness can be obtained wipelyimg such an ultrathin Ni
film as anode in OLEDs. The intensity of the outcoupled powanat only dependent on the
transmittance of the layer but also on the thickness dued@tissible waveguiding modes. It
has been proved, using a commercial simulation softwaes,tfie waveguiding is lowered for
the Ni-film due to its low thickness, which results in an imged outcoupling. Ni has been im-
plemented in OLEDs with different emissive active polym@&?¥ and PFO). The OLED with Ni
and PFO show even a higher brightness than the ITO based OuEdéeefficiency in Im/W is
lower due to the poorer electronic properties of the Ni filrd doe to the poor electron injection.

Therefore, a further increase of the performance of Ni-0&JeEDs requires a further improve-
ment of the material properties itself and an improved eb&anjection using an interfacial layer
between the polymer and the metal cathode. For instance Gushows better optical and elec-
trical properties than Ni, but it is not very compatible asgpanode material due to its unstable
behavior within the OLED structure. It was found, howevbattthese excellent properties can
be maintained capping the Cu layer with Ni forming a CuNi irded which is additionally re-
sistant against oxidization. The transparency is highan tihne pure Ni and reaches 64 % for
the visible light. Even the roughness (0.55 nm) and the skesgftance (15.8)/sq) is very
similar to ITO. When applied into OLEDs with SY as emissiveypoér and with an efficient
cathode, the devices show high efficiency, almost as goo@i@shsed devices with good op-
eration stability over time. A maximum brightness of morartti 7000 cd/rhwith an efficiency
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of 1.9 Im/W at 8 V was measured. This shows the excellent padiace of such a CuNi double
layer. The observed temperature stability together wighaptical transmittance and electrical
resistivity performances confirm that multilayer ultrastmetal films are serious competitors to
transparent conductive oxides, such as ITO, for those @ifins where transparent electrodes
are required.

Avoiding complex processes for the electrode depositiowelsas replacing ITO using cheap
materials is very crucial for the successful commercisitiraof OLED devices. On the other
hand, complex multilayer structures are widely used foawiig high performance OLED de-
vices based on vacuum deposited small molecules. In thatdifisrent layers can be exactly
deposited on top of each other for a perfect alignment of tieegy-level and optimal balance
between electron and holes. Such a technology requiresisixpeand complex vacuum pro-
cesses. However, multilayer structures are hard to acloey@mlymer-based devices due to the
intermixing of solution based organic layers. A novel agto for solution processed multi-
layer OLED structure has been demonstrated in chapter 4revdreultra-thin ALD deposited
aluminum oxide A$Os has been used for the protection of the underlying layer. tAmet layer
deposition process has been chosen because it is a welbiallie technique which is already
widely used for the deposition of the encapsulation layeofganic devices due to the high den-
sity of the oxide. Additionally, companies like BENEQ and 8@eromac have been working on
the implementation of the ALD technology into a R2R productiacility. The combination of
the possible implementation of a high quality dense oxiaesilor controlling the charge carrier
balance in solution processed multilayer OLEDs is one ofrthe motivations for this research.

The oxide thickness and the deposition condition have bpemized for the used OLED config-
uration and, finally, the AlO3 layer was applied into the multilayer OLED structure. A 2 rimmt
aluminum oxide film show sufficient protection and allowd stiarge carrier transport as proved
when applied in an OLED. Then, the electron transport smaléoule tris-(8-hydroxyquinoline)
aluminum (Alg) was spin-coated on top, between the protected emissiyengoland the cath-
ode. It has been demonstrated that the PL and the EL specfriima ©LED did not change or
shift significant even though an additional emissive matéras been introduced. The appearing
small shoulder in the EL spectrum is the result of the add#idayer with its optical properties
as demonstrated in the simulation. Furthermore, the pcesehthe Alg leads to the desired
strong enhancement of the OLED efficiency. The brightnefiselow efficient reference OLED
was increased from around 200 cd/op to 4700 cd/r Not only has the electrical character-
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istic of the OLED been improved by an improved balance oftedeécand holes, but also the
optical characteristic. The introduced Algnd AbO3 leads to an improved electron transport
and furthermore, the holes are blocked due to the deep elegyof the oxide so that the emit-
ter dipole is shifted from being close at the metallic cathtmvards the center of the emissive
polymer. The simulation proves that the outcoupling fiaettf the emitted power is poor for
an emitting dipole located close to the metallic cathode.sé@n as electron transport layer is
present, the dipole position is moved away from the cathedelting in a strong increase of the
outcoupling fraction of the total emitted power; from 2 % tbe standard device to 9 % for the
multilayer OLED. The concept has been proved for a seconghperl and an OLED efficiency
enhancement in the same order has been calculated for thitagrerl OLED. It has been there-
fore successfully demonstrated that multilayer structdioe solution processed OLEDs can be
achieved using an ultra-thin aluminum oxide as protectayet. Finally, it can be concluded
that the ALD technique shows more potential than just thepswlation of the polymer based
devices. It offers a broad pool of possible applicationshe# which requires further in-depth
investigation.

An attractive alternative to multilayer structure is the us a blended polymer as single layer.
The active emissive polymers are usually hole-conductite poor electron conductivity. How-
ever, the electron conduction of this material can be irsgdaby doping with an electron-
conductive material. A potential candidate is 4lwhich is widely used for the electron transport
and as emissive layer for vacuum deposited small moleculEO3L Algs can be dissolved in
commonly used solvents and can be, therefore, blended ethMiEH-PPV solution. Doping
the host material has been widely investigated; but in midisocases, the used guest material is
non-emissive in order to keep the emission purity. This @ggn limits the number of materials
which can be used.

In the presented case in chapter 5, both materials used iprédsented host-guest matrix are
commercially available emissive materials. No further ptar synthesis or additional chemical
modification was used to change the electrical propertigkeohost and guest material. It has
been shown that the photoluminescence spectrum of the hastrial (e.g. MEH-PPV) was
maintained even for high Afgdoping content. When applying the blend as emissive layer int
the OLED structure, a more than 20-fold increase of the lmiggs with a maximum of around
1100 cd/m for a doping concentration of 9 % has been measured. The iraprent is due
to the improved electron transport leading to a more efftaiadiative recombination since the
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emissive dipole is shift more to the center of the polymer.t Biay the intrinsic electronic
properties have been changed via doping, but also the sidroptical characteristics of the
doped material are different depending on the doping cdreteon. The measurements of the
optical constants show the influence of the doping conceotr@n the refractive index n and
the absorption coefficient k. By applying this knowledge itlie simulation a change of the
dipole position can be calculated which influences also ieal path of the emitted light. The
emitter dipole is clearly shifted towards the center of tiressive layer when doping MEH-PPV
with Algs. The inefficient recombination close to the metallic eledé# is therefore lowered.
The OLED enhancement was therefore the result of the inedealectron conduction leading
to an improved balance of electrons and holes and, furthernmthe increase of the improved
outcoupling due to the shift of the dipole position and tharae of the intrinsic optical properties
of the blend. This technology extends, therefore, the rahgeaterial combinations as emissive
layer for achieving efficient devices which are easy to fadig. The measured efficiency is even
higher than for the multilayer device with identical maadsipresented in chapter 4. It shows
also that both concepts are improving the device efficiendiy lower threshold voltage for the
multilayer OLED but higher efficiency for the blend deviceheFefore both concepts have been
proved to be attractive depending on the required specditat

Alternative anode materials have been successfully appii® the OLED structure. The pro-
posed Cu-Ni bilayer offers a temperature stable, transparehhighly conductive anode mate-
rial for optoelectronic applications. Well-known polyrsdrave been used in order to success-
fully demonstrate the concept. Further, optimization & lwyer thicknesses and the use high
efficient polymers will increase significant the performarad such OLEDs. Ultrathin metal
films increase the intensity outcoupled power due to itktiess resulting in a lower light cou-
pling. Large area device have not been investigated in teeepited thesis but future work
should be to exploit the potential of double layer metal filimsvarious big area applications
such as OPV. Furthermore, the potential of the ALD techniga® been explored for the fab-
rication of multilayer solution-processed OLEDs. Expglugtthe technological possibilities of
the ALD as process tool for the deposition of an interfacitle protection layer results in a
multilayer OLED with a solution processed active layer aletteon transport layer. The emis-
sive layer has been protected successfully the underlymgsive layer leading additionally to a
shift of the emitter dipole. The simulation corroborates significant increase of the outcoupled
power. Therefore, multilayer solution processed OLEDSs lpariabricated without crosslink-
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ing or a complex chemical modification. The additional lagad variation of layer thickness
can additionally enhance the OLED performance due to a rbo@tion close to the emissive
polymer center. However, sometimes an efficient OLED dewiite fewer layers is required.
Fewer layers might play a role for low cost devices with readde performances. This can be
usually done by doping the emissive layer by a hole- or edediransport material. The energy
transfer in blended polymers has been investigated andaessfal integration into an OLED
device was demonstrated. Again, the doping of a hole coindupblymer leads usually to a
shift of the emitter dipole position and improves the oVedalice efficiency. To conclude, the
performance of an OLED device is strongly related to thensic properties of the polymer ma-
terial, the energy alignment between the interfaces ofdijers and moreover the electrical and
optical properties of the electrode materials. Thus, smytrocessed OLEDs with a reasonable
efficiency and brightness can be achieved using commeradilable low cost materials.
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Appendix B

Tables

f1 (%) | t1 (ns) | f2 (%) | t2 (ns) | f3 (%) | t3 (ns)
9% | 46 | 009 | 73 | 014 | 22 | 045
60% | 40 | 025 | 23 | 13 | 37 | 63

Table B.1: PL decay for blended MEH-PPV at different conraians: excitation wavelength 400 nm, recorded
emission wavelength 530 nm

f1 (%) | ta (ns) | f2 (%) | t2(ns) | f3 (%) | t3 (ns)
0% | 63.6 0.15 30.9 0.42 55 1.1
9% | 71.8 0.14 25.9 0.4 2.3 1.5
60% | 37.0 0.16 50.1 0.47 2.9 1.98

Table B.2: PL decay for blended MEH-PPV at different conragtigns: excitation wavelength 400 nm, recorded
emission wavelength 570 nm

f1 (%) | t1 (ns) | f2 (%) | t2(ns) | f3 (%) | t3 (ns)
9% | 38.2 | 0.03 | 41.3 | 0.20 | 20.5 | 0.53
60% | 30.5 | 0.04 | 516 | 0.31 | 17.9 | 0.74

Table B.3: PL decay for blended MEH-PPV at different concaidns: excitation wavelength 500 nm, recorded
emission wavelength 530 nm
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f1 (%) | t1(ns) | f2 (%) | t2 (ns) | f3 (%) | t3(ns)
0% | 421 | 0.07 | 53.0 | 0.38 | 4.9 | 1.2
9% | 524 | 011 | 446 | 038 | 3.0 | 1.3
60% | 238 | 0.09 | 67.9 | 039 | 83 | 1.13

Table B.4: PL decay for blended MEH-PPV at different conagtigns: excitation wavelength 500 nm, recorded
emission wavelength 570 nm
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Transfer Matrix Formalism

The transfer matrix formalism has been used in the simulaaftware Setfos 3.3 (Fluxim) for

the calculation of the passive optics properties of thintitayler structures [155]. The reflectivity

R, the absorption A and the transmission T of a multilayercstme can been calculated by
considering the complex refractive index and the thickiégsmach layer. Assuming a multilayer
system with N layers, each of those with a thickngssndi complex refractive index.n

A transfer matrix for each interface and layers can be catedland as a result, the complete
transfer matrix can be obtained by simply multiplying eantgke transfer matrix[[156]. The
optical stack can be described as follow:

N(X) = Nnp, X < Xo,

Ny, Xp < X < Xp,

(C.1)

NN, XN-1 < X,

First, we consider an individual transfer matrix througle onterface between the layer i and
the layer j. The amplitudes of the forward (indicated as F) ainthe backward (indicated as B)
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propagating wave in a given direction can be expressed ifotlosving way [157][158]:

Er(x")| _ - ErOw—17)| _ [t rji| [EFOG)
Es(% ) Es(xy —17) rij ti] [Es(x")
The Fresnel coefficients for the TE-polarization wouldB&g157]:

nj coH; — njcoD;
nj oD + nj coD;

rij =

tij = 1+r1jj
and for the TM-polarizatiori [156][157]:

nj cow; — njcoD;
nj cod; + nj coD

lij =

t i +r
1] — nj 1)

the symmetry relation of the Fresnel coefficients simplifiesequation C2:

lij = —Tiji

tjti —rijrji =1

so that we obtain:

(C.2)

(C.3)

(C.4)

(C.5)

(C.6)

(C.7)

(C.8)

(C.9)
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with the transfer matrix iJ for the wave propagation through the interface betweenaperli
and j:

11 rj
Tj = — ! (C.10)
tij |rj; 1

the same can be applied for the propagation of the wave thrthe layer i, with the result

[156][157]:

el kxidi 0
Ti= [ 0 ejkx.idi] (C.11)

multiplying all transfer matrices, for each interface and éach layer, results in the Transfer-
Matrix Tgn from equation C2:

Ton = TorTaTaz.. Tin—1)N (C.12)

The exact evaluation of the thickness, the transmittaheadflection and the complex refractive
index of each layer used in the OLED stack is crucial for tHewation of the amplitude of the
reflected and transmitted wave through the stack. The s@t®atfos uses the prior measured
parameters for the calculation of the influence of the pasgptics on the propagating light beam
through the media.
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