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Abstract

Abstract

Polymer light-emitting diodes (PLEDs) are one a# thost promising applications of
organic semiconductors. Among others, PLED fulbcdalisplays require the three pri-
mary colors blue, green and red for proper colesentation. Green and red light emit-
ting polymers have already been realized with #srdd properties. Blue light emitting
polymers, however, still suffer from their limitexfficiency and stability. This work
presents different approaches to investigate npweél(indenofluorene) based homo-
and copolymers with respect to the stated proger@ae of the important values which
determine the efficiency of light emitting matesias the photoluminescence quantum
yield and an indirect method to measure this valae successfully applied here. Be-
sides that, a detailed study of the photoluminesearlated stability with respect to
different influences (thermal stress under air ander argon, UV irradiation and acidic
environments) was carried out. Of special inteveste any interactions of the emissive
polymer with poly(3,4-ethylenedioxythiophene) pahlyfenesulfonate) (PEDOT:PSS)
which has an acidic character and is used in alenesty efficient PLED device as in-
jection and smoothing layer. Different influences the components of the polymer
chain were observed. Further on, the operatiorsddilgy of PLED devices in oxygen
and humidity containing atmospheres was investijaldne results strongly indicate
static and dynamic quenching. Different single-fagied multi-layer PLED configura-
tions were tested with respect to luminance anitieffcy. The best results were ob-
tained from anode/hole transporter/emitter/electt@msporter/cathode architectures.
The fabrication of such solution processed muitetadevices is challenging, since one
has to ensure that the solvent of the subsequéarntmsodoes not dissolve the layer be-
neath. Hence, a part of the work deals with faltiboaaspects of such polymer het-

erostructures from solution.



Kurzfassung

Kurzfassung

Polymer-basierende Licht emittierende Dioden (PLEB®md eine der vielen viel
versprechenden Anwendungsmoglichkeiten von orgherscHalbleitern. Fir eine
farbtreue Bildwiedergabe bendtigen u.a. PLED Digpldie drei Grundfarben Blau,
Grin und Rot. Rot und Grun emittierenden Matenmlrirden bereits erfolgreich mit
den gewlnschten Eigenschaften entwickelt. Blau tesrende Polymere sind jedoch
nach wie vor in ihrer Effizienz und Stabilitat eesghrankt. Diese Masterarbeit hat sich
zum Ziel gesetzt, neuartige Polyindenofluoren-basige Homo- und Copolymere im
Bezug auf diese zwei Eigenschaften zu untersucbem. Effizienz von Polymer-
basierenden Bauteilen ist unter anderem durch kidoRimineszenz-Quantenausbeute
des emittierenden Materials definiert. Um diese steehnisch zu erfassen wurde eine
indirekte experimentelle Methode erfolgreich angesta\Weiters wurde die spektrale
Stabilitat unter dem Einfluss von thermischem StrddV-Bestrahlung und sauren
Medien untersucht. Von besonderem Interesse wanégraktionen mit Poly-3,4-
ethylendioxythiophen Polystyrensulfonat (PEDOT:PS#) dieses Polymer in nahezu
jeder effizienten PLED als Injektions- und Glattasghicht Anwendung findet. Diese
Degradationsstudien zeigten verschiedenste Einwg&n auf die Bestandteile der
Polymerkette. Weiters wurde die Stabilitat von PlsiRQlie in einer kinstlichen
Sauerstoffhaltigen oder befeuchteten Atmosphareeben wurden, untersucht. Die
hier gemessenen Effekte deuten stark auf eine sctati oder dynamische
Fluoreszenzléschung hin. Ebenso wurden verschidde @hd Mehrschicht PLED
Strukturen bezogen auf ihre Helligkeit und Effiziegetestet. Dabei wurden mit
Lochtransporter/Polymer/Elektronentransporter - Mehichtsystemen die besten
Ergebnisse erzielt. Die Herstellung solcher Mehddbysteme aus Losung ist
problematisch da das Losungsmittel der aufzubridgen Schicht oft die
darunterliegende Schicht wieder an- oder auflost. Teil dieser Arbeit beschéftigt sich

daher auch mit fabrikationsbezogenen Aspekten wynmeren Mehrschichtsystemen.
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Introduction and motivation

1 Introduction and motivation

The starting point of the rapid development of aigasemiconductor technology is
generally assigned to the discovery of electricalduictivity in doped polyacetylene by
Heeger et al. in 1977 Since this, organic semiconductor technology i®mng and
many different applications like organic light etiniy diode$, organic photovoltaic
cells’, organic field effect transistdrand many others were demonstrated and already
play an industrial role. However, a drawback for cheap and efficient
commercialization of organic semiconductor techgglbke PLED displays still is the
high reactivity of the devices to oxygen and hutyidDifferent inorganic, organic or
hybrid sealings are used to exclude these two anbss, but the desired low
permeabilities (<18 g/nfd for water vapour and <fém*m? d bar for oxygen) can

only be reached in demanding processes st’far.

The scope of this work is the investigation of mipdtysical and electrooptical proper-
ties of novel poly(indenofluorene) based homo- aodolymers with respect to their
efficiency and stability in different environments. the following chapter 2, a short
overview of the physical fundamentals of organimsenductors and an introduction
into photophysics will be given. Chapter 3 dealthvihe working principle of polymer
light emitting diodes and device degradation relgteocesses. An indirect method to
measure the photoluminescence quantum vyield (PLIYyolutions, which is a key
property of every light emitting material, will lpgesented in chapter 4. The experimen-
tal results are split into four chapters: Chapteshbws the basic photophysical proper-
ties of the novel compounds: Absorbance and photiolescence from solutions and
from thin films as well as their photoluminescergpgantum vyield. In addition, the
cross-linking property of a hole transporting miatewas investigated since this is a
basic requirement for the fabrication of solutiongessed multi-layer PLEDs. Chapter
6 presents the stability of the photoluminescemeztsum with respect to different en-
vironments (thermal stress under air and undemaaggmosphere, UV irradiation, acidic
environments). The influence of oxygen and humiditythe emitted light intensity of
PLED devices will be shown in chapter 7. In chagtethe optimization of PLED archi-
tectures with respect to luminance and efficiendy ve presented. Especially, a novel

solution processed hole transport layer will beligplp



Light emitting organic semiconductors

2 Light emitting organic semiconductors

The following sections 2.1 and 2.2 deal with funéatals of organic semiconductors
and about the basic design of blue emitting polgn€he sections 2.3 - 2.5 outline ra-
diative and non-radiative processes in organic sendguctors and the influences of
impurities and the presence of other molecularisgdo them.

2.1 Fundamentals

The semiconducting properties of various organimpounds arise from the special
structure of this class of materials. The main congmt of an organic semiconductor is
carbon. Carbon is thé"4nain group element with 6 electrons and hence’242p
ground state configuration. This configuration a#oonly two electrons to form bonds,
which is in strong contrast to experimental obsgong where four equal binding orbi-
tals were found. In 1931, Linus Paulinfigrmulated the theory of orbital hybridization
and explained this discrepancy: Parts of the bopaginergy are used to promote one
electron from the 2s orbital to the unoccupied Bptal. A linear combination of the
wave functions of the 2s orbital and either oney twthree 2p orbitals lead to energeti-
cally equal hybrid orbitals, correspondingly demb&s sp, spor sp hybridization.

Figure 2.1 presents the described formation of égiprbitals.

000999

p p p ) ) )

. y
sp 3 sp 3 sp 3 sp 3
Q
Figure 2.1: The principle of the $pybridization. Taken from [8]

The alternation of carbon double and single bousdke foundation of organic semi-
conductors: This is based on &-&gbridization of the carbon atoms (Figure 2.2)régh

energetically equal $mrbitals form strongs-bonds (rotation symmetric to the bond
axis) with the neighboring atoms. The remainingripital is perpendicular oriented to
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the plane of the $mrbitals and forms a weakesond with a neighboring p orbital of a

carbon atom. The electrons in such-bond are strongly delocalized. Find the orbital
structure of ethylene as an example for a mateuiidl a carbon double bond in figure

2.2 (right).

ﬂ “ 0
3\ \
< \(,
g ¢

Figure 2.2: The sthybridization of carbon. From left to right: Sidedatop view of the orbitals of a sin-
gle carbon atom. Carbon double bond in the cas¢hgiene, GH,. (Taken from [8] and modified)

As mentioned, the semiconducting properties of @amc compound arise from con-
jugation, which refers to alternating single andillle bonds. However, this is just a
model assumption, in fact, in a conjugated systkrbamds are equal and tlebonds

form a strongly delocalized molecular orbital ottee whole system. The benzene ring,

CsHe, is given as example in figure 2.3.

Figure 2.3: The benzene ring with localized p-adsit(left) and with a strongly delocalized molecula
orbital (right). Taken from [8].

The molecular orbital theory predicts that the @tomic orbitals which form the bond
split up into a binding molecular orbitak; and into an anti-binding molecular orbital -
n*. Pauli's exclusion rule tells that each orbitahacontain two electrons and since the
n-bond is lower in energy, the electrons contributgdhe p-orbitals of the carbon at-
oms (one electron per atom) fill this band compyet&he n*-orbital remains unoccu-
pied. If the energy gap between the bonding orlfgahighest occupied molecular or-
bital - HOMO) and the anti-bonding-orbital (or lowest unoccupied molecular orbital
- LUMO) is correspondingly small, the material daa denoted as semiconductor. The
10



Light emitting organic semiconductors

energy of HOMO and LUMO, and thus the band gapbmatuned by structural modifi-
cations of the polymer. Since the band gap cormdpdo the emission color, different

emission colors can be obtained in this way.

2.2 Design and properties of poly(para-phenylene)-tyipe emitting
polymers

Efficient and stable blue electroluminescence emsis a basic demand for full colour
light emitting devices such as displays. The hutmamn interprets electromagnetic ra-
diation in the range from 435 nm (2.85 eV) to 4&® (.58 eV) as blue colour, thus
blue emitting polymers are high band gap matefidis.order to achieve bright blue

emission, the band gap of the emitter has to bieng@d with respect to the visual sen-
sitivity of the human eye (Figure 2.4, black lirjp/ares) as well as to emitted colour. It
can be seen that the sensitivity for blue cololmvs (<10%) compared to the sensitivity
maximum at 555 nm which corresponds to a greenetlmw colour. Therefore, blue

emitters have to emit higher radiant intensitiesremte an equal brightness impression.

Poly(para-phenylene)-type (PPP-type) materialsagreomising class of polymers with
respect to their emission colour as well as tortegiciency. The basic PPP structure is
made up of para-linked benzene rings (aryl groapsl) optional side chains. Table 2.1
summarizes five PPP-type polymers with an increpdeygree of aryl bridging.

Polymerl, a poly(para-phenylene), typically shows a singistructured emission peak
around 390 nm which is to far in a violet spectegion and hence not suitable for the

human eyes colour perceptidn.

The repeating unit of the probably most famous ldoetting polymer, poly(fluorene)
(#2), consists of two methylene bridged phenylene® J4position can be substituted
with different side-chains such as alk{jsaryls* or dendritic structurés Its typical
emission maximum appears at around 422 nm anceisftire suitable as blue emitter.
However, frequently an unwanted low energy emissi@mund 530 nm can be observed

which is generally assigned to an oxidative degiada®

11
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Table 2.1: PPP-type polymersand their typcial emission maxima

# Name Chemical structure Typcial Amax

R
1 Poly(para-phenylene) 390 nm

R

2 Poly(fluorene) O" 422 nm

3 Poly(indenofluorene) 428 nm
Poly(ladder-type pen-
4 4 ypep 448 nm
taphenylene)
5 | Fully planarized ladder-PPI 460 nm

The polymer consisting of three aryl groups witlo tmethylene bridges are denoted as
poly(indenofluorene) @ - the material of interest in this work. Its dyasis was re-
ported in 1999 by Miillen et &f.Poly(indenofluorenes) with alkyl and alykubstituted
side-chains were published so far, where the |atthibits an increased resistance to
oxidization. Its emission maximum is again slightgd shifted and appears around

428 nm, which comes close to the desired wavelemgfion for blue emitters.

A further increase in the degree of bridging andsthigidity was achieved with
poly(ladder-type pentaphenylef®)A full aryl-substitution of every bridgehead leal
the best spectral stabilily. The emission spectrum of this material shows asalid
match with the above defined desired wavelengtioreg

12
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The fully planarized ladder-PPP(#5) is the most rigid species of PPP type materials
with the lowest band gap. Its emission maximum apparound 460 nm which is al-

ready to far in the green spectral region for a@pions as pure blue emitter.

Figure 2.4 depicts the emission spectra of polg(fne), poly(indenofluorene),
poly(ladder-type pentaphenylene) and ladder PPPcangares it to the sensitivity of

the human eye.

16 : : : - — 1.6 3
@

1,4+ —&— norm. eye sensitivity 11,4 B’
—a— poly(fluorene) 1 >

1.2+ —e— poly(indenofluorene) 412 o
) L
—v— poly(ladder-type pentaphenylene) - ©

1,0 §

<

o o
o ™

o
N
visual sensitivity of the

o
V)

normalized electroluminescence

wavelength (nm)

Figure 2.4: Comparison of the electroluminescenoé&ssion spectra of different PPP-type polymers to
the sensitivity of the human eye.

2.3 Fundamental excitations

Polarons - charged quasiparticles

If an electron is taken away from the HOMO or isled to the LUMO, the polymer

reacts to this additional charge with a structueddxation and energetic states within
the band gap are the result. In strong contragtdmanic semiconductors, where the
charge can move freely within the conduction anén@e band of the crystal, polarons
are strongly localized states. An additional el@mttin the LUMO is called negative po-
laron, while a missing electron (or hole) in the MO is called positive polaron. Corre-
spondingly, two additional electrons or holes agaated as negative or positive bipola-

rons, respectively. A scheme of these energetiessta depicted in figure 2.5.

13
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LUMO  ee—

|

|4
HOMO v vl

| A

12
positive negative
bipolaron bipolaron

ground state positive polaron negative polaron

Figure 2.5: Energy levels of positive and negatis&aron and bipolaron.

Excitons - neutral quasiparticles

Two electrostatically bound polarons of oppositarge are called exciton. Those exci-
tons are strongly localized and weakly bound (€%3n poly(fluorene}®) and can thus

be denoted as Frenkel excitdfi®redicted by basic quantum mechanics, two spin-1/2
particles (i.e. the excited electron from the LUN@d the hole from the HOMO) can

form one out of four spin wave functions:

Singlet state |Ws>:%(‘Tl>“H>)
Triplet states |‘H>:‘TT> |wt>=%(‘Tl>+‘lT>) |‘Pt>:‘ll>

The upper wave function exhibits a total spin ofrd is denoted as singlet state,

whereas the remaining three wave functions arketrgbates with a total spin of 1.

Transport of polaronsin organic semiconductors

In a microscopic picture the transport of chargthimian organic semiconductor can be
described by a phonon assisted tunneling procésschiarges hop from their localized
state to other localized states on adjacent polymis, driven by lattice vibrations. The

charge transfer rate is described by the Marcusryfie

2.4 Photoexcitation, luminescence and non-radiativetiesgion

The fundamental radiative and non-radiative praegsgghich an organic semiconductor

can undergo are based on its electronic and vimaltistates. Typically these energy

14
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levels and transitions between these states analied in a Jablonski diagram (Figure
2.6).

(Y

Absorption

S )

Figure 2.6: Jablonski diagram of an arbitrary oigaemiconductor. The horizontal lines show the-ele
tronic end vibrational energy levels. The arrowsvstthe possible radiative and non-radiative tramsst
between the participating energy levels.

The electronic ground state of an organic semicotmlus a singlet state — @ith sev-
eral vibrational modes. The excited states areeginglet states or triplet states, while
the first singlet and triplet state is depictedha diagram. Correspondingly, each of the

excited states have several vibrational energyldeve

During the absorption process, an electron fromHOMO is excited to the LUMO and

forms an exciton with the remaining hole in the HOMDue to conservation of spin in

case of electromagnetic dipole transitions, theogdion of light always leads to the

formation singlet excitons. The physics of this qges can be described by the
FranckCondon principle: The transition typicallycacs in a very short period of time

(<10™s) and the nuclei of the atoms are not able tot neith a displacement in this

short time due to their inertia. Since the poténtimima of the electronic ground and
excited states are shifted to each other, thissifian often ends up in an excited
vibrational state of the excited singlet state adicy to the integral overlap of the

vibrational wave functions. This principle is illusted in figure 2.7.

However, Kasha’s rufé predicts that the electron quickly relaxes to tfiterational
ground state of the excited electronic state (i#kconversation). Several competing

processes are now possible:

15
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Energy Energy

QY Absorbtion Fluorescence

Figure 2.7: Frank-Condon Principle: Only transiiamhich do not change the nuclear coordinates are
allowed.

Fluoresence: kg is the rate of radiative recombination of sing&titons. This transi-
tion is called fluorescence and usually ends ug imgher vibrational state of the elec-
tronic ground state but again relaxes quickly te lilwest lying vibrational state (ac-
cording to Franck-Condon principle, Figure 2.7)neke, the absorbed photons are typi-
cally higher in energy than the emitted ones. Tiergy difference between the absorp-
tion and emission maximum is called Stokes-shifiedretically, the emission spectrum
is the exact mirror image of the absorption spectrbut lower in energy. However,
torsional degrees of freedom of the phenyl ringsedoh other can lead to a breakdown
of this principle?® The absorption spectrum is mostly unstructuredpidymers like
poly(indenofluorene), while the emission spectrumves distinct vibrational features.

The more rigid a polymer chain is, the more theonirmage rule is valid.

Non-radiative recombination: ky, is the rate of non-radiative recombinations ofkh
excitons, k; pnis the rate of non-radiative recombination of ifiiglet state, respectively.
Such non-radiative recombinations are caused luctstial defects, chemical defects

and impurities. The energy of the excited statlissipated as heat.

Intersystem crossing: kisc is the rate of an actually forbidden transitiorcdugse it
populates a triplet level which implies a spin cersion. It is dependent on different
factors, such as temperattfrand chemical surroundings. In molecular systemsist
ing of atoms with low mass numbers, spin-orbit dmgp (Russel-Saunders or LS —
coupling) is low and the total spin is conservédhé molecule or polymer contains any

atoms with higher masses (e.g. transition metalptexes), spin-orbit coupling gets
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significant (jj-coupling). The total spin is no @@rved quantity anymore and the strong

forbiddenness of a spin conversion is weakend.

Phosphor escence: ko, is the rate of radiative recombinations of theitex triplet state.
This process is commonly denoted as phosphorescamdeends up in the singlet
ground state. On the basis of a purely electraaigsition, the triplet— singlet conver-
sion is again strictly spin forbidden. However, tbeg-lasting excitation of triplet states
gives rise to substantial electron-core interactiand the nature of the excited state can
now be described as a singlet/triplet superposifitis opens the pathway for phospho-
rescence. Thus, triplet states typically have g ladiative lifetime in the range of mi-
croseconds to seconds which is several orders ghito@e higher than that of fluores-
cence. Consequently, only very limited phosphomseean be found from molecules
or polymers consisting of hydrocarbons (or othev lmass atoms) solely. However,
strong phosphorescence can be observed for heams atontaining materials such as

organometallic complexes due to enhanced spin-oohbipling.

2.5 Photoluminescence quantum yield

The photoluminescence quantum yield is a key ptgpaEr every light emitting mate-
rial. It is defined by the ratio of the emitted pdrs to the absorbed photons. An equal

expression is the rate of radiative recombinatmres the overall decay rate,

_ photonseemitted _  k; -
photonsabsorbed k. +k, - (2.1)

® ... Photoluminescence quantum yield; ..kRate of radiative decay; k.. Rate of non-radiative de-

cay;

2.5.1 Limiting factors — Quenching

Quenching denotes any process that reduces the thasiescence or phosphorescence
intensity of a materid!® This section mainly deals with three of them: dyimquench-
ing, static quenching and quenching on chemicatasf Many other interactions are
possible including field induced exciton disso@afr, singlet-triplet annihilatioff and

quenching by polaroA§ Due to its special electronic configuration, noollar oxygen
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is one of the most important quenchers. A detailsgdussion about oxygen and the
related quenching mechanisms will be given in sciiise 2.5.2.

Dynamic quenching

Dynamic quenching is related to a diffusive enceulvetween an excited polymer and
a quencher. The rate of quenching competes withatieeof radiative decay land with
the rate of non-radiative deactivatiof. EEquation (2.1) has to be adapted to

K

P Tk, vk, Q) (22)

dq...PLQY in presence of a quencher with concentratipniQ... Rate of radiative decay; . k. Rate of

non-radiative decay; qk.. Quenching rate;

The ratio®/®q leads to the Stern-Volmer equation,

K,
K. 1
® I T k +k T
= =" = r nr = r :1+T|:kq [l_]Q] . (23)
(DQ |Q Ty K k.

K +k, 4 1
r+ nr+kme] ;+kq|1]Q]

@ ... PLQY in absence of quencher®q...PLQY in presence of a quencher with concentration Q..
Luminescence intensity in absence of a quenchdg ... Luminescence intensity in prescence of a
guencher with concentration Qt ... Excited state lifetime in absence of quenchers ... Excited state
lifetime in presence of a quencher with concerdrat); k ... Rate of radiative decay; k.. Rate of

non-radiative decay; qk.. Quenching rate;

The Stern-Volmer equation relates the PLQY to angber concentration. Since the
guantum vyield is directly proportional to the rddia intensity and to the excited state
lifetime, the Stern-Volmer equation provides alaformation about their behavior in

presence of a quencher.
Three actual quenching processes are describée fiottowing*:

* Enhanced intersystem-crossinigiteractions with heavy atoms or oxygen can

weaken the strong forbiddenness of a spin converaibich leads to an en-
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hanced intersystem-crossing S Ti;. The now populated long living triplet
states can now also be quenched by the same quenche

» Forster resonant energy transfer (FRETNn excited polymer (donor) and a
quencher in its ground state (acceptor) are inwbiuehis process. FRET causes
a transfer of the excitation energy from the daiothe acceptor due to dipole-
dipole interactions: The excited electron in theMO of the donor returns to
the ground state whereas a ground state electrtimecdicceptor is lifted to the

LUMO simultaneously. The energy transfer rate camybproximated by

1 _R
Kerer = P mTO)G- (2.9)

D

KereT ... FOrster energy transfer rateyp ... Excited state lifetime of the donor; o R Forster ra-

dius; r ... Molecular distance between quenchdrexcited molecule;

The rate depends on the excited state lifetimehefdonor {p), the molecular
distance between dye and quencher (r) and thesaditi0% energy transfer ef-
ficiency (R,, Forster radius). The latter is dependent of sdvactors including
the spectral overlap of the absorption spectrheftivo species. FRET is a long
range (up to 10 nm) and spin conserving processs,Tdnly singlet excitons are
prone to Forster resonant energy transfer.

Note that in terms of quenching one is only intexgsn the fact that the donor
returns into its ground state non-radiatively. Hoeeptor can dissipate its en-

ergy in heat or light. The same is also valid fa following process.

» Dexter electron exchangés the name tells, this quenching process is due to
the exchange of electrons between an excited polydomor) and the quencher
(acceptor): An excited electron from the donor wlaro the acceptor and popu-
lates an excited state. Simultaneously, an eledimm the acceptors HOMO
tunnels to the ground state of donor. After ak, tfonor is in its ground state and
the acceptor in its excited state. Such a tunnginogess requires an overlap of
the involved orbitals and hence the Dexter elecaxchange is a short distance
process. The transfer rate decays exponentially witreasing molecular dis-

tance.
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Dynamic quenching can be identified by plotting #vecited state lifetime relation

(t/tg) or the luminescence intensity relation 4)/lover the quencher concentration
which then gives a linear, non-zero slope. Increashe sample temperature leads to
decreased luminescence intensity because of erthdifbgsion and thus more encoun-

ters between excited polymers and quenchers.

Static quenching

In contrast to diffusive interactions between podyrand quencher, static quenching is
related to the formation of non-emissive groundestmmplexes. These complexes can
absorb photons (usually in another energy regiam the polymer solely), but returns

to the ground state without the emission of lighite excitation energy dissipates as

heat.

Static quenching can also be identified by plottthg excited state lifetime relation
(t/tg) over the quencher concentration. Due to the tfa&t static quenching does not
alter the lifetime of the unperturbed excited dathis lifetime ratio should be 1. More-
over, the total emitted intensity increases witghler sample temperature due to the

breakup of the ground state complexes.

Quenching at chemical defects

This fluorescence limiting factor can for exampke dbserved in polymers with photo-
oxidized segments, such as carbonyl groups in PPVhe high electron affinity of
these groups causes the electron-hole pair todasdnto free polarons which reduces
the quantum yield? This model is supported by increased photocurrentsxidized
materials?® Quenching also occurs at structural defects ssdh@mplete conjugation

or impurities like remaining synthesis precursors.

2.5.2 Molecular oxygen — an important quencher

The molecular orbital theory allows the descriptadnthe very unique electronic con-
figuration of the oxygen molecule fOwhich is shown in figure 2.8: Theand the two

binding n-orbitals are fully occupied. Based on Hund’'s rulee remaining two elec-
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trons partly occupy the two antibindimtj-orbitals with parallel spin. This gives rise to
its paramagnetic and diradical character.

The two electrons with parallel spin form a spipiat, which is the ground state of
molecular oxygen. There are five other possibsitte permute two electrons in two
orbitals according to Fermi-Dirac statistics andilPaexclusion principle (Table 2.2):
Triplet states 1 - 3 correspond to the three fadeherate ground staﬁﬁ'g. The two-
fold degenerate excited singlet st%zh@ (4 & 5) is approximately 0.98 eV higher in en-
ergy. A second singlet staf&";, can be found ~1.63 eV above the ground staté%(6).

1Ag is, due to one unoccupied-orbital, very electrophile and thus reactive. Atduh-
ally this state has a long radiative lifetime. Foe unperturbed molecule the excited
state lifetime was found to ke = 72 min, whereas in polymers the radiative lifegdiis

least some tens of microsecorids.

(44ft ¢ |

2s

Figure 2.8: Molecular orbital diagram of the oxygaalecule (Q) in its triplet ground state.

Table 2.2: Possible spin states in the two antibopd MOs of the oxygen molecule.

# |ty | Ty # | w*y | Ty
I 4 I
2 1L 1l S [T

3 |11 |1 6 |1 |!

21



Light emitting organic semiconductors

Oxygen is an important quencher of excited statesrganic semiconductors. This is

due to several reasors:
» The high oxygen concentration at ambient conditions

* The small size of @allows a very efficient diffusion into many orgamateri-

als.

» The two excited states of the oxygen molechi@andlfg are usually lower in
energy than the excited singlet state and trigltiesof an OSC allowing effi-

cient and irreversible energy transfer processes.

Possible quenching processes of excited triplet @inglet states are summarized in
table 2.3*° However, they don't occur with the same probapbiliypically the en-
hanced intersystem crossing pathways—-{STy) are dominant over;S— & processes.
The excess energy of the listed processes dissipatdieat. A detailed discussion on

this topic and further literature can be found36,[pp. 1721].

Eventually, the quenching process results in thm&bion of singlet oxygen. This proc-

ess is commonly denoted as photosensitizationl&ingygen is a very reactive species
and it is often responsible for the oxidation ofifpcarbons (e.g. the formation of car-
boxylic acids at alkyl chains or the addition tesaturated carbon double bond$y°

Table 2.3: Quenching processes of singlet ancetrgihtes with ground state oxygen

Quenching of singlet states Quenching of triplet states
S1+ 0%y — Ta+ 0Ty T+ 0T — S + Oo('Ag)
S1+ 0Ty — Ta+ Oo'Ag) T+ 0Ly — S+ 0Ly
S1+ 0%y - T+ 0T T+ O(Tg) — S+ O[T
S1+O(Ly) — T2+ 0Ly

S1+0(Ly — S+ 0Ty

S1+ 0Ly — S+ 0Ty

S+ 0Ty — S+ Oo(TAy)
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3 Polymer light emitting diodes

Besides photoexcitation, luminance can also rdsoh an electronic current. This is
for example realized in polymer light emitting desd(PLEDS). Since the working prin-
ciple of a PLED is already a well known topic noagsl, the basics will be kept short
and the focus will be set on efficiency and devegradation.

3.1 Working principle

Electroluminescence can be observed after electexuitation of an OSC. In principle

one injects electrons into the LUMO and extracesytfrom the HOMO of the OSC by

metal electrodes. A structural relaxation of theQX$% described in section 2.3 follows
and polaron states are populated. If a positive aamégative polaron get attracted by
Coulomb force, they can form an exciton - a bouledteon-hole pair. The same path-
ways of deactivation of this excited state as ia thse of photoexcitation are valid.
(Section 2.4).

The injection of charge carriers is usually achteveth a device structure where an
OSC is sandwiched between two conducting mateizsing this process the charge
carriers have to overcome a potential barrier, the. energy difference between the
work function of the electrode and the HOMO/LUMQ#éé of the OSC. Thus the work
function of the anode material should be as clespassible to the HOMO energy and
the cathode work function should as close as plessibthe LUMO energy. The actual
injection of the charge carriers is mainly desdatiliy the Fowler-Nordheim equation
which describes field assisted tunneling of antedecthrough a potential barrier of
certain shape. Also a thermionic injection, deswdiby the Richardson-Dushman equa-
tion, is possible. However, its contribution at mdéemperature is rather low and field

assisted tunneling is the dominant process.

The transport within the OSC can be regarded asppihg movement of the charge
carriers from one localized state to another. A snea of how quick a charge carrier

can move in the OSC is given by the electron and imobility.
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In order to achieve a balanced number of chargeecamwithin the light emitting layer,
similar mobilities as well as similar anode/HOMGdanUMO/cathode potential barri-

ers should be used.

E E
A Iy o /j
VUM e
e — 1~ =g
>
adelg| 0"
@ Y\O\\“o
ITOAnode Polymer  Metal Cathode ITO HTL Polymer ETL Metal Cathode

Figure 3.1: Energy level diagram of the basic OL&up in single layer architecture (left) and adtimu
layer setup (right). Taken from [31]

As one can see in figure 3.1 (left), the describeaductor/OSC/conductor single layer
structure is the most simple configuration. The ensophisticated multilayer approach
facilitates an increased charge carrier injectignirtiroducing a hole transport layer
(HTL) between anode material and OSC and an elet¢tamsport layer (ETL) between
OSC and cathode material, respectively. The HOM@llef the HTL is located be-

tween the HOMO of the active material and the wnkction of the anode material.
The LUMO energy level of the HTL should be above ttUMO energy level of the

active material to keep the electrons in the adayer. On the cathode side, the LUMO
level of the electron transporter is located betwiée LUMO energy of the active ma-
terial and the work function of the cathode. Holecking can be realized with a

HOMO level higher in energy than the HOMO energieleof the emissive polymer.

The most common anode material is indium tin oxXid®) which is transparent for
visible light. ITO is a large band gap semicondugthich gives rise to its transparency.
Doping ensures the electrical conductivity. Usuadbly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate) (PEDOT:PSS) is used as dmmaptaind hole injection layer be-
tween ITO and the active material. The chemicalcstire is shown in figure 3.2. PSS is
an acid which possibly gives rise to later on désed device degradation related proc-

€SSes.
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Figure 3.2: Chemical structure of PSS (upper potyrmed PEDOT (lower polymer)

Common cathode materials and material combinatoasnetals like silver or alumin-

ium, alkaline earth metals like barium or calciunatso salts like caesium fluoride.

L ocation of the charge carrier recombination zone

Depending on the device setup (injection barri¢rthe electrodes, charge carrier mo-
bilities and possible charge blocking layers), ¢harge carrier recombination zone can
be assumed at different positions within the deviggure 3.3 demonstrates this princi-
ple for cathode materials with different work fuocis. Cathode materials with a high
work function and therefore bad electron injectedficiency can lead to a recombina-
tion zone near the cathode since the electrontharminor species. A balanced charge
carrier injection efficiency enables a recombinaitiio the centre of the bulk. Low work
function cathodes lead to a shift of the recomlamazone towards the anode since the
major injection barrier is located at the anode.

Anode osc Cathode Anode 0OSsC Cathode Anode 0osCc Cathode
~& Electrons ‘ Electrons « Electrons
Ar Ar Ar
CsF ~2.2eV
E Lumo E Lumo Calcium ~2.9 eV E LUMO
* Silver ~4.8 eV l' E
PEDOT:PSS ~5.2 eV | PEDOT:PSS ~5.2 eV PEDOT:PSS ~5.2 6V II
Homo Homo HOMO
Holes » Holes  mmii— Holes

Figure 3.3: Schematic picture of the shift of tlkeiton recombination zone by the application ofatiént
cathode materials. Left: Hole-majority; Middle: Bated charge carrier injection; Right: Electron-
majority.
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3.2 Electroluminescence quantum yield

A general definition of the quantum efficiena)) ©f a PLED is the ratio of the number
of photons which leave the device over the numbarge carriers injected. made up

of different terms,

,7 :q)PL |]st D/D( . (31)

1 ... Electroluminescence quantum efficiencp, ... PLQY; & ... Fraction of excitons which are able

to recombine radiatively;y ... Fraction of excitons formed; X ... Other dexsiag factors;

v is the number of excitons formed over the numbecharge carriers injected. The
number of dissociative excitons is also taken atoounty can be improved by ensur-
ing balanced charge carrier injection and by intikadg charge blocking materials be-

tween electrodes and active layer.

rst Stands for the number of excitons which are ableetombinate radiatively over the
total number of excitons created, i.e. the singiptet ratio in fluorescent materials.
Basic spin statistics predict that in PLEDs 25%tlod created excitons are singlets,
while 75% are triplets. There is a lot of discuasangoing about the validity of this

approach. Different studies claim that the sind@fiattion could exceed the predicted
25%32 The latest publications showed, however, again ttieexpected Ya-singlet, ¥s-
triplet ratio is justified®® This limit can be overcome by the use of phospsmet mate-

rials, where also triplet excitons are able to mebmate radiativly. Internal quantum

efficiencies close to 100% are thus possible inithe

®p is the number of singlet excitons that recombimatkatively. An excited state can
release its energy on different pathways withouitterg a photon (section 2.4), and
this, of course, lowers the overall efficienchp. is equivalent to the corresponding
value obtained by photoluminescence spectroscopgrenit’s defined as the number of
photons emitted over the number of photons absoiags,®p; can be measured using
photoluminescence spectroscopy. Since all ternegjuation (3.1) are smaller or equal
than unity, a study obp_ provides information about the ultimate maximuracéiolu-

minescence quantum efficiency that can be achieved.
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The last term in equation (3.1) comprises sevagat-butput reducing factors such as
self-absorption in the active layer or light inesdnce and total reflection at the inter-

faces. Also all types of quenching are includedhay factor.

M easurement of the electr oluminescence quantum yield

Although the actual measurement of the electrolestgence quantum yield is not topic
of this work, a short description of the recommehdeperimental method is given here
for the sake of completeness: The most accurateadetould be to place the device in
an integrating sphere (Figure 3.4), which thenemtdl the emitted photons independent
of the emission angle. However, one has to keapim that not every created photon
will be detected since there certainly occurs abBerption within the active layer or re-
absorption by transport layers. Also, the detesignal has to be converted into terms
of number of quanta. An example how to achieve ftiriphotomultiplier tubes is given
in section 4.6. A detailed instruction to measine e¢lectroluminescence quantum yield

can be found in [34].

Detector

Figure 3.4: Integrating sphere with a mounted devip measure the electroluminescence quantum yield
Taken from [34].

3.3 Device degradation and related processes

The long time spectral stability and luminance #itglof PLED devices are basic de-
mands for commercialization of this technology. é&sally for blue emitting polymers

the desired spectral stability was not achievedasoSome of the known degradation
mechanisms are described below. It was alreadgdstétat different parameters influ-
ence the charge carrier recombination zone witiendevice: An electron minority can

lead to a recombination near the cathode; balahokselectron ratios might lead to a
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centered recombination and an electron majoritftssthe recombination zone towards
the anode. Hence, in the sections 3.3.2 - 3.3.4phketral stability of the emission origi-
nating from the corresponding device region isuised. However, the first topic here

deals with the spectrally stable decrease of thetr@luminescence emission intensity.

3.3.1 EL quantum yield reducing factors

The reduction of the electroluminescence quantugidydof a PLED during time is an
often observed but poorly understood process. Heweat least for phosphorescent
materials a luminescence reducing process was iagdlé®y oxygen quenchirf§:Due

to the long excited state lifetime of triplet exeis (~us), this emission can efficiently
be quenched by diffused oxygen. The fact that thesgon intensity partly recovers
after reducing the amount of oxygen in the actayeet strongly indicates that the domi-
nant process is dynamic quenching. A reductionhef émission intensity can be ob-
served for fluorescent materials as well. In tlasecthe observed reduction of the emis-
sion intensity may not be explained with quenchirygoxygen entirely: The excited
state lifetime of a singlet state is many ordersnafgnitude lower (~ns) than of triples
which makes a diffusive encounter with oxygen witthis time more unlikely. Further
more, it can be stated that in PLEDs the numbérigket excitons exceeds the number
of singlet excitons by far (only every fourth creditexciton is a singlet; singlets have a
much lower lifetime that triplets). Thus it seerasbe much more probable that oxygen

guenches a triplet excitons.

However, also for fluorescent materials the emrssitensity partly restores upon the

reduction of oxygen. Similar effects can be obsgrfee humidified atmospheres.

3.3.2 Organic / Cathode interface

In order to improve the electron injection from #ehode and thus the overall device
efficiency, low work function materials like bariutwork functionec = 2.6 eV), cal-
cium (pc = 2.9 eV) or caesium fluoridepd = 2.2 eV) are used. A major drawback of
these materials is their high reactivity to oxygem humidity as well as the toxicity of
some of their byproducts (e.g. oxides or hydroXidébe usually used barrier layer of

aluminum cannot exclude interactions witfOHand Q completely?
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For example, poly(fluorene) based devices withigalcor aluminum electrode often
show two unwanted red-shifted emission peaks ard@@dnm and 520 nfit.A possi-
ble explanation was given by Kappaun et®alvho proposed a deprotonation reaction

of hydroxy end chain units by diffused calcium:
2 Ar—OH + Ca— 2 Ar—-O + C&" + H,

Another cathode related degradation mechanismeiddtmation of non-emissive de-
vice regions which are commonly denoted as darksspdainly they are caused by
delamination of the electrode material due to nuoéstand the applied operation volt-
age: BO can reach regions under the cathode via pin-hedlased by contaminations
during the fabrication. Subsequent, the drivingagé of the device induces the electro-
chemical dissociation of water according to z0H 2¢€ + H, + 20H. The hydrogen gas

creates bubbles and delaminates the catflode.

3.3.3 Anode / Organic interface

In nearly every efficient PLED device, PEDOT:PSSused as a smoothing and hole-
transport layer. Further more, it reduces the tmgeacbarrier for holes. After spin-
coating, a thin PSS-rich layer is formed on theabghe filn?®%°. It was shown by dif-
ferent studie®®"®® that PSS can cause trap states within the emigsilymer. Most
likely this is due to an acidic interaction of P&&h the active polymer. Especially for
nitrogen containing polymers it's known that thaéaelectron pair of nitrogen is easy to
protonate, which subsequently leads to spectrétsshiAlso electrophilic addition reac-

tions with unsaturated electron-rich carbon dotoleds (e.g. in PPV) are propoged?

3.3.4 Bulk material

Besides the influences of cathode or anode materddo chemical modifications of
single monomer units in the polymer bulk can lead dptical instabilities. In
poly(fluorene) based emitter polymers, for example,oxidative degradation mecha-
nism can lead to the formation of fluorenone fifketo-defects). These defects act as
charge carrier traps and usually lead to a broadseom in the green spectral region
already at low ketonic-defect concentrations. Th@imation can either happen already
during synthesis - which is related to an inconglgkylisation at the 9-position of the
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fluorene unit, or during device operation. Amongess, the latter can be assigned to
the creation of singlet oxygen (see section 2.5ich then attacks the alkyl side-
chains of the polymer. Via different intermediateleaved side chains and side chains

with carboxylic acid units), this process endshia formation of ketonic defect.
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4 Experimental methodology

The scope of this chapter is a description of {hy@iad spectroscopic methods as well
as the corresponding sample preparation to obkerphotophysical characteristics of
organic semiconductors. Moreover, an indirect metteo measure the photolumines-
cence quantum yield for solutions will be presentduds chapter closes with the prepa-

ration and characterization process for PLEDs.

4.1 Solution and thin film preparation

All samples were processed and stored under atgoosahere.

Solutions were prepared using toluene (spectrophetioc grade; Sigma-Aldrich) as
solvent. For the actual UV/VIS and PL measuremeqisstz cuvettes from HELLMA

Analytics with a light path of 10 mm were used.

Thin films were prepared by spin-coating from siinton glass substrates. Substrates
were cleaned thoroughly with deionized water, avetand 2-propanol and in an ultra-
sonic bath. The spin-coating process was done avilfELTA6 RC spin coater (SUSS
MicroTec Lithography GmbH) under argon atmosphesimgi the rotation parameters
1000 rpm/12 s for the actual film formation folloavey 3000 rpm/40 s for drying. The
concentrations of the solutions depend on the iddal experiment and will be men-

tioned in the corresponding chapters.
4.2 Layer thickness measurements

All layer thicknesses were measured with a VECC@ad¥aan VS atomic force micro-

scope.
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4.3 Optical absorbance measurements

The absorbance of a material at a certain wavdieagjiven by Beer-Lamberts law,

A=log,(2). (4.1)

A ... Absorbance; ... Intensity of the incident light; 1 ... Intensibf the transmitted light;

The measurements were performed on a PERKIN ELMBRIBDA 900 UV/VIS —
spectrometer.glwas obtained by measuring the transmitted ligtiteeiof the blank
glass substrate in case of thin films or of thevesat filled quartz cuvette for solutions.
The instrument permanently monitors and correadribident light beam and hence no

further correction was necessary.

In order to get significant absorbance signalsutsmis in the concentration rage

0.01 g/l - 1 g/l and films up to 40 nm thicknessevehosen.

4.4 Photoluminescence measurements

As already described in section 2.4, the radiateembination of an excited state cre-
ated by light is called photoluminescence. Two sp#aorophotometer of the type
SHIMADZU RF-5301PC were used to measure these ispect

To exclude any self-absorption or inner filter efé® dilution series of the polymer
solution in the range from @/l to 10°g/l were prepared and photoluminescence was
measured. Films were spin-coated from 1 g/l satuibnot stated otherwise) in order

to keep them thin.

Figure 4.1 shows the working principle of the SHIBI2U RF-5301PC spectrometer.
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150 W Xenon lamp
Excitation monochromator F—O

BM ¥ Beam spiitter

hd
Jm—i Emission monochromator @

Figure 4.1: Principle setup of the SHIMADZU RF-581 spectrofluorophotometer. 1: Excitation mono-
chromator; 2: Cell / sample holder; 3: Emission owhromator; 4:PMT to monitor the excitation light;
5: Detector PMT. Taken from [42]

An 150 W xenon lamp is used as excitation lightreeuA certain wavelength for the
excitation of the sample can be chosen by a fishouohromator. The emitted light is
tuned by an emission monochromator and detectea plyotomultiplier tube (PMT).

Each of these optical components distorts the nbthspectrum which makes a careful
calibration necessary. The biggest effect stemms fitte photocathode of the PMT since

its response strongly depends on the used matertpldifferent alkali alloys).

4.5 Calibration of a spectrofluorophotometer

Different spectrometers can lead to the detectibsignificantly different emission

spectra of one and the same sample which makastdrpretation and comparison of
the measured spectra difficult. Especially for nuieasients of the photoluminescence
quantum vyield, exact emission spectra are of bigomance. Consequently, a calibra-

tion process is presented in the following.

Light sour ce calibration

The light source, which in case of the SHIMADZU BBO1PC is a 150 W Xenon

lamp, does not have a uniform intensity output ower spectral region of interest.
Therefore samples excited by a wavelength of hightensity, lead to a higher photo-
luminescence signal, even if the absorbance ofrtaerial is lower than at other ener-
gies. Generally one has to do this correction ‘agdi. However, the used instrument is

equipped with a light source compensation systemctwpermanently monitors a frac-
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tion of excitation light by an additional PMT (ségure 4.1 - #4) and then electroni-

cally corrects the obtained spectra. Thus thiseotion can be omittetf.

Detection system calibration

The basic idea behind a calibration of the detactigstem is to compare a well known
emission spectrum of a reference material withntleasured spectrum of the same ma-
terial. By this method, the instruments spectrapomsivity can be obtained by follow-

ing formuld?®,

S() = % . (4.2)

S ... Total responsivity of the instrument; | ... Kmoemission of the reference material; L ... Meas-

ured emission.

The Federal Institute of Materials and Testing (BAMcently developed five dyes
which exhibit certified emission spectra in thegarfirom 300 nm to 770 nm for exactly
this purposé?“° The actual calibration process is given by follegvstandard operation

proceduré®:
1. Preparation of the calibration solutions under argtmosphere. Solvent: ethanol.
2. Choice of the excitation wavelength, dependenhefdye.

3. Measurement of background spectra with pure solagmsample to correct any scat-

tering artifacts from the cuvette or the solvent.
4. Measurement of the actual solution repeatedly (trti@s) and averaging.

5. Repeat step 2 — 4 for all 5 dyes

Figure 4.3 shows the normalized collected and fesdtiemission spectra of the five

dyes.
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Figure 4.2: Normalized emission spectra of the Bédvtified dyes; from BAM-F001 (high energy spec-
trum) to BAM-F0O05 (low energy spectrum). Solid kneneasured spectra; Dotted lines: certified spectr

As mentioned, the responsivity curve can now beutated by dividing the five certi-
fied spectra through the five measured spectragigrthese five individual correction
curves leads to the global responsivity curve li@r $pectrometer in the range between
300 nm and 770 nm. This evaluation was done by sthitware LINKCORRWIN
1.1.0.0 (provided by BAM). A detailed descriptiohtbe process can be found else-

where?®4’

The described calibration was done for two instmits@f the same type (SHIMADZU
RF-5301PC). Figure 4.3 presents the calculatedrssyities.
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Figure 4.3: Calculated responsivities of two SHIMAD RF-5301PC spectrometers.
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Although both instruments should have the same BMihe can easily see the sharp
cut-off of the responsivity in the infrared regifor one of the instruments (dashed line)
and other differences in the shape. This fact destnates that one can not be sure that
two spectrometers of the same type have the saspensivity and a calibration should

be performed for each instrument.

4.6 Photoluminescence quantum yield (for solutions)

As mentioned, the PLQY is a basic photophysicaperty defined by

_ numberof photonsemitted
numberof photonsabsorbed

(4.3)

A direct measurement of the latter values woulduireqspecial optical equipment
which was not available during this work. Therefareindirect method, using standard
laboratory equipment and a reference material Witbwn PLQY, was employed. This
method was already proposed in the 1960s and islyvatcepted nowaday$:*® How-
ever, an error < 10% should be assufed The basic idea behind this method is to
compare absorbance and total emission of a refereraterial with the corresponding

values of the sample by using following equation,

o o ) fAMD) L1 D, 4
S AA) ) L1A) ) D, ) '

Subscript x ... Sample; Subscriptr ... Referenae;... PLQY; n ... Refractive index; A ... Absorb-

ance; | ... Excitation light intensity; D ... Vayroportional to the total number of photons ezditt

The fraction which accounts for different excitatioght intensities, i;)/I(Ax), can be
omitted, since the used instruments is equippel avlight source compensation system

(see section 4.5)

As reference material, quinine sulphate dihydratggined from Sigma Aldrich; chemi-
cal structure and absorbance spectrum and photoéstence spectrum are shown
figure 4.4) with a PLQY ofb, = 54%" was chosen.
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Figure 4.4: Chemical structure of Quinine sulplditgydrate and the corresponding absorbance spectrum
and photoluminescence spectrum.

Quinine sulphate is not quenched by oxygen, iePLtQY is the same under inert at-
mosphere and in aif. Therefore solutions were prepared under ambiemditions us-

ing 0.5M-sulphuric acid as solvent.

The refractive index correction accounts for tha faat the emitted light gets refracted
at the solution/cuvette/air interfaces in differemhgnitudes dependent on the index of
refraction of the sample solution and differentfians of light can reach the detectdr.

This principle is sketched in figure 4.5.

Figure 4.5: Refraction occurs on the solution/cte/atr interface in different angl®s dependent on;n
the refraction index of the solution. Taken fror@]4

The absorbance fraction relates to different alkmwré values at the wavelength of in-

terest (i.e. the excitation wavelength for photaluescence measurement).

37



Experimental methodology

The last term in equation (4.4) accounts for thiéedint amounts of emitted light in
terms of a value directly proportional the totahther of emitted photons. Since the
PMT of the spectrometer gives a signal proportiagadahe energy of the incoming pho-
tons and not to the number of photons, further emions are needed. Table 4.1 ex-
plains the way from the detector output signal tasaa value direct proportional to the
number of emitted photons.

Table 4.1: Conversion from PMT output to a valueclly proportional to the number of photons emitte

Name Unit
1. | Detector output, M i A}
. nm
2. | Responsitiviy, S i A}
W
3 Corrected spectruniR M A}/[é} :[ﬂ} ~[ eV }
S Lnm] [W nm sthm
4. | Conversion to number of quantd quanta
pers-nm, Q = R- shm
S. | Total number of quantaj',Q (8 [quanta}
S

Since integrated emission over absorbance simgheigradient of this linear relation-
ship, one can minimize concentration dependenttsffand measurement errors by re-

placing equation (4.4) by

2
o, =0, 1 Sr8% | h | (4.5)
Grad. ) ( n,

Subscript x ... Sample; Subscript r ... Reference;... PLQY; Grad ... Gradient of absorbance vs.

integrated emission relationship; n ... Refractiaex

The gradients are calculated by measuring absoebamd integrated emission of many
different concentrations. Integrated emission @leorbance should give a linear rela-
tionship; a linear regression gives the gradientn®® of high absorbance which obvi-
ously deviate from the linear slope indicate sé&$aption or inner filter effects and

should be omitted. The example for quinine sulpl&tgven in figure 4.6: The squares

indicate the measured absorbance and integratessiemifor different concentrations,
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the red solid line is a linear fit through thesenp® Two points of high absorbance de-

viate from the expected linear relation and wereconasidered in the linear regression.
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Figure 4.6: Absorbance over integrated photoluntiesse emission in terms of quanta per second. black
squares: measured points; red line: linear fitugrozero. The points of high absorbance which aksho
deviate from the linear relation were not considarethe fit.

Quantum yield measurement for thin films

The presented approach for the PLQY evaluatiosdtutions is not fully applicable for
solids such as thin films. Different additionalexts like light polarization and angular
dependence of the emitted light have to be takenaocount. Also, the quantum yield
may heavily depend on the film thickness (self-apon) and film morphology and
thus a suitable standard cannot be realized. Tts acgurate way to measure this value
would be with an integrating sphere in order tordaine photons independent of the
emission angle. At least relative statements assipte when the reference material and
the sample are similar. The quantum yield of theestigated polymers in this work
were compared to dioctylfluorene, a common poly(féne) derivate. Absorbance- and
emission spectrum as well as the chemical struaftidioctylfluorene are depicted in

figure 4.7.
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Figure 4.7: Absorbance spectrum, emission specamoinchemical structure of dioctylfluorene.

4.7 PLED device preparation

The device preparation and characterization wasedaout in a ISO-Class 6 clean

room facility at the NTC Weiz ForschungsgesellsthafiH.

ITO coated glass substrates with a sheet resistah@® ohm/sq were structured by
etching with 37%-diluted HCI. Several subsequeeaaging steps with deionized water,
acetone and 2-propanol in an ultrasonic bath fomirtutes followed. For better adhe-
sion of the deposited PEDOT:PSS layer (Clevios PAVR083 from H.C. Starck), the
cleaned ITO substrate was plasma activated for ithites in an oxygen plasma at a
base pressure of 0.3 mbar. PEDOT:PSS was spinecostie 2500 rpm for 40 s which
led to an average layer thickness of ~60 nm. Took@rany residual solvent, the layer
was annealed at 120°C in high vacuum (< 5*1fbar) for one hour and afterwards
cooled down to room temperature. The electroopéictive layer as well as the optional
hole transport layer were also brought up by spiatiag from toluene solution. Layer
thicknesses and annealing parameters were changed) dhe individual experiments
and will be described in the corresponding chaptéhe optional electron transport
layer (TPBIi) and the cathode, comprising aluminumaocalcium/aluminum double
layer were thermally evaporated in an fully autaedagévaporation chamber at a base
pressure < I®mbar. Evaporation rates and resulting thicknesskse stated in the
corresponding chapters. The final device was mauated characterized in a sealed
measurement chamber.
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The basic characterization includes,

* Voltage-current characteristics, recorded with dTH_EY 2612 sourcemeter

(computer assisted),

* Simultaneous measurement of the emitted light sitgmising a silicon-diode and a
KEITHLEY 6417A electrometer,

+ Photocurrent — luminance calibration with a MINOLTA-100 luminance meter,

* Measurement of the electroluminescence emissiattrspe using a LOT-ORIEL

CCD-spectrometer
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5 Photophysical characterization of
poly(indenofluorene)-based polymers

The photophysical properties of three novel polygimofluorene)-based emitter poly-
mers and one novel poly(indenofluorene)-based tnafesporting material were investi-
gated in this chapter. UV/VIS-spectroscopy and pluohinescence spectroscopy on
solutions and thin films were made and their photohescence quantum yield was
evaluated. Moreover, the fabrication of multi-lagémuctures with the hole transporting
polymer and the emitter polymers, which is a basguirement for the application in

PLEDs, was examined.

5.1 Emitter materials

All materials were found to be perfectly solublecimoroform and toluene. The latter

was used as solvent for all solutions.

Poly(indenofluorene) homopol ymer

This material is a typical poly(indenofluorene) hapolymer (denoted asomoPIFin
the following) with side chains on every bridgehelidvas used as reference material
for the later on presented copolymerized speciesi@nphotophysical properties are
shown in figure 5.1. The thin film emission speotrghows significant intensity from
~400 nm to ~550 nm with a maximum at 424 nm anieowic fine structure at around
449 nm. The unstructured absorption spectrum Basdximum at around 405 nm re-
sulting in a Stokes-shift of 19 nm. In contrasthe film emission, the emission maxi-
mum of the solution is 8 nm blue-shifted due toratdchromism and appears at 416 nm
with a vibronic fine structure at 441 nm. Maximutbsarbance was found at 402 nm

(Stokes shift: 14 nm) and the photoluminescencatyua yield in solution i9=94%.
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Figure 5.1: Normalized absorbance spectra and phoivescence spectra dfomoPIF in solution
(dashed red line) and in thin film (solid blackd)n

Since the evaluation of the PLQY is straightforwéstlowing equation (4.5), a more
detailed description is given only for this materiehe integrated emission versus ab-
sorbance gradient of the quinine sulphate refereva® already shown in section 4.6.
Basically, one has to measure these two paramietedifferent concentrations dfo-
moPIF A dilution series in the range from 1@/l to 10" g/l was prepared. However,
concentrations lower than 1@/l were not useable because of the obtained Isigrere
dominated by noise. Dilutions higher theri?i@l led to significant self absorption. As

depicted in figure 5.2, the remaining concentratigave a good linear relationship.

LI T T T T
quinine sulfate - linar regression
homoPIF - linear regression =

1,2x10°

1,0x10’

8,0x10°

6,0x10°
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integrated corrected photoluminescence

O’O 1 1 1 1 1 1 1
0,00 0,02 0,04 0,06 0,08 0,10 0,12 0,14 0,16
absorbance

Figure 5.2: Measured points and linear fit of guénisulphate (measurement: black squares, fit: black
line) and othomoPIF(measurement: red circles, fit: red line)
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The slope of théhomoPIFfit is steeper than in the case of quinine sultatd therefore
its PLQY is higher than that of the reference matelhe necessary refractive indices
of toluene (n=1.4969) and sulfuric acid diluteddgionized water (n=1,345) are taken
from literature>® Now equation (4.5) can be applied, leading to Plof ®=94%. A
PLQY of 102% (relative to dioctylfluorene) was falfor thin films.

Poly(indenofluorene) copolymer 1

The backbone of this copolymer (denoted@BIF-1) consists of the previously studied

homoPIFand of small amounts of a triphenylamine-baset uni

Absorbance- and the photoluminescence spectcaPif~-1 can be found in figure 5.3
(left).
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Figure 5.3: Left: Normalized absorbance spectra @motoluminescence spectra aPIF-1 in solution
(dashed red lines) and in thin film (solid blaakel); Right: Dependence of the film emission speatan
the concentration of the parent solution (and tifube resulting layer thickness)

The thin film spectrum reveals significant emissfoom ~400 nm to ~600 nm with a
maximum at 424 nm and comparechtimoPIFa stronger vibrational maximum around
451 nm. The unstructured absorption spectrum Bamaximum around 404 nm result-
ing in a Stokes-shift of 20 nm. In contrast to titra emission, the emission maximum
of the solution is slightly blue-shifted due tostbchromism and appears at 417 nm
with a vibronic fine structure at 444 nm. The mantim absorbance can be found at
401 nm. Its Stokes-shift is thus around 16 nm. r&gfrlm thickness dependencies of

the emission spectrum were found (Figure 5.3, yightte photoluminescence quantum
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yield in solution isd = 87%. The thin film PLQY measurement leddioc= 95% (rela-
tive to dioctylfluorene).

Poly(indenofluorene) copolymer 2

The backbone of this second copolymer (denotembB#--2) consists of the previously

studiedcoPIF-1and of small amounts of a phenylene-vinylene basetd

Absorbance- and photoluminescence spectBfF-2 are depicted in figure 5.4 (left).
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Figure 5.4: Left: Normalized absorbance spectra @motoluminescence spectra @fPIF-2 in solution
(dashed lines/red) and in thin film (solid blackd). Right: Concentration dependencecoPIF-2 solu-
tions to the emission spectrum

The photoluminescence emission of a thin film exisafrom 400 nm to 550 nm and
shows a maximum at 457 nm with shoulders aroundi22nd 475 nm. According to
its chemical structure and the weak emission atd22an efficient energy transfer
from poly(indenofluorene) to the emitting phenyleneylene units can be assumed.
The unstructured absorption spectrum has its maxiratound 404 nm resulting in a
Stokes-shift of 53 nm. Maximum absorbance for tat®on was found at 401 nm. The
photoluminescence signal 0bPIF-2 solutions is significantly dependent on the used
polymer concentration (Figure 5.7, right). The esitie maximum at 457 nm decreases
with increasing solid content. This is apparentlye do the decreasing intermolecular
contact between single polymer chains for highdéutions resulting in a suppressed
interchain energy transfer to the phenylene-vinglanits. A photoluminescence quan-
tum yield of® = 77% was found in solution. Thin film measurenseled to® = 93%

(relative to dioctylfluorene).
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5.2 Hole transport material

Generally hole transport materials have a low iatimn potential and a low electron
affinity.>* The HOMO level should be localized between thathef commonly used
PEDOT:PSS (HOMO energy: 5.2 eV) and the HOMO ofdhmetter polymer. In order
to realize electron blocking, a LUMO energy loweart that of the emitter is favorable

(see section 3.1).

The solution processable hole transport matdrtdbIF is a copolymer with equal
amounts of poly(indenofluorene) and triphenylami@sed units in its backbone. The
fact that thehtIPIF is also perfectly soluble in toluene leads to ifziron related prob-

lems in multilayer structures. The following seasadeal with this topic.

5.2.1 Photophysical properties bflPIF

Absorbance- and the photoluminescence spectrumtiRi can be found in figure 5.5
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Figure 5.5: Normalized absorbance and photolumarese othtlPIF in solution (red dashed lines) and as
thin film (black solid line).

The thin film emission shows a maximum at 435 nrthva less pronounced vibronic
fine structure maximum at 461 nm. The unstructaesorption spectrum has its maxi-
mum at 406 nm resulting in a Stokes-shift of 29 fAhe PL-emission of thatlPIF

solution has its maximum at 435 nm with a shoulaed61 nm and an absorbance

maximum at 406 nm (Stokes-shift: 29 nm). No sigaifit differences between thin film
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and solution spectra were found. The photolumineseeuantum yield in solution is
® = 87% and in thin filmb = 124% (relative to dioctylfluorene).

5.2.2 Fabrication of multi-layer structures

As mentioned, fabricating multi-layer structuresnfr solution can be challenging. It has
to be ensured that the solvent of the subsequdeipsited material does not dissolve
any subjacent layer. This can be realized by diffeapproaches, including the use of
materials with orthogonal solubilyor cross-linking polymers. Orthogonal solubility
means that the first involved polymer is only sdduin its distinct solvent and insoluble
in the solvent of the second involved polymer. Tikigiot given in case dftIPIF and
the emitter PIFs since both are perfectly solubleoluene. So it has to be elucidated if
htIPIF shows any thermally activated cross linking préipst. Therefore, thin films
were spin-coated on PEDOT:PSS and annealed in HROYE for 1 h. Subsequently,
the polymer layer was treated with the pure solwemer spin process conditions. Be-
fore and after the spin coating of toluene, thesfapickness was measured by AFM.
Independent of the layer thickness (up to 100 rangpmplete dissolving was found.
Thus, the process is not suitable for multi-laysbrication. In order to increase the film
stability, the annealing temperature was increase2D0°C. No detectable reduction of
the coated layer thickness was found after tolusssment. However, such high tem-
peratures are capable to change the emission piexpef the polymers due to the for-
mation of chemical defects. To exclude any chamgessorbance and photolumines-
cence spectra, these parameters were measureé hefbafter annealing. No changes
were found (Figure 5.6, left). Note that annealingair led to the development of a
broad pronounced emission centered around 590 guré5.6, right).
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Figure 5.6: Left: Absorbance (full symbols) and ssion (open symbols) of htIPIF before (black sgsiare
and after (red circles) annealing at 200°C in argobmosphere. Right: Emission after 1 h at 200°C in
ambient conditions.

5.3 Summary and discussion

Figure 5.7 comprises the thin film emission speofraomoPIF, coPIF-landcoPIF-2
The impacts of the slightly different chemical stires can be seen easivomoPIR
which is a pristine PIF, shows the expected emmsspmectrum. A strong enhancement
of the second maximum can be found in the cas®BfF-1 with its amine based units.
The emission spectrum @bPIF-2 suggests a very efficient energy transfer from the
PIF unit to the phenylene-vinylene units. Photoluesicence measurementscoPIF-2
solutions with low concentrations revealed a suggiom of this energy transfer. This is
apparently due to decreasing intermolecular coft@nteen single polymer chains. The
photoluminescence quantum yield is high for alke&hpolymers, making them good

candidates for applications as active layers in[PLE
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Figure 5.7: Normalized thin film emission spectfhomoPIF(black/squares);oPIF-1 (red/circles) and
coPIF-2 (blue/diamonds).

The hole transport materiatlPIF shows blue emission and a high photoluminescence
quantum yield as well. Its emission maximum is sadted with respect thomoPIF
andcoPIF-1 Since the band gap is smaller than that of thesegpolymers, there won't

be any energy barrier for electrons between theesidgs that, its good solubility in
toluene is a problem for multi-layer PLED applicats. No dissolving of the thin film
was not found for 200°C bake-out temperature amdpthotoluminescence spectrum
was stable. Nevertheless, a partial dissolvememhefayer after subsequent polymer
deposition cannot fully be excluded.
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6 Photoluminescence related material stability

A prerequisite for the application of light emigipolymers in PLEDs is their spectral
stability to ambient and chemical influences. Salvapproaches to investigate these

influences are presented in this chapter.

6.1 Stability with respect to thermal stress

Thin polymer films were spin-coated on glass sabstand annealed under ambient
conditions and under argon atmosphere. The photokstence spectrum was meas-
ured immediately after spin-coating and after 3@,Mih, 2h, 3h, 4 h and 5 h incre-
mental annealing. During annealing, ambient lighsvexcluded in order to avoid any
UV-induced effects.

6.1.1 homoPIF

The degradation series lmdbmoPIFunder ambient conditions is shown in figure 6.&ain
qualitative way (normalized to the second maximieft) and in a quantitative way
(right). The latter were normalized to the maximamission intensity of the untreated
sample, which allows a comparison of the absohtensities. Degradation under argon

can be found in figure 6.2.
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Figure 6.1: Thermal degradation series at 100°GoofioPIFunder ambient conditions. Left: Normalized
to the second maximum; Right: Normalized to thession maximum of the untreated sample.
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Figure 6.2: Thermal degradation series at 100°RoofioPIFunder argon. Left: Normalized to the second
maximum; Right: Normalized to the emission maximofnthe untreated sample.

In both cases the overall emitted intensity de@easignificantly. After 5 hours at
100°C the absolute intensity at 424 nm decreasdigeirtase of argon atmosphere by a
factor of ~4 and in case of ambient conditions ligckor of ~20. Normalized spectra of
the thin film treated under argon reveal a decredske maximum emission at 424 nm
and a slight enhancement of the emission in thetsgeregion between 480 nm and
600 nm (Figure 6.2, right). Similar, but much mprenounced changes were found for

films annealed under ambient conditions.

Due to the higher loss of intensity and the lowtab#ity under ambient conditions, the

investigated effects can clearly be assigned &ractions with oxygen and/or humidity.

Reversibility studies

Besides chemical changes of the emissive unit dug singlet-oxygen reaction, also
dynamic or static quenching processes are condeitaltause the overall reduction of
the emitted photoluminescence intensity. At leastdynamic quenching from oxygen
or humidity it should be possible to restore paftghe original emitted intensity by
reducing previously diffused oxygen or water frome film. Therefore two thin films
were prepared and annealed for 2 h under ambiewlitcans. Afterwards one film was
kept in high vacuum (< IT0mbar ) at room temperature for 2 hours, the ottirerWas
kept in high vacuum at 100°C for 2 hours. PL seuiere measured after each step.
The sense of annealing the second sample under &\tavintroduce some additional

energy into the system in order to break up possgobund-state complexes which
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would cause static quenching. figure 6.10 showsdtheslopment of the intensity over
time. It can clearly be seen that the emitted sitgrdid not recover. Hence, at least

dynamic quenching can be excluded.
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Figure 6.3: Photoluminescence intensity over tiorehio spin coated homoPIF films. A 2 h anneal®g i
followed by a 2 h HV step (red line/circles). Addital annealing in HV at 100°C (black line/squares)

6.1.2 coPIF-1

The thermal degradation series under ambient donditfor coPIF-1 can be found in
figure 6.4. Related to the 0-1 transition, a sligatrease of the emission maximum can
be found. The emission between 500 nm and 600 rewilizencreases. After 5 h at
100°C the absolute emitted intensity decreased fagtar of ~10. Similar, but less pro-
nounced effects were found after annealing undgoraatmosphere (see figure 6.5).

The absolute intensity decreased by a factor of ~4.
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Figure 6.4: Thermal degradation series at 100°Co#fiF-1 under ambient conditions. Left: Normalized
to the second maximum; Right: Normalized to thession maximum of the untreated sample
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Figure 6.5: Thermal degradation series at 100°€o®fiF-1 under argon. Left: Normalized to the second
maximum; Right: Normalized to the emission maximofthe untreated sample.

Again, this behavior clearly indicates an oxyged/an humidity induced effect. Com-
pared tohomoPIF, coPIF-1 shows a reduced spectral stability which thus loaras-

signed to the amine side-chains.

6.1.3 coPIF-2

Strong spectral instabilities were found é@PIF-2 The degradation series under ambi-
ent conditions (Figure 6.6) reveals a strong rebatlecrease of the phenylene-vinylene
emission with a maximum around 457 nm. The PIF simisbecomes more significant.
Already after 1 h annealing, tl®PIF-2 emission is similar to that aoPIF-1, which
indicates the complete deactivation of the phereA@nylene emission. Also the emis-
sion between 500 nm and 600 nm increased. This beaselated to the formation of
ketonic defect states. The same effects can benauséor annealing in argon. How-
ever, parts of the original emission still remaiftea4 h annealing. After 4 hours at
100°C the maximum intensity at 457 nm decreaséisaercase of argon atmosphere by a
factor of 6 and in the case of ambient conditiops lfactor of 20. A detailed discussion

about this behavior can be found in section 6.4.
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Figure 6.6: Thermal degradation series at 100°Co#fiF-2 under ambient conditions. Left: Normalized
to the original emission maximum around 457 nm;hRiight: Normalized to the emission maximum of
the untreated sample.
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Figure 6.7: Thermal degradation series at 100°€o@fiF-2 under argon. Left: Normalized to the oragin
emission maximum around 457 nm; Right: Normalizedhe emission maximum of the untreated sam-

ple.

6.2 Stability with respect to UV irradiation

Previous photoluminescence measurements pointedhatittwo measurements, one
immediately after the other, already show differemtission intensities. Therefore, the
excitation process itself can be made responstnig¢his effect. This process is com-
monly known as photobleaching and is caused byermdifft reasons dependent of the

chemical structure of the fluorophore. Mostly @is oxygen-induced effect.

For the investigation of the stability bbmoPIF coPIF-1 andcoPIF-2 with respect to
these effects, thin films of the polymers were smated and mounted in the measure-
ment chamber of a SHIMADZU RF-5301PC spectroflutbiaipmeter. A definite exci-
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tation wavelength was chosen via the excitation sobromator. To ensure large area
irradiation, the excitation slits were set to theaximum aperture. This led to an irradi-
ated area of ~ 5 mm * 5 mm. The irradiation wasnnipted by PL measurements after
certain time intervals (up to six minutes). Theutessof this experiment are depicted in

figure 6.8. The left column presents the degradaseries for an irradiation wavelength

of Mrr = 280 nm, the right column the series fgir = 380 nm.
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Figure 6.8: Continuous excitation of the polymbmnoPIF (top), coPIF-1 (middle) andcoPIF-2 (bot-
tom) with UV light. Excitation with\grgr = 280 nm (left) and,;rr = 380 nm (right).
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The UV irradiation results are similar to that ob&al during thermal treatment, but on a
lower timescalehomoPIFandcoPIF-1show good stability with minor decreases of the
emission maximum at 424 nm. Also, an increase efamission between 500 nm and
600 nm was found. The maximum intensity decreasetddldmoPIFby a factor of ~6 at
Mrr= 380 nm and by a factor of ~5 in the cas@,qt = 280 nm, respectivelxoPIF-1
emission intensity decreased in both cases by @rfat ~4. The most significant
changes of the PL emission showaaPIF-2 Relative to the emission maximum, the
shoulder at around 424 nm increased strongly dumiegtment. The intensity of the
emission maximum, however, decreased by a facterl6fin both cases. For all three
polymers, the spectral changes were stronger éirtadiation witihrr = 380 nm. At a
first glance, this seems to be contradictory bezahe high energy radiation with
280 nm caused less damage. This becomes cleararwéhiok at the absorption spec-
tra of the three polymers (Chapter 5). The maxinsihocated near 380 nm and only a
low absorption can be found around 280 nm. Thiddda the suggestion that the deg-

radation process is excitation related. A discussio this is given in section 6.4.

The next section deals with measurements on sealegbles in order to elucidate the

influence of oxygen and humidity.

Sealed samples

The previously described experiment was repeatet) @ sealed sample bbmoPIE
Basically the polymer solution was spin coated @taas substrate, covered with a sec-
ond glass substrate and sealed with epoxy. Notattivas only possible to irradiate the
sample withhirr= 380 nm due to the high absorption of the glasdirse in regions

lower than 350 nm. The result of the investigai®presented in figure 6.9.

Nearly no spectral changes were observed and tx@amam intensity decreased only
by a factor of ~2. So the enhanced overall stghbdl#n be ascribed to the exclusion of

oxygen and humidity realized by the sealing.
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Figure 6.9: Continuous excitation of a sealed holfAd#m. Azgr= 380 nm.

This result of a reduced stability for the exciatiwavelength where the polymer has
higher absorption as well as the increased staliditsealed films leads to the assump-
tion that not the UV irradiation itself damages t@ymer, but the highly reactive

singlet oxygen (section 2.5.2), created during @gsensitization process does.

6.3 Stability with respect to acidic environments

Motivated by the work of Kappaun et *4). who demonstrated protonation and
deprotonation reactions of the active layer whiabnsequently led to spectral
instabilities, acidic influences omomoPIF coPIF-1, coPIF-2 and htIPIF were

investigated. Due to it's popularity and its aciditaracter, any PEDOT:PSS induced
effects are of special interest. Furthermore, tifeiénces of a strong organic acid -

trifluoroacetic, and an inorganic acid - hydrocidacid were analyzed.

6.3.1 PIF/PEDOT:PSS double layers

In nearly every efficient PLED PEDOT:PSS is used asnoothing and hole transport-
ing layer between ITO and the active material. dsveupposed, that due to its acidic
character, its film-forming properties and its pbksdiffusion into the active material

(see theory section 3.3.3 for details), an intésaciith the active material at the inter-

face is possible.
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To investigate possible effects with photoluminesee spectroscopy, PEDOT:PSS
(~60 nm)/PIF double layers were fabricated. Thesjbs effect was expected to be
limited to the interfacial region, hence the degbBéF layer had to be very thin (spin-
coated from 0.1 g/l solution). Reference samplaedy(per solely on glass substrates)
from the same solutions were fabricated as wefjufé 6.10 shows the results too-
moPIF, coPIF-1, coPIF-andhtIPIF.
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Figure 6.10: PL spectra of PEDOT:PSS/polymer doiders (black line/squares) and reference spectra
of the polymer solely (red line/circles). top ldfomoPIE top right coPIF-1; bottom left:coPIF-2, bot-
tom right:htIPIF.

homoPIFandcoPIF-1 showed good stabilities - no significant changes tb the sub-
jacent PEDOT:PSS layer were found. However, sigaifi changes were observed in
the case of PEDOT:PS®PIF-2 double layers. Compared to the single layer system
they showed a significantly enhanced peak aroudd2. Beside a blue shift of 3 nm,
the PEDOT:PS®&tIPIF double layer system showed no significant chageise opti-

cal properties ofitlPIF due to an interaction with the PEDOT:PSS layer
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6.3.2 PIF / Trifluoroacetic blends

For further clarification of any acid-induced effetrifluoroacetic (TFA) in different

concentrations was added to the parent solutiodssabsequent spin-coated on glass
substrate. TFA (CF3-COOH) is a strong organic aid is, compared to other acids,
perfectly soluble in organic solvents like toluemdyich of course was the basic re-

quirement for this experiment. PL spectra of treults can be found in figure 6.11.
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Figure 6.11: PL spectra (normalized to the emissimximum) of polymer solution/TFA blends with
different ratios (see legend). top left: homoPIép tight: coPIF-1; bottom left: coPIF-2; bottom hitg
htIPIF.

Again, a no significant spectral changes iomoPIF coPIF-1 andhtlPIF were meas-
ured. Especially the good spectral stabilitycoPIF-1 and htIPIF was not expected
since they have amine-based transport groups: flegen atom of the latter, with its
lone electron pair in the valence shell, acts &= lzand can easily be protonated, which

can lead to spectral changés®
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The emission characteristics @fPIF-2 showed changes, similar to all previous degra-
dation studies: The PIF emission around 424 nmrhesanore significant compared to

the phenylene-vinylene emission with increasingl @oincentration.

6.3.3 PIF / HCI interactions

To investigate interactions with an inorganic atie samples were held over an open
bottle of fuming HCI for ~3 s. The photoluminescerspectra of the subsequent meas-

urement can be found in figure 6.12.

1.2 T T T 1.2 T T T
—=— pristine —=— pristine

§ 10} —o— fuming HCl for ~3s | § 10+ —o— fuming HCl for ~3s |
@ [}
2 g
208f 208 A
£ £
S 0,6 - S 06F 1
2 2
o
S04} o 0,41 1
N X
T 02} g o2t 1
£ 0,2 £ 0,2
2 2

0,0 1 1 f 0,0 1 1 1

400 450 500 550 600 400 450 500 550 600
wavelength (nm) wavelength (nm)
1.2 T T T 12 T T T
—=— pristine —=— pristine

§ 1,0t —=— fuming HCl for ~3s | § 104 —e— fuming HClI for ~3s |
@ @
@ @
_g 0,8 1 _g 0,8 1
£ £
S 06 1 S 06 4
° °
= =
5 041 1 - 041 1
] o]
N N
=R 1 T 02} 1
£ 0,2 £ 0,2
2 2

0,0 L L L 0,0 I .

400 450 500 550 600 400 450 500 550 600

wavelength (nm) wavelength (nm)

Figure 6.12: PL spectra (normalized to the emissimaximum) of polymer films exposed to HCI fume
(red line / circles) and reference measurementhi®funexposed sample (black line / square). tap lef
homoPIF; top right: coPIF-1; bottom left: coPIFk&ttom right: htIPIF.

The investigated effects were very limited whichn d#e due to the short interaction
time. However, they correspond with the resultsami®d with polymer solu-

tion/trifluoroacetic acid blends.
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6.4 Summary and discussion

A good spectral stability can be assignethaonoPIFandcoPIF-1 Changes during all
kinds of treatment were limited, but always relatea relative decrease of the emission
maximum at 424 nm and an increase of the relatwmesson between 480 nm and
600 nm. The biggest effect was found for thermadtiment under ambient conditions,
which suggests oxygen and/or humidity induced ¢&dfeBbsolute emission intensities
always strongly decreased. The fact that no regjoof the emission intensity was
found after a 2 hour lasting HV storage, leadsh&dxclusion of dynamic quenching as

causing factor.

Irradiation with UV-light §urr = 380 nm andurr= 280 nm) also led to the described
effects, whereas the samples showed a decreadslitystar low energy irradiation.
The absorbance of the polymers is higher for ig@ih withirgr =380 nm so it can be
suggested that this is a excitation related effeetdled samples showed increased stabil-
ity. This leads to the presumption that singlet gty (created by a photosensitized
process, see chapter 2.5.2) might react with ttgnpay, introducing chemical defects
and thus non-emissive units or spectral shifts.simificant acid-induced effect was
found forhomoPIFandcoPIF-1

The poly(indenofluorene) copolymer with amine argemylene-vinylene based units,
coPIF-2 showed a similar remarkable behavior during mitik of treatment. Related to
the emission maximum at 457 nm, the shoulder atrd24leveloped to a pronounced
peak. This can be assigned to the deactivatiomefphenylene-vinylene emission. A
possible process occurring during UV irradiationwdobe related to the formation of
singlet oxygen. Singlet oxygen can add in a [24&]l@addition to the doubly bonded
carbon atoms of the vinylene unit leading to a dtare intermediate. Then it's pro-
posed that this adduct breaks down into two aldesyf° This principle is shown in
figure 6.13
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Figure 6.13: Proposed chemical reaction betweenydbee-vinylenes and singlet oxygen responsible for
the deactivation of the phenylene-vinylene emission

This, however, does not explain the alike resutts the PEDOT:PSS/coPIF-2 het-
erostructures, the blends with trifluoroacetic aamt the treatment with fuming HCI.
Obviously, these effects are caused by the acrre@ment. A possible reaction may
be given by an electrophilic addition of the actdthe unsaturated carbon double
bond®®2This bond consists of a stromsgbond and a weakerbond. The latter acts as
nucleophile, attracting the elecrophile part of emoiles. This would be the hydrogen
atom in case of acids. The'4droton adds to one of the doubly bonded carbomsto
leaving the second carbon atom positively chargetisingly bonded. The latter forms
a bond with the remaining negatively charged aadical, creating a non-emissive unit.
Find the proposed reaction for HClfigure 6.14 The more positive part of the polarized
bond between hydrogen and chloride gets attradtedeoelectron rich vinylene bond
and forms a bond with one carbon atom. The remgi@ihacid radical reacts with the

second, now positively charged carbon afdnfihis principle can be applied for TFA

and PSS as well.

Figure 6.14: Electrophilic addition of HCI to theuble bond of the phenylene-vinylene unit.
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Minor effects were observed fotlPIF. The PEDOT:PSS/htIPIF double layer and treat-
ment with HCI leads to a slight blue-shift (~3 nof)the emission. Besides that, the
overall stability of the photoluminescence spectruas good. Thermal treatment,
which did not harm the photoluminescence spectrmmemperatures up to 200°C un-
der argon was already described in section 5.h2.development of a broad emission
peaking at 590 nm was observed for annealing uaihdaient air. Since only high bake
out temperatures lead to a non-dissolving filmdobsequent deposed layers, its chemi-
cal stability at these temperatures is an ultintatpuirement for PLED applications.
Also its increased stability to acids is a necessl@mand, because this layer is in con-
tact with PEDOT:PSS.
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7 Operational stability of PLED devices

This chapter deals with the stability lmdbmoPIF, coPIF-landcoPIF-2 with respect to
humidity and oxygen in PLED devices. The idea wasgerate the devices in a nitro-
gen atmosphere with defined amounts of oxygen onidity. Due to their molecular
size, oxygen and water can easily diffuse undernvanginholes through the metal cath-
odes into the polymer filmThe experimental setup is described in the nestise

7.1 Adopted PLED design and experimental methodology

To ensure an exclusive interaction of oxygen or iditsn with the active layerHo-
moPIF, coPIF-1or coPIF-2), a special device architecture was ch85en

* Due to the known strong interactions of calciumhvakygen and water, the top

electrode of the devices was made of aluminumsolel

* To enhance diffusion into the active area, theeleptrode of each device consisted
of four equidistant 150 um wide and 70 nm thicknailwum strips (Figure 7.1).

* No additional electron or hole transporting lay@ese used to exclude any possible

additional interactions.
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Figure 7.1: Top left: Ready made device; Top righeasurement cell with gas in and outlet; Bottoft le
Gas mixing and humidity measurement setup; Bottight:r Measurement cell with a rack for the fiber
optics to the detector.

Defined atmospheres were produced with a gas mamughumidity measurement plant
(developed at the NTC Weiz Forschungsgesellschbfi’® and applied to a special
measurement cell with gas in- and outlet (Figuig.7.

The actual measurement started with a referenceureraent under argon atmosphere
followed by a change of the atmosphere for a aetiaie (cycle 1). Subsequently the
device was stored under high vacuum (< ibar) for 60 minutes to reduce possibly
diffused oxygen or water, followed by a second eyth order to minimize operational
device degradation, the PLED was switched off betwthe individual steps. Further
more, a special rack (Figure 7.1, bottom right)ueed that the position of the fiber op-
tics to the detector did not change during or betwihe cycles. This precaution allowed
the comparison of the detected emission intensities

7.2 Stability of homoPIF

Figure 7.2 shows the electroluminescence spectadomoPIFdevice under argon and
under artificial air (22% @and 78% &) during cycle 1 and cycle 2.
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Figure 7.2: Electroluminescence spectraahoPlFrecorded under argon (black lines) and subsequent!
under artificial air after certain times (see ledjerCycle 2 (right) was recorded after a 1 houruan
storage.

A spectrally stable decrease to ~57% of the emitiezhsity was found during cycle 1.
During cycle 2 the intensity decrease was muchefagtfter 10 minutes in artificial
atmosphere ~34% remained. These increased effatisecassigned to the formation of

non-emissive dark spots.

7.3 Stability of coPIF-1

Find the electroluminescence spectraa@PIF-1recorded under argon and under artifi-
cial air (22% Q and 78% N) after certain times in figure 7.3.
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Figure 7.3: Electroluminescence spectraa®|F-1recorded under argon (black lines) and subseqguentl
under artificial air after certain times (see ledjerCycle 2 (right) was recorded after a 1 houruaw
storage.
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A spectrally stable decrease to ~68% compareddartaximum intensity was found
during cycle 1. The decrease in cycle 2 was mustefeand ~46% of the originally
emitted intensity remained. This again can be bsdrio the formation of dark spots. In
contrast tthomoPIFandcoPIF-2 the emitted spectrum strongly differs from thetoh

luminescence measurement. Here, the emissions maximan be found around

483 nm. A second peak appears at 428 nm.

7.4 Stability of coPIF-2

As described in Chapter @®PIF-2 had the worst spectral stability leading to exezhd
investigations of this polymer. Besides longeritasinteraction times (20 minutes), an
additional humidity influence was investigated. Mover, a reference measurement

under pure nitrogen atmosphere was performed.
Oxygen Interaction

An artificial atmosphere consisting of 22% &nd 78% N was used. The results can be

found in figure 7.4.
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Figure 7.4: Electroluminescence spectraz@®IF-2 recorded under argon (black lines) and subsequentl
under artificial air after certain times (see ledjerCycle 2 (right) was recorded after a 1 houruan
storage.

During cycle 1 a spectrally stable luminescencensity decrease to 55% was found.
The second cycle led to a faster reduction of théted intensity. After 20 minutes,

34% remained. Again, the spectrum was also stabiaegicycle 2.
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Humidity interaction

A humidified (20% relative humidity) nitrogen carigas was used as artificial atmos-

phere in this experiment. Find the results in fegurs.
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Figure 7.5: Electroluminescence spectraoPIF-2 recorded in argon (black lines) and in artifidiai-
midified atmosphere after certain times (see leye@uicle 2 (right) was recorded after a 1 hour vexu
storage.

The continuous exposition to humidity led to a $ply stable decrease of the emitted
intensity to ~20%. During cycle 2, the emitted gty decreased much faster and

~30% remained.
Refer ence measur ement

To exclude possible influences of the device opanatself, measurements under argon
and subsequently under pure nitrogen atmospheteath®f oxygen or humidified at-

mosphere were carried out. Figure 7.6 shows thétsgfer both cycles.
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Figure 7.6: Electroluminescence spectraa®|F-2 recorded under argon (black lines) and subseqguentl
under nitrogen atmosphere after certain times kggend). Cycle 2 (right) was recorded after a Irhou
vacuum storage.
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Only a limited decrease to ~80% of the originaligited intensity was found during
cycle 1 and to ~50% during cycle 2, respectivelgisTclearly shows that the device
operation under inert atmosphere or the switchvatgl off events had only very lim-

ited influence.

7.5 Summary and discussion

All devices showed a similar behavior. Find a eximpdiscussion on coPIF-2 in this
section. The intensity over time characteristicea®IF-2for pure nitrogen atmosphere,
oxygen atmosphere and humidified atmosphere arnetddpn figure 7.7. The results of

all experiments showed a very similar picture:

* Cycle 1: Spectrally stable decrease of the emétectroluminescence intensity.
* High vacuum storage: At least partial recoveryhef original emitted intensity.

« Cycle 2: Faster and stronger decrease of the ehtiftantensity.
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Figure 7.7: Intensity over time a@oPIF-2 Left: Reference measurements under nitrogen ginaos.
Right: Influence of artificial air (22% £and 78% N) onto the emitted EL intensity. Bottom: Influenaie
humidified nitrogen (20% relative humidity) ontoetlemitted EL intensity. (Black curves/squares: eycl
1; Red curves/circles: cycle 2)
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Reference measurements in pure nitrogen revealgdaovery limited decrease of the

emitted intensity especially during cycle 1. Theref the investigated effects cannot be
explained just by device degradation during operatiAlso the formation of non-

emissive dark spots due to cathode delaminationatdre responsible entirely because
of the fact that the emitted intensity partly ressafter high vacuum storage. However,
the faster decrease of the emitted electrolumimescetensity during a second cycle
can be assigned to an enhanced diffusion throutfiofes in the cathode and dark spot

generation.

This decrease of the emission intensity can berebddor phosphorescent materfals

as well as for fluorescent polymers like in thise&aHowever, the underlying mecha-
nism may be of fundamental difference. As descriipegection 2.4, phosphorescence
arises from the recombination of a triplet excitbhose states usually have a long life-
time in the range of microseconds to seconds. Quegaan only occur in the case of
molecular contact between diffused oxygen and xicged polymer within this lifetime.

In contrast to phosphorescence, singlet excitorftuorescent materials have a rather
short lifetime usually in the range of picosecotas few nanoseconds which is orders
of magnitude smaller than the lifetime of triplecions. Thus the quenching of triplet

excitons seems to be much more likely.

In addition to that, only ground state oxygen asgsjuencher. It is known that excited
oxygen has a lifetime of several microseconds ddéipgnon the matrix material. Re-
peated quenching is only possible if the excitegigex molecule has returned to its
ground state again. Due to the extensive lifetinfier@nce between an excited singlet
state of a polymer and the oxygen molecule, whscat ileast four orders of magnitude,

efficient quenching of singlet excitons seems fithia point of view unlikely.

The question, whether there is sufficient oxygeailable in the polymer film to explain
the strong decrease of EL-intensity, is not fulhswered so far. However, there might
be other mechanisms responsible for the intensityahse in fluorescent materials. Be-
sides static quenching, possible candidates woeldry polaron-oxygen/humidity in-

teraction.
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8 PLED device optimization with respect to their
efficiency

Besides the study of different environmental infloes, different PLED architectures
with respect to the devices efficiency were reaiz&ll materialshomoPIF(1), coPIF-

1 (2) and coPIF-2 (3) were characterized in an basic PLED single layarctire:
ITO/PEDOT:PSS, 2, 3/Ca/Al. In a next step, charge transporting layemslPIF and
TPBi - were introduced: ITO/PEDOT:P3$8PIF/1, 2, 3/TPBi/Ca/Al. The inherent
problem in the preparation of solution processedttifayer PLEDs concerning the dis-
solving of subjacent layers was already descrilmedhapter 5.2.2. After annealing at
200°C followed by a treatment with pure solventdissolving of the beneath coated
htIPIF layer was found. Furthermore, the photophysicalperties (PL, absorbance)
remained unchanged. To elucidate the observed rapettaracteristics, additionally
devices with htIPIF+1, 2, 3 1:10 blends as active layer were fabricated:
ITO/PEDOT:PSSitIPIF+1, 2, 3/TPBi/Ca/Al. Further on, the absence of PEDOT:PSS
onto the emission characteristics was examinea iiT @ homoPIF/Ca/Al PLED struc-

ture. As a first step, devices fabricated frotiPIF and TPBi were investigated.

All layers were prepared using following parametéraot stated otherwise):

Table 8.1: PLED device preparation parameters

Layer thickness

Annealing parameters

PEDOT:PSS
htIPIF

Active layer - PIF

60 nm

20 nm

45 nm / 150 nm

120°C for 1 h

70°C/200°C for 1 h

70°C for1lh

TPBI 10 nm; Rate: 0.2 nm/s -
Ca 10 nm; Rate: 0.2 nm/s -
Al 100 nm; Rate: 1 nm/s -
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8.1 htIPIF and TPBi-only device

As shown in section 5.2tIPIF exhibits good photophysical properties: High pheto
minescence quantum yield, good thermal stability Blue photoluminescence emis-
sion. Besides that, its band gap is smaller thandfhomoPIFandcoPIF-1which may
lead to a situation where holes are efficientlgated into the active layer, but electrons
are not blocked at thetIPIF/1, 2, 3 interface. Reason enough to investigati®IF's
performance in a PLED without any actual activearat. A ITO/PEDOT:PSS/100 nm
htIPIF/TPBIi/Ca/Al device was prepared. The current -agd - luminance characteris-
tics as well as the electroluminescence spectrendapicted in figure 8.1. The results
are summarized in table 8.2.
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Figure 8.1: Voltage-current-luminance charactearifgft) and electroluminescence spectrum (righgro
ITO/PEDOT:PSS/100 nintlPIF/TPBi/Ca/Al device.

Table 8.2: Key results of an ITO/PEDOT:PSS/100htiaIF/TPBIi/Ca/Al device.

onset max. luminance max. efficiency  peak maximum IE1831
32V | 1293cdh@8V | 0.12cdA@7V|  437nm | T 0

The electroluminescence emission exhibits blue @ons (CIE1931 x =0.151;
y = 0.085) with a maximum at 437 nm. The high cotrrgéensity up to 14000 Afris
the result of the increased hole transport in tnaad. Despite luminance values up to
1300 cd/m, the efficiency of 0.12 cd/A is quite low.

72



PLED device optimization with respect to their eiffincy

8.2 PLEDs based on homoPIF

Single layer, multi layer and blend systems witmoPIFare presented in the follow-
ing. To investigate the influence of PEDOT:PSStmEL emission spectrum, an addi-
tional device structure without PEDOT:PSS will bewn.

8.2.1 ITO/PEDOT:PSS/150 nm homoPIF/Ca/Al

This basic single layer configuration led to pofiiceencies and luminance values (see
figure 8.2 and table 8.3): A high current densityta 20000 A/ was found while the
maximum luminance with 290 cdfmvas low. Consequently the devices showed poor
efficiency in the range of 0.025 cd/A. However,ékiectroluminescence emission was
found (CIE1931 x = 0.173; y = 0.082) with a maximam428 nm and a vibronic fea-

ture around 446 nm.
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Figure 8.2: Voltage-current-luminance characterifgft) and electroluminescence spectrum (righgro
ITO/PEDOT:PSS/150 ninomoPIFCa/Al device.

Table 8.3: Key results of an ITO/PEDOT:PSS/150hamoPIFCa/Al device.

onset max. luminance max. efficiency  peak maximum IE1G31

40V | 290 cd/i@11V | 0.025cd/A @9V 428 nm ; z 8'322
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Theinfluence of PEDOT : PSS

The results in Chapter 6.3 revealed no distindtiérfce of PEDOT:PSS onto the photo-
luminescence spectrum bdmoPIFE To investigate a possible effect on the electniu
nescence spectrum, devices with and without a PEPSS layer and with different
active layer thicknesses were fabricated. The ad@yer thickness in one case was
~45 nm and in the second ~150 nm. Deviations indjer thicknesses due to the dif-
ferent wetting of the subjacent material (ITO splet ITO/PEDOT:PSS) was low (<
5%) and can be neglected. The resulting EL spac&rdhown in figure 8.3.
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Figure 8.3: Electroluminescence spectra of dewatsand without a PEDOT:PSS layer and with differ-
ent active layer thicknesses (see legend).

Apart from the poor performance of the devices authPEDOT:PSS layer, they show a
less pronounced vibronic transition. One explamatibthe investigated effect is a dif-
ferent location of the charge carrier recombinatmmme and the light out coupling
(Figure 8.4). In devices without PEDOT:PSS and wittalcium cathode, the recombi-
nation zone is expected to be near the ITO/OSGCfate. Therefore a fraction of the
emitted light can leave the device without passhmg active layer. Devices with PE-
DOT:PSS layer show better hole-injection. Althoutlle recombination zone is still
expected to be near the andcf& it might be broadened and shifted towards thé.bul
Now parts of the emitted photons have to pass péattse active layer and are therefore

possibly prone to self-absorption.
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Figure 8.4: Proposed location of the charge careeombination zone and the corresponding EL spectr

However, this would require that the recombinatzome for the two devices with dif-
ferent (45 nm and 150 nm) active layer thickness®s with PEDOT:PSS is located
exactly at the same position within the device ther experiments on this topic, espe-
cially with different cathode materials (e.g. Agl) And electron transporters, are sug-

gested.

8.2.2

ITO/PEDOT:PSS/htIPIF/homoPIF/TPBi/Ca/Al

As expected, the ITO/PEDOT:PSS/htIPIF/nomoPIF/TEBIAI configuration showed
much better performance (Figure 8.5, Table 8.4)nfared to théhomoPIF single-

layer device, the maximum luminance of 11000 édintreased about 37-fold, the

maximum efficiency increased ~48-fold.
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Figure 8.5: Voltage-current-luminance characterifgft) and electroluminescence spectrum (righgro
ITO/PEDOT:PSS/20 nm htIPIF/45 nm homoPIF/TPBi/CadAlice.
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Table 8.4: Key results of an ITO/PEDOT:PSS/20htRIF/45 nmhomoPIFTPBIi/Ca/Al device.

onset max. luminance max. efficiency peak maximum IE1G31
4.1V | 11004 cd/m@10V | 1.19 cd/A @6.5 V 442 nm § z 8333

The spectrum can be attributed neitheht®IF nor to homoPIFsolely. A corporate
emission of the two polymers seems possible. Thoslavrequire an at least partial
blending ofhtIPIF andhomoPIFat their interface.

8.2.3 ITO/PEDOT:PSS/htIPIF+homoPIF/TPBi/Ca/Al

In order to investigate the origin of the electroloescence spectrum in figure 8.5, a
device with ahtlPIF/homoPIFblend was fabricatedhtlPIF andhomoPIFwere directly
blended in solution with a ratio d¢itIPIF:homoPIF 1:10. The voltage-current density-
luminance characteristic as well as the electrah@sience spectrum are depicted figure

8.6, a summary of the key results is presentea &al.
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Figure 8.6: Voltage-current-luminance charactarifgft) and electroluminescence spectrum (righgro
ITO/PEDOT:PSSitIPIF+homoPIF 1:10/TPBi/Ca/Al device.

Table 8.5: Key results of an ITO/PEDOT:P&8?IF+homoPIF 1:10/TPBi/Ca/Al device.

onset max. luminance max. efficiency peak maximum IE1G31
86V | 2350cdih@17V | Li7cdA@12V  44lnm | JZO0o

Compared to the layered device, the onset voltageore than doubled in this configu-

ration and the current density was low. Also theesbed maximum luminance de-
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creased significantly by a factor of ~4. The el@ciminescence spectrum exhibits a

narrow peak with a maximum at 441 nm.

8.2.4 Summary and discussion

Devices based on pristine poly(indenofluoreheinoPIFwere fabricated in a single-
layer structure, in a multi-layer structure wittiPIF as well as in a polymer blend sys-
tem with htIPIF. Further on, the influence of the PEDOT:PSS lay@rthe emission
characteristic was investigated. The latter led thstinct difference - devices with PE-
DOT:PSS showed an enhanced second maximum. It deattsvo mechanisms can be
responsible for that. First, a shift of the reconalbion zone towards the bulk and thus
increased self-absorption. Second, spectral changesed by the acidic character of
PEDOT:PSS. Further experiments are necessarydomalete explanation.

Table 8.6 summarizes the key results of the deviSewle-layer devices showed a
comparatively bad performance. The implementatioht®|F and TPBI to the system

boosted device luminance and efficiency from ratbervalues to good results.

Table 8.6: Key results of tHeomoPIFbased PLED devices.

onset max. max. peak CIE1931
luminance efficiency maximum

Single- x=0.173

ayer | 40V| 290 cd/mMf @11V | 0.025cd/A @9V 428 nm Y= 0.082

Multi- x =0.149

layer 4.1V | 11004 cd/m @10V | 1.19 cd/A @6.5 \ 442 nm y = 0.097

Blend | 8.6V| 2359 cdiM @17V | L17cdiA @12V 441nm| )7 o

However, a spectral shift of the spectra obtaimechfmultilayer and blend device con-
figuration to a lighter blue region ,which cannet&ssigned tatlIPIF or homoPIF,was
observed. To elucidate the origin of the spectrdeyices with ahtlPIF+homoPIF
blend as active layer were fabricated. This led t@rrow emission characteristic, peak-
ing in the same region like the multi-layer PLEDheTspectra of the devices as well as

the spectrum of thktIPIF-only device can be found in figure 8.7.
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Figure 8.7: Comparison of the electroluminescepeetsa ohtlPIF, homoPIF, htIPIF/homoPIFmulti-
layer anchtlPIF+homoPIFblend PLEDs.

The presented spectra indicate at least a patéatiimg ofhtlPIF andhomoPIFat the
interface. Also, parts of the charge carrier reciiaion zone might be located in or

very close to th&tlPIF layer leading to the observed broadenings antsshif
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8.3 PLEDs based on coPIF-1

Basically coPIF-1 has a chemical structure basedhmmoPIFand additional a small
amount of triphenylamine based units. Thereforeinareased efficiency due to its bet-
ter hole transporting properties can be expectéa in the previous chapter, a single-

layer device, a multi-layer device and a blend dewere prepared.

8.3.1 ITO/PEDOT:PSS/150 nm coPIF-1/Ca/Al

The basic ITO/PEDOT:PSS/coPIF-1/Ca/Al setup ledutninance values as high as
947 cd/nf (at 17.6 V). This is a clear improvement to teenoPIFsingle-layer PLED.
Efficiencies are still low around 0.11 cd/A (at 24/). The obtained electrolumines-
cence emission was deep blue with its maximum & 2 (CIE1931: x = 0,166;

y = 0,074). The results are presented in figurea8@summarized in table 8.7.

14000

1400 1,2

T T T T T T
—=— Current Density operated @ 20 mA

12000 - —o— Luminance - 1200 10F

10000 - 1000

)

&

0,8
8000 <800
0,6

6000 - 600

04f

luminance (cd/m

4000 - 400

current density (A/m?)

2000 F 4 200 0.2

normalized electroluminescence

o ! . ) ;
0O 2 4 6 8 10 12 14 16 18 400 450 500 550 600
bias (V) wavelength (nm)

Figure 8.8: Voltage-current-luminance characterifgft) and electroluminescence spectrum (righgro
ITO/PEDOT:PSSJoPIF-1/Ca/Al device.

Table 8.7: Key results of an ITO/PEDOT:P&S?IF-1/Ca/Al device.

onset max. luminance max. efficiency peak maximum IE1631
75V | 947 cdif@17.6 V| 0.11 cd/A @14.2 428nm | 37 oo
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8.3.2 ITO/PEDOT:PSS/htIPIF/coPIF-1/TPBIi/Ca/Al

The highest luminance value of 21173 ctias well as a high efficiency with 3.25 cd/A
were obtained from the ITO/PEDOT:PSS/htIPIF/coPIFPBI/Ca/Al device structure.
A major drawback of this configuration was the #igant red-shift of the emission
compared to the single-layer device. The EL emimssbows a broad peak centered
around 465 nm (CIE1931 x = 0.151; y = 0.183).
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Figure 8.9: Voltage-current-luminance characteri@#ft) and electroluminescence spectrum (righgro
ITO/PEDOT:PSS/20 nm htIPIF/45 nm coPIF-1/TPBi/Cad@Vice.

Table 8.8: Key results of an ITO/PEDOT:PSS/20httRIF/45 nmcoPIF-1/TPBi/Ca/Al device.

onset max. luminance max. efficiency peak maximumIE1831
47V | 21173 cdih@1125 V| 3.25cd/A @6.75\  465nm | ¥ 7 120

Again, the observed electroluminescence emissiarackeristic can be assigned neither
to COPIF-1 (Amax = 428 nm) nor tdtIPIF (Amax = 437 nm) and at least partial blending at

their interface can be supposed.
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8.3.3 ITO/PEDOT:PSS/htIPIF+coPIF-1/TPBi/Ca/Al

In order to verify the supposed blending at therfiaice in the previous chaptét|/PIF
andcoPIF-1 were blended directly in solution with a rationlof0 and used as active
layer for this PLED (Figure 8.1, Table 8.9).
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Figure 8.10: Voltage-current-luminance charactierigeft) and electroluminescence spectrum (rigift)
an ITO/PEDOT:PS&tIPIF+coPIF-1 1:10/TPBi/Ca/Al device.

Table 8.9: Key results of an ITO/PEDOT:P&8?IF+ coPIF-11:10/TPBi/Ca/Al device.

onset max. luminance max. efficiency peak maximum IE1G31
B6V | 4187 cdif@26.8V| 406 cd/A @8.4V|  467nm | T

With 4.06 cd/A, the best measured device efficiewag observed from this structure,
while the achieved maximum luminance was only ~f/Bhe corresponding luminance
of the layered PLED. Also the onset voltage anddheing voltages are higher than
before. The electroluminescence spectrum showsr@wer and unstructured maxi-
mum peaking at 467 nm, which is nearly at the saaeelength as for the layered de-

vice.

8.3.4 Summary and discussion

For devices based @moPIF-1a better performance than foomoPIFwas expected due
to its increased hole transporting properties. Aglg-layer, a multi-layer witttIPIF
and a blend device were prepared. The summaryeablkained results can be found in
table 8.10.
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Table 8.10: Key results of the coPIF-1 based PLED®s.

onset max. max. peak CIE1931
luminance efficiency max.

Single- x =0.166

layer 75V | 947 cd/Pf @17.6V | 0.11 cd/A @14.2 428 nm y = 0.074

Multi- x=0.151

layer 4.7V | 21173 cdim @11.25 V| 3.25 cd/A @6.75 465 nmn y =0.183

Blend | 8.6 V| 4187 cdii@26.8V | 4.06 cd/A @8.4V| 467 nm ; 2 81‘2’?

The single-layer structure showed a deep blue @mnissgpectrum but low luminance
values and efficiencies. The multi-layer PLED g#we highest luminance values within
this work as well as good efficiencies. Howeveg #mission maximum was signifi-
cantly shifted to a lower energy region. This skdoé¢ kept in mind when interpreting
luminance and efficiency, because of the non-Ineé&tionship between emission color
and luminancé® Blend devices showed the best efficiencies but alsed-shifted emis-
sion spectrum compared to single- and multi-laysriak. The spectra of the devices as
well as the spectrum of thelPIF-device can found in figure 8.11.
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Figure 8.11: Comparison of the electroluminescesmectra ohtlPIF, coPIF-1, htlPIF/coPIF-1multi-
layer anchtIPIF+coPIF-1 blend PLEDs.

The shape of the multi-layer and the blend spectespecially their common emission
maximum strongly indicate that the electroluminesee spectrum of the multi-layer

device arises from partial blending at titéP1F/coPIF-1interface. Also the recombina-
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tion zone can be assumed to be around the interfbm@ever, the exact nature of the

emission spectrum remains unclear.
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8.4 PLEDs based on coPIF-2

Additional to the amine units @bPIF-1, phenylene-vinylene units are implemented in
coPIF-2 Photoluminescence investigations already showatthese units are efficient
emitters but were found to be unstable with respea@mbient and acidic influences

(Chapter 6). Device structures equal to the preshopresented were fabricated.

8.4.1 ITO/PEDOT:PSS/150 nm coPIF-2/Ca/Al

Devices with acoPIF-2 single layer showed an emission maximum at 446noh a
shoulder at 426 nm, with a maximum luminance of &8t and a maximum effi-
ciency of 0.2 cd/A. A high onset voltage aroundVl®%as measured. The results are

presented in figure 8.12 and summarized in taldl#.8.
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Figure 8.12: Voltage-current-luminance characteri¢teft) and electroluminescence spectrum of an
ITO/PEDOT:PSSJIoPIF-2/Ca/Al device.

Table 8.11: Key results of an ITO/PEDOT:PSS/150coflF-2/Ca/Al device.

onset max. luminance max. efficiency peak maximum IE1G31
12V | 938cdM@29V | 02cdA@22V|  446nm | 070

8.4.2 ITO/PEDOT:PSS/htIPIF/coPIF-2/TPBi/Ca/Al

The ITO/PEDOT:PSS/htIPIF/coPIF-2/TPBi/Ca/Al multiyer device structure showed

strongly improved device properties compared to dimgle-layer architecture. Lumi-
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nance values up to 17000 cd/mere measured. The maximum efficiency of 2.31 cd/A

was measured at 6.5 V. As feomoPIFandcoPIF-1the broad and mostly structureless

electroluminescence emission (CIE1931: x =0,142;0y151) with a maximum at

460 nm is red-shifted by 14 nm compared to thelsitayer device. Again, a blending

at the interface can be a possible reason.
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Figure 8.13: Voltage-current-luminance charactieri@eft) and electroluminescence spectrum (rigift)

an ITO/PEDOT:PSS/20 nitlPIF/45 nmcoPIF-2TPBi/Ca/Al device.

Table 8.12: Key results of an ITO/PEDOT:PSS/20hilRIF/45 nmcoPIF-2TPBIi/Ca/Al device.

onset max. luminance max. efficiency peak maximum IE1631
12V | 16027 cdih@9.75V| 231 cd/A @65V 460mm | X7 1T
8.4.3 ITO/PEDOT:PSS/htIPIF+coPIF-2/TPBi/Ca/Al

As in the case ohomoPIFandcoPIF-1, the device structure with lalPIF+coPIF-2

1:10 blend as active layer was fabricated to ingatt and to compare the nature of the

electroluminescence spectrum with multi-layer desicThe results are presented in
figure 8.14 and in table 8.13.
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Figure 8.14: Voltage-current-luminance characterifeft) and electroluminescence spectrum (rigiit)
an ITO/PEDOT:PS&tIPIF+coPIF-2 1:10/TPBi/Ca/Al device.

Table 8.13: Key results of an ITO/PEDOT: P& IF+coPIF-2 1:10/TPBi/Ca/Al device.

onset max. luminance max. efficiency peak maximum IE1G31
7V | 1087cdih@19V | 074cdA@13V  aa6nm | )Tl

Compared to the multi-layer device, the luminanue the device efficiency were much
lower. Its emission characteristics, with a maximataround 446 nm, was similar to

the emission spectrum of tkePIF-2single-layer devices.

8.4.4 Summary and discussion

As for homoPIF and coPIF-1, the single layer device showed the worst perfoicea

with respect to maximum luminance and to maximufitiehcy. A strong increase of
the obtained luminance and efficiencies was foumdHe multi-layer device. However,
compared to the single-layer systems, a red-shiftdoom of the emission maximum
was observed. Devices with a blend system as aeiyex again showed a lower maxi-

mum luminance and maximum efficiency. Find all fesssummarized in table 8.14.
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Table 8.14: Key results of tlewPIF-2based PLED devices.

onset max. max. peak CIE1931
luminance efficiency maximum

Single- x =0.205

layer 12V 938 cd/Mm@29 V 0.2 cd/A @22V 446 nm y = 0.187

Multi- x =0.142

layer 12V | 16927 cd/m@9.75 V| 2.31 cd/A @6.5 \ 460 nm y = 0.151

Blend | 7V | 1087 cd/m@19V | 0.74 cd/A @13V 446 nm ; 2 8'121

The spectra of all three different device structuas well as the spectrum of tht#PIF-

only device structure can be found in figure 8lbSstrong contrast to the results of the
homoPIFand coPIF-1 PLEDs, here the emission spectrum of the singlerlaevice

and the emission of the blend device nearly overlagpossible explanation to this
overlap can be given by the picture of charge eamovement towards energetically
favorable states. Phenylene-vinylene units usumdiye a band gap lower in energy than
that of poly(indenofluorendf. Since a lower band gap represents an energetically
favorable position for charge carriers lotPIF andcoPIF-2, phenylene-vinylene units
might act as trap and recombination occurs modtlihese units. Thus, the emitting
species in both casesofIF-2 single-layer devices & blend devices) are the plesre-

vinylene units, leading to nearly identical emissgpectra.
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Figure 8.15: Comparison of the electroluminescesmectra ohtlPIF, coPIF-2, htlPIF/coPIF-2multi-
layer anchtIPIF+coPIF-2 blend PLEDs
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9 Conclusion

The scope of the presented master thesis was thepgftysical and electrooptical char-
acterization of poly(indenofluorene) based homo aogolymers. Chapter 4 presents
the used experimental methodology, including a ildetadescription of an indirect
method to measure the photoluminescence quantudh fgiesolutions. A careful cali-
bration of the operated spectrofluorophotometeiicwvis an important requirement for

this measurements, was successfully realized.

The basic photophysical investigations revealedtijmomstructured absorption spectra
with a maximum around 400 nm for all three polyméFbe emission is, however,
strongly depended on the different chemical progemhomoPIFshowed the expected
poly(indenofluorene) emission similar to spectrpoméed in literaturé® A strong en-
hancement of the second maximum was foundcti?IF-1 coPIF-2 showed a red
shifted emission maximum around 457 nm, which igaapntly due to its phenylene-

vinylene units which are considered to the emitSpgcies.

Different approaches were made to investigate tthialgy of the materials with respect
to thermal stress, UV-irradiation and acidic eneim@nts. A good spectral stability can
be assigned tbhomoPIF, coPIF-land htIPIF: Changes during all kinds of treatment
were limited, but always related to a relative dase of the emission maximum at
424 nm and to an increase of the relative emisseiween 480 nm and 600 nm. How-
ever, the observed effects were bigger for treatsnander ambient conditions which
clearly indicates oxygen or humidity induced effed@ possible explanation can be the
related photosensitized production of singlet oxygéiich might react with the poly-
mer, thus leading to the spectral instabilitiEse absolute emission intensities always
decreased. The fact that no recovery of the intyem&s measured after a 2 hour lasting
HV storage leads to the exclusion of dynamic quierclas causing factor. The spec-
trum of coPIF-2 showed another behavior during treatment - relédethe emission
maximum at 457 nm which is due to phenylene-vingl@mission, the shoulder at
424 nm developed to a pronounced peak which camsbigned to the deactivation of
the phenylene-vinylene emission, whereas the PliEstom remains. A possible process
occurring during thermal stress or UV irradiatienai dissociation of the emissive unit

into non emissive aledehyd®<® The spectral changes in acidic environments may be
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due to an electrophilc addition of the acid to tineleophile carbon double bound of the

vinylene unit.

The operational stability of PLED devices was inigegged in chapter 7. Every tested
device configuration showed the same behavior: tBestable electroluminescence
intensity decrease when operated in artificial ajph@re (22% ©in N, or 20% relative
humidity in N;) and at least partial recovery of the emittednsiy after 1 h HV stor-
age. In a second operation cycle the intensity edesad faster. These observations
clearly indicate a dynamic process, however, igcexature is not completely under-
stood so far. Quenching by oxygen or water is monékely than for phosphorescent

dyes due to their shorter excited state lifetimes the long excited state lifetime 0.0

The scope of Chapter 8 was the optimization ofed#iit PLED device structures with
respect to the efficiency. The single layer confagion showed the worst efficiency and
luminance for all three emitter materials. Howeuwle obtained electroluminescence
spectra were similar to the photoluminescence spegtdditional electron and hole
transport layers increased the highest luminantgesaas well as the efficiencies. The
best results were obtained fooPIF-1 with ~21100 cd/rhand 3.25 cd/A. Also, a red-
shift compared to the single-layer devices was doue to the fact that devices with a
htIPIF+PIF blend as active layer, showed similar electrolesgence spectra, the ori-
gin of this effect was assigned to a partial blagdat the htIPIF/PIF interfacial region.
This mutual dissolving of the used solvents pomis the major problem of solution
processed multi-layer PLEDs. To overcome this diaathge, completely cross-linking
hole transport materials or orthogonal solubilifytlee used polymers are desired. Vari-
ous approaches towards the latter, such as thed#bn of structures using polymers

with fluorinated and non-fluorinated side-chainfiene pursued latel§}.
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