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a  b  s  t  r  a  c  t

In this  work  the  current  knowledge  on  the  electrical  degradation  of  polymer-based  light-emitting  diodes
is reviewed  focusing  especially  on  derivatives  of  poly(p-phenylene-vinylene)  (PPV).  The electrical  degra-
dation  will  be referred  to as  electrical  fatigue  and  is  understood  as  mechanisms,  phenomena  and  material
properties  that change  during  continuous  operation  of  the  device  at constant  current.  The  focus  of this
review  lies  especially  on  the  effect  of chemical  synthesis  on the transport  properties  of  the organic  semi-
eywords:
LED
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PV

conductor  and  the device  lifetimes.  In addition,  the prominent  transparent  conductive  oxide  indium  tin
oxide  as  well  as  In2O3 will  be  reviewed  and  how  their  properties  can  be altered  by  the  processing  con-
ditions.  The  experiments  are  accompanied  by  theoretical  modeling  shining  light  on  how  the change  of
injection  barriers,  charge  carrier  mobility  or trap  density  influence  the  current–voltage  characteristics  of
the diodes  and on  how  and  which  defects  form  in  transparent  conductive  oxides  used as  anode.
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performance and degradation of the produced light-emitting
diodes.
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. Introduction

In the field of organic electronics, organic light-emitting diodes
OLEDs) are nowadays the devices that have already successfully
ntered the market [1]. Even though the amount of produced
rganic displays will continuously grow and new application fields
ill be entered, a lot of processes contributing to the functionality

f the devices are still not fully understood and intense research is
till ongoing.

Among the variety of organic semiconductors (OSCs), the poly-
ers offer great possibilities in terms of processing: As they are

rocessed from solution, spin coating and printing techniques are
nvisaged due to their potential low cost production. Neverthe-
ess, most commercial devices that are on the market today are

ade of low molecular weight compounds that are also known
s small molecules [1,2]. For these materials the device perfor-
ance and lifetime are usually superior to polymeric devices

3] but they have the disadvantage of thermal evaporation pro-
essing requiring high vacuum conditions. In order to merge
he advantages of both material classes one strategy of the last
ecade has been to make small molecules solution processable
4–6].

However, polymeric semiconductors are still widely used in
rganic electronics, making the understanding of the fundamen-
al processes contributing to the functionality of the devices and to
heir degradation during electrical operation essential. This work
oes not intend to give a complete and universal overview on
evice degradation. It attempts to summarize main parts of cur-
ent knowledge of device degradation in polymer-based organic
ight-emitting diodes (PLEDs) highlighting especially the results
btained within the present collaborative work covering the whole
rocess chain from materials synthesis, device processing and
haracterization to device modeling. Taking the results from the
ifferent disciplines we want to emphasize that device degrada-
ion is a complex subject making the universal understanding of
ts origins due to the multitude of materials and device geometries
hallenging.

.1. The structure and functional principle of organic
ight-emitting diodes
In the most simple organic light-emitting diode, one organic
emiconducting layer is sandwiched between two electrodes. Dur-
ng the application of an electric voltage, holes and electrons will
e injected from the anode and cathode, respectively. In order to
 . . .  . . . . .  .  . . . . . . .  . . . . . .  . . . . .  . .  .  . . . . . . .  . .  . . . . .  .  . . . . .  . .  .  .  . .  . . . .  . . . . . .  . .  . .  . . . .  49

make this charge carrier injection efficient, the involved injection
barriers should be as low as possible. This means that the work
function of the anode and the highest occupied molecular orbital
(HOMO) of the semiconductor as well as the work function of
the cathode and the lowest unoccupied molecular orbital (LUMO)
should match. For common organic semiconductors the energetic
position of the HOMO is around 5 eV and that of the LUMO around
3 eV [7]. The material of choice for the anode is the transpar-
ent and conductive Sn-doped indium oxide (ITO) allowing for
a good hole injection and for the outcoupling of the generated
electroluminescence through the substrate. The electron inject-
ing contact consists of a low work function material like an
alkaline or earth alkaline metal. In order to produce light, the
injected charge carriers need to be transported in the electric
field until they meet forming an exciton. This quasi-particle can
diffuse within its lifetime until it decays radiatively, thereby pro-
ducing light that is emitted, or non-radiatively thereby producing
heat.

In this review PLEDs have been investigated consisting of
a single layer of fluorescent poly(p-phenylene-vinylene) (PPV)
derivatives synthesized in our own labs in order to keep con-
trol over the quality of the material and the defect contents.
The polymers under consideration are red-emitting poly[2-(2′-
ethylhexyloxy)-5-propoxy-1,4-phenylene-vinylene] (OC3C8-PPV),
poly[2,5-bis(2′-ethylhexyloxy)-1,4-phenylene-vinylene]
(OC8C8-PPV) and poly[2-(3′,7′-dimethyloctyloxy)-5-methoxy-
1,4-phenylene-vinylene] (OC1C10-PPV) whose chemical structures
are depicted in Fig. 1. The class of the PPVs has been employed
as model system to systematically study the impact of chem-
Fig. 1. Chemical structures of the investigated organic semiconductors.



28 A. Gassmann et al. / Materials Science and Engineering B 192 (2015) 26–51

F
s
n

e
h
w
p
s

1

w
d
c
T
f
f
m
a
o
o
T
m
h

d
r
d
p
[
e
n
o
i
i
t
e

Fig. 3. Electroluminescence spectra for fresh and electrically fatigued OC3C8-PPV
OLEDs measured at a constant current density of 10 mA/cm2. The inset shows the
ig. 2. Phenomenology of electrical fatigue in PPV-based devices operated at a con-
tant  current density (here 50 mA/cm2). Luminance and driving voltage have been
ormalized to the initial values.

ITO is employed as anode in combination with a poly(3,4-
thylenedioxythiophene) poly(styrene sulfonate) (PEDOT:PSS)
ole injection layer. A calcium layer serves as cathode that is capped
ith an aluminum overlayer to avoid oxidation. The devices are
repared and characterized in a glove box with inert nitrogen atmo-
phere.

.2. The phenomenology of electrical degradation

Device degradation can have several appearances, therefore it
ill be first defined which different types can be distinguished. The
evice degradation addressed here is due to the continuous electri-
al operation of the PLED and will be referred to as electrical fatigue.
he aging of a device during long term storage will not be in the
ocus of this contribution. In this work the diodes are electrically
atigued by the application of a constant current density as is com-

on practice in the field [8–13]. Usually, an increase in voltage and
 homogeneous decrease of the intensity of the emitted light with
peration time are observed as shown in Fig. 2. This phenomenon is
ften referred to as intrinsic degradation of the devices [7,8,14,15].
o characterize the state of the fatigue, the t50 lifetime is deter-
ined, i.e. the time after which the initial luminance decreased to

alf of its initial value.
Another manifestation of fatigue can be the inhomogeneous

ecrease of the luminance due to the formation of non-emissive
egions or dark spots. Their presence is usually related to the oxi-
ation of the cathode by moisture or oxygen at pinholes or dust
articles [9,16,17] and to the delamination of the top electrode
18–20]. It is generally believed that pre-existing structural defects
specially at the organic semiconductor/cathode interface act as
ucleation sites for the dark spots, whereas species like water and
xygen mediate their growth. Since all investigations are conducted

n inert atmosphere only, this effect is minor and will not be detailed
n this work. However, the so-called sudden death phenomenon has
o be considered. It is the catastrophic failure of the device due to
lectrical shorts: The driving voltage suddenly drops to very low
same data normalized to the emission maximum.

values1 while the diode does not emit light any more (see Fig. 2).
It is believed that the latter two  degradation phenomena can be
successfully suppressed by a proper processing and encapsulation
of the devices [7–9,14,15] whereas the intrinsic degradation still
remains not fully understood.

In our understanding electrical fatigue includes all mechanisms,
phenomena and material properties that change during the con-
tinuous operation of the device. Consequently, this implicates all
physical processes contributing to the functionality of the device
like charge carrier injection, charge carrier transport and light gen-
eration. In OLEDs these processes are not independent from one
another, thereby the change of one process induces in general also
other changes. Therefore, it is usually attempted to conduct fatigue
experiments in such a way that the specific effect on e.g. the life-
time or the transport properties is investigated preferably without
changing other properties.

Yet, this is challenging as it is hardly possible to assign which
process contributes to what extent to the fatigue or where it
actually occurs in the device. Even though the decrease of the
electroluminescence intensity with prolonged operation time is
observed homogeneously on the whole active area of the PLED,
the here described fatigue is not a global phenomenon per se. The
photoluminescence of the PPV derivative that is measured simulta-
neously with the electroluminescence shows no changes over time
indicating that the majority of the polymer molecules is not affected
by the continuous electrical operation of the device [21–23]. Addi-
tionally, the shape of the electroluminescence spectrum does not
change during electrical fatigue experiments, even though the
absolute intensity decreases more and more (see Fig. 3). Thus,
fatigue is in general a local phenomenon during which presumably
only small volumes of the semiconductor are involved. This can be
the semiconductor/electrode interfaces that are changed thereby
affecting the injection of both charge carrier types. Another possi-
bility is the creation of trap states in the bulk that affect the charge
carrier transport properties. It is known from previous work that
even small amounts of trap states in the ppm range can alter the
charge carrier transport dramatically [24].
1 These are usually around 2 V for a driving current density of 50 mA/cm2, in oppo-
sition to the otherwise measured voltage being ≥5 V depending on the fatigue status
of  the device.
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defects and impurities completely. Subsequently, the polyfluorene
ributing to electrical fatigue of organic light-emitting diodes.

.3. Possible mechanisms to explain fatigue phenomena

Within the last decade a considerable amount of research work
as been focused on understanding the mechanisms causing degra-
ation in OLEDs. Fig. 4 sums up the most important factors that have
een found to contribute to the electric operation-related dete-
ioration of organic light-emitting devices. Here, a classification
etween bulk and interface processes has been chosen.

The degradation of a device can have extrinsic origins like the
iffusion of oxygen or water into the layers. This leads for example
o a chemical reaction with the cathode that is usually deposited as
he last layer of the device. As a consequence non-emissive dark
pots evolve and the whole top electrode might delaminate as
entioned above. Accordingly, active area is lost for light emis-

ion as well as active volume for current conduction, leading to an
ncreased driving voltage of the device (at an applied constant cur-
ent). As aforementioned, these effects can be successively avoided
ith a proper device processing and hermetic encapsulation.

The origin of intrinsic degradation on the other hand is not so
bviously to identify, as intrinsic degradation is strongly material
ependent. In general, highly efficient OLEDs have a multilayer
etup to ensure optimal charge carrier injection and conduction,
arrier balance and recombination at a certain region in the device.
onsequently, the functionality of the device is ensured by the

nterplay between many different organic semiconductors, emit-
ers and possibly also metal oxides used as dopants or injection
ayers. The chemical degradation of small molecules in the bulk
as been reviewed recently by Schmidbauer et al. [8] who  stated
hat the dissociation of weak bonds and the following radical for-

ation leads to chemical reactions with neighboring molecules.
lso other groups, e.g. [25–29], support these findings with similar
esults. The defects, generated as a result of the chemical degra-
ation, affect the charge carrier transport properties as well as the

uminescence properties of the OLED negatively. Apart from these
efects in the bulk of the semiconductor, interface reactions at the

lectrodes might take place leading to the formation of electronic
tates in the energy gap that can be filled [30–36] or to the forma-
ion of reaction products [23,37] both deteriorating or impeding
d Engineering B 192 (2015) 26–51 29

charge carrier injection and as a consequence the charge carrier
balance in the device. Further processes affecting the functionality
of OLEDs are photodegradation, photooxidation and photobleach-
ing occurring under illumination. Here a decrease of the emission
intensity is observed [38–43] or also wavelength-shifted emission
features changing the overall color of the device [44,45]. Addition-
ally, the light emission intensity is influenced by the presence of
quenching sites [14,40,46,47]. Recently, it has also been found that
the self-absorption of the light generated by the PLED influences its
charge carrier transport properties by prolonging the holes’ tran-
sit time [22], i.e. decreasing their mobility as will be discussed in
Section 4. This finding is attributed to the formation of trap states.

In the case of electrically fatigued devices trap-formation could
be confirmed for different materials and using various methods
[13,22,48–51]. A consequence might be the broadening of the
density of states or the introduction of a trap state density both
resulting in lower effective charge carrier mobilities and possibly
also a transition to a dispersive transport.

In order to increase the yield and to enhance the lifetime of
OLEDs, PEDOT:PSS has been introduced and been frequently used
as hole injection layer [9,52–55]. One additional benefit of this
interlayer is that the ITO anode is not in direct contact with the
organic semiconductor. Therefore, PEDOT:PSS takes also the role
of a buffer layer for possibly out-diffusing oxygen from ITO. Yet, it
cannot block the out-diffusion of indium that has been observed
to penetrate deeply into the organic layer(s) [54,56,57]. Despite of
this, indium migration seems to play only a minor role in the fatigue
of small-molecular or polymeric OLEDs. Most of today’s devices
still contain ITO and show decent or very good lifetimes. On the
other hand more and more investigations reveal that PEDOT:PSS
also introduces problems for the devices [58–60]. This motivates
current research on replacing PEDOT:PSS by alternative materials,
e.g. transition metal oxides.

For a more detailed analysis of interfacial degradation in organic
devices, the review by Turak [58] is recommended.

2. Chemical defect engineering in polymeric
semiconductors

Since the discovery of electroluminescence, polymer-based
semiconductors are widely investigated. They are promising can-
didates for different kinds of (opto)electronic applications [61–68].
In the following section investigations on the synthesis of two poly-
meric semiconductors will be reflected: Iridium-functionalized
polyfluorenes (PFs) and PPVs. Both types of materials have proven
to be useful emitters in OLEDs that can be achieved either by poly-
condensation [69–75,77,78] or with the help of precursor methods
[76,79–81].

Drawbacks of most synthetic methods are the formation of con-
stitutional defects, reactive polymer end-groups, in some cases
metal-catalyst impurities and low-molecular weight materials
[82,83]. Those defects and impurities are known to limit lifetime
and efficiency of resulting devices considerably. While constitu-
tional defects can interrupt the conjugation and therefore the
charge carrier transport along the polymeric backbone (for exam-
ple the exomethylene defect in polymers synthesized via the Heck
reaction), catalyst impurities can cause short-circuit in the devices
[82]. In addition, materials of low molar mass bear the risk of a high
level of reactive end-groups and poor physical properties, i.e. film
formation.

Therefore, methods were investigated to reduce or avoid those
derivatives are prepared via the Suzuki- [69–71] and Yamamoto-
approaches [72] whereas the PPVs are prepared via the Heck-
[73–75] and the Gilch-methods [76].
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ig. 5. Synthesis of iridium-functionalized polyfluorenes via the Suzuki and Yam
ethod:  x = 1.0 . . . 0.9, y = x + z = 1, z = 0.0 . . . 0.1, catalyst = tetrakis(triphenylphosphi

yst  = bis(1,5-cyclooctadiene) nickel(0) (Ni(COD)2) + 2,2′-bipyridine.

.1. Suzuki and Yamamoto synthesis of polyfluorenes

For the realization of blue emission in OLEDs, polyfluorenes
re considered a very useful class of materials [84–86]. Their syn-
hesis can be achieved via step-growth processes. The target of
ur investigation was to realize the synthesis of polyfluorene-
ontaining substituents with heavy-metal atoms like iridium to
reate triplet emitters [87,88]. The synthesis was achieved via two
ifferent approaches, a precursor route A and a direct route B (see
ig. 5).

In both routes the Suzuki and the Yamamoto methods were
pplied. In case of the precursor route the results showed that the
uzuki method delivers material of high purity. Unfortunately, the
oordination of the ligand is not quantitative. For the Yamamoto
ethod the precursor route delivers material of low purity and high

mounts of remaining metal catalyst contamination. In case of the
irect route the Suzuki method delivers material of low purity and

ow molecular weight. In contrast, the Yamamoto method leads to
olymers of high purity and a considerable constitutional homo-
eneity [87].

Although the Yamamoto reaction is the method of choice to
repare iridium-functionalized polyfluorene, remaining traces of
etal catalyst in the polymer and low degrees of polymerization

re still issues in the realization of appropriate lifetimes in OLEDs.

.2. Heck and Gilch synthesis of poly(p-phenylene-vinylene)s

PPVs are another class of promising light-emitting semiconduc-
ors whose synthesis can be achieved via different procedures. On
he one hand it is possible to receive this material via step-growth
rocesses like the Heck reaction [73–75]. Another possibility uses
hain-growth processes like the Gilch method [76].

At first the results for the transition metal catalyzed Heck

rocedure (see Fig. 6) will be described. Usually, the catalytic
ystem consists of palladium(II)acetate (Pd(OAc)2), triphenylphos-
hine (PPh3), triethylamine (Et3N) and N,N-dimethylformamide
DMF) [89]. The resulting material is most likely oligomeric
to method: precursor synthesis (route A) and direct synthesis (route B). Suzuki
lladium(0) (Pd(PPh3)4); Yamamoto method: x = 1.0 . . . 0.9, y = 0, z = 0.0 . . . 0.1, cata-

and therefore not suitable for OLEDs. Thus, another much
more promising catalyst system has been developed that
consists of bis(dibenzylideneacetone)palladium(0) (Pd(dba)2),
tri-tert-butylphosphine (PtBu3), diisopropylamine (NHiPr2) and
tetrahydrofuran (THF) [90]. The resulting polymer provides high
yields and extremely high degrees of polymerization (Pn ≈ 50). By
means of adding substituents to monomers that include branch-
ing in �-position, the solubility was  improved further and higher
degrees of polymerization (Pn ≈ 75) were reached. Even though the
desired material was  obtained in high yield and high molecular
weights, it was not possible to control defect formation completely.
Every change of the monomer structure that led to high molecu-
lar weights had the opposite effect on the formation of defects,
especially the formation of the exomethylene defect. These find-
ings considered that the received materials were not pure enough
and the resulting molecular weights were not high enough to test
those materials for OLED applications.

Regarding the Gilch method, the performed investigations
started in a different way. As already mentioned above, this syn-
thetic procedure is a chain-growth process. Even though the Gilch
method was developed already in 1960 [76], researchers were still
discussing the nature of the mechanism of this reaction. While
some groups regard the mechanism as anionic, others expect it to be
radical [79,91–98]. Therefore, the first challenge was to identify the
real nature of the Gilch mechanism. With the help of spectroscopic
methods like low temperature nuclear magnetic resonance (NMR)
the formation of a key compound in the polymerization process,
a quinodimethane derivative (Fig. 7, intermediate 2) was detected
[99–101].

Due to this essential observation, it could be proven that the
mechanism of the Gilch reaction is radical for a system that con-
sists of the monomer, THF and potassium-tert-butoxide (KOtBu).
In case of the Gilch reaction the addition of the base leads to a

quinodimethane derivative that acts as the active monomer. After-
wards, few monomers dimerize to a dimer-diradical before the
further addition of the monomer leads to regular chain growth
[102–104].
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Fig. 6. Synthesis of PPV via the Heck methodology. X represents bromide, iodide or triflate; R is an alkyl-substituent. The catalyst system consists of a palladium-containing
compound (details in the text).
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Fig. 7. Radical chain growth mecha

.3. The tolane-bisbenzyl and the bromide defects

Given the fact that the mechanism of the Gilch reaction is radical,
t is obvious where the defect formation originates from (see Fig. 8).
s a radical chain growth process was observed, the addition of the
onomer can take place head-to-head, head-to-tail and tail-to-tail.

his mechanistic step is the origin of all defects that can be observed

n Gilch-PPVs [104]. If the addition of the monomer takes place
ead-to-tail, it generally results in regular trans-configured PPV.
owever, sometimes the formation of cis-configured repeating

X= Cl, Br

X
X
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x
dimer diradical

head-to-tail

tolane-bisbenzyl de
(TBB)

cis-defect

regular trans -configured 
PPV repeating unit

n

X

halogen end-grou

ig. 8. Origin of defect formation in the Gilch synthesis of PPV. In addition to the regula
onfigured repeating units (cis-defects), imperfect dehydrohalogenation (benzyl halide d
riple  and single bonds (TBB-defects).
4

of the Gilch polymerization to PPV.

units can be observed as well. If the addition takes place head-to-
head or tail-to-tail, the formation of tolane-bisbenzyl defects (TBB)
is inevitable. Imperfect dehydrohalogenation also leads to a variety
of halogen defects like the vinyl-halide defect in the backbone of
the polymer. The vinyl-halide defects represent the main source for
long-term persistent halide in resulting Gilch-PPVs. If the addition
of the monomer takes place tail-to-tail, a CHX-CHX moiety results.

Here, the first dehydrohalogenation can be trans-selective or
cis-selective. In case of a trans-selective elimination the removal of
the halide proceeds very fast, whereas the cis-selective elimination

X

X
Xz

y

head-to-head

tail-to-tail

fect

vinyl halide defect

benzyl halide defect

X

X

p

r trans-configured PPV repeating unit, possible defects in PPVs are related to cis-
efects, vinyl halide defects and halogen end groups) or the formation of correlated
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ig. 9. Postulated mechanism of the Gilch polymerization when carried out in the 

nits,  oxygen adds as radical to the dimerdiradical. Afterwards, regular chain grow
n  the polymeric backbone. Those are labile and decompose to aldehyde and carbox

eaction is kinetically hindered and therefore very slow. In case
he CH CX moiety following the first dehydrohalogenation step
s trans-configured, the second dehydrohalogenation gives triple
onds very rapidly, for the cis-configured counterpart it does not.
his observation explains the persistence of halides in resulting
PVs.

To verify this theory the bromine content in Gilch-PPVs was
onitored for reaction times between 1.5 and 96 h under otherwise

onstant reaction conditions. As expected from the mechanistic
onsiderations, a decrease of the bromine content with increasing
eaction times was observed. The content of bromine remaining in
C8C8-PPV amounts to 0.39 wt% (1.8% of repeating units) after 1.5 h
f stirring and decreases to 0.048 wt% (0.2% of repeating units) after
eaction times of 50 h [23].

For many years the TBB-defect was expected to be the limiting
actor for the lifetime of OLEDs [105]. By means of our investiga-
ions this result could be refuted. As will be demonstrated later in
ection 4, the most critical defects with respect to lifetime of OLEDs
re not TBB-defects but all kinds of halogen defects [23]. To min-
mize those defects it is important to add a large amount of base
nd to elongate reaction times. Best results could be achieved using
our equivalents of base and reaction times of about 72 h [106].

.4. Preparation of different molecular weights

The proven radical mechanism of the Gilch reaction provides a
eans to easily modulate molecular weights of the resulting poly-
ers. It is well known that the addition of oxygen in a radical

eaction process leads to low molecular weight materials [107].
n the present case this offers the possibility to shorten the chain
ength during the polymerization process without effecting the
inylene double bonding like it is observed for example in the pro-
ess of photooxidation [108,109]. The addition of a specific amount
f oxygen shortly before the polymerization reaction is started
eads to shorter PPV chain lengths.

It is assumed that the oxygen molecules add to the dimer-
iradical first (see Fig. 9). Later on regular chain growth takes place.
he resulting peroxy moieties in the polymeric backbone are unsta-

le and therefore decompose rapidly under the reaction conditions.
his results in polymers of lower molecular weights containing
ldehyde and carboxylic acid end groups [104,109]. As will be
iscussed in Section 4 a high molecular weight of the polymer
ce of oxygen. After the initiation process and the formation of few dimerdiradical
es place via the addition of monomer. The resulting PPV contains peroxy moieties
cid groups.

is important to achieve long PLED lifetimes. Consequently, the syn-
thesis of high molecular-weight materials with a high degree of
polymerization is also extremely important.

3. Defect engineering in oxide electrodes

Transparent conducting oxides (TCOs) serve as front electrodes
in OLEDs, but also in flat panel displays and solar cells. Their fabrica-
tion as well as their electrical and optical properties are intensively
studied [110–113]. In the context of organic light-emitting diodes,
the TCO is used to transmit the light generated in the diode by
recombination to the environment [114]. Electronically, the TCO
serves as electrode for hole injection. This is quite intricate, as the
commonly used TCO materials like Sn-doped In2O3 or Al-doped
ZnO (AZO), are degenerately n-doped semiconductors.

The various aspects of the TCO electrode, which are relevant
for operation and degradation of organic light-emitting diodes, are
schematically illustrated in Fig. 10. Firstly, the electronic struc-
ture of ITO will be discussed in Section 3.1 as well as its optical
and electrical properties. Understanding defect properties and the
role of oxygen transport in the bulk and the vicinity of surfaces is
required to finally estimate the role of oxygen exchange at the TCO
surface. In Sections 3.2 and 3.3 the current understanding of bulk
defect properties, including the thermodynamics of defect forma-
tion and their diffusivity, will be summarized. Surface and defect
properties of ITO have both been addressed using a combination
of experimental techniques like photoelectron spectroscopy and
electrical conductivity measurements and computational methods
like density functional theory (DFT) calculations.

For OLED operation particularly a suitable matching of energy
bands is mandatory for low injection barriers, which can be
adjusted by tuning the work function of the TCO layer. The polar
bonding in oxides leads to a pronounced dependence of the work
function on surface orientation and oxygen activity. Understanding
the surface and interface properties of TCOs is therefore mandatory
for optimizing the device performance. In Section 3.4 the depen-
dence of work function of clean ITO surfaces on doping, surface
orientation and surface termination will be elaborated and it will

be demonstrated that commonly performed oxidizing treatments
will affect only (1 0 0)-oriented surfaces.

The exchange of oxygen with the organic layer will be addressed
in Section 3.5. This effect can in principle lead to fatigue of the OLED,
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Fig. 10. Schematic illustration of the role of various aspects of a polycrystalline Sn-doped In2O3 (ITO) electrode in an organic light-emitting diode. The electrode serves
as  anode and is responsible for hole injection. This requires a large work function, which will depend on the arrangement of atoms at the surface determined by surface
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rientation and termination. The electrical properties of the ITO electrode are dom
he  electrode may also contribute to device degradation. Thin black lines indicate o
quares  vacancies. For more details see text. (For interpretation of the references to

articularly if weakly bound oxygen species are present, as e.g. oxy-
en interstitials in Sn-doped In2O3. However, it will be elaborated
hat this effect probably contributes only weakly to device degra-
ation which might be related to the frequent use of hole injection

ayers like PEDOT:PSS.

.1. Optical and electrical properties of ITO

The electronic structure of ITO is characterized by a valence band
ormed from O 2p states and a highly dispersive conduction band
ormed by In 5s states [115]. Although ITO has been used for decades
s TCO material, the nature of its energy gap has not been under-
tood until 2008. Thin films of ITO typically show an optical energy
ap of up to 4.3 eV [116], whereas photoelectron spectroscopy
eveals that the distance between Fermi level and valence band
aximum, which should equal the energy gap if the Fermi energy

s close to the conduction band minimum, is always less than 3.5 eV
117–119] (see also Fig. 13). Finally, Walsh et al. discovered that the
ptical transitions from the topmost valence band states are dipole
orbidden and that strong transitions occur only from electronic
tates ∼0.8 eV below the valence band maximum. This explains the
ifference between the fundamental energy gap of ∼2.7 eV and the
uch larger optical gap of thin films. Similar behavior has actually

een reported for SnO2 [120]. In fact, Weiher and Ley have already
eported on the absorption of In2O3 single crystals and associated
he fundamental absorption edge of ∼2.6 eV to a forbidden indirect
ransition. Although the fundamental energy gap may  indeed be
ndirect, the smallest direct gap is only less than 100 meV  larger
121]. Most recent optical absorption measurements of In2O3 sin-
le crystals also confirm a fundamental energy gap of 2.7 eV [122],
lthough this is again assigned to an indirect transition.

The electrical properties of ITO are strongly dependent on the
n doping level and oxygen activity during deposition [118,123].
he latter strongly influences the defect concentrations, which will
e addressed in detail in Section 3.2. Highest conductivities of ITO
re typically achieved with a doping level of 10 mol% SnO2. Only a
raction of the dopants is active, which can be explained by their
artial compensation with interstitial oxygen [123–125]. With

uch doping, carrier concentrations of up to 1021 cm−3 with typical
obilities of ∼40 cm2/V s can be achieved with polycrystalline

hin films [123,124,126]. These values correspond to an electrical
onductivity of ∼104 S/cm. Even higher values can be obtained
 by the dopants and by interstitial oxygen. The release of oxygen interstitials from
tion of crystallites. Red spheres represent oxygen, gray spheres cations, and open

 in this figure legend, the reader is referred to the web version of this article.)

with epitaxial thin films grown using either pulsed laser deposition
or molecular beam epitaxy on Y-stabilized zirconia single crystals
[127,128].

3.2. Bulk defects and doping limits

In an oxide semiconductor like In2O3 the formation energy of a
defect in its charge state q depends on the chemical potential and
the Fermi energy and is in general given by [129]:

�Gq
def

= Gq
def

− Ghost −
∑

i

�ini + qEF (1)

where Gq
def

and Ghost are the free energies of the material with and
without the defect, respectively, ni and �i are the concentrations
and chemical potentials of the atoms in the lattice and EF is the
Fermi energy position with respect to the valence band maximum.
Eq. (1) states that the defect energy is a function of the chemical
potential and for charged defects also of the Fermi energy. Conse-
quently, large variation of defect formation energy and therefore of
defect concentration depending on environmental conditions and
doping is possible [130–132]. Due to the crystal structure of In2O3
with its two different In-sites (called b and d) and two different
interstitial sites (called a and c) a variety of intrinsic defects in In2O3
is possible. An extensive assessment using ab-initio density func-
tional theory of different defect species in In2O3 including In and O
vacancies and various interstitials has been published recently by
Ágoston et al. [132]. The defect with the lowest formation energy
under In-rich conditions is the oxygen vacancy for all reasonable
values of the Fermi energy, while under oxygen rich conditions
mostly oxygen interstitials are expected to be present (see Fig. 11).
Indium vacancies have lowest formation energies only for Fermi
levels well above the band gap.

There has been some debate of whether the oxygen vacancy is a
shallow or a deep donor and whether oxygen vacancies can be the
origin of the intrinsic n-type conductivity of In2O3 [131–133]. DFT
calculations with hybrid functionals, which do not suffer from the
underestimation of the energy gap typical for standard functionals

like LDA (+U) and GGA (+U), indicate that the oxygen vacancy is a
shallow donor [134].

While the origin of the intrinsic n-type nature of In2O3 is
not yet fully resolved, there is common agreement that oxygen
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Fig. 11. Formation energies of intrinsic defect in In2O3 calculated using den-
sity  functional theory within the GGA+U approximation [132]. The calculated
energy gap is 1.81 eV. In-rich conditions (left) corresponds to �(In) = 0 eV,
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Fig. 12. Experimental and theoretical data on oxygen diffusion in In2O3 and ITO.
Literature data are from Wirtz and Takiar [139] and from Ikuma et al. [141,142].
The diffusion coefficients calculated using density functional theory for either oxy-
(O) = − (1/3)�Gf(In2O3) and oxygen rich conditions (right) to �(O) = 0 eV and
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he  reader is referred to the web  version of this article.)

nterstitials, possibly with some contribution of In vacancies, are
he limiting factor for electron concentration in donor-doped In2O3
123–125,131,135]. The limitation of carrier concentration is due to
elf-compensation [119,136–138], which traces back to the depen-
ence of defect formation energies on the Fermi level position
s expressed by Eq. (1) and illustrated in Fig. 11. The formation
nergies of (negatively charged) acceptor defects as Oi and VIn are
ecreasing with increasing Fermi level position2 due to the transfer
f electrons from their thermodynamic reservoir to the acceptor’s
nergy level. Above a certain Fermi energy, the defect formation
nergies become negative. This is thermodynamically not possi-
le as such a situation would correspond to more defects than
ossible defect sites. A material can therefore only be thermody-
amically stable in the region where the defect formation energies
re positive. The range of possible Fermi energies also defines the
ange of possible carrier concentrations. Trying to increase the elec-
ron concentration beyond the doping limit by further addition of
onors will not result in an increase of carrier concentration but
ather in an increase of the concentration of compensating accep-
ors, i.e. oxygen interstitials in the case of donor-doped In2O3. The
elf-compensation is also the reason why undoped In2O3 is typi-
ally oxygen deficient and donor-doped In2O3 is oxygen enriched,
ompared to the nominal stoichiometry.

In the next section, the diffusivity of oxygen in In2O3 and ITO will
e addressed. It is important to understand if the ITO electrode can
elease oxygen during device operation, which can be a potential
ource for device degradation.

.3. Oxygen diffusion in In2O3 and ITO

Due to the high concentration of interstitial sites in the bixbyite
attice (often referred to as structural vacancies), oxygen diffu-
ion in In2O3 and ITO is often expected to be fast compared to
ther oxides. Experimental studies on oxygen diffusion in undoped
nd doped In2O3 (see Fig. 12) reveal diffusion coefficients of

 = 10−8–10−15 cm2/s at 500–1300 K [139–142]. Although these are
uch higher than those of many oxides, oxygen diffusion in SnO2
as been reported to be even faster [143,144]. The picture of a fast
xygen diffusion due to the high concentration of interstitial sites
s therefore not appropriate.

2 The term Fermi energy is commonly used in semiconductor physics. It is actually
ore appropriate to use the term electrochemical potential of the electrons or holes.
gen vacancy or oxygen interstitial diffusion are taken from Ágoston and Albe [145].
Low  pressure and atmospheric pressure diffusion coefficients are extracted from
conductivity relaxation measurements. The solid (red) line is a guide to the eye.

A detailed theoretical consideration of diffusion in In2O3 as per-
formed by Ágoston and Albe [145] reveals a much more complex
situation. First it needs to be mentioned that although nearest
neighbor jumps of atoms with rather small migration energies as
low as 0.5 eV exist, diffusion through the lattice requires multiple
jumps including such with higher activation energies. The contribu-
tion of each barrier to the effective migration energy was evaluated
by Ágoston and Albe using a kinetic Monte Carlo algorithm to cal-
culate the mean-square displacement for the different types of
defects. A random walk performed on the respective sublattices
included all calculated microscopic barriers. As the interstitial sites
contribute only to selected nearest neighbor jumps but do not
provide continuous diffusion paths through the whole lattice, the
effective migration energies are larger than the lowest ones and
finally comparable in magnitude to activation energies of diffusion
in other oxides [146,147]. According to calculated migration ener-
gies [145], the oxygen interstitial in a −1 charge state (which is
only relevant for rather low Fermi energy) has the highest mobility
followed by the oxygen vacancy in the +2 charge state. The oxygen
dumbbell defect (index db), which corresponds to a peroxide ion
on an oxygen lattice site [130] and which is dominant for oxygen
diffusion in ZnO under oxygen rich conditions [146], has a slightly
larger effective activation energy.

The diffusion of species can be expressed using the effective
migration barriers and the concentrations of the respective defects
according to

D =
∑

i

�eff · �eff · ci · exp

(
−

�Eeff
m,i

kBT

)
(2)

where �eff, �eff, ci, and �Eeff
m,i

are the effective jump distance, the
effective coordination number for possible jumps, the defect con-
centration, and the effective migration barriers, respectively, and i
sums over all possible migration mechanisms (e.g. oxygen vacancy
VO and oxygen interstitial Oi). The corresponding parameters are
listed for two different temperature regimes in Table 1. The con-
centration of defects furthermore depends on the chemical envi-
ronment and on the Fermi level position according to Eq. (1) (see
also Fig. 11). Hence, the defect diffusion mechanism will change
with temperature, environment and in particular with doping.
The rather low activation energy for diffusion of the In intersti-
tial is also remarkable [145]. The temperature at which the cations
should become mobile is in good agreement with an experimen-
tal observation of reversible Sn segregation for temperatures above
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Table  1
Effective migration energies �EM

eff
and effective diffusion lengths � for all defects in two  different temperature regimes [145,148]. Additionally, the lowest energy path �EM

min

with its corresponding jump distance �min are given. The effective migration energy is generally higher when compared with the lowest migration energies. The last column
contains the annealing temperature Tan which indicates the temperature range in which the defect becomes significantly mobile.

Defect q �EM
eff

[eV] �eff [Å] �EM
eff

[eV] �eff [Å] �EM
min

[eV] �min [Å] Tan [K]

1500 K–1700 K 700 K–900 K

VO 0 1.83 3.49 1.77 2.44 1.53 2.94 640
+1  1.20 3.58 1.13 2.39 0.77 2.94 410
+2  1.10 3.32 1.02 2.26 0.71 2.94 370

VIn −3 2.26 4.09 2.27 4.24 2.21 3.83 820
−2  2.21 4.13 2.17 3.35 2.11 3.83 800

Oi −2 1.41 6.36 1.40 5.96 1.22 3.62 480
−1  0.74 3.94 0.77 4.62 0.52 3.62 270
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surfaces of SnO2 [163].
The situation for In2O3 surfaces is different as both surface

orientation and termination contribute to the variation of ion-
ization potentials. First of all, the electrostatic stability of the

Fig. 13. Schematic range of Fermi level positions and work functions of highly doped
polycrystalline ZnO, SnO2 and In2O3 as obtained from ultraviolet photoelectron
spectroscopy (after [159]). The lower bounds of the Fermi level positions correspond
to  the energy position of the conduction band minimum and the upper bounds to the
Odb 0 1.19 2.52 1.20 

Ini +3 1.67 7.27 1.66
+2  1.44 5.99 1.39

300 ◦C [118]. Mobility of cations does also seem to be necessary
o explain time dependent changes of carrier mobility and con-
entration of ITO at elevated temperatures [149]. That cations are
obile at comparatively low substrate temperatures is also pre-

icted by the effective diffusion parameters for interstitial In in
able 1. Segregation of Sn dopants, which are expected to show
imilar diffusivity as In host atoms, has also been observed at ITO
urfaces. Reversible changes of the Sn surface concentrations have
een found in response to a change of the oxygen activity at tem-
eratures �300 ◦C [118].

.4. Work function of Sn-doped In2O3 and other transparent
xide electrode materials

The energy band alignment at interfaces with organic semicon-
uctors is, to a large extent, described by alignment of the vacuum

evels at the interface [33,150–152]. A small barrier for hole injec-
ion is therefore obtained by increasing the work function of oxide
lectrode. Historically, the most widely used oxide electrode is ITO,
hich still shows the highest conductivities among the standard

CO materials. Another advantage of ITO compared to other TCOs
s the easy structuring of the electrode by a chemical etching pro-
ess. The etchability of ITO is in between ZnO and SnO2, which are
tching either too fast or too slow.

Numerous studies have been devoted to the manipulation of the
ork function of ITO. A complete review of the various treatments

nd the resulting work functions is beyond the scope of this article.
ighly oxidizing treatments as UV-ozone or oxygen plasma treat-
ents have been found to significantly increase the work function

153–157] and became a standard for electrode treatment before
eposition of the organic semiconductors. In most of the studies the
etails of the oxide’s surface structures have not been considered.
irst of all, it should be mentioned that the work function �, which is
etermined by the energy difference between the vacuum level and
he Fermi energy (� = Evac − EF), is affected by the variation of two
ndependent properties (see Fig. 13): (i) the position of the Fermi
evel with respect to the band edges (EF − EVB), which is determined
y the bulk doping and (potential) surface band bending. Band
ending at a surface can be induced by various sample treatments,
ut is typically not present at in-situ prepared samples [119]; (ii)
he ionization potential IP, which is the position of the vacuum
nergy with respect to the band edges (IP = Evac − EVB). A variation of
he surface dipole of a material leaves the Fermi level position unaf-
ected but changes the ionization potential. In general, an oxygen-
ich surface termination results in a larger ionization potential. One

herefore has to expect that the ionization potential, and conse-
uently also the work function, depends on the oxygen activity.

The oxygen activity during preparation of the TCO electrode
lso affects its bulk doping via a change of defect concentration
2.65 1.00 2.52 430
7.08 0.42 2.14 580
4.41 0.29 2.14 500

and therefore the Fermi level position with respect to the band
edges [119]. It is therefore important to determine both quanti-
ties, Fermi level position and work function, simultaneously. This
is possible using photoelectron spectroscopy. Comprehensive stud-
ies of Fermi level positions and work function in dependence on
doping and oxygen activity using in-situ sample preparation by
magnetron sputtering have been performed for ZnO, SnO2 and
In2O3 [119,158,159]. The results are summarized in Fig. 13. The
relevant work functions are those obtained for the highest doping
levels, i.e. for the highest possible Fermi energies. The correspond-
ing work functions for SnO2 and In2O3 at the highest doping level
are comparable with values around 4.7–4.8 eV, while significantly
lower work functions are obtained for ZnO.

The variation of the ionization potential, which corresponds to
the variation of work function at a given Fermi energy, can be
rationalized by the dependence on surface orientation and termina-
tion [119,158,159]. For ZnO, a low ionization potential is obtained
for the Zn-terminated (0 0 0 1) surface orientation, while higher
IP are obtained for other surface orientations [160]. For SnO2, the
variation of ionization is related to different surface terminations,
which are largely related to the two different oxidation states of
Sn [161,162]. This variation has been observed for all low index
highest possible band filling observed. The right part shows the energetic situation
at  a surface with (dashed lines) and without surface band bending (solid lines) and
the  definition of the work function �, the ionization potential IP , and the electron
affinity �. The work function in the presence of surface band bending is denoted by
�*.
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Fig. 14. Schematic cross-sections of low-index In2O3 surface structures [166] (copy-
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potential is found to be 7.7 eV. The ionization potentials of epitax-
ial films agree with those obtained from polycrystalline films with
strongly preferred (2 2 2) or (4 0 0) orientation [119]. It seems there-
fore reasonable to associate the ionization potential of ∼7.7 eV,
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Fig. 16. (a) Ionization potentials of various In2O3 surfaces calculated using den-
sity functional theory [169]. (b) Ionization potentials measured using photoelectron
spectroscopy at surfaces of epitaxial In2O3 films [169]. For sputter deposited films,
flat (1 1 1) surfaces form under more reducing deposition conditions, i.e. by using
pure Ar as sputter gas, while flat (1 0 0) surfaces form under oxidizing deposition
conditions, i.e. with the addition of oxygen to the sputter gas. For these conditions,
the  ionization potentials measured by UPS are in good agreement with theory. Depo-
ight: The American Physical Society).

arious surface orientations have to be considered [164]. A poten-
ial surface instability is caused along polar directions, i.e. along a
irection where negatively and positively charged atomic planes
re arranged to form a permanent dipole moment. The various
olarities can be classified according to a scheme outlined by Tasker
165]. This is schematically illustrated for the low-index surfaces of
n2O3 in Fig. 14.

According to Tasker’s classification, the In2O3(1 1 0) surface is
asker type I, which is non-polar. The In2O3 (1 1 1) surface is a
asker type II surface, as dipole-free O-In-O planes can be stacked
long the (1 1 1) direction. The In2O3 (1 0 0) surface is a polar, Tasker
ype-III surface, where the electric dipole moments of the stacked
n–O planes have to be compensated by surface charges or surface
econstructions in order to avoid the so-called polar catastrophe.
onsequently, it has to be expected that the (1 1 0) and (1 1 1) sur-
aces are more stable than the (1 0 0) surface and that significant
urface reconstructions do only occur for the latter. This is in good
greement with calculations of surface reconstructions [166,167].

The thermodynamic stability of the various surface terminations
s extracted from [166] is given in Fig. 15. For most values of the
hemical potential, the (1 1 1) surface orientation is the most stable.
nly at very low oxygen chemical potentials, the (1 0 0) surface

ermination becomes more stable. These calculations are in line
ith observations of flat epitaxial film growth under In-rich growth

onditions using molecular beam epitaxy [168]. During magnetron
putter deposition of In2O3 films, flat (1 0 0) oriented films are also
bserved under very oxygen-rich conditions [169]. According to
he thermodynamic data in Fig. 15, this requires a positive oxygen
hemical potential, which would correspond to an effective oxygen
ressure >1 bar. This is not unreasonable, as the addition of oxygen
o the sputter gas results in implantation of oxygen into the growing
lm [170,171].

Experimentally determined ionization potentials of In2O3 and

TO films vary between ∼7 and ∼8.1 eV [117,118,158,172]. With
he help of measurements of epitaxial films (see Fig. 16b), the lower
Fig. 15. Surface energies of different In2O3 surfaces in dependence on oxygen chem-
ical potential as extracted from [166].

boundary can be attributed to the (1 1 1) surface orientation, which
is in good agreement with the DFT calculations (see Fig. 16a).

For epitaxial films with (1 0 0) surface orientation, the ionization
sition under oxidizing conditions onto (1 1 1)-oriented substrates or under reducing
conditions onto (1 0 0)-oriented substrates result in facetted surfaces with interme-
diate ionization potentials.
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Fig. 17. Thermogram of a PLED operated at a constant current density of 50 mA/cm2

exhibiting several hot spots. The active area is marked and has a size of 10 mm2. The
temperature is given relatively to the temperature of the undriven device (room
temperature). The PLED has been operated for several 1 0 0 h and is beyond its t50

lifetime. Due to the high temperatures occurring at the hot spots, the device died by
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Oxygen exchange at ITO surfaces may  be suppressed by suit-
 sudden death shortly after the thermogram has been taken. (The reader is directed
o the web version of this article to view this picture in color.)

hich is the value typically measured at surfaces of polycrystalline
TO films [117,118,158], to a (1 0 0)-oriented surface. It is suggested
y the DFT calculations (Fig. 16a) that this value corresponds to a
ull peroxide (O2−

2 ) surface termination. But this termination is only
table for pure In2O3 and not for ITO, as the oxygen dimers at the
urface should dissociate at high Fermi level position [166].

With the knowledge about the surface properties, some impor-
ant consequences for the behavior of ITO in OLEDs can be inferred.
irst of all, one has to expect that the ionization potential and the
ork function are not homogeneous at the interface due to the
olycrystalline nature of ITO. In particular, high work functions
nd therefore low injection barriers for holes are only expected
or (1 0 0)-oriented surfaces. Charge injection is therefore expected
o be spatially inhomogeneous, which can lead to locally enhanced
urrents, a possible origin of device failure [173]. Due to a locally
nhanced current (and a simultaneously locally increased light
mission) the temperature of the OLED is locally increased as well.
ig. 17 illustrates exemplarily a PLED exhibiting hot spots that
eveloped during a fatigue experiment close to the catastrophic
ailure of the device.

The inhomogeneous charge injection is expected to become
ore pronounced upon the typical oxygen plasma or UV ozone

reatments. According to the surface phase diagram depicted in
ig. 15, the (1 1 0) and (1 1 1) surface terminations are not expected
o depend on oxygen activity. Such changes are only expected for
he (1 0 0) surface orientation, where a higher oxygen chemical
otential should lead to an increase of oxygen at the surface. Conse-
uently, the ionization potential, and hence the work function, will
nly change upon oxidation/reduction for (1 0 0)-oriented parts of
he surface. The magnitude of the changes can be quite large as
ndicated by the ionization potentials for the different surface ori-
ntations and terminations (see Fig. 16b), which are obtained from
ensity functional theory calculations [148,169].

Avoiding inhomogeneous charge injection can be one of the rea-
ons, why amorphous transparent conductors like In2O3-ZnO (IZO)
re also suitable as transparent electrodes [174,175]. The ionization
otentials of IZO films are also found to be ∼7.7 eV, resulting in
ork functions of 4.5–5 eV, depending on the Fermi level position
176]. A homogenization of charge injection may  also be a ben-
ficial effect of non-crystalline buffer layers like MoO3, WO3, or
EDOT:PSS [177–180].
Fig. 18. Amount of oxygen expressed in monolayers (ML) released from ITO as a
function of time, calculated using computationally derived diffusion coefficients.

3.5. Oxygen exchange at ITO surfaces and ITO/organic interfaces

A final aspect of the transparent oxide electrode is the exchange
of oxygen at the interface with the organic materials. Such an effect
has been observed during deposition of Zn-phthalocyanine (ZnPc)
onto ITO samples, which were prepared with addition of oxygen
and therefore exhibit a high oxygen interstitial concentration [117].
The release of oxygen during deposition of the organic molecules
was evident from X-ray photoelectron spectroscopy measurements
by the observation of an increase of carrier concentration at the ITO
surface and also by the observation of chemical oxidation products.

Oxygen exchange at surfaces is typically governed by the
kinetics of the surface reactions [181,182], which is very often
prohibiting defect equilibria, in particular at lower temperature
[183,184]. It is therefore quite remarkable, that removal of oxy-
gen from ITO during deposition of organic molecules is observed
even at room temperature [117]. Together with oxygen diffusion,
the exchange of oxygen is a precondition to establish equilibrium
defect concentrations. As the defect concentrations are affecting the
carrier concentrations in an oxide, conductivity relaxation experi-
ments, i.e. the measurement of the temporal evolution of electrical
conductivity as a function of temperature and oxygen pressure, are
suitable for accessing oxygen exchange. Using such measurements,
noticeable changes of conductivity in response to a change of oxy-
gen content in the atmosphere are only observed for temperatures
>200 ◦C [149]. These temperatures are in good agreement with the
calculated equilibration time limited by oxygen diffusion using Eq.
(2). This furthermore demonstrates that the change of oxygen inter-
stitial concentration, which is the origin of conductivity changes
for T > 200 ◦C is limited by oxygen diffusion in the film and not by
surface oxygen exchange.

With the calculated oxygen diffusion coefficients [145], it is pos-
sible to determine how much oxygen will be extracted from ITO in
the diffusion limited regime. The results derived for T = 80 ◦C and
100 ◦C are shown in Fig. 18. At 100 ◦C, e.g. only 5 × 10−4 monolayers
of oxygen can be extracted from ITO in one year. This can hardly be
considered as a considerable contribution to degradation of organic
molecules in an OLED device. The calculation does, however, not
take the electric field into account, which will partially penetrate
the ITO electrode due to its low carrier concentration, compared
to a metal electrode [185]. The amount of oxygen released from
ITO may  also be sufficient to induce a modification of the interface,
resulting, e.g. in a change of injection barrier.
able surface coatings. Using Al2O3 for this purpose seems a
reasonable choice, as oxygen diffusion is rather slow in Al2O3. Fur-
thermore, a monolayer of Al2O3 can enhance the work function
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Fig. 20. Influence of the reaction time of OC8C8-PPV during Gilch synthesis on the
luminance evolution and the lifetime of PLEDs driven at a constant current density of
ig. 19. Effect of catalyst residues and low polymerization degree from Heck synthe-

is  on the temporal luminance evolution of OC6C6-PPV PLEDs driven at 50 mA/cm2.
he  device structure was: ITO/PEDOT:PSS/OC6C6-PPV/Ca/Al.

onsiderably [170], which may  reduce the injection barrier for
oles. Al2O3 has also been tested as a buffer layer in OLEDs [186].
he effect of Al2O3 deposition onto ITO depends very much on
he deposition technique. During reactive magnetron sputtering,
xygen ions are accelerated toward the substrate and implanted
nto ITO, which leads to a surface depletion of electrons [170]. In
ontrast, atomic layer deposition (ALD) leads to the extraction of
nterstitial oxygen and to a surface accumulation of electrons [187].
he characteristic self-limited growth in ALD is therefore disabled
ue to ITO acting as oxygen source. The suppression of oxygen
xchange by deposition of 0.5 nm of Al2O3 layer is stronger for sput-
ered Al2O3 films, which has been related to a better morphology.
owever, no improvement in device stability has been observed
ith the use of Al2O3 buffer layers at the anode. This might give

ndications that the effect of oxygen diffusion on fatigue is minor
r that it is camouflaged by other dominating effects.

. Influence of defects on transport properties and lifetime

.1. Device operation in defect-enriched systems

For PPV polymers prepared by the Gilch route, several consti-
utional defects of the PPV-chain have been identified as displayed
n Fig. 8, affecting up to several percent of the repetition units (see
ig. 20). It has been believed for a long time that especially the
BB-defect plays a major role for the degradation of PPV-based
evices [105]. However, it was demonstrated that the previously
ften overlooked effect of an incomplete dehydrohalogenation
f the PPV-intermediates during the synthesis leads to partially
on-conjugated polymer chains with remaining halogen in the
ackbone resulting in a drastically decreased performance and life-
ime of the PLEDs [23]. Bromine containing precursors have been
sed for the polymer synthesis, therefore vinyl bromide defects are
onsidered. The PPV derivative under investigation is OC8C8-PPV.

.1.1. Lifetime evolution
For practical applications of PPV-derivatives, the choice of the

eck route for materials synthesis is unfavorable. As will be shown
eck-PPVs suffer from residual metal catalysts limiting their life-

ime. As mentioned in Section 2.2 a palladium-containing catalyst
ystem was used for the synthesis. Parts of this compound remain
n the final polymer and acts as quenching centers [188,189].
or poly[2,5-bis(hexyloxy)-1,4-phenylene-vinylene] (OC6C6-PPV)

t was show exemplarily that the lifetime of the respective PLEDs
an be increased if the metal catalyst content is reduced (see
ig. 19). Despite this fact, it is obvious that the obtained lifetimes in
oth the Pd-depleted and the Pd-rich devices are much too short,
50  mA/cm2. The percentage of the PPV-repetition units bearing the bromine defect
is  included in brackets for the respective reaction times. The device structure was:
ITO/PEDOT:PSS/OC8C8-PPV/Ca/Al.

just a few minutes. This finding is attributed to the low molecu-
lar weights of the PPVs synthesized via the Heck route yielding
an insufficient entanglement of the polymer chains. As will be
shown later a high molecular weight of about 105 g/mol or beyond
is needed in order to produce long-lived PLEDs. In addition, these
devices seem to suffer from sudden death, i.e. an unexpected and
complete emission loss, more often than Gilch synthesized PPVs.
In the two  examples shown in Fig. 19, the light emission stops as
already discussed in Section 1.2 and the voltage drops to around
2 V.

For the Gilch synthesis the dehydrohalogenation step is decisive
for the performance of the device as well as its lifetime. A short reac-
tion time is equivalent to a high amount of bromine residue in the
PPV polymer (see values given in Fig. 20), yielding low currents and
luminance values for the final devices [23] as well as short lifetimes
below one hour as indicated by the temporal evolution of the lumi-
nance in Fig. 20 recorded for a PLED operated at a constant current
density of 50 mA/cm2. In addition, bromide defect enriched devices
(reaction time of 3 h and 6 h) suffer from a dramatic initial drop of
the luminance to about 40% of the initial luminance within the first
30 min  of the measurement, whereas the luminance only drops to
85–90% for the devices with lower bromine contents. The lifetimes
extracted from Fig. 20 are considerably increased for bromine con-
tents well below 1%, meaning that less than 1% of repetition units
bear the defect. The 96 h reaction time yields a purity of the material
beyond the detection limits of ion chromatography and elemental
analysis used to measure the bromine content [23].

4.1.2. Mobility evolution and transport phenomena
Even though the performance and the lifetime of the PLEDs are

influenced distinctly by the amount of bromide defects, it has been
found that the hole mobility is not affected. As PPV derivatives
are hole-dominated materials [190,191] the mobility of holes has
been measured by the time-of-flight (TOF) method. Fig. 21 depicts
exemplary TOF current transients recorded for devices with halo-
gen defect-enriched (3 h reaction time) and halogen defect-poor
(96 h reaction time) PPV-layers. Both curves are examples for a non-
dispersive transport where a current plateau appears followed by
a kink at the transit time of the drifting charges [192,193]. It is
obvious that the shapes of the transients are very similar, resulting
in similar transit times for holes and consequently in similar hole
mobilities in the range of 1 × 10−4 cm2V−1s−1. In addition, indepen-

dently on the bromide defect content only a slight field dependence
of the mobility is observed [23].

Even though the electron transport in PPVs is limited by
strong trapping [194–196] and electron-only devices made of
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Fig. 21. Measured TOF current transients for PLEDs with OC8C8-PPV synthesized
with short (3 h) and long (96 h) reaction time during Gilch synthesis. The currents of
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Fig. 23. TOF current transients for three PPV-derivatives with different side chain
symmetry measured at reverse bias of 40 V in linear (a) and double logarithmic
he  96 h material have been scaled by a factor of 10 to allow for a better comparison
f  the curve shapes. The device structure was: Al/OC8C8-PPV/Al. Photoexcitation
as  obtained by laser irradiation at 532 nm.

alogen defect-poor PPV indicate a slightly increased electron
obility for the lowest bromine content, the formation of

lectron traps by bromine cannot explain the inferior device per-
ormance of bromide defect-enriched bipolar PLEDs since the
evice performance is not only determined by the charge car-
ier transport but also by charge carrier injection. Consequently,
he electrodes might predominantly determine the variation in
he current–voltage-characteristics upon changed reaction time.
ndeed, strong indications have been found by secondary ion mass
pectroscopy (SIMS) measurements showing a segregation of the
vailable bromine residue at the anode side as depicted in Fig. 22 for
n electrically fatigued PLED. This yields undesired reaction prod-
cts at the interface between the organic semiconductor and the
node, thereby affecting hole injection. As will be discussed in the
ext paragraph a chemical reaction between bromine and the elec-
rode is also assumed at the cathode side, thereby affecting electron
njection as well.

In order to explain how residual bromine affects freshly pre-
ared and electrically fatigued devices, the following model has
een developed [23]: Due to the well-matched work function of
he calcium cathode to the LUMO level of PPV, electrons will dif-
use into the fresh device to establish thermodynamic equilibrium.
et, the developing back-driving electric field prevents a deep pen-
tration of the electrons into the polymer, thereby confining the

ormed negative charge carrier reservoir to a region close to the
athode. Bromide defects located in this region can capture an elec-
ron from the reservoir yielding bromine anions. These negatively

ig. 22. SIMS profiles of a fresh and an electrically fatigued PLED sputtered from the
op electrode side with Cs+-ions. The device structure was: ITO/OC8C8-PPV/Ca/Al.
representation (b). The device structure was: ITO/PEDOT:PSS/PPV/Ca/Al. Photoex-
citation was  obtained by laser irradiation at 532 nm.

charged ions can drift in the build-in field and especially in the
enhanced field of the space charge regime to the cathode and react
there forming a calcium salt. As a result the injection properties of
the cathode will be deteriorated, leading to an inferior performance
of bromide defect-enriched fresh devices. Experimental evidence
for this mechanism comes from the finding that the performance
of electrically fatigued devices can be partially restored after the
wet-chemical removal of the cathode and subsequent evaporation
of a new one onto the fatigued layer stack.

The influence of bromide defects can be understood in a similar
way for electrically fatigued devices. As the fatigue is performed
using a certain forward current constantly applied to the diode,
electrons and holes are injected and transported into the polymer.
Now, bromide defects located in the bulk can also capture electrons
to form bromine anions. Those drift in the forward bias field toward
the anode where again a metal salt forming reaction with indium
takes place [37].

4.2. Device operation in halogen defect-poor systems

After having identified the importance of the bromide defect for
the PLED performance and lifetime, subsequent investigations on
the transport properties of different PPV derivatives and on further
factors that influence device stability have been conducted using
Gilch-synthesized PPVs all with low bromide defect concentrations.

4.2.1. Effect of the side chain symmetry on transport phenomena
and fatigue

Besides OC8C8-PPV with symmetric side chains, OC3C8-PPV
with increasing side chain asymmetry and the commonly known

derivative OC1C10-PPV or MDMO-PPV with the most asymmetric
side chain geometry have been investigated. While the lifetimes
of the respective PLEDs are similar (several 100 h) their transport
properties differ distinctly.
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Fig. 24. Hole mobility of three PPV-derivatives as a function of the applied elec-
tric  field calculated from TOF transients for fresh (filled symbols) and electrically
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Fig. 25. Evolution of the luminance and lifetime of OC3C8-PPV PLEDs with differ-

PPV layer.
atigued (half-filled and open symbols) PLEDs. The OC3C8-PPV devices have been
atigued in two  steps.

Fig. 23 illustrates TOF current transients measured for devices
ith the three PPV derivatives in linear and logarithmic scale. It

s evident that the curves change with the asymmetry of the side
hains: While the TOF curves for OC8C8- and OC3C8-PPV-based
evices display a plateau-like shape indicative for non-dispersive
ransport [197], the transients for the OC1C10-PPV devices show

 featureless decay indicating dispersive charge carrier trans-
ort [197,198]. Nevertheless, replotting the current transients for
C1C10-PPV devices using double logarithmic axes yields a kink

see Fig. 23b). Taking this time as transit time allows for the
alculation of the hole mobility. It should be noticed that this
alue is no material parameter any more but characteristic for the
evice geometry, e.g. the layer thickness used. Consequently, an

ncreasing asymmetry of the side chains yields a transition from
on-dispersive to dispersive hole transport.

As the transit times of the asymmetric side chain polymers
C3C8-PPV and OC1C10-PPV shift to higher values compared to
C8C8-PPV, the hole mobilities will decrease with increasing asym-
etry of the side chains. Fig. 24 depicts the calculated hole
obilities as a function of the applied electric field: The symmet-

ic side chain derivative OC8C8-PPV has the highest mobility on
he order of 10−4 cm2 V−1 s−1 while the derivative with the most
symmetric side chain, OC1C10-PPV, exhibits the lowest hole mobil-
ty of about 5 × 10−6 cm2 V−1 s−1. This is related to the decreased
onformational freedom of polymer chains with symmetric side
hains as described by Martens [199] and to the better molecular
rdering in the solid resulting in a decreased energetic disorder
hereby facilitating charge carrier transport between the polymer
hains. These findings are in agreement with previous results from
iterature [199,200].

Repeating the TOF measurements with electrically fatigued
evices allows for the determination of the hole mobility change
ue to the fatigue. As indicated in Fig. 24 the hole mobilities of all
PV-derivatives decrease more and more with prolonged electrical
atigue. In addition, the hole transport gets more dispersive for all
erivatives [22]. In the case of OC1C10-PPV, which already displayed
ispersive transport before the fatiguing, the transit time could not
e obtained any more for fatigued devices, not even from the dou-
le logarithmic current plots. Consequently, mobilities could not
e calculated. The lines included in Fig. 24 are fits according to the
oole–Frenkel-like field dependence of charge mobility at a con-
tant temperature � = �0 · exp(�

√
F) with a zero field mobility �0,

 field factor � and the electric field F [199,201]. Obviously, the field

ependence changes with increasing fatigue level, i.e. increasing
peration time, as illustrated for OC3C8-PPV. According to Martens
nd coworkers this can be related to an increasing energetic
ent molecular weights during electrical fatigue at a constant current density of
50  mA/cm2. The device structure was: ITO/PEDOT:PSS/OC3C8-PPV/Ca/Al.

disorder of the polymer [199], that is here induced by fatigue. The
detailed fitting parameters are given in Ref. [22].

4.2.2. Effect of the molecular weight on the lifetime
Not only a low defect content but also a high molecular weight

of the semiconducting polymer is important for a high efficiency
and a long device lifetime. Adding oxygen shortly before the Gilch
polymerization is started as described in Section 2.4 allows for
the controlled shortening of the polymer chains and the prepara-
tion of polymers with two  different molecular weights. Preparing
two sets of samples with OC3C8-PPV of high (4.0 × 105 g/mol) and
lower (4.2 × 104 g/mol) molecular weight it could be shown that
the device performances as well as the lifetimes differ distinctly.
Fig. 25 depicts the results of the respective fatigue experiment.
By increasing the molecular weight of the PPV derivative by one
order of magnitude, the lifetime is also increased by a factor of
nearly 8. Thereby, it was  demonstrated that the chemical synthe-
sis of the functional polymers should also aim at producing high
molecular weight materials of 105 g/mol or higher. The reasons for
the better performing high-molecular weight materials are likely
related to the lower density of end-chains and to better film forming
properties.

4.2.3. Factors influencing electrical fatigue
In the previous sections the influences of bipolar electrical oper-

ation on the lifetime and transport properties of PLEDs based on
specific, chemically modified PPVs have been already discussed.
Yet, due to the aforementioned complex function of OLEDs that
also holds true for single layer fluorescent devices it is not easy
to assign which process actually is responsible for the observed
fatigue behavior. In the case of PPV-based PLEDs one might argue
that due to the hole-dominance in the devices the thus flowing hole
currents that traverse almost the complete layer thickness before
they find electrons to recombine with may  play a major role for
the fatigue. However, it could be demonstrated that the transport
properties in hole-only diodes with PEDOT:PSS and Au electrodes
are not changed due to electrical fatigue. According to Fig. 26A the
TOF current transients measured before and after electrical fatigue
are identical, pointing to invariance of the hole mobility. In spite of
this, the calculation of the hole mobility has been abandoned for
the present device structure due to the very high injection currents
and the consequently undefined charge carrier distribution in the
Unlike in usual TOF experiments a reverse bias situation, i.e. a
suppression of charge carrier injection, cannot be obtained in the
case of ITO/PEDOT:PSS/OC8C8-PPV/Au devices. Exchanging both
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Fig. 26. TOF current transients measured before (black solid line) and after (red
dashed line) the specified fatiguing method using different hole-only devices: elec-
trical fatigue in the presence of decent injection currents (A), electrical fatigue
with low injection currents (B), optical fatigue in open circuit conditions (C),
simultaneous electrical and optical fatigue (D). The currents have been scaled to
arbitrary values for a better comparability. The respective device structures are:
(A)  ITO/PEDOT:PSS/OC8C8-PPV/Au, (B) Al/OC8C8-PPV/Al, (C) ITO/PEDOT:PSS/OC8C8-
PPV/Al and (D) ITO/PEDOT:PSS/OC8C8-PPV/Au. For further details see [37,22].
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are given in Fig. 28. The thereby calculated scaling law yields an
acceleration factor of about n = −5 for the tested OC3C8-PPV devices.
lectrodes with aluminum layers hole injection can be blocked
ather effectively (the flowing injection currents are decreased by
everal orders of magnitude). Thus, the effect of the electric field
tself on the hole mobility can be evaluated. It might be the driv-
ng force for the slow transport of possible residual ionic species
r charged impurities that interfere with the transport of holes in
ipolar devices. As illustrated in Fig. 26B the TOF current transients

easured before and after electrical fatigue of Al/OC8C8-PPV/Al

evices are again invariant. Both experiments prove that the pro-
onged electrical operation of unipolar devices does not cause
Fig. 27. Absorption and electroluminescence (EL) spectra of OC8C8-PPV. The emis-
sion spectrum of the during optical fatigue used LED with a peak wavelength of
572 nm is also included in the diagram.

fatigue.3 This is a strong indication that the presence of electrons
in bipolar devices, even though they should be restricted to only
a small volume of the PPV-layer (see Fig. 4 in Ref. [22]), is one
detrimental factor for the electrical fatigue of PLEDs. Accordingly,
it should be possible to detect a change of the transport proper-
ties of unipolar, hole-only devices, if electrons can be provided to
the device “artificially”. This can be realized by irradiating hole-only
devices with LEDs emitting at a wavelength that can be absorbed by
the polymer thereby optically exciting electrons into LUMO  states.
The TOF current transients in Fig. 26D confirm that the simultane-
ous electrical and optical fatigue of a hole-only device drastically
changes the transit time for holes. A sole optical fatigue with the
same LED on the other hand does not alter the TOF current tran-
sients as illustrated in Fig. 26C. These experiments demonstrate
clearly that the electrical fatigue of bipolar, hole-dominated PPV-
based devices is ruled by the presence of electrons in the device.

An additional outcome of the aforementioned experiments was
the proof that self-absorption, the absorption of the light gener-
ated by the PLED itself, is indeed also harmful for hole transport.
The results presented in Fig. 26C and D were obtained using LEDs
with a wavelength of 572 nm,  thus lying in the wavelength regime
where the absorption and the electroluminescence spectra of the
PPV-derivative used overlap (see Fig. 27). Nonetheless, the increase
of the hole transit time in the hole-only devices can also be gen-
erated using optical irradiation with LEDs of different wavelengths
[22,202]. In order to prevent self-absorption in the PLED the use of
organic semiconductors with a large Stokes shift would be benefi-
cial. This can be regarded as the introduction of an additional rule
for the chemical design of new organic semiconductors for organic
light-emitting diodes.

A very important additional influence factor on the lifetime of
PLEDs is naturally the magnitude of the electrical stressing, thus
the current density in the present study. This translates into a dif-
ferent initial luminance L0 during the lifetime experiment. It is
well-known from several empirical studies performed using dif-
ferent organic semiconductors [203–206], that the lifetime scales
antiproportional with the initial luminance if a certain acceleration
factor n for the latter is taken into account:.

t50 × Ln
0 = const (3)

Using four different current densities for the electrical fatigue
of PPV-based PLEDs the respective lifetimes could be extracted and
3 Here the fatigue refers to a change of the hole mobility that is not observed in
the  described two experiments.



42 A. Gassmann et al. / Materials Science and Engineering B 192 (2015) 26–51

Fig. 28. From fatigue experiments extracted lifetimes of PLEDs electrically fatigued
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Fig. 29. Singlet-to-triplet conversion principle for a OC3C8-PPV matrix and a PtOEPK
guest. A singlet exciton energy transfer (ET) from PPV to PtOEPK takes place, followed

organic materials [222,223]. A drastic reduction in device lifetime
was reported for MEH-PPV diodes when operating temperature
was increased from 30 to 60 ◦C [223]. It could be possible that
the operating temperature within the active layer of the devices
t different current densities. The fitting of all data sets using Eq. (3) is depicted as
ashed line. The device structure was: ITO/PEDOT:PSS/OC3C8-PPV/Ca/Al [207].

.2.4. Role of triplet excitons in fluorescent devices
In fluorescent devices only 25% of the created excitons are radia-

ively decaying singlets. The remaining majority of 75% are triplet
xcitons that decay non-radiatively, being lost for light emission.
ue to this imbalance the efficiency of fluorescent devices is limited

o 25% (for 100% efficiency of singlet emission) [208–210]. A well-
stablished method to overcome this limitation is known as triplet
arvesting [211–213]. Heavy metal containing molecules (guest,
), often emissive iridium or platinum organometallic complexes

5,65,213–216], are incorporated into the organic matrix (host, H)
o weaken the spin selection rules that hinder triplet-to-singlet
ransitions. As a result the host triplet excitons are collected (or
harvested”) at the guest molecules and can decay radiatively by
hosphorescence, leading to an increased device efficiency. The
recondition for an exciton transfer is that the first excited sin-
let state of the guest molecules S1,G is energetically lower than the
espective S1,H-level of the host. The singlet transfer from host to
uest is then followed by a fast intersystem crossing (ISC) to the
rst excited triplet state of the guest molecule T1,G. For a subse-
uent radiative decay of the triplet exciton to its ground state it

s mandatory that the first excited triplet state of the guest T1,G is
nergetically lower than the T1,H-level to impede an exciton back-
ransfer to the matrix molecules.

In fluorescent PPV-based devices no triplet emitters are
ncorporated and the generated triplet excitons have to decay
on-radiatively due to the low intersystem crossing yield in PPV
erivatives [217,218]. Consequently, the question arises which

nfluence the high density of non-radiatively recombinating triplet
xcitons has on the performance and lifetime of PLEDs. To inves-
igate this issue the idea of triplet harvesting has been taken up,
hoosing an organometallic compound as guest which has a first
xcited triplet state lying energetically higher than that of the PPV
ost. Thus, a back-transfer of the triplet exciton to the PPV matrix
ill occur, thereby increasing the concentration of the triplet exci-

ons in the polymer even more. This approach enabled for example
he direct observation of phosphorescence from PPV polymers
219] and has been used recently to improve the external quantum
fficiency of organic solar cells [220]. In the present case, a OC3C8-
PV matrix is blended with small concentrations (≤1 wt%) of the
riplet sensitizer molecule platinum(II) octaethylporphyrinketone
PtOEPK) in order to enhance the triplet population.

The energetic scheme of the singlet-to-triplet conversion is

llustrated in Fig. 29. A singlet exciton transfer takes place from the
olymer to the sensitizer. The energy transfer is followed by a fast

ntersystem crossing on the sensitizer, facilitated by the presence
f the platinum atom. The first excited triplet state of the polymer
by an intersystem crossing (ISC) to the PtOEPK first excited triplet state. The triplet
exciton is subsequently transferred back to the PPV due to the energetically lower
first excited triplet state.

lies energetically lower than that of PtOEPK, and the triplet exci-
ton is thus transferred back to PPV. The conversion of the singlet
excitons to triplets could be verified with photoinduced absorp-
tion measurements, where the excited triplet state absorption of
sensitized layers increased distinctively in comparison to that of
a pristine PPV layer [221]. The singlet-to-triplet conversion is also
taking place in electrically driven devices as the loss in PPV sin-
glet excitons is mirrored by a decrease of the electroluminescence
with increasing sensitizer content. In addition, no signs of electro-
luminescence coming from PtOEPK are observed, which indicates
a complete energy transfer.

Fig. 30 illustrates the lifetimes of diodes with pristine and sen-
sitized OC3C8-PPV layers. The t50 lifetime of devices with pristine
PPV is 160 h, whereas the diodes with a PtOEPK concentration of
0.1 wt% reach a lifetime of only 15 h. Moreover, when the sensi-
tizer concentration is increased to 1 wt%, the t50 lifetime drops to
only 2 h. This is a 99% decrease in comparison to the lifetime of the
diodes with pristine PPV layers [221].

The triplet excitons are found to drastically shorten the life-
time of PPV-based OLEDs. Different processes are presumed to take
part in the degradation of the devices. One hypothesis is that the
heat that is generated during the non-radiative decay of the triplet
excitons is harmful for the diodes. It has been observed that an
increased operation temperature accelerates the degradation of
Fig. 30. Evolution of the luminance of pristine and sensitized OC3C8-PPV devices
during electrical fatigue at a constant current density of 50 mA/cm2. The device
structure was: ITO/PEDOT:PSS/OC3C8-PPV:PtOEPK (x wt%)/Ca/Al.



ce an

w
t
m
f
d
q
i
s

t
a
b
f
o
T
g
g
i
o
w
e
s
t
i
p
e

5

b
w
[
w
a
w
t
o
i
T
i
t
o
t
c
c
[
s
c
i
d
[
i
a
a
i
t
c
d
e
s
i
t
t
T

tion through a contact barrier, an unimpeded charge injection
from ohmic contacts has been considered resulting in SCLC bound-
ary conditions [241]. These boundary conditions assume implicitly
importance of diffusion at least in the immediate vicinity to the
A. Gassmann et al. / Materials Scien

ith an increased triplet exciton concentration rises high enough
o accelerate the degradation. However, thermography measure-

ents show an increase of the mean temperature of only about 5 K
rom room temperature for a pristine device. For a 1 wt%  sensitized
evice, the mean temperature increase is higher with 10 K, but it is
uestionable whether such a difference in operating temperature

s high enough to fully explain the accelerated degradation of the
ensitized diodes.

Another hypothesis is that the interaction between polymer
riplet excitons and oxygen could play a role in the degradation
s well. Due to the long lifetime of triplet excitons, interactions
etween them and other molecules are likely. An energy transfer
rom the first excited triplet state of the conjugated polymers to
xygen in triplet state has been commonly observed [38,224–226].
he energy of the polymer triplet state is high enough to excite
round state triplet oxygen to the reactive singlet state. Singlet oxy-
en is reported to attack the vinylene bond of PPV derivatives. The
nteraction between oxygen and the PPV and the resulting scission
f the polymer chains has been observed even in inert atmosphere
ith oxygen concentration in the ppm-range. It is therefore rel-

vant also for the present measurements that were performed
olely in a glove box. The increased concentration of triplet exci-
ons in the sensitized polymer samples is assumed to lead to an
ncreased interaction with oxygen. However, it is presently not
ossible to assign the degradation phenomena in triplet exciton
nriched devices to a single process.

. Modeling of charge carrier injection and transport

Transport in organic systems is generally described by models
ased upon hopping of charge carriers between localized states,
hich are disordered in space and energy (see for example Refs.

227–229] and references therein). These systems are typically
ide-band gap disordered semiconductors possessing, as a rule,

 relatively narrow intrinsic density-of-states (DOS) distribution
ithout sharp band edges often approximated by a Gaussian func-

ion [201]. In addition to the intrinsic DOS distribution, disordered
rganic semiconductors may  exhibit deeper localized states orig-
nating from impurities, or from chemical and structural defects.
hose states are normally located energetically well below the
ntrinsic DOS distribution, and therefore, are referred to as deep
raps. In general, the energy distributions of such trap states are
ften assumed to be also of Gaussian shape or exponentially dis-
ributed. To simplify the description of transport, a theoretical
oncept is often applied where charge transport is controlled by
arrier jumps to the so-called effective transport energy level
229–233]. This characteristic energy is located within the intrin-
ic DOS-distribution and is defined as the energy of those sites a
harge carrier visits with the highest probability, independently of
ts energetic starting position. This concept allows one to reduce the
escription of hopping transport to a multiple trapping formalism
234]. The transport energy then plays the role of the mobility edge
n disordered materials [235] and may  be used to qualitatively sep-
rate mobile and immobile carriers in organic semiconductors. The
bove simplifications and the commonly simple device geometry
n OLEDs, i.e. electrode/organic layer(s)/electrode, allow to describe
ransport properties of organic devices within the framework of a
ontinuous one-dimensional model utilizing the terms of carrier
ensities and mean electric field and using generally the continuity
quations and a drift-diffusion or drift current, coupled to Pois-
on equation (see for example Ref. [228]), the approach used also

n our simulations. Another important process providing the func-
ionality of OLEDs is the injection of carriers from electrodes into
he organic layer in view of a low intrinsic charge carrier density.
his process often occurs over an energetic barrier which is defined
d Engineering B 192 (2015) 26–51 43

as a difference between the Fermi level of the injecting electrode
and the center of DOS distribution at the HOMO (LUMO) level for
hole (electron) injection. However, the description of this process
in the literature remains still controversial. Generally, transport
and injection properties in organic devices have to be considered
simultaneously because of space charge effects.

Arkhipov et al. have analyzed the interplay between charge
injection and bulk conductivity using a specific hopping model
for injection together with the concepts of the transport energy
and trap controlled transport for bulk space charge limited current
(SCLC) [236]. Assuming that the unipolar current density in the bulk
is determined by drift of mobile carriers, it was  shown that space
charge in the bulk of the OLED can be a rate-limiting factor at lower
temperature even if the injection barrier is high. On the other hand
transport is still controlled by the rate of charge injection from a
metal contact at higher temperatures even if the injection barrier
is relatively low. In Ref. [236], however, single particle hopping pro-
cess was considered while diffusion was neglected. Taking over a
concept of the transport energy and trap controlled transport from
this work, diffusion was added to the considerations. To this end
the applicability of the Einstein relation between the diffusivity D
and the charge-carrier mobility � for disordered organic systems
should be proven.

The classical Einstein relation D/� = kBT/q was verified by using
the generalized form [237] for two  typical DOS functions of
disordered semiconductors [238,239] (here kB is the Boltzmann
constant, T the absolute temperature, and q the elementary charge).
The results for �/D in units of q/kBT, assuming a DOS distribution
with a Gaussian form and width 	, are presented in Fig. 31. One can
see that the classical Einstein relation remains valid up to the value
of nc = 1018 cm−3. Qualitatively similar results were obtained for a
DOS function, describing a band structure with trap states expo-
nentially distributed from the band edge Ec down. Therefore, it has
been established that this relation is valid up to high charge-carrier
concentrations relevant to many experimental cases, if the multiple
trapping model and the mobility edge concept are assumed.

To study the importance of diffusion on charge carrier densities
and distributions inside a diode consisting of an organic layer of
thickness L sandwiched between a hole-injecting and an electron-
injecting electrode, a very simple model including space charge
effects, recombination and diffusion mechanisms were used [240].
The field dependence of the carrier mobilities and the influence
of traps were neglected in order to avoid distraction from the
main issue. To avoid complications connected with charge injec-
Fig. 31. The ratio �/D as a function of density of conducting charge carriers, nc , for
different values of the dimensionless parameter a = 	/kBT as indicated and total state
density N = 1021 cm−3.
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Fig. 32. Spatial distributions of charge carrier densities p and n in units of
n0 = 

0V/q2L, recombination zone ∼np (for clarity np is multiplied by a factor of
2)  and electric field F in units of F0 = V/L for a bipolar OLED with ohmic contacts, the
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ull  Langevin recombination and asymmetric mobilities (�p/�n = 10), for a voltage
f  5 V and a temperature of 300 K.

ontacts since the drift current at contacts vanishes together with
he field and the whole injection current is due to diffusion only.
ig. 32 presents the calculated spatial distributions of hole and
lectron densities, p and n, respectively, recombination zone and
lectric field F over a diode with unequal mobilities of holes and
lectrons, �p and �n. The density of the (faster) holes at the inject-
ng electrode is found to be much lower than the density of the
slower) electrons at the corresponding electrode. However, due
o the much higher mobility, the hole density is extended deeper
nto the bulk than the electron density. In previous calculations
eglecting diffusion at the electrodes the recombination process
as often assumed to take place in the vicinity of both electrodes,

ven for equal mobilities of holes and electrons [242]. It has been
emonstrated that due to diffusion only one recombination zone
xists.

For equal mobilities of electrons and holes the recombination
one was found in the center of the device whereas for different
obility values it may  be strongly shifted to one of the elec-

rodes, namely toward that side, where the slower charge carriers
nter the device. Additionally, diffusion has a strong impact on the
urrent–voltage (I–V) characteristics in double injection devices.
irst, due to the inclusion of diffusion, all I–V characteristics exhibit
emperature dependence. Secondly, the well-known Mott-Gurney
aw I ∝ V2 holds only at sufficiently high voltages and only if recom-
ination is taken into account (see Fig. 33). For small voltages, an

hmic-like behavior is observed in any case. However, if no recom-
ination is assumed, a transition to a I ∝ V3 law is obtained for higher
oltages.

ig. 33. Current–voltage characteristics of a bipolar OLED with ohmic contacts and
symmetric carrier mobilities (�p/�n = 10) calculated at temperature T = 300 K for
ifferent values of recombination parameter ˛. Here  ̨ = 0 means that the recombina-
ion  process is not existent,  ̨ = 1 corresponds to complete Langevin recombination.
d Engineering B 192 (2015) 26–51

5.1. Validity of the space charge limited regime: self-consistent
consideration in the mean-field regime

The drift-diffusion equation in combination with the Poisson
equation involves space-charge effects, but meets the problem
of self-consistency in the boundary conditions. The electrostatic
potential generated by the injected charge carriers modifies the
injection barrier, but on the other hand the amount of charge car-
riers injected per unit time depends itself on the barrier height.
Therefore, a proper description of the injection process by means of
the drift-diffusion theory has to involve both the insulator and the
conductor sides of the system. For that, a self-consistent continu-
ous description of unipolar injection in insulating media in terms of
carrier density and mean field (MF) has been developed [185,243].
The following assumptions were made for the electrode/organic
interfaces:

(1) Electrostatic potential is continuous, which means absence of a
dipole layer at the interface;

(2) Electric displacement is continuous, which implies absence of
a surface charge at the interface;

(3) Electrochemical potential is continuous through the whole sys-
tem matching particularly at the interface.

To concentrate on injection features, the narrow band approx-
imation for the organic constituent was  assumed first neglecting
the width 	 of the Gaussian DOS with respect to the height � of
the injection barrier. Also, the Boltzmann statistics of carriers was
assumed. Conditions (1–3) together deliver the boundary condi-
tions which connect the values of the field and the carrier density in
the organic semiconductor at the interfaces. As a result, the height
of injection barriers is modified by the local electric field F at the
corresponding interfaces and effective injection barriers may be
defined for each electrode as follows (the case of hole injection is
exemplarily demonstrated here)

�±
eff

= �± ± ql±TF F
(

± L

2

) 


± . (4)

From now on, the minus and plus superscripts denote quantities
related to electrodes at the interfaces x = − L/2 and x = L/2, respec-
tively. Particularly the Thomas–Fermi screening lengths are defined

as l±TF = [2
±
�±∞/(3q2p±∞)]
1/2

with p∞ and �∞ being, respectively,
the equilibrium values of the carrier density and of the chemical
potential in the electrode far away from the interface calculated
with respect to the bottom of the electrode conduction band. The
barrier correction in Eq. (4) is linear in field and may be positive or
negative depending on the sign of the local field at the interface. The
physical reason for this barrier modification is a contribution of the
work done by the mean electric field on electrons in the electrodes.

Considering within the developed MF approach the
current–voltage characteristics for a unipolar transport, it was
established that there is a crossover from the barrier-dominated
behavior at low voltages to the space-charge-dominated
behavior at high voltages [185]. Moreover, the SCLC regime
prevails over the whole voltage range for injection barriers
� < �crit = kBT ln(16LN�∞/(27lTFp∞kBT)), with N the density of
states for carriers at the HOMO level, revealing �crit between
0.2 eV and 0.35 eV in practical conditions.

The self-consistent MF  approach was also applied to simulation
of charge carrier injection and transport in a bipolar device [244].
Fig. 34 demonstrates typical spatial dependencies of charge carrier
densities p and n, recombination zone ∼np and electric field F in a

diode structure ITO/OSC/Ca having non-zero, nearly equal injection
barriers �p and �n for holes and electrons, respectively. To com-
pare with the SCLC case, when the contacts are ohmic and the elec-
tric field vanishes at the electrodes, the presented dependencies
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Fig. 34. Spatial distribution of charge carrier densities p and n in units of
n0 = 

0V/q2L, recombination zone ∼np (for clarity np is multiplied by a factor of
2)  and electric field F in units of F0 = V/L for a diode with the full Langevin recombi-
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Fig. 35. Schematic view of an electrode/organic interface for the cases of high (a) and
low (b) density of charge carriers. Injected charges are denoted by red circles and the
respective image charges are shown by green circles. Characteristic lengths xm and rs
ation, asymmetric mobilities (�p/�n = 10) and the injection barriers for holes and
lectrons �p = 0.3 eV and �n = 0.27 eV, respectively, subject to a voltage of 5 V and
emperature of 300 K. For more details see text.

ere calculated for the same voltage and temperature as those
hown in Fig. 32. As is seen, non-zero injection barriers strongly
epress the densities of injected carriers near the respective elec-
rodes (in the considered case up to two orders of magnitude). At
he same time carriers penetrate the organic layer much deeper
almost up to the opposite electrode). Also the electric field changes
patially much weaker and in the case of comparable barrier heights
emains almost constant, contrary to the SCLC case where the field
patial distribution is of nearly parabolic shape (see Fig. 32). It
hould be also noted that the peak position of recombination zone
s not affected virtually by non-zero barriers and is determined

ainly by the ratio of carrier mobilities.
By varying the heights of injection barriers, it was  established

hat the recombination rate affects the charge carrier and the elec-
ric field distributions in the organic layer most strongly when the
eights of injection barriers for holes and electrons are comparable.
oth the injection barriers and the recombination rate determine
he position and shape of the recombination zone and drastically
ffect the recombination-voltage characteristic of the considered
iode structure. In the case of significantly different mobilities of
harge carriers it appeared to be possible to maximize the recom-
ination efficiency of a diode by increasing the injection barrier
or the faster carriers, which are holes here, thus reducing their
oncentration.

.2. Schottky lowering of the injection barrier: single-particle
ersus mean-field regime

The above-considered one-dimensional MF  treatment implies
veraging of all variables over the plane perpendicular to the
njection current density which pertains to relatively high carrier
ensities and presents a limit opposite to the single-particle injec-
ion [236]. At small injection rates, the field-induced reduction of
he injection barrier obtained in the MF  model is much less than
he reduction of the energy barrier due to the single-particle image
otential of three-dimensional nature [236,245] which seems to
ave been confirmed in experiments [228]. Apparently, there are
estrictions on application of the mean-field description of the
harge injection at low carrier densities. Therefore, the MF  model
as been extended to allow for the mean-field treatment of charge

njection in such a way that the effect of discreteness of charge
arriers is accounted for [246].
First, a simple criterion has been looked for which separates
he regions of system parameters – voltage and injection bar-
ier – where either the single-particle (SP) or the many-particle,
ean-field concept is valid. Adequacy of the MF  description of
are marked as well as the positions of the energy barrier for a single carrier injection
are  shown. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

the charge-carrier injection or, alternatively, of the SP picture is
determined essentially by the relation between two respective
characteristic lengths (Fig. 35). In the first approach, this length
is given by an average, three-dimensional distance between the
injected charge carriers defined as rs = p−1/3

s , where ps is the
density of these carriers. In the second approach the relevant
length is the distance xm from the plane surface of an electrode
to the position of the potential maximum of the energy barrier,
xm = [q/(16�

0F(± L/2))]1/2.

Validity of the SP approach is then verified from the point of
view of the MF  approximation and vice versa. If the density of
injected carriers ps predicted in the continuous consideration is so
high that rs � xm (see Fig. 35(a)), then the presence of many par-
ticles between the surface of the electrode and the maximum of
the single-particle potential makes the SP approach inappropriate.
If, on the other hand, xm � rs (Fig. 35(b)), then the interaction of
a single injected charge carrier with its image is much stronger
than with the other distant injected carriers which makes the MF
approximation inappropriate. To judge whether the SP approach
is relevant, the impact of the deterministic individual image effect
should be compared to the impact of the other particles. Due to the
stochastic nature of the interaction of the individual particles lead-
ing to the energy and force fluctuations, the comparison has been
performed in two ways: The mean value or, alternatively, the vari-
ance of interaction forces (or energies) have been compared. The
two mentioned criteria bring the estimation of the crossover from
the SP to the MF  domination regime that can be roughly determined
by the criterion

xm 
 0.2rs, (5)

which is used in the following analysis.
The above specified microscopic conditions imply restrictions

on the macroscopic variables and system parameters which allow
for the description of injection in terms of the SP or the MF  approach
when xm is smaller or larger than the value given by Eq. (5),
respectively. Therefore, the deficiency of the MF  approach to the
description of the injection within a parameter range where the SP
injection mechanism dominates is the missing contribution from
the individual image forces on each single charge carrier. This

strong but short-range deviation from the mean field near the inter-
face may  be accounted for as a dipole layer of a characteristic width
xm as long as the latter distance is much less than rs, which is true
in the mentioned region. Indeed, this layer contributes to the shift
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Fig. 36. Solid voltage lines Vmin , Vmax , VT , and, partly, VL outline the MMF  area where
the MF  concept with the boundary condition (7) applies in contrast to the MF area
where the boundary condition (7) without the Schottky lowering term holds. The
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Fig. 37. Measured I–V characteristic of ITO/OC1C10-PPV/Au structure (squared
curve) and its approximations within the MMF  (solid curve) and the pure MF
ontinuous description of charge transport fails completely only in the hatched SP
egion under the line VL . Line Vlim bounds from above the region where the Boltz-
ann statistics applies.

n energy of each injected charge carrier through the work per-
ormed by the individual image force, which results in the shift in
he electrostatic potential at the interface given by the Schottky
owering

�Sch = 2F
(

± L

2

)
xm =

[
qF(±L/2)

4�

0

]1/2

. (6)

Accounting for that in the mentioned region, requirement (1)
f the boundary conditions introduced in the previous Section
continuity of the electrostatic potential) has to be replaced by
he condition that the electrostatic potential has a jump at the
lectrode/organic interface equal to ı�Sch. Applying this bound-
ry condition at x = ± L/2, the dipole layer is formally considered
s an infinitesimal sheet so that the continuous drift-diffusion and
he Poisson equation apply for the organic inner area −L/2 < x < L/2.
herefore, at each electrode/organic interface the self-consistent
odified mean-field (MMF)  boundary condition with the Schottky

owering term

p(±L/2)
N

= exp

{
− �±

kBT
∓ ql±TF

kBT

[

F(±L/2)


± − j

�±

]

+ qı�±
Sch

kBT


(

0.2r±
s − x±

m

)}
, (7)

s valid, where �± denotes the specific conductivities of the elec-
rodes, j is the current density and 
 the Heaviside unit step
unction. The last term in the exponent of Eq. (7) accounts for the
iscreteness of charge carriers if xm < 0.2rs. It thus determines the
MMF)  range of the injection barrier and field values where the
ndividual image forces dominate the injection process resulting in
he Schottky lowering of injection barriers q · ı�±

Sch
(with ı�±

Sch
from

q. (6)).
By solving drift-diffusion equations together with the Poisson

quation using the boundary condition (7) and the consequent elec-
ric field integration over the device the parameter regions may be
stablished where SP and MF  approaches respectively apply (see
ig. 36). The V–� chart shows voltage and barrier regions where MF
nd MMF  regimes are realized as well as the SP region where the
ontinuous description fails completely because the charge carri-

rs become so sparse in the device that the mean distance between
hem equals the distance between the electrodes (rs = L).

To evaluate the elaborated MMF  model, it has been applied to
xperimental data obtained on a unipolar device consisting of a
(dash-dotted curve) models. The best-fitting parameters in the MMF  approach are
indicated in the plot.

single OC1C10-PPV layer of thickness L = 100 nm sandwiched
between ITO and Au electrodes. In Fig. 37, the measured I–V char-
acteristics of the ITO/OC1C10-PPV/Au structure is shown as well as
the I–V dependencies calculated using different models. One can
see that the advanced MMF  approach gives a good approximation
for the measured I–V curve in the wide range of applied voltages
with the best-fitting parameters indicated in the figure. At the same
time, the dashed curve for the MF  approach with the same fitting
parameters underestimates the current by orders of the magni-
tude at high voltages. Note that the widely used Crowell and Sze
model [247,248] fails to describe the I–V characteristic at voltages
below −Vbi, where −Vbi is the voltage drop in the case of j = 0, i.e.
the built-in potential given by the difference of the electrode’s work
functions.

5.3. Account for distributed DOS and role of traps: temperature
dependence

Next, the self-consistent MMF  approach was extended to
account for a realistic DOS shape of the organic material which
becomes important when using different temperatures [249]. The
charge transport in the semiconductor/OSC/conductor diode struc-
ture was modeled using the transport energy concept in the
following way: Charge transport is provided by mobile carriers with
a constant mobility where all temperature dependencies in the
transport description result from the Fermi distribution of carriers
[250,251] and from the temperature dependence of the transport
energy [236]. The consideration has been focused on the influence
of the injection barrier heights and DOS parameters on the I–V char-
acteristics. As an example, a system was studied where only holes
were injected from an ITO electrode into the organic semiconduc-
tor, for simplicity.

The organic semiconductor is characterized by a DOS repre-
sented here as a superposition of two Gaussian DOS: The intrinsic
DOS represents the highest occupied molecular level (HOMO  band)
and the second one describes the spatially and energetically dis-
tributed trap states. The total DOS distribution then can be written
as [244]

g(E) = Pc√
2�	c

exp

(
− E2

2	2
c

)
+ Pt√

2�	t
exp

[
− (E − Et)

2

2	2
t

]
, (8)

where E denotes the average trap energy, 	 and 	 are the widths
t c t

of the intrinsic and trap DOS parts, Pc and Pt are the numbers of
intrinsic states and traps, respectively (notice that the level E = 0
coincides with the DOS maximum of the HOMO band). Spatial
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Fig. 38. Measured I–V characteristics (solid curves) of the ITO/P3HT/Al diode
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the boundary condition from Eq. (7)). The MMF  approach extended
in this way is easy applicable to simulation of hole transport in
unipolar diodes.
t different temperatures [251] and their fitting (dashed curves) with the
SC model parameters: � = 6.7 · 10−4 cm2 V−1 s−1; Pc = 1021 cm−3; Pt = 5 ·1015 cm−3;
c = 0.035 eV; 	t = 0.02 eV; Et = 0.5 eV.

istributions of the charge carrier density p and the electric field F in
he organic semiconductor are described by the system of equations

BT�
dpc(x)

dx
−  q�pc(x)F(x) = −j, (9)

dF(x)
dx

= q



0
p(x). (10)

here the total density of charge carriers p(x) = pc(x) + pt(x) is the
um of mobile and immobile carrier densities, which are separated
y the effective energy of the transport level Ec as

c(x) =
∫ Ec

−∞
g(E)fp(E)dE, pt(x) =

∫ ∞

Ec

g(E)fp(E)dE, (11)

ith fp(E) = {exp [(�(x) + q�(x) − E)/(kBT)] + 1}−1 being the
ermi–Dirac distribution of holes. Assuming the Boltzmann
tatistics for the mobile carriers, the total density of carriers is

(x) = pc(x) + pc(x)

∫ ∞

Ec

g(E)dE

Nc exp(−E/kBT) + pc(x)
, (12)

here Nc is interpreted as the effective total number of states
vailable for mobile carriers in the transport band of the organic
emiconductor. The nonlinear differential equations (9) and (10)
ith p(x) from Eq. (12) supplied with the boundary conditions from

q. (7) have been numerically solved. Knowledge about the spatial
istribution of the electric field gives access to the voltage drop V
cross the system for a given current density j, which follows by
irect integration of the field over the device thickness.

To test the presented model, it has been applied to the
xperimental I–V characteristics measured on a unipolar device
onsisting of a single poly(3-hexylthiophene) (P3HT) layer of thick-
ess L = 125 nm sandwiched between ITO and Al electrodes. It was
educed from experiments [251] that the total DOS in P3HT consists
f the superposition of two Gaussian peaks, which is similar to Eq.
8). Fig. 38 depicts the I–V characteristics of the ITO/P3HT/Al struc-
ure from Ref. [251] measured at different temperatures along with
he best fits calculated with the OSC model parameters indicated.

First, by fitting the T = 300 K curve, the best values for the DOS
arameters and the carrier mobility were established. Next, by fit-
ing the curves for the other temperatures, these model parameters
emained unchanged and only the barrier heights �± and the trans-
ort energy Ec, were allowed to vary with temperature. One can see
hat the calculations satisfactorily reproduce the magnitude and

he general form of the I–V characteristics in a wide range of applied
oltages and at temperatures between 160 K and 300 K with the fit-
ing parameters indicated in the figure. The remarkable deviation
f the theory from the experiment in the low-voltage parts of the
d Engineering B 192 (2015) 26–51 47

I–V characteristics (below −Vbi) is explained by a parallel leakage
current which was not taken into account in the model presented.

It should be noted that the obtained fitting clearly emphasizes
the essential role of the self-consistent boundary conditions in the
proposed theoretical model. In Ref. [251], the experimental I–V
curves have been simulated within the basically similar mobility
edge concept, but using the temperature-independent transport
energy Ec = 0 and the space-charge limited boundary conditions of
F(± L/2) = 0. Here, the simulation has revealed a less satisfactory
agreement between the calculated and experimental curves and
an unreasonably low number of intrinsic states on the order of
1018 cm−3 in contrast to the number of 1021 cm−3 obtained in our
simulations. Finally, compared with the popular extended Gaussian
disorder model which involves both field and carrier density depen-
dencies of the effective average mobility of the whole ensemble of
carriers [252,253], the present approach has a comparable number
of fitting parameters and gives a similar fitting accuracy.

5.4. Beyond the transport level and the constant carrier mobility
concepts

To this end the concept of transport level has been used and
it was assumed that all mobile carriers have the same constant
mobility. As was  shown above, this approach is quite well for fitting
of the current–voltage characteristics of organic devices, espe-
cially if I–V curves reach V2 behavior at high voltages. However,
if the experimental I–V curves reveal steeper voltage dependen-
cies, the constant mobility assumption seems to be insufficient
and alternative concepts of charge transport should be involved
into the consideration. By now, the most advanced approaches are
the extended Gaussian disorder model (EGDM) [252,253] being
adequate for polymeric semiconductors and its modification, the
correlated Gaussian disorder model (CGDM) [254] applicable to
small molecule organic semiconductors. In both approaches, all
carriers in intrinsic DOSs are considered mobile and their effec-
tive drift mobility is assumed to be dependent on the temperature
T, on the carrier density p (or n) and, in general, on the electric
field F. For these �(T, p, F) dependencies quite cumbersome expres-
sions were suggested (see Refs. [252–254]) with which, however,
the EGDM and CGDM approaches have demonstrated a good abil-
ity to simulate the I–V characteristics of different organic devices.
Such approximations for the carrier mobility may be easily incor-
porated in the above-described MMF  model (Eqs. (9) and (10) with
Fig. 39. Measured I–V characteristics (curves with squares) of the hole-only
ITO/OC1C10-PPV/Au diodes at room temperature and their best fitting (solid curves)
with  the OSC model parameters. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)



48 A. Gassmann et al. / Materials Science an

Fig. 40. Measured I–V characteristics (solid curves) of a bipolar
ITO/PEDOT:PSS/OC3C8-PPV/Ca/Al diode that was  fatigued at a constant cur-
rent density of 5 mA/cm2 for different periods at room temperature and their best
fitting curves (dash-dotted). The thickness of the organic layer L was  130 nm.  The
OSC  model parameters are indicated in the figure and the fitting parameters are
given in Table 2.

Table 2
The fitting parameters for the I–V characteristics of an electrically fatigued bipolar
ITO/PEDOT:PSS/OC3C8-PPV (130 nm)/Ca/Al diode shown in Fig. 40.

Fatigue time [h] �p [eV] �n [eV] �0,p [cm2 V−1 s−1]

0 (fresh) 0.55 0.55 2.20 · 10−6

142 0.60 0.60 1.65 · 10−6
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258 0.60 0.60 1.30 · 10−6

473 0.60 0.80 5.90 · 10−8

Fig. 39 depicts the I–V characteristics of three ITO/OC1C10-
PV/Au diodes with the same thickness of organic layer L = 130 nm
easured at the room temperature along with their best fits

alculated using the EGDM approximation for the hole mobility
252,253] and the organic semiconductor’s Gaussian DOS parame-
ers indicated.

The actual, most advanced model can also be implemented for
he description of bipolar transport and recombination in diode
tructures and is particularly applicable for tracing the evolution
f system parameters during fatigue. To this end electronic traps
hould be additionally introduced into the model since they are
xpected to be relevant for the observed fatigue features as dis-
ussed above in Section 4.1.2. Thus, a single trap level characterized
y its density of states Nt and depth �Et with respect to the peak
f the LUMO band was added to the model described in Sec-
ion 5.3. Otherwise the bipolar transport equations are the same
s in the drift-diffusion approach [244]. Current–voltage charac-
eristics calculated within this model with a recombination rate
ssumed to be 10−2 of the maximum Langevin recombination
ate were compared with virgin and differently fatigued PLEDs
f ITO/PEDOT:PSS/OC3C8-PPV/Ca/Al structure (see Fig. 40). For
his comparison the experimental curves have been corrected for
he Ohmic currents usually observed at low voltages (<1 V) and
ttributed to leakage currents.

Appropriate parameter values for the fitting are presented in
ig. 40 and Table 2. In contrast to the unipolar case (Fig. 39), the
heoretical results given by the dash-dotted lines remarkably devi-
te in the low-voltage region from the experimental data shown by
olid lines but deliver satisfactory description at higher voltages.
he gradual increase of injection barriers and reduction of charge
arrier mobilities �0,p and �0,n with progressing fatigue, as pre-

ented in Table 2, in principle plausibly delineate degradation of the
evice. The observed increase of the injection barriers (correspond-

ng to an increase of work functions) indicates a possible reaction
f the electrodes with either still present residual bromine of an
d Engineering B 192 (2015) 26–51

uncompleted dehydrohalogenation reaction (see Section 4.1.2) or
with oxygen from ITO (see Section 3.5) or from the glove box envi-
ronment. In addition, the observed decrease of the hole mobility
could be due to an increased energetic disorder and a changing
morphology with ongoing fatigue as discussed in Section 4.2.1. Fur-
ther refinement of the model requires experimental evidences on
what particular constitutional parameters are affected by electrical
fatigue. Contrary to the example above where only the hole mobil-
ity was  changed while keeping the ratio between hole and electron
mobility constant both charge carrier mobilities, their densities of
states and trap distributions, the injection barriers, the recombi-
nation rate, etc. have to be considered in order to fully describe
experimental curves for electrically fatigued devices.

6. Summary

The detailed understanding of the processes governing OLED
operation and especially its operational degradation is remaining
in the focus of recent investigations. Even though light-emitting
diodes have been successfully introduced into certain application
fields, the basic properties of the involved materials as well as the
interplay of materials at interfaces are still not fully understood:

(i) Materials in OLEDs:  The current manuscript focused on
the organic semiconductor poly(p-phenylene-vinylene). Gilch-
synthesized PPV-derivatives were successfully prepared and
evaluated in PLEDs. The mechanism of the Gilch reaction was
proven to be radical and the origin of defects formed in PPVs. It
was found that the halogen defects are the main limiting factor
for the PLED lifetimes. Due to the slow dehydrohalogenation reac-
tion the elimination of halogen traces from the polymer backbone
takes days. If this is considered during material synthesis, long-
lived PLEDs with lifetimes of several hundreds of hours can be
produced.

As for the common anode material ITO, the knowledge on bulk
defect and surface properties of In2O3 and ITO was reported. The
latter can exhibit carrier concentrations of up to ∼1021 cm−3 with
a typical doping concentration of 10 mol% SnO2. The electron con-
centration is limited by self-compensation with oxygen interstitials
as compensating acceptors. ITO does therefore exhibit an over-
stoichiometric amount of oxygen where the oxygen interstitials
can be easily exchanged at the surface even though oxygen diffu-
sion is rather slow for temperatures below 200 ◦C. It is therefore
unlikely that oxygen released from ITO contributes significantly to
electrical fatigue of OLEDs. A degradation of interface properties
and an enhanced oxygen release due to high electric fields dur-
ing device operation can, however, not be excluded at present. The
ionization potential and work function depend strongly on sur-
face orientation. Except for strongly reducing or strongly oxidizing
conditions, the (1 1 1) surface has the lowest surface energy and
ionization potential A significant enhancement of ionization poten-
tial and work function upon surface oxidation is expected for the
(1 0 0) surface orientation. The orientation dependence of the work
function is expected to lead to a spatially inhomogeneous charge
injection which is likely to be the origin of hot spot formation.

(ii) Interplay between the materials in the device:  During electrical
fatigue the injection barriers might change or charge carrier injec-
tion might be impeded by the formation of interlayers. As for the
charge carrier transport in PPV it was shown that the hole mobil-
ity strongly depends on the morphological order of the polymer
chains. This order is influenced by the symmetry of the side chains
attached to the backbone and by the molecular weight of the poly-

mer. Experiments with three different PPV derivatives revealed that
electrical fatigue decreases the hole mobility and induces also a
transition from non-dispersive to dispersive transport. The impact
of non-radiatively decaying triplet excitons on device fatigue has
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een evaluated by increasing the triplet exciton density on the PPV
hains incorporating a triplet sensitizer molecule in low concen-
rations (0.1–1 wt%). The results are drastically shortened lifetimes
f the PLEDs. Even though different mechanisms are discussed, it is
resently not possible to assign the degradation of triplet-enriched
evices to one single mechanism.

In order to better understand the physics in OLEDs, a self-
onsistent continuous model of stationary injection and transport
f charge carriers in insulating media with account for discrete-
ess of the carriers during injection has been developed. The model
as satisfactorily applied to the description of unipolar or bipolar
iodes at different temperatures considering a Gaussian DOS dis-
ribution for mobile carriers and shallow trap states. It can be easily
eneralized to more complicated approximations for both carrier-
ensity and electric field dependencies of mobility and diffusivity.
sing injection barrier heights, mobility of carriers and DOS shapes
s fitting parameters, application of the model to fatigue measure-
ents will allow to trace changes of system properties and allows

o draw conclusions on mechanisms of device degradation. How-
ver, a better experimental insight is needed to assess the multiple
arameters which are unavoidable for a realistic model description.

Finally, it can be stated that further knowledge on the func-
ionality and electrical fatigue induced changes of materials and
ystem parameters in OLEDs can only be gained by a collaborative
pproach where scientists from different fields work hand in hand.
dditionally, it has to be kept in mind that especially degradation is
trongly material dependent, thus complicating the development
f a general model for device degradation in small-molecular and
olymeric OLEDs. In particular, the presence of phosphorescent
mitters and their operational stability was not considered here.
evertheless, it seems that consensus has been reached in the com-
unity that the utilization of highly pure organic semiconductors

nd a controlled and reproducible processing of the materials are
ecessary preconditions to obtain well-behaving devices.
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