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CHAPTER 2

Theory
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2. Theory

2.1 Device physics

The key to high-throughput fabrication of OLEDs/OSCs is solution processing. In solu-
tion-processed devices materials are cast, from a solution, in different layers onto a sub-
strate. The exact behavior of the device is then defined by the material properties and the
deposition order of the various layers.

Polymers, or plastics, are the main materials used for wet-processing of organic elec-
tronics. Synthetic polymers usually consist of many small (identical) molecules (also
known as monomers) that are repetitively linked together. Many known polymers are
insulating materials, but they can also be semi-conductive. In 1977 it was discovered
that the conductivity of these semi-conductive polymers could be varied, for example by
adding iodine impurities to polyacetylene.[1] This discovery launched the field of polymer
electronics, and was awarded the Nobel prize for chemistry in 2000. The first, practical,
organic electroluminescent diode was developed 10 years after the discovery by Chiang.
et. al., in 1987, at Eastman Kodak by C.W. Tang and S.A. van Slyke.[2]

A straightforward approach towards understanding the physics of OLEDs and OSCs is
by making an analogy with inorganic semiconductors. In solids the energy states of elec-
trons form bands.[3] We can distinguish two energy bands: the valence and conduction
band. At absolute zero temperature the highest completely filled band (valence band) is
separated from the lowest empty band (conduction band) by an energy gap, or band gap,
of forbidden electron states. A band should be partially filled in order for a material to
conduct. For an insulator, there are no free energy states within the valence band, and
no electrons within the conduction band. Therefore, in order to conduct, electrons need
to be excited from the valence band into the conduction band, so that both bands are
partially filled. The band gap for insulators is however too large, so that electrons are un-
able to overcome this barrier. In a metal (conductor), the valence and conduction bands
overlap, so that both bands are partially filled. Therefore, metals are able to conduct.

Semiconductors are materials that have a small bandgap. At absolute zero temper-
ature they will behave as insulators, but at non-zero temperatures they can conduct if
thermal excitations are able to overcome the band gap. When an electron is excited to the
conduction band, it leaves an empty state (hole) within the valence band. These holes can
move freely within the valence band, while the excited electron can move freely within the
conduction band. Therefore, semiconductor materials are capable of conducting electri-
city. Figure 2.1 gives an schematic overview of the different materials.

The conductivity of a semiconductor can be drastically altered when impurities are
added to the material. These impurities add new energy levels to the semiconductor ma-
terial. These added energy levels form an “impurity band” that is found within the band
gap of the original material, and drastically reduces the effective band gap for charge car-
riers. The impurity band is found slightly below the conduction band when impurities are
added that give up an electron (donor). Electrons can then easily be excited from the “im-
purity band” to the conduction band where they are mobile. These materials are called
“n-type” semiconductors. An impurity band is found nearby the valence band when im-
purities are added that accept electrons (acceptor). Electrons can then be excited from
the valence band into the impurity band, so that mobile holes are left within the valence
band (“p-type” semiconductor).
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Figure 2.1: Schematic representation of the valence band (black), conduction band (white) in insulators,
conductors and semi-conductors. Gray area shows overlap between the valence and conduction band.
Dashed line indicates the Fermi-level. Dotted lines represent the added energy levels by the donor ma-
terials (black) and acceptor materials (white).

Light-emitting diodes can be fabricated by creating an interface between n- and p-
type semiconductors: a P-N junction. This junction is designed by doping half of the
semiconductor with acceptor impurities, while the other half is doped with donor im-
purities. Electrons from the n-type material cross the P-N junction (under applied bias),
where they recombine with holes within the p-type semiconductor. Electrons need to
discharge excessive energy during this recombination process. This removal of energy
occurs through the emission of a photon.

For an inorganic solar cell, the process is reversed. So photons with an energy greater
than the bandgap are incident on the semiconductor, and excite an electron from the
valance band into the conduction band, concomitantly leaving a hole within the valence
band. This electron-hole pair is spatially separated at the P-N junction, due to a local elec-
tric field, that prevents the electron-hole pair from recombining. The electrons are swept
across the junction, and become majority carriers within the n-type semiconductor, while
the holes become majority carriers in the p-type material. These free charge carriers can
then be extracted from the material.

In organic semiconductors similar bands are formed as in solids, but these bands find
their origin in the nature of the backbone of the polymer. Semi-conductive polymers
have a conjugated backbone, that is, carbon atoms are alternatively linked with single
and double bonds. Figure 2.2 shows the molecular structure of ethylene, along with its
orbitals. Each carbon atom has four electrons in its outer shell. Three of these four elec-
trons are used to form sp2 hybridized orbitals (red orbitals in Fig. 2.2). When one of these
orbitals combines in-plane with the sp2 orbital of a neighboring carbon atom, a σ bond
is formed. Theseσ bonds keep the structure of a polymer intact. The remaining electron
of the carbon atom forms a pz orbital that is perpendicular to the σ bonds (black and
white orbitals in Fig. 2.2). There is an overlap between the pz orbitals of neighboring car-
bon atoms, so that a π bond is formed (indicated by black lines in Fig. 2.2). Electrons are
delocalized over the polymer backbone through these extended orbitals in π-conjugated
systems.

The highest energy of theπ-orbital, which is occupied in the ground state, is called the
highest occupied molecular orbital (HOMO). When an electron in theπ-orbital is excited,
it is (minimally) promoted to the lowest energy empty orbital: the lowest unoccupied
molecular orbital (LUMO). The HOMO and LUMO levels can be compared to respectively
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Figure 2.2: Bond structure of ethylene (C2H4). Red orbitals: sp2, blue orbitals: s , black/white orbitals: pz .
White lines indicate bonds. black lines indicate overlap between two pz orbitals.
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Figure 2.3: Schematic representation of an (a) OLED and (b) OSC under operation. Black and white circles
represent electrons and holes respectively. The indicated processes are (1) charge injection, (2) transport,
(3) recombination, (4) exciton generation and diffusion, (5) charge extraction. A and D represent the ac-
ceptor and donor material respectively.

the valence and conduction band of inorganic semiconductors. The difference between
the π− π∗ levels is then comparable to the band gap. By injecting holes and electrons
in the respectively HOMO and LUMO levels, one can recombine these charge carriers,
under an applied electric field, within the polymer (Figure 2.3a ). The recombination of
holes and electrons results in the emission of light.

The photoactive layer in organic solar cells is typically composed of two components
that are intimately phase separated: an electron donor (e.g. poly(3-hexylthiophene-2,5-
diyl) (P3HT)) (accepts holes) and an acceptor (e.g. phenyl-C61-butyric acid methyl ester
(PCBM)) (accepts electrons).[4] In this way the formation of free charge carriers by dissoci-
ation of photo-generated excitons at the donor-acceptor interface is maximized, while at
the same time providing sufficiently pure phases to allow for high carrier mobilities and
efficient charge collection.[5] There are four energy bands within this photo-active blend:
2 HOMOs and 2 LUMOs. Photo-generated excitons at the donor-acceptor interface are
dissociated in holes and electrons. The electrons are transported through the LUMO of
the acceptor-material towards a low work function electrode (cathode). The holes are
transported through the HOMO of the donor-material towards a high work function elec-
trode (anode) and subsequently extracted, so that an electrical current is formed (Figure
2.3b).
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Figure 2.4: Schematic device structure and process issues encountered in roll to roll processing. 1:
thinning of the layers by conductive particles. 2: full penetration of the organic layer(s) by conductive
particles. 3: local blockade of device current by insulating particles. 4: particles that create comet tails. 5:
pinholes within the organic layer(s). 6: contact damage to the organic layer(s).

2.2 Generic device structure

A generic OLED/OSC has a rather straight-forward device structure: it consists of an act-
ive layer, sandwiched between two electrodes. The active layer is a material with one
specific function, i.e. emission of light, or converting light into energy. It is generally
very thin (< 200 nm) and processed from solution. The electrodes are highly conductive
materials, and may be composed of multiple individual layers. The generic structure of
an universal OLED/OSC is shown in Figure 2.4. In this figure, we have a bottom anode
(composed of two individual elements), the active layer and a single-layer top cathode.
Different processing issues are shown within the device, which will be explained in the
following section.

2.3 Processing issues

Although there are several challenges in large-area processing of OLEDs/OSCs, there is
little published on the subject in scientific literature. From experience we can however
distinguish three different defect categories that can occur during fabrication of
OSCs/OLEDs: particle-related, deposition/wetting-related, and damage-related defects.
Other defects, such as for example the occurrence of black spots in OLEDs,[6,7] or photo-
oxidation of the active material,[8] are challenges that are, respectively, relatively easily
solved or not specifically related to processing. We shall therefore only consider the three
aforementioned defect categories.

2.3.1 Particle contaminants

M. Nagai has studied the influence of particle contaminants on the leakage current of
sputtered OLED devices.[9] He observed three different outcomes when a particle con-
taminated an OLED:

1. Localized thinning of the active layer.

2. Penetration of the active layer by the particle.
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3. A local high electric field in (optional) electrode buffer layers.

We can theorize that particle contaminants can create similar problems in solution-
processed OLEDs/OSCs, i.e. localized thinning of the organic layer and penetration of
the organic layer by contaminates. Particles can furthermore create shadow-effects in
the deposited organic layer.[10] That is, in the vicinity of a particle, there is a region where
no (or less) organic material is deposited, because the particle blocked proper spreading
of the organic material (“comet tails”). Taking into account that particles can be either
conductive or insulating, it follows that each contaminant can have different effects on
the final device performance.

Conductive particles that get trapped within an organic layer locally decrease the ef-
fective layer thickness (defect 1 in Figure 2.4). The local current density is significantly
enlarged with the concomitant increase in electric field at these compromised locations.
In OLEDs charge carriers will thus locally recombine at a higher rate than in the rest of
the device. The emitting surface of the OLED will therefore contain small bright spots. In
solar cells these defects incite higher leakage current pathways, and reduced efficiencies.

Particles that fully penetrate the active layer will form a bridge between both anode
and cathode (defect 2 in Figure 2.4). A conductive particle will therefore short-circuit
both electrodes. These short-circuits can either prevent the device from functioning, or
will drastically reduce device efficiency.

Insulating particles that get trapped within the layer stack will block the flow of elec-
tric current (defect 3 in Figure 2.4). Insulating particles therefore give rise to small non-
emissive regions in OLEDs, and decreased surface areas in OSCs.

Comet tails can be the result of either conductive or insulating particles. The top elec-
trode will, at the location of the comet tail, be in direct contact with the bottom electrode,
so that both electrodes are short-circuited (defect 4 in Figure 2.4).

Particle-related defects can be minimized by processing the device in clean room fa-
cilities, but these facilities drastically increase production costs. Tacky rollers and other
cleaning procedures can be used to reduce the number of particles on the substrate. The
particles that can easily be removed are however generally larger than 500 nm.1 Small
particles pose therefore a considerable threat for R2R processed organic devices.

2.3.2 Wetting and deposition issues

It is necessary that a deposited solution can properly wet2 the surface of a substrate in
order to form a closed thin film. Proper wetting of substrates/electrodes is however a
significant challenge in solution-processing.[11]

Surface treatments, such as UV-ozone or (oxygen) plasmas, are often used to improve
the wetting of a substrate.[12,13] These treatments increase the surface energy of the sub-
strate, so that it is larger than the surface tension of the solution, which is a require-
ment for proper wetting.[14] However, inhomogeneities in these surface treatments can
result in local areas where the surface energy is too low, so that complete wetting by

1Based on data from the European Clean4Yield project: http://www.clean4yield.eu/research/cleaning
2Wetting is the ability of a liquid to spread across a surface.
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the fluid is hampered. As a result, there will be small regions (pinholes) where the sub-
strate/electrode is left uncovered by the active material (defect 5 in Figure 2.4). Fur-
thermore, it is also possible that a deposited film is unstable, ruptures and locally de-
wets,[15,16] which gives similar issues.

Finally there are also challenges with regards to the deposition methods of the organic
materials. During ink-jet printing, for example, ink-jet nozzles can get clogged with the
to-be-deposited material.[17] In all these cases the bottom electrode is left uncovered by
an organic material, so that subsequent deposition of the top electrode will result in a
short-circuit between both contacts (defect 5 in Figure 2.4).

2.3.3 Contact damage

Contact damage by improper handling may cause harm to the integrity of the polymer
layers (defect 6 in Figure 2.4). Depending on the exact moment that this occurs, damage
to the device is more or less catastrophic. If damage is inflicted to the active material, prior
to deposition of the top electrode, short-circuits are surely to arise, as both electrodes will
be in contact with each other.

The random nature at which defects occur makes it difficult to systematically prevent
them. We can however look at common denominators between the aforementioned de-
fects. We encounter three types of processing issues: short-circuits within the device,
non-conducting regions within the device, and regions in the device with higher than
average currents. Non-conducting regions are not visible in OSCs, and may be (barely)
visible in OLEDs as tiny black spots. These black spots do however not result in the cata-
strophic failure of a device, and are merely undesired. That leaves two types of defects
that are related to too high local current densities. Both of these issues can be prevented
by locally deactivating either one, or both, of the electrodes. We shall therefore consider
the different types of electrodes in more detail.

2.4 The electrodes

2.4.1 The anode

The Fermi level of a metal needs to align with the HOMO/LUMO level of an organic ma-
terial in order to get proper injection/extraction of the charge carriers.[18–20] The anode is
the electrode that has a Fermi level that aligns with the HOMO of the organic material. It
has a high work function, and in bottom-emitting devices, it is generally transparent.

Indium tin oxide (ITO) is a transparent, semi-conductive material with a work func-
tion of ∼5 eV. It is the most commonly used anode material in OLEDs/OSCs, although it
does have a few undesirable characteristics. ITO is rather expensive and fragile, which
limits its potential for large area, flexible, devices. It needs to be sputtered, with as res-
ult that on polymer foils, its conductivity is significantly lower than on glass substrates
since the processing temperatures need to be kept to a minimum.[21] ITO is furthermore
known to give issues with ITO spikes that penetrate the organic layers (in turn increasing
the number of short-circuits).[22,23]
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Figure 2.5: Flexible OLED prototype processed in a R2R line within the European Flex-o-Fab project. The
anode in this OLED has an embedded silver grid for improved current distribution.

Therefore, alternative anode materials have been thoroughly investigated. These ma-
terials include highly conductive polymers, silver-gold nanotube-meshes,[24] and carbon-
nanotube meshes.[25] In general, the conductivities and transparencies of the materials
remain relatively low. Silver-gold nanotube meshes appeared promising, although their
actual usability remains debatable due to the costs of the materials involved. Carbon-
based solution processed electrodes all have very high resistances, which means that in
practice shunt-lines need to be used in conjunction with the anode-materials (see Figure
2.5). One highly potential alternative is a polymer, which we will discuss in more depth in
the next section. This polythiophene-based polymer is slightly less conductive than ITO
and is often used as hole-injection layer in conjunction with ITO. It is solution-processing
compatible, can be produced at low cost, and synthesized in highly conductive forms.

2.4.2 Organic anode / hole injection layer

Polythiophenes are conductive polymers that were heavily researched in the 1980’s by
Bayer AG. Unfortunately the high conductive forms were found to be unstable in (hu-
mid) air, which limited their use. Luckily, two researchers (Friedrich Jonas and Gerhard
Heywang) of Bayer AG were able to invent an air-stable, doped polythiophene in 1988:
poly(3,4-ethylenedioxythiophene), commonly abbreviated as PEDOT or PDOT (see Fig-
ure 2.6a).[26] This newly synthesized polymer was conductive, transparent, and highly ro-
bust. PEDOT has found use in solid electrolyte capacitors,[27] antistatic coatings,[28] elec-
trochromic devices,[29,30] and in different types of organic electronics.[22,27,31]

PEDOT itself is unfortunately not soluble in any solvent. But, by synthesizing PEDOT
in the presence of a polyelectrolyte: polystyrenesulfonic acid solution (PSS), it is possible
to synthesize a waterborne PEDOT:PSS dispersion. This dispersion can easily be wet-
processed, which broadens the potential for PEDOT:PSS in solution-processed devices.
Within this polymer-blend PSS functions as a charge-balancing counter-ion to the PE-
DOT poly-cation. Furthermore, in sharp contrast to PEDOT itself, PEDOT:PSS is a highly
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Figure 2.6: a) Chemical structure of PEDOT:PSS. b) Number of publications mentioning either PEDOT or
poly(3,4-ethylenedioxythiophene) per year.

doped polymeric semiconductor with impressive conducting properties and stability.
The invention of this polymer led to extensive new research, as evident from the fact

that in the last 4 years more than 2000 new publications per year mention either PEDOT
or poly(3,4-ethylenedioxythiophene)(see Figure 2.6b).3 In OLEDs and OSCs, PEDOT:PSS
can be used as polymeric anode,[32,33] or as an additional layer to improve hole injec-
tion/extraction into/from the organic material.

PEDOT:PSS is the most widely applied transparent organic semiconductor in organic
electronics applications. A typical aqueous solution consists of a dispersion of nano-
particles comprised of both PEDOT and PSS in a predetermined ratio. The PEDOT frac-
tion, because of its hydrophobicity, mostly resides in the core region of the nano-particle,
while the PSS, usually present in excess to PEDOT, is mostly present in the shell regions.
The particles are effectively stabilized against agglomeration through electrostatic repul-
sion between the like-charged PSS shells. When PEDOT:PSS is (spin)-coated and a film is
formed, water within the solution vaporizes, so that a dense-packed layer of PEDOT:PSS
particles is left upon the substrate. A recent study has suggested that the PEDOT particles
within the layer can be considered to be a percolating system of many conductive quasi-
1D wires, surrounded by a matrix of insulating PSS.[34,35] In plane, these 1D wires easily
overcome the percolation threshold so that high conductivities can be obtained. Out of
plane, however, there are fewer percolating pathways, so that the conductivity is lower.
PEDOT:PSS displays therefore anisotropy in the electrical conductivity.

For display OLED pixels and millimeter-sized lab scale OPV cells so-called low con-
ductive (LC) PEDOT:PSS, typically<10 S/cm, is used. The advantage of this relatively low
conductivity is that cross-talk between neighboring pixels or devices is effectively sup-

3based on SciFinder statistics.
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pressed. Recent efforts have shown that the conductivity of thin films of PEDOT:PSS can
be significantly enhanced by various additives, such as high boiling co-solvents,[36] ionic
liquids,[37] surfactants,[38] salts,[39] zwitterions,[40] and inorganic acids.[41] The mechanism
behind the enhancement of the conductivity of PEDOT:PSS by aforementioned additives
depends on the way these chemicals interact with the individual blend components and
whether/how the PEDOT:PSS phase morphology is affected. In general, three causes for
conductivity enhancement by additives are identified: i) increased doping of the PEDOT
chain segments, e.g. in case of extensive protonation by strong acids,[41] ii) increased in-
ternal ordering and (nano-)crystallization of the PEDOT fraction, e.g. such as observed
upon addition of ethylene glycol,[42] and iii) enhanced coagulation, e.g. as observed for
polyhydroxy-type additives such as sorbitol,[43] or polar high-boiling solvents.[43] Applica-
tion of these additives has led to a boost of the conductivity to up to∼3065 S/cm,[44] mak-
ing PEDOT:PSS also suitable for large area OLED and OPV applications as well as for other
areas, such as conductive clothing,[45] and electrochromic windows.[46] High conductiv-
ity (HC) PEDOT:PSS grades are often even capable of fully replacing ITO as transparent
anode.[32,33] Optionally, silver grids can be used in combination with HC PEDOT:PSS to
fabricate large area anodes.[47]

The risk of the occurrence of parasitic currents when HC grades of PEDOT:PSS are
used may make it desirable to pattern the polymeric anode. When these parasitic currents
are not controlled properly, they may provide leakage pathways and cross-talk between
device areas intended to operate autonomously. Parasitic currents are known to cause
significant overestimation of the light-to-power conversion efficiency in OPV cells, for
example.[48] PEDOT:PSS can be patterned by on-demand printing of the formulation in
specific areas, or by disrupting its conductive properties in defined areas. On-demand
printing technologies offer full digital freedom, but suffer from issues regarding layer ho-
mogeneity, as explained in chapter 2.3.2. Therefore, chemical patterning based on local
disruption of the conductivity of pre-coated PEDOT:PSS layers is highly desirable as a
fabrication step in large area organic electronics device manufacture.

Chemical patterning of PEDOT:PSS can be achieved lithographically,[49,50] treatment
with an oxidizing solution and stripping, and by means of locally contacting the layer with
pre-structured stamps loaded with oxidizing solution.[51,52] Of several oxidizing agents
known to reduce the conductivity of PEDOT:PSS, the most widely applied solution is
aqueous sodium hypochlorite (NaClO(aq)).[49–54] It has been suggested that aqueous hy-
pochlorite over-oxidizes PEDOT in three consecutive reaction steps,[53] that each require
one ClO- ion. In the first and second step a PEDOT thiophene unit is converted into,
respectively, its thiophene-1-sulfoxide and thiophene-1,1-dioxide analogues. The third
(tentative) step, in which nucleophilic attack by water and substitution of OH-groups
takes place, yields a non-saturated polyol with concomitant elimination of sulfur under
formation of sodium sulfate. The over-oxidation reaction scheme is shown in Figure 2.7.
Despite the fact that an electronically conjugated structure can still be drawn for the final
reaction product, its conductivity is apparently low.

To summarize, the high conductivity, optical transparency, wet-processibility and ro-
bustness of PEDOT:PSS make it a promising material for use in organic electronics, either
as hole-injection layer, or as anode. Its ability to be deactivated furthermore improves it
potential as a self-limiting contact for in this work.
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Figure 2.7: Over-oxidation reaction scheme of PEDOT by NaClO(aq), adapted from[53].

2.4.3 The Cathode

The efficiency of organic light-emitting diodes (OLEDs) and organic solar cells (OSCs) is
highly dependent on the electrode (cathode) that is used to inject/extract electrons from
the organic material. To allow for efficient charge injection/collection it is important that
the energetic offset between the Fermi level of the cathode and the lowest unoccupied
molecular orbital (LUMO) of the organic material is kept to a minimum. For this reason,
low work function metals, usually applied by vapor deposition, are applied as electron
injection/extraction layer. Unfortunately, due to their inherently low oxidation potential
these materials are readily oxidized, and therefore very sensitive towards reaction with
moisture and oxygen.

Bilayers of low work function metals and aluminum can for example form (in OLEDs)
non-emissive black spots when exposed to ambient conditions. The growth of these black
spots was found to be related to pre-existing particle contamination on the substrate and
pinholes in the cathode material.[55]When a particle is present on the substrate, it can cre-
ate a pinhole in the cathode material. Water and oxygen penetrate through the pinhole,
consequently delaminating the cathode,[56] so that a dome-like structure is formed at the
cathode interface.[57] Electron injection is no longer possible from the delaminated cath-
ode, with as visible result a black spot on the OLED. This black spot continues to grow
under prolonged exposure to both moisture and electrical stress. Therefore, to prevent
degradation of the cathode, OLEDs/OSCs are nowadays commonly encapsulated using
metal, glass or polymer-based lids, which prevents the formation of black spots.

Aluminum (Al) is known to exhibit good corrosion resistance owing to the formation
of a self-limiting oxide layer. But it is, for that same reason, not suitable as an electron
injecting electrode. It can however still function as an efficient cathode for OLEDs[58] but
only upon prior deposition of a thin layer (i.e. typically 1 to 5 nm) of lithium fluoride (LiF)
on top of the organic photoactive stack. Later Brabec et. al[59] demonstrated these LiF/Al
cathodes also to be suitable for conventional OSCs.

The exact mechanism responsible for the electron injection/extraction by LiF/Al elec-
trodes is however not yet fully understood, although different ideas have been proposed
in literature: band bending within the organic layer,[58] lowering of the metal work-
function,[60–63] potential drop through a tunnel barrier,[64,65] LiF dissociation and sub-
sequent doping of the organic layer,[66–68] and the formation of a dipole moment across
the LiF junction.[59] The thickness of the deposited LiF interlayer is in all cases known to
have a significant impact on the final device performance.[59,69–72]

H. Heil et. al.[68] have shown that electron injection from the LiF/Al cathode into the
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organo-metallic emitter tris(8-hydroxy-quinolinato)aluminum (Alq3) depends on the de-
position sequence, i.e. more efficient injection was obtained when LiF/Al was deposited
on top of Alq3, than when Al was evaporated first, followed by LiF, and finally Alq3. They
further showed, based on SIMS depth analysis, that lithium can be found throughout
the photoactive layer in case LiF/Al is evaporated after Alq3. To explain their observa-
tions, they argued that a reaction takes place between LiF, Al, and trace amounts of water
present in the organic semiconductor. This reaction results in the formation of various
dielectric species, such as Al2O3 and AlF3, as well as unbound Li+ cations. These liberated
Li+ cations move into the underlying organic layer and facilitate electron injection.[68]

2.5 Device characterization

Measurement of the current density (J) through a device as function of voltage (V ) is es-
sential for understanding charge transport mechanisms occurring within (semi-)conduc-
ting thin films or at the interfaces between them.[73–78] The properties of the curves give
valuable insight into different transport regimes within an OLED/OSC.

The black curve in Figure 2.8A shows the JV -curve for a properly functioning OLED.
We can define three different regimes (indicated by I to III) in which the devices oper-
ates. The first regime (I) finds its origin in parasitic currents within the device. These
leakage currents are mirrored at 0V (indicated by black dots in Figure 2.8). At a certain
point the device current will overcome the parasitic currents, so that the second regime
(II) is entered. The device current will then follow an exponential behavior with voltage
due to diffusion-dominated transport of charge carriers. At∼2V, the device current trans-
itions away from the exponential dependence, to a quadratic dependence (space-charge
limited regime (III)).[79] The value at which this transitioning occurs is related to the work
function of the used electrodes.

When a device contains catastrophic short-circuits, the leakage current becomes too
large to be overcome by the device current. Therefore, normal diode behavior is no longer
observed, and only the first device regime can be discerned (red line in Fig. 2.8A).

Figure 2.8B shows JV -plots for OSCs. Following the notation of figure 2.8A, the black
line represents a “normal” solar cell, whereas the red line represents an OSC with signi-
ficant parasitic currents. There are a few critical device parameters that define the curve:

1. The short-circuit current density (Jsc) – the current density at zero applied voltage.

2. The open-circuit voltage (Voc) – the applied voltage at which the current in the ex-
ternal circuit equals zero.

3. The maximum power point (Pmax) – the point on the curve with maximum electrical
power density. (corner of the squares in Figure 2.8B).

4. The ideal maximum power point – Pmax,ideal =Voc ∗ Jsc (grey square in Figure 2.8B).

5. The fill factor (FF) – The ratio of Pmax/Pmax,ideal
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Figure 2.8: Examples of typical current density (J ) as function of voltage (V ) curves for OLEDs (A) and
OSCs (B). Red curves: devices with high leakage currents; black curves: reference devices. Arrows indicate
the effect reducing leakage currents would have. Dotted lines are lines to guide the eye. Red square:
maximum power output of an OSC with high leakage currents. Cyan square: maximum power output of
an OSC; grey square: ideal maximum power output. The red curve in B was artificially created by adding
an artificial leakage current to the data of the black curve.

The efficiency of a solar cell is defined as η = Pmax/Pin = Jsc ∗ Voc ∗ FF/Pin, with Pin the
input power of the incident light.

An ideal diode will completely block current when a reverse bias is applied. In the
negative voltage-regime, the slope of the curve would then be zero. However, realistic
solar cells contain parasitic current pathways so that a slope unequal to zero is found.

By adding an additional current pathway to the reference data in Figure 2.8B, we can
simulate the effect a small short-circuit would have on the JV -characteristics of OSCs (red
curve in Figure 2.8B). The leakage current is increased (as evident from the rise in current
density at -2V) and the maximum achievable power is decreased (reduced area of the red
square compared to the cyan square in Figure 2.8B).

In order to get representable results, it is necessary that the input power is well defined
and that the light source is capable of closely reproducing the solar spectrum. As there
are no solar simulators that can emit light with the exact spectral distribution as the sun, a
method exists to correct for deviations from the standard reference spectrum. The imple-
mentation of this procedure ensures the correct comparison of measurements performed
in different laboratories. The solar simulator used in this work was calibrated to emit AM
1.5 G calibrated light. It therefore emits light at an intensity of Pin = 100 mW/cm2.

2.6 Existing methods to prevent defects

Despite the fact that short circuits are a well-known cause for organic device failure, not
much can be found in public literature on repair procedures. The reason for this may
be partly due to trade-secrets and confidentiality, but certainly also to the sparseness of
systematic studies on this topic. An obvious way to reduce the number of direct anode-
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cathode contacts in the active device area is by increasing the thickness of the active
layer.[80,81] However, this remedy increases material cost and requires higher operating
voltages, which is undesirable as it leads to a higher power consumption. Markovich
et al. reported on a “self-healing” Au-Ag nanowire mesh film as alternative for the ITO-
anode,[82] without the apparent need for a PEDOT:PSS layer. The Au-Ag nanowire mesh is
flexible and highly transparent and has a slightly higher sheet resistance than ITO. It was
shown that the heat produced by local short circuits destroys the percolation between
the nanowires in the mesh-film such that the current in the local short is shut off by the
anode. A disadvantage of this approach is that the planarization and excellent wetting
properties of PEDOT:PSS are lost, making it difficult to realize homogenous LEP layers
over large areas. Furthermore, whether an Au-Ag nanowire mesh anode is attractive from
a cost point-of-view is of course also debatable.

Within publicly accessible patents we can find two additional methods.[83,84] The first
method describes the inclusion of a passivation layer in an OLED. This passivation layer
acts as a fuse: when a short-circuit is present, the temperature locally rises at the defect
site, which triggers a reaction between the passivation layer and the cathode. The chem-
ical reaction oxidizes the cathode locally, so that it is deactivated and a short-circuit is
eliminated.[83] The second method describes the deactivation of short-circuits by locally
ablating the short-circuiting defect with a laser. An OLED is powered by an AC-voltage,
in order to limit heat generation at defect sites. A lock-in IR camera is set to the same
frequency as the AC-power supply. This IR-camera is used to map all defect sites. The
defects are subsequently eliminated by laser ablation.[84]

Both of these methods have their drawbacks. In case of the first method a critical tem-
perature needs to be reached within the short-circuit. If the short-circuit does not reach
the critical temperature, it will not be deactivated. This limits the usability of this method,
as leakage currents may still occur. Furthermore, since the device needs to be operated,
process times (and thus production costs) are also increased. The second method re-
quires a R2R-line embedded detection and ablation system. At high throughput, such
methods are most likely not worthwhile as they are require too much time, which in-
creases production costs and reduces production yield. A more efficient method would
be one where potential short-circuits can be eliminated/prevented without any outside
interference
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