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The understanding and applications of organic semiconductors

have shown remarkable progress in recent years. This material

class has been developed from being a lab curiosity to the basis

of first successful products as small organic LED (OLED)

displays; other areas of application such as OLED lighting and

organic photovoltaics are on the verge of broad commercial-

ization. Organic semiconductors are superior to inorganic ones

for low-cost and large-area optoelectronics due to their

flexibility, easy deposition, and broad variety, making tailor-

made materials possible. However, electrical doping of organic

semiconductors, i.e. the controlled adjustment of Fermi level

that has been extremely important to the success of inorganic

semiconductors, is still in its infancy. This review will discuss

recent work on both fundamental principles and applications of
doping, focused primarily to doping of evaporated organic

layers with molecular dopants. Recently, both p- and n-type

molecular dopants have been developed that lead to efficient

and stable doping of organic thin films. Due to doping, the

conductivity of the doped layers increases several orders of

magnitude and allows for quasi-Ohmic contacts between

organic layers and metal electrodes. Besides reducing voltage

losses, doping thus also gives design freedom in terms of

transport layer thickness and electrode choice. The use of

doping in applications like OLEDs and organic solar cells is

highlighted in this review. Overall, controlled molecular doping

can be considered as key enabling technology for many

different organic device types that can lead to significant

improvements in efficiencies and lifetimes.
� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
1 Introduction In todays production of semiconduc-
tor devices, single crystalline silicon is by far the most
frequently used material with other inorganic crystalline
materials like GaAs following with a wide margin. These
materials are stable and offer room-temperature mobilities
up to 1000 cm2 Vs�1. However, they are less suitable for
low-cost or large-area applications. For optoelectronic
applications like solar cells and light emitting diodes, silicon
is also less appropriate because it is an indirect semicon-
ductor. Therefore, silicon solar cells need rather thick
material layers, resulting in higher cost, and long payback
time.

A recently much-noticed alternative are organic semi-
conductors, i.e., molecular semiconductor consisting of
carbon-based molecular entities. Early research on organic
semiconductors research focused on single-crystalline
organics, whose mobilities were investigated in the pioneer-
ing work of Karl et al. [1] and reach from a few cm2 Vs�1

at room temperature to much higher values at reduced
temperatures, thin-film organic semiconductor are preferred
today due to practical reasons. Both of the two groups of such
materials, polymers processed from solution and evaporated
small-molecule compounds, are already included in present
products, for example as photoconductors in copiers and
laser printers. The field has been recently reviewed by
several authors, we refer here to [2–4] (organic light emitting
diode (OLEDs)), [5, 6] (organic electronics in general), and
[7–9] (organic solar cells (OSCs)).

Organic semiconductors are superior to inorganic in the
field of low-cost and large-area optoelectronics due to their
broad variety, making tailor-made materials possible. For
example, there are organic dyes with exceptionally high
absorption coefficients in the visible range, allowing the
realization of ultra-thin photovoltaic cells and photodetec-
tors. The most important problems of inorganic LEDs
like reabsorption losses can be avoided by using organic
fluorescent dyes with low refraction indices and large red-
shifts from absorption to emission. Additionally disordered
systems of organic semiconductors result in a low concen-
tration of intrinsic defects due to their saturated electron
systems: this compares to the dangling bonds of inorganic
amorphous semiconductors which generate a high trap
� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1 Operation principles of an OLED (left) and an OSC
(right). Two-layer devices are shown. Reprinted with permission
from Walzer et al., Chem. Rev. 107, 1233 (2007). Copyright 2007,
American Chemical Society.
density. Finally, most organics are more easier to process, for
example allowing deposition on flexible substrates at room
temperature.

Light emission and photovoltaic effects in organics have
been known for a long time. However, the possibility of
organic light emitting diodes and solar cells were hardly
noted by researchers until the pioneer work of Tang and
VanSlyke [10, 11], who realized thin film devices by
basically inserting an organic double layer between an anode
and a cathode, a structure that is the fundament of both
LEDs and solar cells.

Figure 1 shows schemes for OLED and OSC devices.
Key property of both devices is the transport of charge
carriers through thin films either from the contacts to the
active zone in OLEDs or the reversed way in OSCs. It is
desirable to minimize any kind of losses in this flow, so
highly conductive transport layers are most suitable.
Because a transition of charge carriers between the contacts
and the active media is necessary for both kinds of devices, a
material choice resulting in low energetic barriers or space
charge layers thin enough for charge carriers to tunnel
through provides the most efficient devices.
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because it allows to take control over conduction properties.
Although todays organic semiconductors are usually
undoped, the prospective creation of efficient organic-based
devices will require controlled and stable doping to adjust the
Fermi levels to the transport states. This way Ohmic losses
can be lowered while charge carrier injection is supported.
Furthermore, it would enable one to raise the built-in
potential of Schottky or p–n junctions which is, e.g., helpful
in OSC.

This paper discusses recent work on both fundamental
principles and device applications of doping, focused
primarily to doping of evaporated organic layers with a
molecular dopant, using co-evaporation. In contrary to other
conceivable dopants like gases or metals, molecular dopants
enable very stable doping. We will begin by describing the
basic physics of doping, covering both p-type [12–15] and
n-type [16–19] doping. Conductivity increases of several
orders of magnitude are possible in both cases, surpassing
conductivities of pure materials and those caused by
background impurities by far. However, the energetic
positions of the orbitals in the interesting materials such as
the transport layers of OLEDs and OSCs are facilitating
p-type doping compared to n-type doping, making the latter a
challenge for recent research. To support the understanding
of the basic device principles, this paper includes some
elementary model devices such as organic p–n-homojunc-
tions, which have just been realized for the first time [20].
These structures show huge internal voltages and reveal
the limits of current semiconductor models as they provide
experimental data that is not compatible with the Shockley
model usually used for inorganic semiconductors. We will
end by discussing devices based on electrically doped
organic layers, especially OLEDs, on which the application
of those layers has multiple positive effects.

Decreasing the Ohmic resistance of the transport layers
is a crucial for more efficient devices. Figure 2 presents a
comparison between an inorganic and an organic LED. The
left side shows a scheme of the band structure for a typical
inorganic LED. The emitter layer has a smaller bandgap and
is placed in between two transport layers, one of them being
highly n-doped and the other one highly p-doped. The high
conductivity of these layers results in very low Ohmic losses
Figure 2 Left: scheme of a typical inorganic LED, which operates
close to flat band condition. The injection at the contacts is by
tunneling through thin space-charge layers. Right: scheme of an
undoped organic LED: due to the low charge carrier concentration, a
high field is needed to drive the lower number of injected carriers.
Reprinted with permission from Walzer et al., Chem. Rev.107, 1233
(2007). Copyright 2007, American Chemical Society.

www.pss-a.com
and almost flat band edges because of the extremely low
voltage drop. Therefore, the device operates at a voltage
nearly identical to the photon energy of the emitted light.

If the transport layers are not doped as in early organic
light emitting diodes, the lower carrier density increases
Ohmic losses and the fields necessary to drive the currents.
High fields are needed since the carriers need to be injected
and driven through low-conductivity layers, as shown at the
right side of Fig. 2. The high losses can be reduced by very
thin films, which is, however, a disadvantage for process
stability. Also, the optical design of the thin-film devices
profits from the thickness variations which are possible with
doped layers without changing the electrical properties of
the devices.

Furthermore, as shown in the left part of Fig. 2, doped
transport layers generated narrow space charge regions at
the contacts, allowing efficient injection by charge carrier
tunneling. Despite a potentially large energy barrier between
the contacts and the transport layers, Ohmic contacts are
possible. This is a big advantage since it allows to avoid
contact materials with unstable work functions, which would
be necessary to adjusting the barriers to optimal levels, and
saves additional efforts in preparation compared to OLEDs
with undoped layers. The improved flexibility in material
choice is of special importance to the field of top-emitting or
inverted OLEDs.

Doped transport layers can also be applied in OSCs,
where they result in similar advantages:
(i) T
hey allow to virtually freely choose the thickness of
doped window layers, enabling efficient optical design,
i.e., for placing the optical field maxima as desired.
(ii) S
ince solar cells operate at very low voltages, avoiding
voltage drops by creating Ohmic contacts via doping is
even more crucial for efficiency than in LEDs.
(iii) I
n stacked cell structures, doping can significantly
improve the efficiency of charge recombination at
recombination contacts.
This introductory section is completed by the following
list of the key materials used in the review (see Fig. 3).

2 Doping fundamentals
2.1 Introduction Due to the very different structure

of organic and inorganic semiconductors, one can expect
significant differences in the properties of doped layers.
However, as we will discuss in the following section, there
are many similarities in the basic properties of the doping
process. Key differences in the doping behavior are caused
by the fact that the transport in organic semiconductors is
taking place by hopping in a distribution of more or less
localized states. Additional effects are the large Coulomb
correlation between charge carriers and strong polaronic
coupling between localized hopping states.

The basic principle of doping is like in inorganic
semiconductors and illustrated in Fig. 4. Electron donors or
acceptors are added to the material, generating additional
� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3 Key materials used in this paper (a) F4-TCNQ: 2,3,5,6-tetrafluoro-7,7,8,8-tetracyano-quinodimethane, (b)TCNQ: 7,70,8,80-
tetracyanoquinodimethane, (c) C60, (d) NTCDA: 1,4,5,8-naphthalenetetacarboxylic dianhydride, (e) Spiro-TAD: 2,20,7,70-tetrakis-
(N,N-diphenylamino)-9,90-spirobifluoren, (f) TPD: N,N0-bis(3-methylphenyl)-N,N0-diphenylbenzidine, (g) BPhen: 4,7-diphenyl-1,10-
phenanthroline, (h) o-MeO-DMBI-I: 2-(2-methoxyphenyl)-1,3-dimethyl-1H-benzoimidazol-3-ium iodide, (i) BAlq: aluminum (III)
bis(2-methyl-8-quninolinato)-4-phenylphenolate, (j) ZnPc: zinc phthalocyanine, (k) Ir(piq)3: Tris(1-phenylisoquinoline) iridium(III),
(l) a-NPD: N,N0-di(naphthalen-2-yl)-N,N0-diphenyl-benzidine, (m) MeO-TPD:(N,N,N0,N0-tetrakis(4-methoxyphenyl)-benzidine, (n)
m-MTDATA:4,40,400-tris(3-methylphenylphenylamino)triphenylamine,(o)Ir(ppy)3:Tris(2-phenylpyridin) iridium(III), (p)Ir(dhfpy)2(acac)
bis(2-(9,9-dihexylfluorenyl)-1-pyridine)(acetylacetonate)iridium(III), (q) Ir(MDQ)2(acac): iridium(III)bis(2-methyldibenzo-[f,h]chinox-
alin)(acetylacetonat), (r) TPBi: 2,20,200-(1,3,5-phenylen)tris(1-phenyl-1H-benzimidazol), (s) FIrpic: iridium(III)bis[(4,6-difluorophenyl)-
pyridinato-N,C2]picolinate, (t) 4P-NPD: N,N0-di-1-naphthalenyl-N,N0-diphenyl-[1,10:40,100:400,10 0 0-quaterphenyl]-4,40 00-diamine.
mobile charge carriers. To obtain n-type doping in organics
the dopant has to donate electrons to the lowest unoccupied
molecular orbital (LUMO) states while p-type dopants
extract electrons from the highest occupied molecular orbital
(HOMO) states, therefore creating holes.

Doping in organic semiconductors using strongly
oxidizing gases, e.g., iodine or bromine has been addressed
Figure 4 Scheme of the doping process for molecular p-type (left)
andn-typedoping(right). Inp-typedoping, thedopant isanacceptor,
in n-type it is a donor. Adapted with permission from Walzer et al.,
Chem. Rev. 107, 1233 (2007). Copyright 2007, American Chemical
Society.

� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
quite early: The doping of materials such as phthalocyanines
lead to high conductivities [21, 167–172]. However, those
dopants are too small to provide thermally stable doped
layers of bipolar devices like p–n- or p–i–n junctions due to
their large tendency to diffuse.

More frequently used have been small atoms like
lithium, cesium, or strontium [22, 23] and even small
molecules like Lewis acids [24]. Exemplarily for the
previously described effect is a report of Parthasarathy and
coworkers who used ultraviolet photoelectron spectroscopy
(UPS) to measure the Fermi level of the well known organic
electron transporter BCP when doped with lithium. The
result is shown schematically in Fig. 5, where it can be
observed that the lithium ions occupy states in the BCP gap.
For practical applications, the doping with ions or very small
molecules usually suffers from device instability due to
diffusion.

The preparation of stable devices is easier when using
larger, in particular aromatic, molecules acting as good
www.pss-a.com
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Figure 5 Energy levels of undoped (left) and Li-doped (right) BCP
thin films. Reprinted with permission from Parthasarathy et al., J.
Appl. Phys. 89, 4986 (2001). Copyright 2001, American Institute of
Physics [22].
donors or acceptors. In the last decades, many possible
combinations of materials and dopants have been reported,
such as phthalocyanines doped by organic acceptor mol-
ecules like ortho-chloranil [25], tetracyano-quinodimethane
(TCNQ) or dicyano-dichloro-quinone (DDQ) [26, 27]. The
latter one has also been used to dope covalently bound
stacked phthalocyanines [28] and oligothiophenes [29].
However, these dopants had usually a rather small effect.
Furthermore, there was a general lack of systematic research
on the impact doping has on key properties of semiconduc-
tors as the charge carrier density or the Fermi level and on
device performance [26, 29].

In the last years our group has systematically investi-
gated the physics underlying molecular doping [12, 15, 16,
20, 30–32], which lead to the development of electrically
doped transport layers, that were successfully applied in both
OLEDs [33–40], and OSCs [41–46]. The following sections
will address our approach of doping via co-evaporation of
dopants and organic matrices. Regarding p-type doping,
we did extensive research on different matrix materials,
including both amorphous and polycrystalline ones, that
will be presented in this paper. n-Type doping is a more
complicated matter as there are not many molecules
combining stability with sufficiently high energy levels to
reach the LUMO states of typical organic semiconductors.
Nevertheless some important results will be discussed in
this paper.

It should be pointed out that the microscopic under-
standing of the doping process of organic semiconductors is
still very rudimentary. In inorganic semiconductors, there
is a rather simple model, the hydrogen model, which explains
most of the observations qualitatively and even to a large
degree quantitatively well. Here, the doping mechanism is
the release of an electron bound in a Bohr state around a
charged ion core, which is basically an atom with the same
electronic shell as the host (e.g., phosphor in silicon). The
binding energy is then simply the hydrogen binding energy,
www.pss-a.com
renormalized by the dielectric constant and the effective
mass of the electron or hole. This model cannot work for
organic materials, due to some very simple reasons:
(i) T
ypically, the dielectric constant, which enters the
binding energy squared, is a factor of 3-4 lower so that
this already leads to binding energies which are an order
of magnitude or more higher
(ii) A
dditionally, the effective mass in organics is expected
to be significantly higher, thus causing a Coulomb
binding energy which should be about two orders of
magnitude higher than in inorganic materials
(iii) fi
nally, in organics with molecular dopants, neither the
host nor the dopand have the rather simply symmetry
of a single atom and are also usually quite different
structures, thus raising the question what the detailed
microscopic arrangement is.
All these points together tend to indicate that molecular
dopants in organic materials should be deep dopants and hard
to understand microscopically. Surprising, while the second
point is true, the first one is not. As discussed in the following
sections, molecular doping of organic can be rather efficient,
much more than expected for deep dopants.

In the past few years, there have been a number of
attempts to better understand the microscopic origin of
doping in organic semiconductors. First, we want to discuss
recent work from the Koch and coworkers [164, 165] where
the doping process was addressed. They showed by a
combination of photoemission experiments and theoretical
modeling that hybridized states between host and dopant
molecules can form. The energy difference between the
hybridized states and the energy transport states of the host is
suggested to then reduce the doping efficiency considerably.
According to those observations, a strategy for efficient
doping would be to suppress the hybridization by a weaker
packing of dopant and host.

Another interesting study is by Mityashin et al. [166]. In
a theoretical study, the authors showed that the interaction
of dopant molecules can play an important role in the
doping process: by this interaction, the energy barrier for
the separation of dopant and charge carrier is lowered. The
interaction between dopants is more important in organic
materials due to the much higher dopant concentration. The
authors concluded that the doping efficiency should have a
threshold at a certain dopant concentration, with low or zero
doping concentration below.

It is obvious from these two examples that further
studies of the doping process are needed, both experimen-
tally and theoretically. In particular, it is necessary to know
more about the local configuration of dopand and host
to better understand how the initial charge transfer is
accomplished.

2.2 p-Type doping p-Type doping has been shown
for a wide range of different matrix/dopant combinations
[47]. Both, polycrystalline and amorphous materials have
� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6 Doping of different host materials (ZnPc – top, reprinted
with permission from Walzer et al., Chem. Rev. 107, 1233 (2007).
Copyright 2007, American Chemical Society [47] and MeO-TPD –
bottom, reprinted with premission from Olthof et al., J. Appl. Phys.
106, 103711 (2009). Copyright 2009, American Institute of Physics
[32]) by the strong electron acceptor F4-TCNQ. The conductivity of
both layers increases with increasing F4-TCNQ concentration.
been studied [15] and conductivities above 10�4 S cm�1

have been reached, which is sufficient for charge transport
layers of OSCs and organic light emitting diodes.

In Fig. 6 two examples of p-doping are shown. On the
top, the conductivity of a layer of a phthalocyanine, ZnPc,
doped with the strong electron acceptor F4-TCNQ, is shown.
Phthalocyanines are stable molecules with a low lying
HOMO state and have been used as model system for many
early studies of doping. On the bottom of Fig. 6, doping of an
amorphous material, MeO-TPD, with F4-TCNQ is shown.
MeO-TPD is a common hole transport material in highly
efficient OLEDs.

In the following, two aspects of the doping mechanism
will be discussed. It is shown how doping can be used to
control the Fermi-level position, which is related to the
number of free charge carriers created in the organic
semiconductor. Furthermore, the efficiency of the doping
process, i.e., how many free charge carriers are created per
dopant molecule, is discussed.
� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
2.2.1 Control of the position of the Fermi level
by doping By doping the concentration of free charge
carriers is increased, or, which is equivalent, the Fermi level
moves toward the transport level of the organic semicon-
ductor.

The distance between the transport states and the Fermi-
level EF can be measured by the Seebeck effect [12, 15]. The
Seebeck coefficient S depends on the distance between
the transport states Em and the Fermi-level EF:
SðTÞ ¼ kB
e

EFðTÞ � Em

kBT

� �
þ A

� �
; (1)
where A is a numerical factor, which can be neglected
for organic systems, kB the Boltzmann constant, T the
temperature, and e is the elementary charge. Seebeck
measurements show that the difference between the Fermi
level and the transport state decreases for increasing doping
concentrations [48]. However, a discrete transport level
Em is assumed in Eq. (1), which neglects the commonly
observed gaussian distribution of transport states. Although
correct qualitative conclusions can be drawn from these
measurements, many doping induced effects cannot be
understood, if a discrete transport level is assumed.

A technique, which is able to resolve the distribution of
transport (HOMO) states and to determine the position of
the transport states in relation to the Fermi level, is UPS.
Olthof et al. [32] used UPS to study metal/p-doped organic
semiconductor junctions, which lead to a deeper under-
standing of the doping mechanisms.

In Fig. 7a the energy level alignment of a metal/p-doped
organic layer junction is sketched. After a contact between
the semiconductor and the metal is established, the Fermi
level EF of the organic layer aligns with the work function of
the metal (Wfm). The hole injection barrier at the interface f0

is determined by the metal work function, the ionization
potential of the semiconductor IP and an interface dipole D
(f0 ¼ IP þD�Wfm). Due to a charge depletion zone at the
interface, the HOMO states bend upwards, and the distance
between the HOMO and the Fermi level decreases with
increasing distance from the interface. At the end of the
charge depletion zone the distance between HOMO and EF,
saturates at its bulk value f. All these parameters can be
determined by UPS, so that a full characterization of the
contact and the position of the Fermi level in the bulk is
possible.

In Fig. 7b the distance between the Fermi level and the
HOMO states in the bulk f of the organic semiconductor
MeO-TPD is plotted versus the doping ratio of F4-TCNQ
[32]. For intrinsic MeO-TPD, the Fermi level is close to the
midgap (f¼ 1.68 eV). Increasing the doping ratio leads to
a steep decrease in f until it saturates at approximately
fmin¼ 0.35 eV.

The shift of the Fermi level at low concentrations proves
that doping is effective. However, the saturation of the Fermi
level shift can only be understood by a detailed analysis of
the doping process. In Fig. 8a the HOMO region of the UPS
www.pss-a.com
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Figure 7 (a) Energy level alignment in a metal/organic semicon-
ductor junction. In (b) the distancefbetween the Fermi level and the
HOMOstates in thebulkof theorganic layerconsistingofMeO-TPD
doped with F4-TCNQ is plotted as a function of the doping ratio.
Silverwasusedassubstrate.Whereas for lowdopingconcentrations,
f decreases, it saturates at high doping concentrations. Reprinted
withpremissionfromOlthofetal., J.Appl.Phys.106,103711(2009).
Copyright 2009, American Institute of Physics [32].

Figure 8 Part (a) shows the HOMO region of MeO-TPD doped
with F4-TCNQ and the commercially available dopants NDP2 and
NDP9.Althoughalldopantshavedifferentdopingstrengths, theshift
of the Fermi level toward the HOMO saturates atf¼ 0.35 eV. In (b)
doping of different matrix materials (ZnPc, MeO-TPD, and PV-
TPD)byF4-TCNQisshown.fmin isstronglydependentonthematrix
material. In the enlarged plots it can be seen that a significant density
of states tails into the transport gap and pins the Fermi level.
Reprinted with premission from Olthof et al., J. Appl. Phys. 106,
103711 (2009). Copyright 2009, American Institute of Physics [32].
signal of MeO-TPD doped with F4-TCNQ, and two
commercially available dopants (NDP2 and NDP91) is
shown. Although all dopants, F4-TCNQ, NDP2, and NDP9
have different doping strengths and different electron
affinities, the distance between the Fermi level and HOMO
states at saturation fmin does not depend on the dopant.

In contrast, in Fig. 8b the matrix material has been
varied. In addition to MeO-TPD, ZnPc, and PV-TPD have
been doped by F4-TCNQ. It can be seen that the choice of
the matrix material has a strong influence on the saturation
behavior. Whereas MeO-TPD saturates at 0.35 eV, PV-TPD
already saturates at fmin¼ 0.74 eV and ZnPc at 0.2 eV.

The dependence of the saturation effect on the matrix
material can be understood by the insets in Fig. 8b, which
show an enlarged view of the UPS signal between the HOMO
energy and the Fermi level. Commonly, the HOMO cutoff
energy is defined as the intersection of a tangent and the
background. However, as shown in Fig. 8b, there is a
significant density of states that extents into the gap and
reaches up to the Fermi level at saturation. Thus, at high
doping ratios, the Fermi level is pinned by a significant
1 Novaled AG

www.pss-a.com
density of tailing states in the transport gap, which leads to a
saturation of the Fermi level shift [32].

In conclusion, by UPS it can be shown that the Fermi
level is shifted toward the transport states, which implies that
the number of free charge carriers in the matrix materials is
increased by doping. However, up to now it has not been
discussed, how efficient this process is, i.e., how many
dopant molecules are ionized and how many free charge
carriers are generated for a given doping concentration.

2.2.2 Doping efficiency To determine the efficiency
of charge transfer between the dopant and the host molecule,
Fourier transform infrared spectroscopy (FTIR) can be used.
The absorption of the CN-stretching mode of F4-TCNQ
depends on the charging state Z of the dopant. It shifts from
2228 cm�1 (Z¼ 0) to 2194 cm�1 (Z¼ 1) [30].

In Table 1 the charge transfer ratio of different dopant/
matrix combinations is shown [47]. It can be seen that
phtalocyanines and TDATA derivatives can be easily doped,
i.e., that a complete charge transfer from the dopant to
the matrix is observable (Z¼ 1). This efficient charge
transfer can be explained by the electron affinity (EA)
of these materials (�5.2 eV [12, 32]), which is larger than
the ionization energy of the matrix materials. If the EA of the
dopant is reduced (e.g., TCNQ, which has an EA of only
4.5 eV), the charge transfer is much less efficient (Z¼ 0.2 for
the combination ZnPc/TCNQ). Similarly, if a host material
with a higher IP (e.g., TPD) is used, the charge transfer is less
efficient (0.64 for the combination TPD/F4-TCNQ). Charge
transfer for TPD derivates can be enhanced, if the IP is
lowered by electron pushing methoxy groups at the outer
benzene rings, as in MeO-TPD. A charge transfer ratio of
0.74 is reached for the combination MeO-TPD/F4-TCNQ.

Thus, the degree of charge transfer depends strongly on
the EA and the ionization energy of the dopant and host
molecule, respectively. However, a charge transfer ratio Z of
unity does not necessarily mean that one free electron is
� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1 p-doping of various hole transport materials by TCNQ derivates: the table shows the solid state ionization energy IP of the
matrix materials, the degree of charge transfer Z from the matrix to the dopant, derived from the position of the b1un18 mode of the TCNQ
derivates, and the conductivity s at a doping level of 2 mol% for a series of matrix/dopant combinations [47].

matrix ZnPc ZnPc m-MTDATA TPD MeO-TPD
dopant F4-TCNQ TCNQ F4-TCNQ F4-TCNQ F4-TCNQ

IP (eV) 5.1 [14] 5.1 5.1 [49] 5.4 [50] 5.1 [32]
Z 1 0.2 1 0.64 0.74
s (S cm�1) 1� 10�3 1� 10�6 3� 10�7 1� 10�7 1� 10�5
generated per dopant molecule. The hole, which has been
transferred to the matrix molecule still feels the attractive
force of the negatively charged dopant molecule. In contrast
to inorganic semiconductors, organic materials have a lower
dielectric constant, which leads to stronger coulomb
interactions. The attractive force between the negatively
charged dopant molecule and the generated hole on the
matrix is strong, and a charge carrier transferred to a matrix
molecule is not necessarily free. The doping efficiency,
defined as ratio of the number of free charge carriers to the
number of dopants, can be below unity, even if all dopant
molecules transfer charge to a matrix molecule.

To measure the density of free charge carriers in an
organic semiconductor, the thickness of charge depletion
zones w in p–i–n and in m–i–p diodes can be measured.
Olthof et al. studied the thickness of the depletion zone in m–
i–p junctions consisting of a silver anode, an intrinsic layer of
MeO-TPD (d¼ 5 nm) and a p-doped layer of MeO-TPD [32]
by UPS. Using the common assumption that the intrinsic
layer and the charge depletion zones are fully depleted
(p¼ 0, p: density of holes), one can solve the Poisson
equation
Tab
dete

dop

0.03

0.06

0.20

0.37

� 20
d2f

dx2
¼ � r

ee0

¼
0; 0 < x � d;

eN�
A

ee0

; d < x � d þ w;

8<
: (2)
where d is the thickness of intrinsic layer, f the electric
potential, r the space charge density, e0e the permittivity of
the organic layer, N�

A the number of ionized dopants, i.e.,
density of dopant states that have generated a free hole, and
w is the thickness of depletion zone in the p-doped layer.
Integration of Eq. (2) leads to an expression for N�

A , which
equals the number of free holes p in the bulk of the
le 2 Efficiency of doping MeO-TPD with F4-TCNQ at different d
rmined by Eq. (3) or by a numerical simulation [32].

ing ratio (MR) w (nm) f0 (eV) f (eV)

2 8� 1 1.5 0.84

5 5� 0.5 1.36 0.47

5 2.8� 0.3 1.63 0.38

0 0.6� 0.2 1.75 0.35

12 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
organic layer:
opin

eVB

0.66

0.89

1.25

1.4
N�
A ¼ � 2ee0VB

eðw2 þ 2wdÞ ; (3)
where VB is the built-in voltage [cf. Fig. 7a)]. By UPS, the
built-in potential and the thickness of the depletion zone can
be measured experimentally for different doping concen-
trations. Using Eq. (3), the density of free charge carriers
and thus the doping efficiency can be calculated. The result
is summarized in Table 2. In addition to the analytical
solution of the Poisson equation (3), the number of free
charge carriers have been determined by a refined numerical
calculation. At low doping densities, the doping efficiency is
as low as 3–4%, which means that only a fraction of dopant
molecules generates free holes. At higher concentrations,
the efficiency seems to increase, but the thin depletion layer
thickness (below one monolayer) can lead to additional
effects that are unaccounted for in this model.

2.3 n-Type doping Finding suitable materials for
n-type doping is much more challenging than for p-type
doping, but essential to realize efficient devices based on
the p–i–n concept [47]. In addition to be large enough to not
migrate in thin films and not to act as trap, they have to be
able to add electrons to the LUMO of ideally a wide variety
of matrix materials. For a direct electron transfer from a
dopant, its HOMO has to lie above the LUMO of the matrix
material, making n-doping fundamentally more difficult,
because a high HOMO reduces the stability of the dopant
against oxidation. Figure 9 shows a couple of materials and
illustrates the challenges.

There are various ways for n-doping of organic
semiconductors and the following three approaches will be
discussed.
g concentrations. The number of free charge carriers are either

(eV) p (cm�3) ionized dopants (%)
analytic/numeric analytic/numeric

1:5 � 1018=2:0 � 1018 3.3/4.3

4:0 � 1018=6:0 � 1018 4.2/6.4

1:2 � 1019=1:5 � 1019 3.9/5.0

7:3 � 1019=1:0 � 1020 13.6/18.6
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Figure 9 A series of typical electron transport materials for OSCs
and OLEDs. Because the electron transport materials for OSCs
typically have an EA of about 4.0 eV, the requirements for n-doping
materials for OSCs are more relaxed than for OLEDs. For the latter
applicationelectronshave tobeadded tomatrixmaterialswithanEA
of about 3 eV, generally requiring materials that are increasingly
requiring handling under inert conditions. Reprinted with permis-
sion from Walzer et al., Chem. Rev. 107, 1233 (2007). Copyright
2007, American Chemical Society [47].

Figure 10 Theresults ofa UPS study on the interface betweenAlq3

(1.7 nm) and Al (50 nm) without (a) and with (b) a 0.5 nm LiF
interlayer. The energy diagrams show the difference between the
undoped(a)anddoped (b) interface.Reprintedwithpermission from
Hung et al., Appl. Phys. Lett. 70, 152 (1997). Copyright 2007,
American Institute of Physics.
(i) U
www
sing alkali metals.

(ii) U
sing molecular compounds with very high HOMO

levels.

(iii) U
sing air-stable precursor molecules that can donate an

electron to the matrix material in the deposited film.
2.3.1 n-Type doping using alkali metals The first
use of n-type doping using alkali metals like potassium or
sodium was reported in the 1970s [51] and subsequently
investigated both theoretically and experimentally in more
detail [52]. Doping using Li was first reported to dope an
OLED cathode in the early 1990s [53, 54]. Li is still
commonly used today and typically applied as a thin layer
of pristine Li, Li2, or LiF before deposition of the metal
cathode.

The deposition of the metal cathode onto such a Li-
containing layer plays an important role for the doping and
the energy input from the metal deposition supports the
diffusion of the Li into the organic layer. The most
investigated interface is Alq3/LiF/Al, because of its frequent
use in OLEDs and Fig. 10 shows the UPS studies on this
interface by Mori et al. [55]. They showed that the Fermi
levels align well in the presence of the LiF interlayer, i.e.,
a reduction of barrier height, leading to a good electron
injection and explaining the reduced driving voltage for
OLEDs.

To determine the species responsible for the doping,
Hung et al. investigated this particular interface by XPS,
showing that after LiF deposition, the LiF remains
undissociated [56]. If Al is subsequently deposited onto the
LiF, LiF, and Al were said to undergo an exothermic reaction
on Alq3. However, no Liþ ions were detected in their
experiments [57]. Other groups obtained different results.
Grozea et al. lifted off the Al electrode after its deposition
and found both Li–F and C–F bonds in the layers underneath,
.pss-a.com
an indication that LiF had dissociated [58]. However, the
diffusion of Li is not controllable, resulting in a usually
unknown thickness of the doped layer. Thus, Parthasarathy
et al. [22] carried out a study of Li doping from an interface
layer and its diffusion into the bulk of BCP, CuPc, and
Alq3, i.e., common materials for OLEDs. They found using
current–voltage (I–V) measurements, UPS and secondary
ion mass spectrometry (SIMS) depth profiling that they could
obtain a peak conductivity of �10�5 S cm�1, i.e., high
enough for applications, and that Li diffused nearly up to
100 nm into the bulk for BCP and CuPc after evaporation
of a metal electrode. How much exactly Li diffuses into the
bulk very much depends on the matrix and the preparation
conditions, as another study determined that Li diffuses from
a 0.8 nm layer only 10 nm into BPhen without the deposition
of a metal electrode [59].

An alternative to n-type doping by diffusion from the
interface is co-evaporating Li with an organic material
typically at high doping ratios, leading to bulk doping. Here,
the thickness of the initially doped layer is more controllable,
but can lead to a good Fermi level alignment at the interface
as well. Kido and Matsumoto showed efficient OLEDs with a
Li-doped Alq3 or BPhen as electron injection layer [23].
Both approaches, interface and bulk doping with alkali
metals are frequently used for OLEDs and the beneficial
effect of an LiF interlayer between the organic material and
the Al electrode was also shown for OSCs ([60], p. 215).

Other alkali metals like Cs and their salt or alloy
compounds can be used for efficient n-doping of organic
materials, as well. Here, Cs is often co-deposited with
organic electron transport layers (ETLs) and can lead to
highly efficient OLEDs [40]. Given that Cs has larger atomic
dimensions, its main advantage is the reduced diffusivity as
compared to Li. Thus, such devices show a higher stability
� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 11 The chemical structures of some complexes used
for direct n-doping: Cr2(hpp)4, cobaltocene (CoCp2), TTN,
[Ru(terpy)2]0, and BEDT-TTF.
with respect to device temperatures as Cs remains better
localized in the transport layers.

However, independent of interface or bulk doping,
alkali-metal ions used to generate a doped layer, still can
diffuse due to their small size, which is a serious
disadvantage. Their uncontrolled diffusion in the organic
layers is generally detrimental to the device lifetime, as they
may get into layers where it is not desired e.g. then acting as
luminescence quencher in OLEDs [22, 23].

2.3.2 n-Type doping using molecular compounds
with very high HOMO levels The first publication of
controlled n-type doping using an organic molecule was
presented by Nollau et al. in 2000 [16]. They showed how
naphthalenetetracarboxylic dianhydride (NTCDA) could be
doped by the electron donating molecule bis(ethylene-
dithio)-tetrathiafulvalene (BEDT-TTF). The proof of n-type
doping was a clearly observable shift of the Fermi level
toward the electron transport level and an increase in
conductivity by 1–2 orders of magnitude. This study showed
that it is possible to n-dope organic semiconductors using
molecular compounds and as such has the potential to be
much more thermally stable than using alkali metals because
of the reduced diffusivity. Thus, much research was carried
out and several other material classes have been found.

The molecule tetrathianaphthacene (TTN, HOMO -
� 4.7 eV) was shown in an UPS study to n-dope hexadeca-
fluoro-zinc-phthalocyanine (F16ZnPc) well, but not Alq3

[61]. Given the energy levels of F16ZnPc (LUMO� 4.5 eV)
and Alq3 (LUMO� 2.5 eV) it is not surprising that TTN
works more efficient as electron donor for the former matrix
molecule, highlighting that the HOMO level of a dopant has
to lie above the LUMO of the matrix for direct n-doping.

Another compound for n-doping is the strongly reducing
molecule bis(cyclopentadienyl)-cobalt(II) (cobaltocene,
CoCp2) as shown by Chan et al. [62]. Their thorough
investigation included conductivity measurements, X-ray
studies for analyzing the structure of the vacuum deposited
films, and UPS. Their matrix material was a tris(thieno)hex-
aazatriphenylene derivative, an electron transporter. CoCp2
has an ionization potential of only 4 eV and was able to shift
the Fermi level of their matrix material by more than 0.5 eV
toward the electron transport level, a clear proof of n-type
doping. Consequently, the conductivity of the investigated
films were found to increase by about three orders of
magnitude, making CoCp2 an interesting n-dopant and
leading to further work with this material class (see
Section 2.3.3).

Using metal complexes in general appears to be a
good approach for n-doping, as they are also the basis
for other n-type dopants. Bloom et al. suggested the
compounds [Ru(terpy)2]0, [Cr(bpy)3]0, and [Cr(TMB)3]0 as
n-dopands [63]. The electron donating character of these
compounds is strong enough to dope materials used in OSCs
[31], but was found to be not sufficiently n-doping for general
application in OLEDs because of the higher lying LUMO
values of the electron transporting materials.
� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
To directly n-dope OLED materials, dopants with higher
lying HOMO are required. Novaled AG investigated two
compounds first described by Cotton et al. [64–66] and
recently characterized in more detail by Menke et al. [67].
The dimetal complexes of chromium or tungsten with the
anion of 1,3,4,6,7,8-hexahydro-2H-pyrimido[1,2-a]pyrimi-
dine (hpp), forming Cr2(hpp)4 and W2(hpp)4 (see Fig. 11)
were shown to effectively dope C60 with conductivities
reaching well above 1 S cm�1. It was found that Cr2(hpp)4

doped C60 more effectively than W2(hpp)4 although the
ionization potential of W2(hpp)4 is with 2.68� 0.13 eV even
lower than Cs (IP¼ 3.9 eV) [64]. A strong shift in Fermi level
toward the electron transport level was observed and the
corresponding increase in conductivity is shown in Fig. 12.
Furthermore, both dopants were found to lead to a stable
n-doping in C60 up to 100 8C most likely due to their
molecular dimensions.

However, one general drawback of this approach for
n-type doping is the increasing instability of the dopants with
respect to oxygen for higher HOMO values, requiring a
continuous handling of the materials under inert conditions.

2.3.3 n-Type doping using precursors Given the
challenges in synthesis and handling of oxygen-sensitive
substances, much research in recent years has been devoted
in finding n-dopants that do not directly dope the matrix
materials, but via an intermediate form with the precursor
being less or not at all sensitive to oxygen.

One possible approach is to use precursors that donate
an electron to the matrix by being activated by heat or
illumination. Werner et al. showed that cationic dyes like
pyronin B chloride can be used as stable precursors for strong
molecular donors [17, 18]. Figure 13 illustrates this effect of
pyronin B chloride co-evaporated with the matrix material
NTCDA where it turns into the strong donor pyronin B and
the conductivity of NTCDA is increased by about four orders
www.pss-a.com
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Figure 13 The conductivity of NTCDA layers vs. doping concen-
tration with pyronin B chloride. Reprinted with permission from
Werner et al., Appl. Phys. Lett. 82, 4495 (2003). Copyright 2003,
American Institute of Physics. [18].

Figure 12 Lateral conductivity of C60 (30 nm) at 40 8C (top) and
activation energy of the conductivity (bottom) as function of the
doping concentration with either Cr2(hpp)4 or W2(hpp)4. Reprinted
with permission from Menke et al., Appl. Phys. Lett. 100, 093304
(2012). Copyright 2012, American Institute of Physics [67].
of magnitude up to 10�4 S cm�1. Cationic dyes were chosen,
because these molecules consist of an organic cation and an
often inorganic counter ion, and as the corresponding neutral
radicals have strong electron donor characters, the closed-
shell cations are of interest for n-type doping.

Also Chan et al. investigated the doping process of
pyronin B in NTCDA in great detail, using UPS/IPES and
I–V measurements [68]. They confirmed the n-doping
process by observing a shift in Fermi level toward the
electron transport level and an increase in conductivity by
more than four orders of magnitude. Combining their
experimental data with calculations using density functional
theory (DFT), they concluded that two species of pyronin B
are present in the deposited thin film: the leuco and the
neutral radical of pyronin B, whereas they attributed the
doping effect to the neutral radical.

Other stable precursor molecules are triphenylmethane
cationic dyes crystal violet [19], and acridine orange base
[3,6-bis(dimethylamino)acridine (AOB)] [69]. The common
process is that these molecules can become in situ a volatile
electron donor for n-doping of a matrix.

Further investigations using FTIR, UV/VIS/NIR, and
mass spectroscopy showed that during the sublimation of
triphenylmethane cationic dyes (malachite green, crystal
www.pss-a.com
violet) and xanthene cationic dyes (pyronin B, Rhodamine
B) leuco bases are formed [17, 19]. Once the leuco forms
oxidize, the original cationic dye is recreated. Using leuco
bases like leuco crystal violet (LCV) and leuco malachite
green the intermediate role of the leuco bases was inferred as
the leuco form is only a weak electron donor, not able to
directly donate electrons to most matrix materials.

The proposed mechanism of this doping process is
illustrated for LCV and C60 in Fig. 14. The inital step is the
illumination with light that excites LCV, i.e., lifting an
electron from its HOMO to LUMO. From there, an electron
transfer to the LUMO of C60 can take place, leading to an
LCV cation and a C60 anion. The probability of a back
� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 14 Schematic sketch of the proposed mechanism of the
n-doping effect of LCV on C60. The n-doping effect becomes
permanent by the stabilization of the positive charge on the dopant
by hydride transfer to C60. Reprinted with permission from Walzer
et al., Chem. Rev. 107, 1233 (2007). Copyright 2007, American
Chemical Society [47].
reaction of the electron from the LUMO of C60 to the HOMO
of LCV is reduced by an apparently irreversible hydride
reaction of LCV to CV. Through this hydride transfer the
LCV with a half-filled HOMO is converted into a non-radical
CV with a filled HOMO. As consequence, the electron back
transfer from C60 is no longer possible and a stable doping
has been obtained. The same effect has been observed for
stronger acceptors like DDQ or TCNQ where LCV is directly
oxidized to CV by the hydride transfer without requiring
illumination to reach an excited state as it is the case for
weaker acceptors like C60 [70–72].
� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
Recently, another material class for efficient n-type
doping via a precursor has been introduced by Wei et al.
[73, 74]. They introduced (4-(1,3-dimethyl-2,3-dihydro-
1H-benzoimidazol-2-yl)phenyl)dimethylamine (N-DMBI)
as a solution processable n-dopant [73] and its cationic
derivative, 2-(2-methoxyphenyl)-1,3-dimethyl-1H-benzoi-
midazol-3-ium iodide (o-MeO-DMBI-I) as vacuum proces-
sable n-dopant [74] for fullerenes. Using o-MeO-DMBI-I
they were able to obtain conductivities of more than 1 S cm�1

for vacuum deposited C60. Their hypothesis for this stable
doping process was that o-MeO-DMBI-I was reduced during
evaporation to its neutral radical that has a much higher
SOMO level. From there, an electron transfer to the LUMO
of C60 can take place, and thus the neutral radical is assumed
to be responsible for the strong n-type doping effect in C60.
However, the exact mechanism is still under discussion.

For OSCs doping via such precursors is frequently been
used as the LUMO of C60 or other electron transport
materials like NTCDA [75, 76] can effectively be doped with
electrons. A low doping concentration of less than 5 wt% is
generally enough to reach conductivities of 10�5 S cm�1,
i.e., high enough for negligible Ohmic losses in the transport
layers. However, the LUMOs of common OLED materials
are too high for cationic dyes to reach a significant doping
effect and consequently, this approach is hardly used for
efficient OLEDs.

A novel and different approach based on air-stable
dimers that can dissociated into strong n-dopants and may
allow the doping of OLED materials has recently been
presented by Guo et al. [77]. Whereas CoCp2 is air-sensitive,
rhodocene can dimerize giving a much more air-stable
compound [78]. However, when heated in vacuum, the
rhodocene dimer can dissociate, resulting in a monomer with
strong doping capabilities, as they illustrate for several
matrix materials. Furthermore, they showed that this
approach is not limited to Rh as metal atom for the dopant
and also can be used for solution processable films.

2.4 Contacts with doped semiconductors Doping
leads to an increase in the number of free charges in organic
layers and thus to an increase in conductivity. However,
organic devices are often limited by inefficient injection of
charge carriers at the contacts. It has been tried to enhance
charge carrier injection at metal contacts by the use of metals
with a work function that closely matches the transport level
of the organic layer, but for electron injection this often
requires highly reactive metals.

Doping can also be used to optimize injection and to
reduce voltage losses at the interface to metals. The energy
alignment of a doped organic layer at the metal interface has
already been shown in Fig. 7. Due to the difference in work
function of the metal and organic, the organic layer is
depleted at the interface and the remaining ionized dopant
molecules generate a space charge region. According to
Eq. (2) the space charge region leads to a bending of the
transport states in the organic layer toward the Fermi level.
The thickness of the depletion region is dependent on the
www.pss-a.com
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Figure 15 Bending of the HOMO level of undoped (top) and
F4-TCNQ doped ZnPc (bottom) at the contact to ITO. Doping shifts
the Fermi level toward the HOMO position, leads to a stronger level
bending and a thinner injection barrier. Reprinted from Organic
Electronics 2, Blochwitz et al., Interface Electronic Structure of
Organic Semiconductors with Controlled Doping Levels 1997,
Copyright 2001, with permission from Elsevier [14].
doping concentration (cf. Table 2). If the doping concen-
tration is high, the transport states in the organic layer are
close to the Fermi level and the depletion zone is very thin.
Thus, charges can easily tunnel through the very thin
injection barrier at the interface to the metal and a so-called
quasi-Ohmic contact is formed.
Figure 16 Energy diagram of doped MeO-TPD (4 mol% F4-
TCNQ) deposited onto Ag, ITO, and PEDOT:PSS. Despite the
difference in work function of the electrode material, the difference
between the Fermi level and the HOMO position in the bulk of
the organic layer and the thickness of the depletion layer is
almost constant. Reprinted with premission from Olthof et al.,
J. Appl. Phys. 106, 103711 (2009). Copyright 2009, American
Institute of Physics [32].

www.pss-a.com
This mechanism has been studied by UPS. In Fig. 15 the
energy alignment of intrinsic ZnPc and ZnPc doped with
F4-TCNQ is compared [14]. As expected, the Fermi level of
the doped organic layer is shifted by �0.6 V compared to the
intrinsic case. The level bending is stronger in the doped case
and consequently the depletion zone is reduced to less than
5 nm. Although the injection barrier is the same for both
cases (1.2 eV), the depletion zone is much thinner in the
doped case leading effective tunneling and to an quasi-
Ohmic contact.

Ohmic contacts can be realized by a wide range of
electrode/organic semiconductor combinations [32]. In
Fig. 16 the energy diagrams of doped MeO-TPD deposited
onto Ag, ITO, and PEDOT:PSS are shown. In all cases, level
bending is strong leading to a thin depletion layer and
effective injection.

3 Organic pn-junctions
3.1 pn-homojunctions The basic element of every

classical semiconductor device is a diode using a semi-
conductor in both its p- and n-doped form, i.e., a
homojunction. Thus, one would assume that the same
applies to organic semiconductors. However, the challenges
of p- and n-doping for organic materials described in the
previous section may explain why despite of intense research
in organic semiconductors for decades it took until 2005
when Harada et al. presented the first stable and reproducible
p–n-homojunction, or more precisely a p–i–n homojunction
with organic materials [20]. A p–i–n structure turned out to
be necessary, because given the required high doping
concentration used for organic materials an intrinsic
interlayer is required to achieve the blocking behavior.

There were some earlier attempts with less well defined
systems [79, 80], however, they did not yield reproducible
and stable p–n homojunction. Thus, no extensive investi-
gations on the properties or mechanisms of those structures
were possible. This also implied that there was no answer
whether or not the standard Shockley model p–n-junctions
[81] was suitable for describing organic p–n homojunctions.
This was a particularly interesting question, because other
material systems, e.g., p–n-junctions in amorphous silicon
were shown to deviate from the Shockley model due to
recombination processes occurring at defects that are
distributed in the intrinsic layer in energy and space [82, 83].

The material choice for organic p–n homojunctions is
highly restricted by energy level requirements: p-type
dopants molecules have to have an LUMO similar or even
below the HOMO of the matrix (see Section 2.2) and even
more challenging is finding suitable dopants for the n-doping
(see Section 2.3). Given that organic molecules are typically
wide gap materials, doping the same matrix with p- and n-
doping required dopants with an extraordinary low LUMO
and with a very high HOMO, respectively. Thus, in many
cases heterojunctions had been chosen for devices where the
realization of a p–n-(hetero)junction relaxed the require-
ments: the materials for p- and n-region can be chosen
separately and in such a way to have high HOMO and low
� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 17 Materials and energy level scheme of n-type (a) and
p-type (b) used to create an organic p-n-homojunction (from
Ref. [20]. Copyright 2005, The American Physical Society.

Table 3 Details of doping ratios and layer thickness for the
investigated junctions (data from Ref. [20]) Other thicknesses of
the ZnPc layer were also investigated.

junction type doping ratio (molar)/thickness
of layer (nm)

p-ZnPc ZnPc n-ZnPc

p–i–n 1:38/15 –/30 1:46/40
m–i–p – –/30 1:41/100

Figure 18 (a) Capacitance–voltage spectra of a ZnPc p–i–n
homojunction measured at 3 kHz and a corresponding m–i–n
junction measured at 2 kHz. The insets show the stack schematics
of both devices. (b) I–V characteristics of the same devices at various
measurement temperatures from 168 to 307 K. The junction proper-
ties are reflected in the linear part between 0.5 and 0.8 V. Below
LUMO, respectively, that are readily dopable with weaker
dopants. However, the open circuit voltage of such
heterojunctions is limited and much lower than the open
circuit voltage of a real homojunction. Additionally, having a
heterojunction introduces additional effects by having two
dissimilar matrix materials that one wants to avoid from
a scientific point of view when characterizing junction
properties.

Harada et al. eventually succeeded in finding a suitable
combination of p- and n-dopants for an organic matrix
material and their materials and a corresponding energy
scheme is shown in Fig. 17 [20].

3.1.1 Experiments As described in Section 2.2,
p-doping of various organic hole transport materials
including ZnPc has been shown before [12, 15] where is
was possible to achieve high carrier concentrations up to
1020 cm�3. One consequence of such a high number of
charge carriers is that the space charge regions are typically
very small and in the range of a few nanometers [14]. Putting
p- and n-doped organic materials directly in contact would
lead to a barrier at the p–n-junction that can easily be
tunneled through and no diode-like behavior, i.e., a
rectification effect would not be observed.2 Thus, so far
organic diodes require instead of a direct contact between
p- and n-doped layer an intermediate intrinsic layer, leading
to a p–i–n junction. Then, good rectification ratios can be
observed and will be described for a homojunction of ZnPc
below.

The investigated stacks of Harada et al. were ITO/
p-ZnPc/ZnPc/n-ZnPc (p–i–n) and as comparison ITO/ZnPc/
2 Although this behavior is not desirable for diodes, it is successfully

exploited in the recombination contact of organic tandem solar cells (see

Section 5.2.4).

� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
n-ZnPc (m–i–n) [20], where p-doping was achieved using
F4-TCNQ [12, 15] and n-doping using [Ru(terpy)2]0 [63].
Table 3 summarizes the layer structures and doping
parameters of the investigated devices that are sketched as
insets in Fig. 18a. The characterization was carried out with
impedance spectroscopy and I–V characteristics, and the
results are shown in Fig. 18.
0.5 V the characteristics are controlled by an inevitable shunt. Inset:
I–V characteristics of p–i–n samples with a ZnPc thicknesses of
30 and 90 nm at room temperature [20]. Copyright 2005 by The
American Physical Society.
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Figure 19 The temperature dependence of (a) the ideality factorsn
and (b) the saturation current J0 of both p–i–n and m–i–n devices.
Additionally, the field-effect mobility of a [Ru(terpy)2]0:ZnPc
(molar ratio 1:41) layer is given in (b) as comparison [20]. Copyright
2005 by The American Physical Society.
Figure 18a shows the capacitance-voltage (C–V) spectra
that were used to determine the built-in potential Vbi for both
p–i–n and m–i–n diodes. As the capacitance of the diodes is
mainly controlled by the depletion layer width, it can be
changed by different voltage bias and at a voltage equal toVbi

the space charge region vanishes. In the experiments the
capacitance collapsed in both cases at bias voltages of about
0.8 V, implying that both p–i–n and m–i–n stack have a
similarVbi of 0.8 V at room temperature. This is considerably
larger than theVbi of heterojunction solar cells based on ZnPc
and C60, but only about half of the gap expected from the
onset of the optical absorption (�1.6 eV) [42]. The 0.8 V
were also shown to be independent of the electrode as
exchanging the Al (Wf¼ 4.3 eV) of top contact with Au
(Wf¼ 5.0 eV�Wf(ITO)) lead to the same results for Vbi as
well as to similar I–V curves. Thus, Vbi can only be due to the
difference in Fermi levels of the doped p- and n-layers of
ZnPc, independent of the metal work functions. In the case of
the m–i–n, the similar value of Vbi can be explained by the
fact that ITO has approximately has the same work function
as pristine ZnPc [14].

The I–V characteristics taken at different temperatures in
Fig. 18b appear diode-like. Both types of junctions show
blocking behavior in reverse bias. In forward bias at voltages
below 0.5 V shunts are dominating the curves. Between 0.5
and 0.8 V the I–V characteristics are determined by the
junction and show the corresponding linear increase. Above
0.8 V the current levels off due to the series resistance of
the device. Using the standard Shockley equation for p–n-
junctions
www
J ¼ J0 exp
eV

nkT

� �
� 1

� �
; (4)
3 Tris(1-phenylisoquinoline) iridium(III)
4 Aluminum-(III)bis (2-methyl-8-quninolinato)-phenylphenolate
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where J0 is the dark saturation current, e the unit charge, n
the diode ideality factor, k the Boltzmann constant, and T is
the temperature, the validity of the Shockley model for this
organic homojunction was tested [20]. In Shockley theory
for p–n junctions n is unity assuming only radiative
recombination. In presence of recombination of charges via
recombination centers located in the band gap an ideality
factor between one and two is obtained. J0 and n can be fitted
from the slope and the intercept of the linear part, here
between approximately 0.5–0.8 V in the semi-logarithmic
plot. However, fitting the data of Fig. 18 revealed that a
temperature-dependent n is required, because the slope
between 0.5 and 0.8 V is only weakly dependent on the
temperature. n was found at room temperature to be between
1.8 and 2, a value that can be found for inorganic
semiconductors as well. For decreasing temperatures,
however, n increases up to 4 as shown in Fig. 19a, but
such behavior has not been observed in crystalline inorganic
semiconductors and is not explicably with the Shockley
model for pin-diodes.

Also the Schottky model failed to describe the observed
behavior. Fitting J0 at different temperatures to estimate the
Schottky barrier, a barrier of less than half of the Vbi was
.pss-a.com
calculated and both p–i–n and m–i–n showed a similar
temperature dependence. Thus, Harada et al. proceeded to
suggest their own model, a changed version of the diffusion
theory, that quantitatively explain the observed behavior
[20]. Their central component was that deviations from the
Einstein relation in disorderd systems had to be taken into
account. As consequence both the 1/T temperature depen-
dence of n and the thermal activation of J0 in the exerimental
data could be explained. The latter was said to be mainly
determined by the temperature behavior of the mobility,
because OFET measurements of n-ZnPc (molar doping ratio
1:41) yield an activation energy of 0.34 eV being comparable
to the slopes of lnJ0 versus 1/T for both p–i–n and m–i–n
stacks (see Fig. 19).

After the initial studies and one demonstration for OSCs
[31], only very recently with the availability of more
materials and dopants, the concept of organic homojunctions
has been investigated further. The main focus of research
appears to be on OLEDs, both for solution processed [84] and
vacuum processed devices [85, 86] with the goal to simplify
the device architecture.

3.2 Reverse currents in pn-junctions In contrast
to the forward characteristic of pn-junctions, the reverse
currents are due to a Zener-like tunneling behavior, which
can be controlled by the doping concentration of the p- and
the n-layer.

The behavior of an organic pin junction consisting of
aluminum (100 nm) as anode, Ir(piq)33 doped with NDP2
as p-doped layer, a mixed layer consisting of BAlq24 and
NPB as intrinsic layer (7 nm), Ir(piq)3 doped with NDN15
� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 21 Control of the backward current by the intrinsic inter-
layer thickness of organic pin junctions [87]. The breakthrough
voltage shifts by approximately 2 V due to an increase of the
interlayer thickness of 2 nm. Reprinted with permission from
Kleemann et al., Nano Lett. 10, 4929 (2010). Copyright 2010,
American Chemical Society.

Figure 20 Organic Zener diode based on electrically doped layers.
The breakdown voltage can be precisely tuned by the doping
concentration of the doped layers, whereas the forward direction
is notaffected by the change in doping concentration. Reprinted with
permission from Kleemann et al., Nano Lett. 10, 4929 (2010).
Copyright 2010, American Chemical Society [87].

7 https://www.lumiblade-shop.com/
(16 wt%, 50 nm) as n-doped layer, and aluminum (100 nm)
as cathode is shown in Fig. 20 [87]. At approximately 2 V the
current rises sharply. At negative voltages, the device shows
a reversible breakdown. The breakdown voltage is depen-
dent on the doping concentration in the p-doped layer.

The backward current can also be controlled by the
thickness of the intrinsic interlayer, as shown for a device
consisting of Al (100 nm), MeO-TPD doped with F4-TCNQ
(4 wt%, 50 nm), a mixed layer consisting of BAlq26 and NPB
as intrinsic layer (6–10 nm), BPhen doped Cs (50 nm), and
Al(100 nm) in Fig. 21. The breakdown voltage shifts by
approximately 2 V for an increase of 2 nm in intrinsic
interlayer thickness.

The backward current can be understood by Zener
tunneling of electrons from the HOMO to the LUMO of
adjacent molecules, which generates a free electron and a
free hole in the n- and p-doped layer, respectively [87]. The
tunneling process is dependent on the electrical field inside
the intrinsic layer and the depletion zone of the pin junction.
By increasing the intrinsic interlayer or the thickness of the
depletion zone by lowering the doping concentration, the
electrical field and the tunneling current is reduced.

This mechanism has many applications. First of all, these
devices can be used as Zener diodes, which are used e.g. for
overvoltage protection or as selection element in passive matrix
memory structures. Furthermore, such pin junctions can be
used as charge generation layers in stacked OLEDs. As will be
shown in Section 4 pin diodes can connect two individual
OLEDs. The pin diodes are biased in reverse direction and
generate holes and electrons that are injected into the individual
OLEDs. It can be shown that this process is very effective, i.e.
that no voltage is lost at the charge generation unit and that the
I–V characteristic of the stacked unit equals the characteristic of
a series connection of two individual OLEDs.
6 Aluminum-(III)bis (2-methyl-8-quninolinato)-phenylphenolate
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4 OLEDs with doped transport layers The first
observation of electroluminescence from organic single
crystals stems back to the 1950s [88]. However, although
these early devices showed reasonable quantum efficiencies,
high voltages needed to drive current through these rather
thick crystals resulting in a poor power efficiency [89, 90].
The driving voltage was reduced significantly when thin and
amorphous layers of organic materials were used instead of
single crystals [91, 92]. A breakthrough was achieved when
Tang and VanSlyke used an organic heterojunction consist-
ing of an organic hole transporter and an organic electron
transporter [11]. Tang and VanSlyke were the first to reach a
luminous efficacy beyond 1 lm W�1.

Since then, progress in the field has been vast. Further
milestones in OLED development were the use of phosphor-
escent emitters that utilize all excitons formed electrically in
the OLEDs [93] and the use of electrically doped transport
layers that lead to driving voltages close to the thermo-
dynamic limit [94]. Nowadays, monochrome OLEDs with
external quantum efficiencies beyond 50% [95] and white
OLEDs with power efficiencies beyond the efficiency of
fluorescent tubes have been reported [40], which has lead to
significant interest from the industry.

OLEDs are currently used as active matrix displays by
many handheld devices. Furthermore, several companies
such as Sony and LG have developed large OLED TV sets.
Beside display applications, another future market of
OLEDs is the lighting industry. OLEDs are highly efficient,
can produce high quality white light and are a large area
light source, which sets OLEDs apart from other lighting
technologies. Currently, demonstrator kits of white OLEDs
are sold by Philips7 and OSRAM8.
8 http://www.osram-os.com/osram_os/EN/Press/Press_Releases/

Organic_LED/ORBEOS-OLED-light-source.html
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4.1 Efficiency of OLEDs In the past, OLED research
was mainly driven by the need to further improve the
efficiency of OLEDs. To optimize the efficiency, all
elementary processes involved in photon generation have
to be understood and improved.

The working mechanism of a simple OLED is shown in
Fig. 22. A single organic layer described by its HOMO and
LUMO energy is enclosed by two contacts, an anode, which
often consists of the transparent conductive oxide ITO
deposited onto a glass substrate, and a cathode consisting of a
thin layer of metal. The contacts are depicted by their work
function FC and FA.

Electrons and holes are injected at the cathode and
anode (1), they drift toward the middle of the layer due to
the applied electrical field (2), and recombine and form an
exciton (3). To generate light, the exciton has to decay to the
ground state and to emit a photon (4). However, many
photons generated inside the OLED are trapped inside
the planar device and only a fraction of the photons are
extracted (5).

4.1.1 External quantum efficiency hq The exter-
nal quantum efficiency hq, which is the ratio of the number of
emitted photons to the number of injected charge carriers
(either holes or electrons), can be described by [96]:
Figu
inje
laye
rela
extr

www
hq ¼ gx

Z
l
hrðlÞjðlÞsPLðlÞdl; (5)
where g denotes the electrical efficiency or charge balance,
x the exciton spin factor, hr the efficiency of radiative decay,
j the outcoupling efficiency, and sPL(l) the normalized
photoluminescence spectrum of the emitter. Both, the
efficiency of radiative decay and the outcoupling efficiency
are wavelength dependent.

Processes (1) to (3) of Fig. 22 are usually described by
the so called electrical efficiency or charge carrier balance
g , which is defined as the probability that an injected charge
carrier finds a charge of opposite polarity and forms an
exciton. The charge carrier balance g is a measure for
re 22 Working mechanism of a simple OLED. Charges are
cted into the organic layer (1), are transported to the middle of the
r (2), where they recombine and form an exciton (3). The exciton
xes to the ground state and emits a photon (4), which is finally
acted from the planar device (5).
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the bipolar character of the device. If the same amount
of electrons and holes is injected into the device, the
charge carrier balance is unity, all charges find a charge of
opposite sign and can form an exciton. If there is an excess
of one type of charge carrier and either more holes or
more electrons are injected into the device, not all charges
contribute to exciton formation and hence light emission.

Process (4), the emission of a photon, is influenced by
two factors, the exciton spin factor x and the probability of
radiative decay hr. In OLEDs, two types of excitons are
formed: singlets and triplets. Due to spin statistics,
approximately three triplets per singlet are formed. In
fluorescent emitters, the transition of the molecules from
the triplet state to the ground state is spin-forbidden, limiting
the efficiency of these emitters or the exciton spin factor x to
0.25. Using phosphorescent emitters, all excitations of the
molecule are directed to the triplet state, which, due to a
strong spin–orbit coupling, can relax into the ground state.
Thus, both, triplets and singlets, take part in the emission
process and the exciton spin factor is unity.

Even though all excitons can take part in the emission
process, the radiative decay into the ground state
always competes with non-radiative relaxation processes.
The efficiency of radiative decay hr is defined as
Figu
laye
inte
orga
hr ¼
Gr

Gr þ Gnr

; (6)
where Gr and Gnr denote the rate constants of radiative and
non-radiative decay of excitons. The rate of radiative decay
Gr of the molecular emitter highly depends on its optical
environment. Due to the difference in the refractive index of
the organic layers and ITO (n� 1.7–1.8), the glass substrate
(n� 1.5), and air, light is reflected at the interface between
organic layers and glass and between the glass substrate and
air (see Fig. 23). Furthermore, as photons are also reflected
at the metallic cathode, the OLED essentially forms an
optical cavity. Depending on the strength of the cavity, the
radiative rate is altered by the factor F(l) (Purcell effect)
Gr ¼ FðlÞGr;inf ; (7)
re 23 Due to the difference in refractive index of the organic
rs including ITO, glass, and air, total reflection occurs at the
rfaces. Light generated inside the OLED cavity is trapped in
nic (2) and glass (1) modes.
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where Gr;inf is the radiative rate in an infinite medium, i.e., if
all cavity effects can be neglected. The efficiency of
radiative decay can therefore be refined to incorporate
cavity effects:
Figu
and

� 20
hr ¼
FðlÞGr;inf

FðlÞGr;inf þ Gnr

¼ qFðlÞ
qðFðlÞ � 1Þ þ 1

; (8)
where q denotes the efficiency of radiative decay in an
infinite medium.

Finally, the outcoupling efficiency j(l) quantifies
process (5) of Fig. 22. Even though a photon has finally
been generated, it can be trapped inside the OLED cavity and
is hence lost for light generation. Photons that are reflected at
the interface between organic layers and glass are feeding
waveguided modes, the so called organic modes (arrow 2 in
Fig. 23), and light reflected at the interface between glass
and air is lost in so called glass modes (arrow 1 in Fig. 23).
The probability that a photon, which was generated inside
the OLED is extracted from the cavity is given by the
outcoupling efficiency j(l). Simplifying calculations show
that for a normal planar device the outcoupling efficiency is
in the range of 20% [97].

4.1.2 Power efficiency or luminous efficacy The
external quantum efficiency alone is not sufficient to
characterize the efficiency of an OLED, as it only accounts
for the number of injected charge carriers and the number of
emitted photons, but does not take into account their energy.
An energy balance is given by the power efficiency or
luminous efficacy hp:
hp ¼ hq
hn

eV
: (9)
Here, hn denotes the average energy of an emitted photon
and eV the energy of the injected charge carriers. For display-
and lighting applications the emitted light output is often
weighted by the sensitivity of the human eye. Thus, the
power efficiency is given in photometrical quantities
(lm W�1).

4.2 p–i–n OLEDs The OLED presented in Fig. 22 is
simple, but for highly efficient OLEDs at least five different
layers are needed (cf. Fig. 24): an ETL and a hole transport
re 24 Five layer p–i–n OLED. The OLED consists of ETL
HTL, EBL and HBL, and an EML
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layer (HTL), which are electrically doped, an emission layer
(EML), where excitons are generated, and finally two
charge blocking layers (electron blocking layer, EBL, and
hole blocking layer, HBL), which confine all charges inside
the EML.

In this so called p–i–n setup, both, the quantum and the
power efficiency, are optimized [47, 96]. The driving voltage
of the OLED is reduced by the doped transport layers. Doped
transport layers improve the charge carrier injection at the
contacts. As discussed in Section 2.4, a very thin depletion
zone is generated at the contact to the electrodes, which
can be easily tunneled through. Thus, an Ohmic contact is
established, which avoids a large voltage drop at the
contacts. Furthermore, due to the high conductivity of the
doped transport layer, charges are efficiently transported
toward the EML, which results in low driving voltages and
high power efficiencies.

The charge carrier balance g is optimized by the EBLs.
Once an electron or a hole has been injected into the EML, it
is confined in the EML by a large offset in the transport level
of the blocking layer. Furthermore, the blocking layers
separate the EML from the doped transport layers and
therefore avoid quenching of excitons.

The exiton spin factor x and the efficiency of radiative
decay hr are optimized by the choice of the EML. First of all,
to maximize the exciton spin factor, phosphorescent emitters
have to be used. As these emitters usually suffer from so
called concentration quenching if used as bulk layer [98, 99],
they are doped at low concentrations into a suitable matrix.
To optimize the efficiency of radiative decay, emitters with
a high photoluminescence efficiency have to be chosen.
However, as discussed above, the efficiency of radiative
decay of the emitters will also be influenced by the optical
cavity of the OLED.

Doping allows to optimize the optical cavity of
the OLED and therefore improves the outcoupling efficiency
j. To obtain efficient emission of light from the OLED, the
resonance, i.e., the thickness of the OLED has to be tuned to
the wavelength of the emitted light and the emitters have to
be placed into the antinode of the optical field inside the
OLED. Doping provides sufficient free charges in the doped
layer to reach a conductivity above 10�4 S cm�1, which
is much higher than the conductivity of the undoped
EMLs. Thus, almost all voltage drops across the thin EMLs
and not across the charge transport layers, and the
thickness of the charge transport layers can be used to
optimize the optical cavity without introducing additional
voltage losses. An example of an optimization of OLED
efficiency by variation of the electron transport layer
thickness will be discussed in Section 4.2.1. Besides the
optimization of the stack design of the OLEDs, there
are many other techniques to optimize the outcoupling
efficiency [100]. The most successful techniques are
scattering layers inside the OLED, microlens foils attached
to the glass substrate or the use of index matched glass
substrates. Some of these techniques are discussed in
Sections 4.2.1 and 4.2.2.
www.pss-a.com
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Figure 25 Designofa highlyefficient orange/red OLED(top).The
external quantum efficiency reaches 20% if the material BAlq is
used as hole blocker. Reprinted with permission from Meerheim
et al., J. Appl. Phys. 104, 14510 (2008). Copyright 2008, American
Institute of Physics [101].

Figure 26 Influence of the OLED cavity on the external quantum
efficiencyofanOLED.Thedifferent lossmechanismsinaredOLED
are quantified. Experimentally obtained external quantum efficien-
cies are shown as black dots. Reprinted with permission from
Meerheim et al., Appl. Phys. Lett. 97, 253305 (2010). Copyright
2010, American Institute of Physics [95].
4.2.1 Highly efficient monochrome devices

4.2.1.1 Bottom emission OLEDs Monochrome OLEDs with
an external quantum efficiency above 20% are well
established nowadays for all monochrome colors [37, 101,
102]. The design of a highly efficient red-orange OLED is
shown in Fig. 25, top. It consists of 90 nm ITO as anode, 50 nm
NHT5 doped with NDP29, 10 nm Spiro-TAD as EBL, 20 nm
of NPB doped with the red-orange emitter Ir(MDQ)2(acac)
(10%), either BPhen or BALq as HBL (10 nm), BPhen doped
with Cs as ETL (60 nm) and Al (100 nm) as cathode [101].

The device shows the expected orange-red emission. The
external quantum efficiency and power efficiency of the two
samples with varying hole blocking layers are shown in
Fig. 25, bottom. The OLED using BAlq is clearly superior to
BPhen as blocking layer, which can be explained by a more
efficient injection of electrons into the EML [101].

The device using BAlq as blocking layer reaches an
external quantum efficiency of 20% at a luminance of
100 cd m�2. Considering that these results were obtained
9 Novaled AG
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without the use of outcoupling enhancement methods and
that only one out of five photons is coupled out of these
devices, the internal quantum efficiency (IQE), i.e., the
efficiency of photon generation inside the OLED, is already
very high. This shows that the largest improvements in
efficiency of OLEDs can be reached by an improvement of
the outcoupling efficiency.

Doping is a key technology to study cavity and
outcoupling effects as it allows to vary the thickness of the
transport layers and to tune the cavity. The measured and
calculated quantum efficiency of a series of similar orange/
red OLEDs with varying ETL thickness is shown in Fig. 26.
The red OLED consisting of 60 nm NHT-5 doped with 4%
NDP-210 as HTL, 10 nm of Spiro-TAD as EBL, 20 nm of
NPB doped with the red phosphorescent emitter Ir(MD-
Q)2(acac) as EML, 10 nm of BAlq as HBL, and BPhen doped
with Cs as ETL. The thickness of the ETL has been varied
from 25 to 275 nm [95]. The measured external quantum
efficiency for varying thickness of the electron transport
layer is shown by black dots. The plot shows two distinct
peaks corresponding to the first and the second resonance
condition of the cavity. At these peaks the EML is positioned
at the maximum of the optical field in the device, which
results in an optimal outcoupling efficiency.

Apart from the measured external quantum efficiency,
the different optical loss channels inside the OLED are
quantified. The calculation is based on an optical model of
the OLED, which treats the emitting molecules as point
dipoles to calculate the radiative molecular transitions [103].
The electromagnetic field inside the OLED is calculated by
a transfer matrix approach. The electrical behavior of the
device is taken into account by the electrical efficiency or
charge carrier balance g .
10 Novaled AG
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Figure 27 Simulated distribution of loss channels in a red OLED
on HI glass. A half lense is used to extract all substrate modes. The
measured external quantum efficiency of these devices is shown
by black dots. Reprinted with permission from Meerheim et al.,
Appl. Phys. Lett. 97, 253305 (2010). Copyright 2010, American
Institute of Physics [95].

Figure 28 (Top) External quantum efficiency of a red top-emitting
OLED.Anexternalquantumefficiencyof29%is reached.Reprinted
with permission from Hofmann et al., Appl. Phys. Lett. 97, 253308
(2010). Copyright 2010, American Institute of Physics [104].
(bottom) Distribution of loss channels in the top-emitting OLED.
Measured external quantum efficiencies are marked by black dots.
Reprinted with permission from Meerheim et al., Appl. Phys.
Lett. 97, 253305 (2010). Copyright 2010, American Institute of
Physics [95].
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In the OLED, energy is lost due to electrical losses (i.e., a
low g), non-radiative losses (i.e., a low hr), absorption in the
organic layers, coupling to surface plasmons located at the
metallic cathode, coupling to waveguided (organic) modes,
and finally due to light that is trapped in the substrate (cf.
Fig. 26). A large share of the losses in the first order devices is
due to a strong coupling of the emission to surface plasmons.
If the distance between emitter and cathode is increased by
increasing the ETL thickness, coupling to surface plasmons
decreases. However, the decrease in surface plasmons is
almost completely compensated by an increase in coupling
to waveguided modes, so that the overall increase in external
quantum efficiency is small.

The calculations given in Fig. 26 show that a large
increase in quantum efficiency is possible if all waveguided
and substrate modes are extracted from the device. One
method to extract these modes is the use of an index-matched
glass substrate (n¼ 1.78), which avoids total reflections
at the interface ITO/glass. To extract all light out of the
substrate, a half lense is attached to the substrate.

The resulting external quantum efficiencies and the
distribution of loss channels are shown in Fig. 27. All
waveguided and substrate modes are avoided. In the second
order device the external quantum efficiency is as high as
54% (104 lm W�1), i.e., more than every second electron
injected into the device generates a photon, which is
extracted out of the device.

In summary, monochrome OLEDs with an extremely high
IQE of 20% can be designed. To increase the efficiency further,
the outcoupling efficiency of the OLED has to be improved. If
the distance between emitter and cathode is increased by thicker
ETL layers, coupling to plasmons is reduced. Furthermore, by
high-index (HI) glass substrates and an index-matched half-
lense waveguided modes can be avoided, resulting in an
external quantum efficiency beyond 50%.
� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
4.2.1.2 Top-emission OLEDs All OLEDs discussed so far are
bottom emission devices, i.e., light is emitted through a
transparent anode and a glass substrate. However, there is a
great need to use low cost and flexible substrates, which
would allow for a roll-to-roll production and a significant
reduction in OLED cost. One alternative for thick glass
substrates are flexible metal foils, which also provide a
sufficient barrier to humidity and oxygen, so that high OLED
lifetimes can be reached.

However, these metal substrates are opaque and light
emission is only possible through a thin, semitransparent
metal top electrode. These so called top-emission OLEDs
show an even more enhanced microcavity, which is also
observable in the calculated external quantum efficiency for
varying ETL thickness as shown in Fig. 28. The device
consists of 36 nm MeO-TPD doped with 4% NDP-211 as
HTL, 10 nm of NPB as EBL, 20 nm of NPB doped with the
red phosphorescent emitter Ir(MDQ)2(acac) as EML, 10 nm
of BPhen as HBL, and BPhen doped with Cs as ETL. As for
www.pss-a.com
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Figure 29 Highly efficient white OLED based on the p–i–n
concept. Green, blue and red emission is generated in separate
layers. In the lower part the design of the EML is shown
[40,105]. Reprinted with permission from Luessem, Reineke
et al., Proc. SPIE 7617, 761712 (2010).
the bottom devices, the thickness of the ETL has been varied
from 25 to 275 nm [95].

Figure 28, top shows the external quantum efficiency and
luminuous efficiency for the first order device (ETL
thickness of 64 nm). For these devices, a maximum external
quantum efficiency of 29% is reached, which exceeds the
efficiency of bottom emission devices without outcoupling
enhancement [104].

The measured external quantum efficiency and the
calculated loss channels for varying ETL thickness are
shown in Fig. 28, bottom. In comparison to bottom emitting
devices, the two peaks at the first and second order
resonances are sharper, which can be explained by a stronger
microcavity of top-emitting OLEDs. Furthermore, first order
devices are always more efficient than second order devices,
which is due to a stronger Purcell effect.

In summary, top-emission devices can be highly
competitive with bottom-emitting devices, at least for
monochrome devices. However, for white OLEDs, the
strong cavity and the need to precisely adjust the thickness of
the cavity to the emission wavelength of the emitter make the
design of a broad emitting white top-OLED challenging.
Thus, the discussion will be focused on bottom emitting
white OLEDs in the following section.

4.2.2 p–i–n devices: White OLEDs To generate
white light, the emission of several emitters has to be mixed.
The most common approach to combine the emission of
several emitters is to stack distinct EMLs for all colors.

Figure 29 shows the design of a highly efficient white
OLED. The device is based on the p–i–n concept. It consists
of an ITO anode (on HI glass, nhigh ¼ 1.78 or low index (LI)
glass, nlow¼ 1.51, devices HI and LI), MeO-TPD doped with
NDP-212 (4 mol%, 60 nm for the OLEDs on low-n glass and
45 nm on high-n glass) as HTL, NPB (10 nm) as EBL, red, blue
and green EMLs, TPBi (10 nm) as hole blocking layer, BPhen
doped with Cs as ETL, and Ag as cathode. Two thickness
values for the ETL layer are used (40 and 210 nm) for first and
second order cavities (denoted as HI-1 or LI for the first
maximum and HI-2 and HI-3 for the second maximum) [40].

The EMLs are designed to ensure a distribution of excitons
on all monochrome emitters (Fig. 29, lower part) leading to
white emission. The EML consists of two matrix materials,
TCTA, which is preferentially hole transporting and TPBi,
which is preferentially electron transporting. In such a double
emission layer (DEML) [37], the exciton generation zone is
located at the TPBi/TCTA interface. It extends across the part
of the TCTA matrix, which is doped by a red emitter
Ir(MDQ2(acac) (10 wt%) and across the FIrpic doped region
of TPBi (20 wt%). Thus, either red or blue excitons are
generated. As the triplet energy of FIrpic is in resonance with
the triplet energy of TPBi, excitons are not confined on the
FIrpic molecule and can diffuse toward the green emitter
Ir(ppy)3 (8 wt%). The overall distribution of excitons can be
tuned by thin undoped layers between the doped layers.
12 Novaled AG
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The efficiency of these OLEDs is shown in Fig. 30. The
same variations of layer structure as for the monochrome
devices in Section 4.2.1 have been done, i.e., the thickness of
the ETL has been varied to obtain first (LI and HI-1) and
second order devices (HI-2 and HI-3). For the device HI-2 an
HTL thickness of 205 nm was used whereas for HI-3 the HTL
thickness was slightly increased to 210 nm. Furthermore,
devices were prepared on LI and on HI glass. In Fig. 30, the
efficacy measured without any outcoupling enhancement
is shown by continuous lines, the dotted line is measured
with a structure of small pyramids cut into a sheet of HI-
glass applied to the substrate to enhance the outcoupling
efficiency, and the dashed line is obtained by applying a half
lense to the substrate.

As already shown for monochrome devices, the use of HI
glass leads to a significant improvement in the luminous
efficacy (e.g., compare the efficacy of device LI and HI-1),
if either the pyramidal outcoupling structure or the half-
sphere is used.
� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 31 Triplet harvesting red/blue OLED. Excitons are gen-
eratedat the interfacebetween theholeblocking layerBPHenandthe
blue emitter 4P-NPD and diffuse toward the 4P-NPD layer doped
with the red emitter Ir(MDQ)2(acac). Depending on the thickness of
the 4P-NPD layer, more or less triplets reach the red emitter, which is
visible in the spectrum (bottom part). As the singlet diffusion length
is shorter compared to the triplet diffusion length, all singlets decay
on the blue 4P-NPD layer and the blue emission does not depend
on the thickness of the intrinsic 4P-NPD layer. Reprinted with
permission from Rosenow et al., J. Appl. Phys. 108, 113113
(2010). Copyright 2010, American Institute of Physics [113].

Figure 30 Efficiency of the white OLED as shown in Fig. 29.
Devices are prepared on HIand LI glass.The ETLthickness has been
varied to obtain OLEDs in the first (LI and HI-1) and second order
(HI-2 and HI-3). The efficiency is measured without any further
outcoupling enhancement methods, with a large half-lense, and with
a pyramidal HI structure (pattern) [40,105]. Reprinted with per-
mission from Luessem, Reineke et al., Proc. SPIE 7617, 761712
(2010).
Furthermore, second order devices are generally more
efficient. Less emission is lost to plasmonic modes and
waveguided modes are suppressed due to the use of HI glass.
A luminous efficacy as high as 90 lm W�1 at 1000 cd m�2 is
obtained using the pyramidal outcoupling structure,
measured in the second maximum of the cavity of the
OLED structure (HI-2).

These experiments show that it is possible to very
efficiently generate white light. However, one drawback of
these devices is the color point (0.41, 0.49), which contains
too less blue emission and which is off the Planckian locus.
The color could be enhanced by a deep-blue phosphorescent
emitter. However, even FIrpic is very instable, which leads to
low lifetimes of these white OLEDs. Deep blue emitters such
as FIr6 show a comparable efficiency at smaller wavelengths
compared to FIrpic, but are even less stable. Hence, there is a
high need to find alternatives to the all-phosphorescent
approach, which avoid the use of unstable blue phosphor-
escent emitters, but still keep the potential of a 100% IQE.
One alternative is the triplet-harvesting approach [106–112].

4.2.3 Triplet-harvesting OLEDs In so called hybrid
white OLEDs emission from a fluorescent blue emitter is
mixed with emission from phosphorescent red and green
emitters. Triplets generated on the fluorescent blue emitter
are usually lost, as the transition to the ground state is non-
radiative. However, if the triplet level of the fluorescent blue
emitter exceeds the triplet level of the red and green
phosphorescent emitter, triplets can be transferred to the
� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
phosphorescent emitter and decay radiatively. Thus, all
excitons are utilized and it is possible to reach high
efficiencies, although a fluorescent blue emitter is used.

A possible blue emitter is 4P-NPD [107–109]. 4P-NPD
has a triplet level of 2.3 eV [108] and allows to transfer
triplets to a red emitter. The design of a red/blue triplet
harvesting OLED is shown in Fig. 31, upper part [113]. As
4P-NPD preferentially conducts holes, excitons are gener-
ated at the interface between the hole blocking layer (BPhen)
and the 4P-NPD layer. Starting from this interface, excitons
start to diffuse toward the 4P-NPD layer doped with the red
emitter Ir(MDQ)2(acac).

Figure 31, lower part shows the emission spectra of the
device for varying thickness of the undoped 4P-NPD layer at
a constant current. It can be seen that the blue emission
remains constant for different 4P-NPD layer thickness,
whereas the intensity of the red emission increases for
www.pss-a.com
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decreasing 4P-NPD layer thickness. This behavior can be
understood by the different diffusion lengths of singlets and
triplets. Due to their longer diffusion length, triplets can
reach the doped 4P-NPD layer and recombine on the red
emitter, whereas the singlets decay on the blue 4P-NPD.
Therefore, depending on the thickness of the undoped
4P-NPD layer more or less triplets are harvested on the red
emitter. At a thickness of 5 nm, an optimum is reached:
almost all triplets are harvested on the red emitter, but blue
singlets are not quenched by the triplet emitter. A quantum
efficiency of 16% is reached at 1000 cd m�2.

However, the triplet level of 4P-NPD is not sufficient to
harvest triplets on green phosphorescent emitters. To fill the
spectral gap in Fig. 31, a second yellow/greenish emitting
OLED can be stacked onto the red/blue triplet harvesting
OLED [113]. The design of such a stacked OLED is shown in
Fig. 32, top. The EML of the bottom OLED consists of the
matrix TCTA doped with the green emitter Ir(ppy)3 and the
yellow emitter Ir(dhfpy)2(acac). The top OLED is the same
OLED as shown in Fig. 31 (upper part). The two individual
OLEDs are connected by a doped pn junction consisting of
BPhen:Cs, a thin layer of Al, and MeO-TPD:NDP2. In this
pn junction, which is biased in reverse direction, electrons
and holes are generated (cf. Section 3.2), which are injected
into the upper and lower OLEDs.

The spectrum of the OLED is shown in Fig. 32 (middle).
A broad spectrum with color coordinates close to the warm
white point A ((x, y)¼ (0.462, 0.429), CRI¼ 80) is obtained.
The power efficiency is presented in Fig. 32 (bottom). As for
all other OLEDs discussed so far, the highest efficiency is
reached for OLEDs on HI glass with a half-lense applied to
the substrate (90 lm W�1). For the array of pyramids cut into
an HI glass, an efficiency of 47.5 lm W�1 is reached.

4.2.4 Conclusion Doping of transport layers helps to
design OLEDs with high efficiencies. The driving voltage
is reduced and the thickness of the OLED cavity can be
adjusted to reach a high outcoupling efficiency. Efficiencies
reached by monochrome and white OLEDs are already
exceeding 20% without outcoupling enhancement methods,
which indicates that the IQE is impressively high. Hence,
the largest improvements in efficiency can be expected by
an optimization of the outcoupling efficiency j, which is
currently a topic of intense research.
Figure 32 Stacked white OLED based on the triplet-harvesting
concept. The device consists of a green/yellow and a red/blue
triplet-harvesting unit. The two OLEDs are connected by a charge
generating pn junction. In the middle part the emission spectrum of
thedeviceisshown.Thespectrumisclose tocolorpointA.UsingaHI
hemisphere and HI substrates, an efficiency of 90 lm W�1 has been
reached. Reprinted with permission from Rosenow et al., J. Appl.
Phys. 108, 113113 (2010). Copyright 2010, American Institute
of Physics [113].
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32 B. Lüssem et al.: Doping of organic semiconductors
p

h
ys

ic
a ssp st

at
u

s

so
lid

i a
5 Organic solar cells with doped transport
layers Directly harnessing the energy from the sun will
play an important role in creating a sustainable energy supply
system and OSCs have the potential to become a low cost,
large area photovoltaic technology in this area. Thus, they
have received increasing attention in recent years and have
been developed toward market introduction. Some of their
main advantages are that OSC can be produced using large
area coating technologies at low temperatures on flexible
plastic substrates for the typically 100–200 nm thin organic
films. Consequently, both energy and material consumption
are low during production and require less than 1 g organic
semiconductor per m2.

First experiments on the photovoltaic effect in organic
semiconductors began in the 1950s with vacuum deposited
small molecules [114] and the first major breakthrough was
published in 1986 by Tang [10]. He introduced the concept of
the planar heterojunction, i.e., using two different kinds of
small molecules with dissimilar energy levels on top of each
other, to facilitate the separation of the photogenerated
exciton that is strongly bound. This strongly bound exciton is
the main difference between OSC and standard inorganic
solar cells made from, e.g., silicon where light absorption
instantaneously creates free charge carriers under normal
operating conditions. In organic molecules optical exci-
tations are typically bound with energies of several 100 meV,
leading to Frenkel excitons. The required electric field to
separate them is more than 106 V cm�1 and thus much higher
that what is obtained in a working OSC. Tang’s heterojunc-
tion concept provided a solution, because the energetic
difference of electron donor and electron acceptor molecules
at the heterojunction creates an interface for efficient exciton
separation. The basic stack structure of Tang’s OSC and a
conceptual illustration of the heterojunction is shown in
Fig. 33.

In addition to their strong binding energy, the diffusion
length of photogenerated excitons is typically in the order of
only 10 nm. Thus, only excitons that are generated within
their diffusion length of the heterojunction can contribute to
the generation of free charge carriers. This significantly
limits the photovoltaic active volume and leads to far too
Figure 33 Basic layer sequence of Tang’s OSC (left) and a con-
ceptual illustration of the exciton separation at the interface between
two organic materials with different energy levels (right). (1) Light
exposure, (2) light absorption and exciton generation, (3) exciton
diffusion, ideally to the heterojunction, (4) exciton separation,
(5) charge carrier separation and extraction at opposite electrodes.
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little absorption for efficient light harvesting even for organic
materials with absorption coefficients exceeding 105 cm�1.
In 1991, Hiramoto et al. presented a solution to this problem
by co-evaporating donor and acceptor molecules, i.e.,
creating a bulk heterojunction by mixing of donor and
acceptor into one layer with phase separation in the order of
the exciton diffusion length [115]. This second major
breakthrough showed that an efficient exciton dissociation
through the complete absorbing layer possible. If suitable
energy levels of donor and acceptor are chosen, this approach
works very well. However, both the detailed processes and
their limits for free charge carrier generation at the
heterojunction as well as establishing percolation paths to
the respective electrode and maintaining good transport of
charge carriers in the mixed layer have remained a challenge
and focus of much research both on the synthesis and
processing side in recent years [116–118].

Today, all efficient OSC are based on the bulk
heterojunction concept and the power conversion efficien-
cies starting with around 1% for Tang’s device have steadily
been improved since then using various strategies like better
tailoring of the organic semiconductors or optimizing the
stack. Current OSC efficiencies have reached more than 10%
on application relevant sizes of more than 1 cm2 [119]. There
are different approaches for making OSCs and they are
typically categorized by their processing technology: (a)
physical vapor deposition of the organic layers in vacuum,
i.e., the method with which most of the initial research has
been carried out [7, 76, 114, 120]; (b) processing the organic
layers from solution by, e.g., spin-coating or printing, which
is the process that most of current OSCs are being made
with [121, 122]. In solution processing both soluble small
molecules and polymers can be used as organic semicon-
ductors. Vacuum processing limits the suitable organic
semiconductors to small molecules that can be thermally
evaporated without being damaged by the elevated tem-
peratures. Since doping of organic semiconductors is most
extensively being used for the latter approach, the focus will
be on vacuum processing. However, in recent years the
benefits of doping have lead to an increased research effort to
find ways for realizing efficient doping in solution processed
devices.

5.1 Solar cell characteristics Before discussing the
application and benefits of doping in OSC, the standard
measurements and parameters will be introduced. The main
figures of merit for solar cells in general are depicted in
Fig. 34. Much of the OSC research is driven by attempts to
increase the power conversion efficiency h, i.e., the ratio of
maximum power PMPP delivered by the OSC and the power
of the incoming light Pill. The extractable power is given by
PMPP ¼ VMPPIMPP ¼ VocIscFF; (10)
where VMPP and IMPP being the voltage and current at the
maximum power point (MPP), Voc the open circuit voltage,
Isc the short circuit current, and FF is the fill factor. Thus, the
www.pss-a.com
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Figure 34 Top: a typical I–V curve of a solar cell in the dark
(black dashed) and under illumination (red) with the main
parameters and the generated power (blue dashed). Bottom: a
comparison between the spectral response of a typical Si reference
diode (pink solid) and an OSC (red dotted) having four times
fluorinated zinc phthalocyanine and C60 as photovoltaic active
layer. Additionally, the differences in the reference illumination
spectrum AM1.5g (black solid) and a typical solar simulator
(300 W Xe high pressure lamp with AM1.5 filter, blue solid) are
shown.
efficiency is defined as
www
h ¼ VMPPIMPP

Pill

¼ VocIscFF

Pill

: (11)
As h of a particular solar cell very much depends in the
illumination spectrum, international standards have been
defined for characterizing solar cells and measuring the
device efficiency [123]. These should be followed for OSC,
as well, but special care is necessary, e.g., because up to now
no organic reference diodes are available and the spectral
response of the OSC and the reference diode used to
determine Pill differ very much [124]. Figure 34 illustrates
this difference in spectral response SR(l) that is defined as
SRðlÞ ¼ ql
hc

EQEðlÞ; (12)
.pss-a.com
where q is the elementary charge, l the wavelength, h the
Planck’s constant, c the speed of light in vacuum, and
EQE(l) is the external quantum efficiency, i.e., the ratio
between extracted electron–hole pairs and incoming
photons at l [124]. Having determined the absorption of
the solar cell and the EQE, the IQE gives the ratio between
extracted electron–hole pairs and absorbed photons and can
be calculated as
IQEðlÞ ¼ EQEðlÞ
haðlÞ

; (13)
where ha(l) is the absorption of the solar cell. Here, either
the absorption of the complete stack or only the absorption
in the photovoltaic active layers can be used [46, 125].

Knowing the spectrum of the illumination source and the
standard reference solar spectrum AM1.5g as well as the
spectral response of reference diode and OSC, the efficiency
can be calculated correctly using a mismatch factor for the
light intensity [124, 126]. Generally, additional great care
has to be taken when measuring the active area of the OSC,
because the typical size for laboratory OSC is only a few
mm2 which makes them prone to measurement errors [127].
For independent verification and additional certification of
efficiencies, several institutions and companies around the
world offer their service [119].

5.2 Organic p–i–n solar cells To further improve
the efficiency, all processes from photon absorption to the
extraction of charge carriers have to be better understood and
optimized. Concerning the device architecture, vacuum
processing and controlled doping of transport layers have
several advantages. In the early days, vacuum deposition was
the simplest way of making thin films of organic semi-
conductors, because these materials were generally hard to
process. Furthermore, vacuum processing allows for an
excellent control of the thickness of the deposited layers and
easy fabrication of multilayer structures. This control is
also key during co-evaporation of doped layers and D–A
heterojunctions of two materials where fine adjustments of
the composition ratio and even concentration gradients can
easily be realized.

5.2.1 Brief history of vacuum deposited organic
solar cells Before the discovery of the heterojunction
concept, OSCs were basically Schottky diodes in which
an organic semiconductor was sandwiched between two
electrodes as shown in Fig. 35 on the left [114]. Due to the
strongly bound photogenerated excitons, charge separation
inside the organic layer was very ineffective, and the metal
contacts were efficient exciton quenchers. Consequently,
power conversion efficiencies were well below 1%. These
issues were solved by Tang and published in 1986 [10]. His
bi-layer solar cells were made of a metal-phtalocyanine as
electron donor and a perylene derivative as electron acceptor
(see Figs. 33 and 35 second from the left). Being stacked
on top of each other, the planar heterojunction offered an
� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 35 Illustration of various OSC stacks from left to right: a
pre-Tang single layer device, Tang’s planar heterojunction device
concept, a tandem stack using metal clusters as recombination
centers, Hiramoto’s planar–bulk–planar heterojunction stack, and
a stack using an exciton blocking layer.
interface for efficient exciton separation, leading to effi-
ciencies of about 1%. However, this approach still has
one major drawback: due to an exciton diffusion length
that is typically in the order of nanometers to a few
tens of nanometers, only excitons generated within
the exciton diffusion length from the heterojunction can
reach the separating interface. Consequently, the effective
photovoltaic active volume is very limited and despite
absorption coefficients exceeding 105 cm�1 only a small
fraction of the incident light can be converted into free
charge carriers.

Already early one, Hiramoto et al. were the first to
introduce a new concept to OSC: given the limited volume of
efficient exciton separation in a planar heterojunction, they
adapted the concept of tandem devices, well known from
inorganic solar cells, to OSC [128]. Their stack is shown in
Fig. 35 in the middle. Using gold nanoparticles in the
recombination zone between both subcells, they showed that
this concept is feasible for OSC and can lead to improved
device performances. Today, having a better understanding
of the underlying device physics and a systematic tailoring
new materials, tandem devices currently have the champion
efficiencies of OSC [152].

However, this would not have been achieved without the
bulk heterojunction concept that is often called the second
breakthrough in OSCs, i.e., mixing of donor and acceptor
into one layer. Already in 1991 again Hiramoto et al. co-
evaporated a perylene tetracarboxylic derivative and metal-
free phthalocyanine into a mixed layer surrounded by
pristine layers, thus publishing the first bulk heterojunction,
the stack of which is shown in Fig. 35, second from the
right [115]13. In this general concept, the phase separation
between donor and acceptor can be made to be in the
order of the exciton diffusion length. Thus, excitons can
be separated throughout the complete layer. However, the
challenge is to establish percolation paths to the respective
electrode and maintain good transport of charge carriers
through the mixed layer. This challenge still remains today.

Efficiencies remained at about 1%, but starting from
about 2000 onwards, significant progress in the under-
13 Sometimes the used stack is denoted as ‘‘p–i–n’’ stack in literature,

because it consists of a pristine donor layer/mixed donor:acceptor layer/

pristine acceptor layer. However, it does not use deliberately doped layers

and thus is not a p–i–n stack in the general sense.
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standing of OSCs and improvements in device efficiency
were made. The number of available organic semiconductors
has considerably grown since then, stacks haven been
optimized and various strategies followed to investigate the
OSC fundamentals and to create a viable product.

In 2000, Rostalski and Meissner used the fullerene C60 as
electron acceptor in a bulk heterojunction with a stack
similar to the one used by Hiramoto et al. in 1990 [130].
Fullerenes have very strong electron accepting character and
had been shown to be an excellent acceptor material in
solution processed OSCs with polymers as donor [131]. Up
to now they have remained the main choice of materials for
the acceptor due to its unique properties.

Progress in the stack design was shown by Peumans et al.
in 2003 who introduced a dedicated thin exciton blocking
layer of bathocuproine (BCP) between the acceptor layer and
the cathode. This is illustrated in Fig. 35 on the right. The
BCP layer is efficiently blocking excitons and preventing
damage to the active layer during metal deposition and
leading to power conversion efficiencies of about 3.6% [7].
With rising efficiencies, blocking excitons from being
quenched at the contacts has become a very relevant step.

An important milestone in the development of efficient
OSC was finding an efficient way to tune the morphology of
the bulk heterojunction. This technique was first discovered
for solution processed OSC [132, 133] and later adapted for
vacuum processed solar cells [134, 135]. The method for
extrinsically tuning the morphology is heating the substrate
during the film formation, allowing molecules to better
diffuse and rearrange on the surface. Overall, this has
become a key component in realizing the most efficient OSC
in vacuum.

The concept of deliberate molecular doping of organic
materials, the main focus of this section, has also found its
way in OSCs. Pfeiffer et al. used F4-TCQN (see Fig. 3) as
strong electron acceptor for p-doping [41]. Doping on the
p-side was later complemented with doping on the n-side,
leading to the p–i–n concept for OSC, that uses both p- and
n-doped layers surrounding the photovoltaic active layer
[75]. The advantages of this concept will be the focus of the
remaining part of this section.

5.2.2 Advantages of molecular doping in
OSC The doping fundamentals were already described
in Section 2 and doped wide-gap transport layers can
extensively be used with similar advantages, i.e., control of
Fermi levels, quasi-Ohmic contacts to electrodes, for OSC
as for OLEDs (see Section 2).

Tang’s solar cell of 1986 had a planar heterojunction for
efficient exciton separation. However, given the strongly
bound nature of the photogenerated excitons and their short
diffusion length, most of the excitons in the absorbing
volume could not reach the heterojunction and contribute to
the photocurrent. This is illustrated in Fig. 36 on the left side.
Reducing the layer thickness to the photovoltaic active
volume generally does not work because of short circuits
and recombination at the organic–metal interfaces. Thus, the
www.pss-a.com
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Figure 37 The stack of p–i–n-OSC schematically shown in
spatial coordinates (top) and a simple energy diagram (bottom).
The photovoltaic active layer can be a planar heterojunction, a bulk
heterojunction, or a combination of both. Both for ETL and HTL
wide-gap materials are used, leading to an energetic offset to the
photovoltaic active layer.

Figure 36 Comparison of the Tang’s solar cell (1986) and a p–i–n
solar cell structure with doped wide-gap transport materials (2004),
including a schematic illustration of the optical interference pattern.
parasitic absorption in the volume that cannot contribute to
the photocurrent is a severe limitation.

Using doped wide-gap transport layers, the donor–
acceptor layer thickness can be reduced to the photovoltaic
active volume without risking shorts and recombination at
the organic-metal interfaces. The corresponding layer
structure for a typical p–i–n stack is illustrated in Fig. 36
on the right-hand side. It consists of a transparent hole
contact, a p-doped wide-gap HTL, a photovoltaic active
layer, a n-doped wide-gap ETL, and an electron contact. This
stack is not only advantageous for planar heterojunctions, but
is used also for bulk heterojunctions or a combination of
both.

By replacing the absorbing, but not photovoltaic active
volume of Tang’s solar cell with wide-gap materials, the
parasitic absorption is significantly reduced. Ideally, light
absorption then only takes place in the photovoltaic active
layers that are positioned such that photon absorption and
IQE is maximized. If the wide-gap materials are doped, as
described in Section 2, the layers can reach conductivities of
more than 10�5 S cm�1, i.e., values with allow an extension
of the layer thickness to 100 nm and more without
introducing noticable Ohmic losses. Consequently, such
layers not only serve as efficient charge transport layers, but
can furthermore be used as optical spacers of an optical
device optimization. Secondly, doping commonly ensures
and Ohmic contact between electrodes and organic layers
[14] and e.g. ITO can be used as either hole or electron
contact [46]. Lastly, by choosing suitable wide-gap materials
the contacts can be made selective: excitons are blocked
from reaching the typically quenching electrode interface
and charge carriers can only reach their contact, ideally
without a barrier or a loss in free energy. The energy level
diagram of a p–i–n solar cell structure is shown in Fig. 37 and
is close to the generic and ideal solar cell structure proposed
by Würfel [136].

Overall, the p–i–n concepts allows for many degrees of
freedom in optimizing the absorption of the active layers,
choosing the contact materials, as well as the order of the
layers. In recent years, the p–i–n concept has been proven
to be a versatile concept for both investigation of the
fundamental processes in OSCs as well as a solid base
for device optimization. In the meantime, other OSC
approaches, particular those based on solution processing,
www.pss-a.com
also started looking closer into doping of organic materials,
thus trying to realized a full p–i–n concept.

5.2.3 Optical optimization There are various ways
of optimizing OSC, and one important way is putting the
absorbing layers where they can absorb most. For non-
transparent OSC the reflecting metal electrode creates a
strong interference pattern with a node at the organic-metal
interface. Thus, the light intensity close to the metal contact
is low. Since the useful thickness of the absorbing layers is
limited either by the exciton diffusion length in the case of
a planar heterojunction of charge carrier transport to the
electrodes in the case of a bulk heterojunction, placing the
photovoltaic active layer close to the metal contact will limit
the achievable photocurrent. Often, a thin transparent buffer
layer of BCP or bathophenanthroline (BPhen) is used to shift
the absorbing layers closer to the maximum of the optical
interference pattern [44, 137]. Although these layers have
advantages over putting the metal contact directly into
contact with the absorbing heterojunction, the thickness of
this kind of buffer layer is typically limited to �15 nm due to
its low conductivity and charge carrier mobility [7]. Here,
doped transport layers again have significant advantages,
because doping leads to a high conductivity allowing for
spacer layer thicknesses of more than 100 nm without
causing significant transport losses.

Figure 38 shows a p–i–n stack where the thickness dETL

of the n-doped ETL, here using 2,3,8,9,14,15-hexachloro-
5,6,11,12,17,18-hexaazatrinaphthylene (HATNA-Cl6), is
varied between 0 and 140 nm [138]. HATNA-Cl6 has an
optical gap of 2.7 eV, i.e., it is mostly transparent in the
visible region of the sun spectrum, and an EA) of 4.07 eV
� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 39 Short circuit current density jsc from experiment and
optical simulations assuming an IQE of unity using the sun simulator
spectrum for varying thicknessesdETL of the n-doped transport layer
HATNA-Cl6 (top) and selected I–V curves to demonstrate the
photovoltaic performance (bottom). The value at 120 nm is the
only outlier in the jsc measurements. The corresponding efficiencies
for 40 and 100 nm n-HATNA-Cl6 are 2.1 and 1.1%.

Figure 38 Simple test stack to illustrate the advantages of doped
transport layers for optical optimization of the stack. The stack
uses a combination of a planar and bulk heterojunction (1:1 volume
ratio ZnPc:C60) as photovoltaic active volume. The structure
of the electron transport material, 2,3,8,9,14,15-hexachloro-
5,6,11,12,17,18-hexaazatrinaphthylene (HATNA-Cl6) is shown
on the right. p- and n-doping are realized using NDP2 and NDN1
(both Novaled AG), respectively. dETL of the n-doped HATNA-Cl6
is systematically varied between 0 and 140 nm to move the photo-
voltaic active volume with respect to the Al mirror and thus into
the interference pattern forming in the stack under illumination.
[139]. Thus value matches closely the EA of C60 (4.0 eV
[140]), the standard electron acceptor, and therefore allows
for a barrier free extraction of electrons from C60. Doping
HATNA-Cl6 with a few wt% of NDN1, a commercial dopant
by Novaled AG, leads to a conductivity in the order of
10�3 S cm�1, a value high enough for realizing even thick
ETLs.

Optical simulations were carried out using a numerical
algorithm based on the transfer matrix formalism and
Poynting vector calculation [141, 142]. The optical constants
of the organic materials were determined using transmission
and reflection measurements [143], but other methods like
ellipsometry could be used as well. From the calculated
absorption in each photovoltaic active layer (here ZnPc/
ZnPc:C60/C60), it is possible to calculate the maximum
possible current that can be extracted from the solar cell by
assuming an IQE of unity. Figure 39 shows the comparison
of jsc determined in experiments and simulations [138]. As
the solar cells were measured with a solar simulator, its
illumination spectrum was used as input for the optical
simulation for a better comparability to the measurements
and as the optical simulations are based on a series of
assumptions, like e.g. IQE¼ 1 at 0 V the absolute values of
jsc will be different, most likely lower.

Depending on where the photovoltaic active layers are
positioned, a variation in jsc of a factor of more than four is
observed. This is a direct result of shifting the absorbing
layers with respect to the optical interference pattern. The
optimum jsc is found at dETL of 50 nm. Increasing dETL

to about 140 nm puts the absorbing layer into the first
interference minimum and thus much fewer photons can be
absorbed. The only small variations in FF between maximum
and minimum illustrate the good transport through the doped
ETL. Voc varies slightly due to changes in the splitting of the
� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
quasi-Fermi levels, because the absorption in the photo-
voltaic active layers changes with varying dETL. Con-
sequently h is mainly determined by the variations in jsc.

These results show that doped transparent transport
layers, here in the example of n-doped HATNA-Cl6, are a
key for optical optimization of OSC. This principle not only
applies to vacuum processed OSC, but to all kind of OSC as
long as well reflecting electrodes are used and the film
thickness is below the coherence length of the sun light. Also
for semi-transparent OSC, the optical optimization and the
use of window layers is crucial for achieving efficient
devices [144]. However, the effects of thin film optics are
generally less dominant in solution processed OSC, because
the thickness of the absorbing layer often exceeds 200 nm.

5.2.4 Tandem devices Certified single heterojunc-
tion OSC efficiencies of above 8% have been reported in
press releases and literature [119, 145, 146, 152]. Still under
discussion is how high the efficiencies of single hetero-
junction devices can be pushed, but estimates based on
experimental considerations put the limit to between 10 and
11%, depending on the assumptions [147, 148]. Although
10% for a single heterojunction solar cell has recently been
www.pss-a.com
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Figure 41 A simple test stack for investigating the recombination
contact based on doped transport layers (top) and the corresponding
results (bottom). A recombination contact either no interlayer, 1 nm
Au or highly doped transport layers are inserted. The transport
layers are doped at the given percentage (n-doping: AOB, p-doping:
F4-TCNQ).

Figure 40 Stack of a generic two-terminal tandem stack consisting
of two subcells connected by a recombination contact and a p–i–n
tandem stack.
achieved by Mitsubishi Chemical [119], these values are
just about the supposedly required values for large scale
applications. Consequently, tandem concepts involving
the stacking of single junction solar cells as shown in
Fig. 40 are used to exceed the 10–11% limit. Their
efficiencies are estimated to potentially reach about 15%
[149, 150], because transmission and thermalization losses,
two major loss mechanisms, can in principle be reduced.
Thus much research has been devoted in recent years in
realizing tandem OSC [151] which are currently leading the
device efficiencies both for solution processed and vacuum
processed OSC [119, 152]. Here, the ease and control of
multilayer deposition in vacuum as well as the doping prove
to be big advantages of this approach. In addition to
complementary absorbers, efficient tandem devices require
a well working and versatile recombination contact and
current matching between the subcells, both of which can be
well realized based on the p–i–n single concept as shown in
Fig. 40. There are various concepts for tandem devices [151]
and in the following the focus will be on the two-terminal
design.

5.2.4.1 Recombination contact One central component of
any two-terminal tandem is a versatile recombination
contact that leads to a recombination of electrons from one
subcell and holes from the other subcell without loss in free
energy at all applied voltages. Hiramoto et al. showed
already in the first OSC tandem publication in 1990 that
metal clusters can be used as recombination centers between
donor and acceptor. This approach is still used in many
vacuum deposited tandem OSC, because it can prevent the
splitting of the quasi-Fermi levels at this interface between
the subcells. However, it has some drawbacks, as it is not a
generic solution and thus does not work for any material
combination of donor and acceptor. Additionally, optical
optimization would be difficult, because donor and acceptor
are directly next to each other. Other approaches, like the use
of absorbing molecules that have the right energy levels for
the recombination contact [153] or the incorporation of metal
oxide interlayers [154, 155] have similar drawbacks.

Here, doping of organic layers was found to be very
beneficial, as well, as evaporating highly doped ETL and
HTL on top of each other allows for the creation of a well
www.pss-a.com
working recombination contact [156, 157]. This approach
has the advantage that it leads to a complete addition of the
open circuit voltages of the subcells in most cases and a high
FF in tandem devices. By shifting the recombination contact
into transport layers it can be used independently of the
absorber materials, i.e., it provides a generic solution for
the recombination contact. Furthermore, the use of wide-gap
materials ensures high transparency, separates the recombi-
nation areas of charge carriers and excitons, and can be
created using the same processes as for the rest of the
tandem stack. Figure 41 shows the difference between using
undoped layers, using gold clusters, and using doped
transport layers as recombination contact in a test stack.

The very simple stack shown in Fig. 3 uses MeO-TPD for
both the p-doped transparent HTL and electron donor. C60 is
used as electron acceptor and n-doped ETL. All three shown
tandem devices have similar current in reverse direction,
indicating that they generate the same amount of free charge
carriers. The I–V characteristics show that without doped or
Au nanoclusters the forward current is limited because of the
backward directed heterojunction between the undoped
MeO-TPD and C60. The Voc of the tandem OSC reaches only
a value close to that of the single heterojunction. Inserting
1 nm Au between the subcells introduces metal clusters that
act as efficient recombination centers leading to nearly twice
the Voc of the single cell. By inserting highly doped transport
� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 42 Extinction coefficients of some selected small mole-
cules versus the solar spectrum. Shown are the values for C60, a
dicyanovinyl substituted sexithiophene with four butyl side chains
(DCV6T-Bu4, Heliatek GmbH) [46], a four times fluorinated zinc
phthalocyanine (F4-ZnPc, BASF SE) [160], and an NIR absorber
based on AZA-bodipys [161].
layers for the recombination contact an addition of the Vocs
of the subcells is reached retaining also a good FF. The
general applicability of this approach has further been tested
with transport materials of various energy levels, where it
was found that thin interlayers of Au or Ag do not work
well [156]. Due to its versatility, this kind of recombination
contact is used in most efficient p–i–n tandem OSC
[158, 159].

The reason for the differences between the three
recombination contacts was investigated using UPS for the
material combination MeO-TPD and C60 as displayed in
Fig. 41. The results show that metal nanoclusters or doped
transport layers are significantly different. In comparison to
an interface between the two subcells without modification,
both approaches reduce the tunneling distance between
donor HOMO and acceptor LUMO. However, while metal
clusters lead to an accumulation of charge carriers, the high
doping of the layers in the recombination zone allows for a
tunneling of charge carriers through a thin depletion layer
[157].

5.2.4.2 Complementary absorption Whereas the first tan-
dem devices used the same absorbing molecules in both
subcells [128], the number of available materials has grown
considerably. Figure 42 shows only a small selection of light
absorbing molecules and their corresponding extinction
coefficients. This figure also illustrates why organic
materials are particularly interesting for tandem concepts:
the used organic semiconductors have typical absorption
coefficients above 105 cm�1 at their absorption maximum
and can be tailored to have well defined absorption bands.
Thus, the thickness limit of the light absorbing layers due to
excitonic effects, low charge carrier mobilities and lifetime
can be circumvented by stacking single heterojunction solar
cells and by choosing subcells with complementary absorp-
tion. Hence, a large spectral coverage of the solar spectrum
with efficient absorption can be realized. However, effi-
ciently harvesting the NIR is still a challenge.

5.2.4.3 Current matching Given that the current through a
two-terminal tandem device is limited by the current of the
weaker subcell, optimization of absorption and current
generation in the subcells is key for efficient tandem solar
cells independent of the used semiconductors. Although
tandem OSC are thicker than single heterojunction OSC their
absorption is still subjected to interference and microcavity
effects. Taking these effects into account is crucial.

Yakimov and Forrest who used only Ag nanoclusters
in their tandem devices found that the efficiency increased
from one to two stacked heterojunction, but it did
not increase when adding more than two subcells [162].
While they were able to fit two heterojunctions into the
first interference maximum, because the organic layers
were thin enough, some of the following subcells had to be in
an optical interference minimum due to missing optical
spacers and thus were limiting the current of the tandem
devices.
� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
Stacking p–i–n OSC into tandem devices allows for a
simple way of using the interference pattern as advantage,
because the doped transport layers can be used as optical
spacer between the absorbing layers of the subcells. If the
subcells are thin and can be positioned in the first interference
maximum (£100 nm), usually no optical spacer between
the subcells is required [158]. However, despite the high
absorption coefficients of the organic absorbers, the tandem
OSC would be optically thin. Once the absorbing layers of
the subcells become to thick to not fit best into the first
interference maximum any more, an optical spacer is
required. If both subcells can be made thick enough to each
cover their complete interference maximum. The former
condition is currently the case for the best vacuum processed
OSC and much work is devoted to further increase the
thickness of the absorption layers.

Figure 43 shows the stack of a recently published two-
terminal tandem OSC based on the p–i–n concept [159]. The
stack consists of two subcells with nearly complementary
www.pss-a.com
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Figure 44 Theparameters extracted from the I–Vcurves of tandem
devices with a variation of the spacer layer thickness between 0 and
285 nm. All measurements were carried out at the same, but not
mismatch corrected intensity of 98 mW cm�2 (Si reference diode).
The vertical lines indicate the values used for the simulations shown
in Fig. 43.

Figure 43 The stack structure of the tandem device used for the
spacer variations, based on two inverted p–i–n OSC with comple-
mentary absorbing subcells of F4-ZnPc:C60 and DCV6T-Bu4:C60

(top) and the results of the optical simulation (bottom) that shows the
absorptionrateasfunctionfor fourdifferentspacer layer thicknesses.
absorption (F4-ZnPc:C60 and DCV6T-Bu4:C60) covering
most of the spectrum between 300 and 800 nm (see Fig. 42).
The stack design is inverted, i.e., the ITO is used as electron
contact through a thin n-doped C60, thus demonstrating
one degree of freedom doping creates. The recombination
contact between the subcells is realized using doped
transport layers as described in section. An additional
recombination contact is used below the Al-electrode due
to processing reasons, but is not essential, as it has
successfully been removed in later stack designs.

The importance of the doped transparent spacer is
illustrated in the bottom graph in Fig. 43 showing the optical
www.pss-a.com
simulations of the stack. The curves illustrates how much the
absorption of the F4-ZnPc based subcell varies as function
of the spacer thickness even though all other layers were
kept the same, as they were made in the same process. This
directly translates into the experimental results presented
in Fig. 44 that shows the characteristic parameters of the IV
curves versus the thickness of the transparent spacer. Voc is
the sum of the voltages generated by the subcells and FF
is above 70% all the time. Furthermore, Voc and FF remain
nearly constant through the complete spacer range indicating
a very well working recombination contact.

The main difference for varying spacer thicknesses is
observed in jsc and subsequently in h of the tandem device.
As shown by the optical simulations in Fig. 43 (bottom), the
variations in jsc are a clear consequence of the thin film
optics. Starting without spacer, both subcells are just about
too thick to fit into the first interference maximum. With
increasing spacer thickness the red absorbing subcell
(F4-ZnPc:C60) is shifted through an interference minimum
of the wavelengths it absorbs (about 60 nm spacer thickness)
before arriving at the second interference maximum at about
150–165 nm spacer thickness. Here, jsc of the tandem device
reaches its maximum and hence h is maximized, too.

The optical simulations furthermore clearly show why it
makes sense to put the red (lower optical gap) absorbing
subcell in front of the green (higher optical gap) absorbing
subcell in this example. The red interference maximum
forms further away from the Al mirror than the green
interference maximum. Given that the absorption bands of
organic semiconductors can be made narrow and really
complementary, both subcells are positioned where they
absorb most.

Although tandem OSC heavily rely on interference
effects, their performance under different angles of illumi-
nation seems to be hardly affected. For the example above,
simulations showed that the absorption in both subcells is
reduced in a nearly equal way for off-angle illumination and
thus, no subcell becomes dominantly current limiting. This
was also experimentally confirmed [159].
� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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This optical optimization using doped and transparent
spacer layers is one of the key stack components for the
world record OSC that are based on vacuum deposited small
molecules [152].

5.3 Conclusions Doping of organic materials has
several distinct advantages for OSC, the main being that
using doped transparent transport layers to sandwich the
photovoltaic active layers allows to create stacks with energy
levels which closely resemble the ideal solar cell structure as
proposed by Würfel [163]. Furthermore, doping of transport
layers creates many degrees of freedom in the choice of
electrode materials, layer sequence, and optical optimiz-
ation, because it allows controlling the position of the Fermi
levels. To sum up, doped organic layer create a very versatile
basis for both investigation of fundamental processes in
OSCs and the systematic optimization of single and tandem
OSC.

6 Summary and outlook Organic semiconductors
are already used in displays for handheld devices and will
enter several other commercial markets soon. Organic
doping has played an important role in the success of
organic devices. In particular, organic doping helps to
enhance the efficiency of optoelectronic devices and to
improve the reproducibility of device processing. However,
the precise mechanism of doping is still under scientific
discussion and a detailed microscopic understanding of
doping will help to design more efficient dopants in the
future. Furthermore, despite its success in optoelectronic
devices, doping is less commonly used in organic solar cells
and organic transistors, leaving many opportunities for
future research.
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