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MOLECULAR DOPING FOR ORGANIC
ELECTRONIC DEVICES: DOPING CONCEPT
AND INFLUENCE OF TRAP LEVELS

ABSTRACT

We review recent progress in the understanding of molecular
doping of organic semiconductors. A statistical description of
the doping process using an acceptor level E, and additionally
considering charge carrier trap states allows to quantitatively
model Fermi level shifts observed in photoelectron spectrosco-
py. A trap filling, saturation, and reserve regime is observed: A
steep rise of the Fermi level for doping concentrations above
the trap concentration as well as low doping efficiencies at
high doping concentrations can be well explained by the mod-
el. Doping can also be characterized using Seebeck measure-
ments, giving qualitatively similar results for different combi-
nations of matrix and dopant molecules. In combination with
conductivity measurements, the transport energy is exempla-
rily determined for n-doped C,, at 210meV below the center
of the LUMO density of states. Finally, the importance of trap
level characterization for device modeling and material purity
analysis is emphasized.

A INTRODUCTION

Organic electronics is an emerging technology that has attract-
ed great interest in the last decades. The primary goal is not to
replace existing technologies, but to create a new form of elec
tronics which cannot be realized by standard inorganic semi-
conductor technologies. Important factors are the feasibility of,
e.g., flexible devices, broad tunability of material properties, the
possibility of low-temperature roll-to-roll processing, and the low
weight of final products. The range of applications starts with
organic light emitting diodes (OLED), which are already estab-
lished on the display market, moving on to organic solar cells
(OSC) and organic transistors (OFET), currently entering the
market. The basis of all those technologies are m-conjugated
organic molecular or polymeric materials exhibiting semicon-
ducting properties. In contrast to inorganic semiconductors,
their transport properties are fundamentally different, particu-
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larly, charge carrier mobilities are orders of magnitude lower
than in inorganic crystalline solids. The reasons are the weak
intermolecular coupling due to van-der-Waals forces, a strong
charge localization due to reduced screening of the charge, a
broad density of states (DOS) due to the disordered nature of
thin films, and further (shallow or deep) trap states due to impu-
rities or strong morphological disorder. Additionally, the intrinsic
charge carrier concentration is rather low due to the large band
gap. Unwanted impurities create trap states of comparable
density, such that the overall conductivity is low.

To drive high currents through OFETs or OLEDs or efficiently ex-
tract charge carriers in OSCs, doping was introduced equivalent
to inorganic semiconductors.[1, 2, 3] The resulting increase in
conductivity is due to an increased free charge carrier concen-
tration and often also a higher mobility, leading to less trans-
port losses and an Ohmic behavior at device contacts[4]. Dop-
ing was also used to realize organic tunnel diodes for a precise
tuning of the breakdown voltage[5, 6] as well as for defining
the threshold voltage in organic inversion and depletion transis-
tors[7]. Recently, doping was used for in-depth investigations of
the trap distributions by controlled trap filling such that trapped
charges can respond to an electrical signal.[8, 9]

Despite the success of this concept in the last years, the dop-
ing process itself is still not fully understood. Previous works
have suggested different physical mechanisms to explain, e.g.,
the usually observed rather low doping efficiencies.[10, 11,
12] However, as we discuss below, in many cases the concepts
from inorganic semiconductors can reasonably describe the
experimental observations.

Technically, the challenge remains to find suitable dopants with
either deep energy levels for p-doping, or high levels for n-dop-
ing. Especially the latter leads to instability of most n-dopants
against oxidation, such that synthesis and handling of those
compounds must be performed under exclusion of any atmos-
pheric contact. Therefore, new material concepts were devel
oped in order to find air stable dopant compounds that develop
their doping capability just upon processing, like molecular di
mers that dissociate upon thermal evaporation.[13, 14, 15, 16]

In this paper, we review the common understanding of the
doping mechanism in organic small molecule semiconductors.
In particular, we summarize our recent experimental progress
and advances in the description of the doping process and the
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doping efficiencies. Furthermore, we will highlight the impor-
tance of trap states for the doping process, how those trap
states can be analyzed, and how doping can contribute to their
quantitative characterization. For more in-depth information
about molecular doping and its history, we refer to previous
works.[2, 12, 17, 18, 19, 20]

B DOPING IN ORGANIC SEMICONDUCTORS

In organic semiconductors, doping is achieved by mixing dopant
molecules into a matrix by coevaporation or spin coating. In the
simplest picture, doping can be predicted from the energy levels
of matrix and dopant, which is sketched in Figure 1. For n-dop-
ing, the HOMO of the dopant must be higher than the LUMO of
the matrix. Similarly, for p-doping the LUMO of the dopant must
be lower than the HOMO of the matrix. However, there are more
factors influencing the doping efficiency, like the intermolecular
coupling constants for the charge transfer between matrix and
dopant, the efficiency of charge separation of the bound elec-
tron-hole pair after charge transfer, i.e., the permittivity of the
matrix[10], morphology changes in the matrix upon introducing
dopants[21], or the doping concentration itself[10].

Typical matrix and dopant materials for p- and n-doping are
shown in Figure 1. Particularly interesting are ambipolar matrix
materials that can be both p- and n-type doped to realize ho-
mojunctions like for inorganic semiconductors.[22, 23] Here,
the challenge is to find suitable dopants, because then the
p-dopant must be very low in energy, whereas the n-dopant
must be very high in energy.

The charge generation process upon doping is still not fully
understood. Early measurements with infrared spectroscopy
methods indicated that the charge transfer between dopant
and matrix can be close to 100% efficient. However, this only
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leads to a charge-transfer state, where electron and hole are
still Coulomb-bound. The final doping efficiency, i.e., the ratio
between free charge carrier density and introduced dopant
density, is only in the order of a few percent.[2, 24, 10] Differ
ent models were supposed to describe these low efficiencies,
e.g., hybridization of matrix and dopant[11], a high Coulombic
binding between electron and hole due to inefficient screening
following the charge transfer[10], dopant aggregation[25], or a
shift of the dopant energy levels upon ionization[26].

Doping can be validated by various measures. Most important
for the application in electronic devices are two aspects: First,
the increase of the conductivity by several orders of magnitude,
reducing the Ohmic resistance of bulk layers, and second, thin
space charge layers, allowing efficient Ohmic contacts by tun-
neling. Typical conductivities are in the range of 10%10° S/
cm for p-doped films[24, 27, 28] and 104-10 S/cm for n-doped
films[14, 29, 30, 13, 31]. The higher numbers for n-doped films
are mainly due to the use of high-mobility matrix materials
like fullerenes, compared to rather amorphous hole transport
materials. However, similarly high conductivities of 10 S/cm
were reported for ppentacene.[21] For most thin-film devices,
conductivities in the order of 10° S/cm are sufficient to ensure
low series resistances. However, the ultra-high conductivity in
Cso films even allows the use as transparent alternative elec-
trodes, at least for small areas.[32] Besides conductivity meas
urements, the shift of the Fermi level versus the LUMO level for
n-doping or versus the HOMO level for p-doping can be meas-
ured by ultra-violet photoelectron spectroscopy (UPS). Thermo-
voltage (Seebeck) measurements reveal the Seebeck energy,
which is the energy difference between the Fermi energy and
the average transport level. The sign furthermore identifies p- or
n-type transport (i.e., doping). Finally, the actual charge transfer
between matrix and dopant is visualized by IR spectroscopy due
to the shift of vibrational energies upon charging[33, 2], elec
tron spin resonance, °F-NMR, or Raman spectroscopy.[34]
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Figure 1: Sketch of the doping process in organic semiconductors. For n-doping, the HOMO level of the dopant must be higher than the LUMO level of the
matrix for efficient charge transfer. Similarly, for p-doping the LUMO of the dopant mustbe lowerthan the HOMO of the matrix to allow electron transfer to the
dopant, leaving a hole inthe matrix. Typical matrix materials and dopants are shown as well. Reprinted with permission from Advanced Functional Materials,

25, 2701, 2015. Copyright 2015, John Wiley & Sons, Inc.
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C A STATISTICAL DESCRIPTION OF THE DOPING PROCESS

In previous experiments, it was shown that upon doping the
Fermi level shifts towards the respective transport level (HOMO
for p-doping), but saturates at several hundred meV above the
actual HOMO energy (Fermi level pinning).[24] This energetic
distance does not depend on the dopant, but on the matrix
molecule. It was concluded that pinning of the Fermi level is
due to an extended tailing of the density of states into the gap
of the semiconductor. However, a detailed description of these
states was not given.

Recently, Tietze et al. used a statistical approach in analogy
to classical semiconductor physics to describe both the Fermi
level pinning as well as the strong increase of the Fermi level
shift at low doping concentrations.[10] For the description in
the case of p-doping, the authors introduced intragap hole trap
states at an energy E; and an acceptor level for the p-dopants
E, (see the sketch in Figure 2 for the p-doping case and the cor-
respondingly measured Fermi level shift respectively change
of the hole injection barrier with increasing doping concentra-
tion in Figure 3a). At low doping concentrations, where the do-
pant density is smaller than the trap density, the Fermi level
shifts from its intrinsic position towards the trap level where
it is pinned: The holes introduced by the p-dopants only fill up
the trap states (trap filling, trap limitation). At N,=N,, the Fermi
level aligns with the trap level. A further increase of the doping
concentration leads to a rapid shift of the Fermi level towards
the transport level (dopant saturation). At very high doping con
centration, the doping efficiency strongly decreases leading to
a saturation of the Fermi level (dopant reserve).

Using semiconductor statistics and assuming a Gaussian dis-
tribution of trap states allows a quantitative description of the
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Figure 2: Sketch of the Fermi level shift with increasing doping concentra-
tion for the case of p-doping. Here, E,\, and E, 4, correspond to the ener-
gies of the matrix. E; and E, are extracted from the statistical analysis and
do not directly correspond to molecular energy levels of matrix or dopant.
At low doping concentrations, the introduced dopants fill the trap states at
energy E. The Fermi level shifts towards the trap level until N,=N;. The dop-
ing efficiency is close to zero as only traps are filled instead of the creation
of free charge carriers. For N,>N;, the Fermi level rapidly moves towards the
HOMO level. At high dopant density, i.e., when the Fermi level crosses the
statistical acceptor level E, of the dopants, Fermi-Dirac statistics demands
the deoccupation of the dopants, leading to a reduced doping efficiency.
Reprinted with permission from Advanced Functional Materials, 25, 2701,
2015. Copyright 2015, John Wiley & Sons, Inc.
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measurement by varying the trap depth E;, the trap density N,
the width of the trap state distribution ¢¥;, and the acceptor
level E,: changing E; controls the Fermi level at low doping con-
centrations, whereas E, sets the Fermi level at high concentra-
tions. N; defines the doping concentration, where the strong
Fermi level shift is observed, and I, determines the slope of
the Fermi level shift at lower doping concentrations. The op-
timal fit parameters for the example of p-doped MeO-TPD are
given in the caption to Figure 3. However, the turnover from the
steep rise to the saturation of the Fermi level is still not well
modeled. Therefore, Tietze et al. extended the HOMO states by
exponential tail states reaching into the gap of the matrix. The
characteristic parameters of this distribution were determined
from measuring the UPS emission signal with high precision in
the gap (see Figure 3d).

Finally, calculated doping efficiencies are compared to exper-
imentally determined values (see Figure 3b). The doping ef-
ficiency is defined as the ratio between the hole density and
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Figure 3: UPS measurements on MeO-TPD p-doped with F;TCNNQ or CF .
The doping concentration is given here as molar ratio (MR) between dopant
and matrix molecules. a) The hole injection barrier decreases with increas-
ing doping concentration, which is equivalent to a shift of the Fermi level
towards the HOMO of MeO-TPD.The solid line is obtained using E,= 0.46 eV,
E;=1.35eV, N;=3.5.10"® cm™, and ;= 0.15 eV. The parameters for the addi-
tional exponential tail states (blue lines) are determined from d). b) Calcula-
tion of trap occupation N;*/ N;, dopantactivation N, /N,, and doping efficien-
cy p/N,independence of the doping concentration. The experimental values
are taken from UPS measurements. c) Calculation of the doping efficiency
for different acceptor levels E,, which changes the maximum value, but not
the decrease towards high doping concentration. d) Sensitive UPS measure-
ment in the gap of the semiconductor. The emission signal from the HOMO
does not follow a pure Gaussian distribution, but is extended by an exponen-
tial tail. The fit parameters E; =-0.09 eV, [! =0.139 eV, N; =1.07 - 10*° cm™®
are used in a). Reprinted with permission from Tietze et al., Physical Review
B, 86, 035320, 2012. Copyright 2012 by the American Physical Society.
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the introduced dopant density as p/N,. At low concentrations,
the doping efficiency is zero because of the trap limitation.
The maximum doping efficiencies obtained are in the range
of 30%, which is defined by the determined acceptor levelS.
In principle, higher efficiencies could be reached for lower
acceptor levels E, closer to the HOMO center [8, 35], which
is shown in Figure 3c, corresponding to the case of shallow
impurities in single-crystal silicon[36]. However, irrespective
of E,, the doping efficiency strongly decreases at high doping
concentrations, which is an intrinsic property of the statistics
of the system. As soon as the Fermi level crosses the acceptor
level, the occupation probability of E, (for electrons) decreases,
leading to a slower increase of the hole density in the HOMO of
the matrix and, therefore, a reduced doping efficiency at high
doping concentrations.

The authors also give a microscopic interpretation for this sta-
tistical description. The energy of the acceptor level is related
to the energy needed for dissociating the charge pair at a do-
pant-matrix couple following the initial charge transfer, where
the latter is usually assumed to be close to 100% efficient. The
probability of generating a free charge carrier is, therefore, de-
fined by E,, i.e., independent of the doping concentration. In
contrast, the capture probability of a free hole at an ionized
dopant increases with the amount of ionized dopants, reduc-
ing the average density of free holes. The interplay between
capture and release limits the doping efficiency and leads to
the Fermi level saturation at high doping concentrations.

According to the above explanations, the Fermi level shift with
varying doping concentration can be divided into three distinct
regions (see Figure 2): trap limitation at low concentrations, do-
pantsaturation for E. < E; (N, >N, indicated by the strong Fermi
level shift), and the dopant reserve for E; < E,. The first regime is
particularly difficult to resolve due to the low doping concentra-
tions needed. By introducing a rotating shutter with a transmis-
sion of 5% in the evaporation system, it was possible to further
reduce the molar doping ratio by one order of magnitude down
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to 10° and clearly resolve this regime.[35] Both of the systems
investigated, i.e., pentacene(P5):CqF3 and ZnPc:Fs-TCNNQ,
show the three characteristic regimes, but differ in the statisti-
cal parameters obtained (see Figure 4). In contrast to p-doping,
n-doping of the same matrix materials shows only dopant satu-
ration (and trap filling), indicating high doping efficiencies even
at high doping concentrations. The Fermi level even crosses the
LUMO onset at high doping concentration, because it does not
seem to be pinned by a donor level E;. The trap limitation is as
well observed for n-ZnPc, whereas it is not visible for n-P5 in the
investigated range of doping concentrations.

D CONDUCTIVITY AND SEEBECK MEASUREMENTS TO
STUDY CHARGE CARRIER MOBILITY, CHARGE CARRIER
DENSITY, AND TRANSPORT ENERGY

The conductivity F depends on the charge carrier density n and
the mobility ¢r: «F = engr. Upon doping, the conductivity is in-
creased due to the increase of n. A constant doping efficiency
would give a linear increase of the conductivity. However, dop-
ing also increases U due to trap filling or a positive dependence
of w(n). In combination, those effects should lead to a superlin-
ear increase of the conductivity at low doping concentrations.
Additionally, the morphology of the matrix can significantly be
influenced at high doping concentrations, reducing the charge
carrier mobility and, therefore, also the conductivity.[21] Final-
ly, as explained above the dopingefficiency is not constant, but
decreases at high concentrations.

Menke et al. investigated different combinations of matrix ma-
terials and dopants for both n- and p-doping. [27, 30, 13] The
obtained dependencies of the conductivity on the doping con-
centration are shown in Figure 5. In n-doped Cq,, the slope of the
conductivity increase is close to unity for most dopants except for
DMBI-POH. As the matrix material is identical, the different be-
havior is attributed to a different dependence of the doping effi-
ciency on the doping concentration as compared to the other do-

pants. Particularly noticeable is the decrease of
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Figure 4: UPS measurements of the Fermi level in dependence of the doping ratio for two matrix
materials that are both p- or n-doped: pentacene (P5) (a) and ZnPc (b). The solid lines are fits
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could furthermore be reasoned by clustering of
dopants, reducing the effective doping concen-
tration at values approaching unity.

according to the model used by Tietze et al. [10, 35] The Fermi level is given with respect to

the peak positions of the HOMOs and LUMOs, respectively. In (a), black points indicate triple
evaporation of C4, as electron traps into P5:W,(hpp),, showing that the Fermi level is pinned to
the intrinsic case if the Cy, trap concentration is higher than the concentration of the W,(hpp),
dopant. Reprinted with permission from Advanced Functional Materials, 25, 2701, 2015. Copy-

right 2015, John Wiley & Sons, Inc.
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Figure 5: a) Conductivity of C4, n-doped using different dopant molecules at varying doping concentration. b) Conductivity of two different p-dopants in two
different matrix materials at varying doping concentration as prepared and after an annealing step (for details, please referto the original publication). Graph
a) is reprinted from [44] with permission from the author. The data was further published in [37]. Graph b) isreprinted from Organic Electronics,15, 365, 2014,

Copyright 2014, with permission from Elsevier.

Doping can further be validated by Seebeck measurements. A
spatial temperature gradient over a semiconductor sample in-
duces a voltage difference thatis proportional to the difference
between the Fermi energy and the transport energy in the sam-
ple, which is called Seebeck energy Es. Therefore, repeating
this measurement for different doping concentrations serves
as a complementary method to UPS to show the Fermi level
shift upon doping. Figure 6 and 7 show determined Seebeck
energies for p-doped and n-doped samples, respectively. The
reduction of the Seebeck energy indicates the shift of the Fer
mi level towards the transport level. In most cases, n-doping
gives smaller Seebeck energies than p-doped samples, indicat
ing a higher doping efficiency as already concluded from UPS
measurements where the Fermi level comes much closer to the
transportlevel for n-doping compared to p-doping(cp. Figure 4).

The combination of Seebeck and temperature dependent
conductivity measurements can be used to derive conclu-
sions about changes in the transport properties upon doping,.
Temperature dependent conductivity measurements reveal
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Figure 6: Seebeck coefficients S and derived Seebeck energies Es from
Seebeck measurements for different doping concentrations (given as molar
ratio) on different p-doped systems (BF-DPB or MeO-TPD as matrix materi-
als combined with C4F;; or F:;TCNNQ as dopants). Reprinted from Organic
Electronics, 15, 365, 2014, Copyright 2014, with permission from Elsevier.

an activated transport that follows an Arrhenius behavior.
The activation energies E,, contain both the activation of the
charge carrier density (dopant activation) as well as a thermal
activation of the mobility (increased charge carrier density and
the thermal activation of hopping transport). The determined
activation energies are compared to the Seebeck energjes for
n-doped C,, films in Figure 7. For low doping concentrations,
both values are in good agreement, indicating that the dopant
activation is the limiting factor. For higher concentrations, the
introduction of the dopants leads to a disruption of the C,, ma-
trix. The effect for charge transport is a reduction of the mobik
ity and an increase in E,.

In contrast to n-doped C,, where typical activation energies
between 40 and 250meV are found[30, 13], p-doped samples
show much higher values in the range of 200-400meV[27], in-
dicating both lower doping efficiencies (deeper dopant levels
E,) as well as lower charge carrier mobilities, especially for the
typically more amorphous hole transport materials like MeO-
TPD and BF-DPB.

In principle, the conductivity values can be used to derive ei-
ther n or w, if one of the two parameters is known. As the exact
doping efficiencies are mostly unknown, a lower limit (LL) for
the mobility can be obtained by assuming a maximum dop-
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Figure 7: Comparison of Seebeck energies E; derived from Seebeck meas-
urements and the activation energies E,., from temperature dependent con-
ductivity measurements. The two systems compared are C,, n-doped with
the two metal complexes Cr,(hpp), (a) or W,(hpp), (b). Reprinted from [44]
with permission from the author. The data was further published in [30].
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efficiency 7,,,, and the mobility 1. for Cy, n-doped with different dopants. Re-
printed from Physica Status Solidi B, 252, 1877, 2015, Copyright 2015, with

permission from John Wiley & Sons Inc.

ing efficiency of 100%.[27] Similarly, using the highest report-
ed mobility value as an upper limit, again lower limits for the
charge carrier density and, thus, the doping efficiency can be
derived.[37] However, more precise numbers are obtained by
taking into account the Seebeck energy.[37] The Fermi level is
then reversely calculated in dependence of the doping concen
tration and the doping efficiency, assuming a Gaussian density
of states and Fermi-Dirac statistics. Using the Seebeck energy,
which relates the Fermi energy to the transport energy, and the
lower limits determined before, the physically allowed range
for the transport energy for n-doped Cq, Was narrowed down
to approximately 210meV below the center of the LUMO DOS.
Assuming this energy to be constant over the doping concen-
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trations used and independent of the dopant compound, the
parameters charge carrier density, doping efficiency, and mo-
bility can be calculated reversely (see Figure 8). From these
calculations, doping efficiencies of nearly 100% are obtained
for the dopant Cr,(hpp), at low concentrations. At very high
concentrations of 50mol%, the doping efficiency decreases to
values around 1%. This behavior agrees well with the results
from UPS. The higher maximum doping efficiency points to a
shallower donor level according to Figure 3c.

E DETERMINATION OF TRAP LEVEL DISTRIBUTIONS

The UPS measurements clearly showed the importance of deep
traps for the understanding of doping in organic films. Therefore,
the direct measurement of traps is not only important to qualita-
tively understand the electrical behavior upon doping, but also for
the quantitative description of charge transportin undoped films,
e.g., for organic solar cell modeling. The direct measurement of
traps can furthermore give insights about the material purity, an
issue which is often overseen inimportance not only for industry,
but also for obtaining clear and reproducible results in research.

Therefore, Tietze et al. investigated MeO-TPD of different purity
grades, which was achieved by comparing unsublimed material
to four times sublimed material which is supposed to possess
a reduced amount of impurities compared to the raw materi-
al.[38] In UPS measurements, the Fermi level showed a lat-
er, but steeper rise with increasing doping concentration (see
Figure 9). Modeling this behavior revealed deep trap states at
different energies and varying density. Although it is difficult to
obtain the exact shape of the trap DOS, it could be concluded
that the unpurified material exhibits a fivefold density of deep
trap states. However, it is remarkable that even the highly puri
fied material still has a significant density of deep trap states,
the origin of which remains unknown.
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Figure 9: UPS measurement of the Fermi level in differently purified MeO-
TPD (unpurified vs. twice and fourfold sublimed) p-doped with C.F ;. Reprint-
ed from Organic Electronics, 14, 2348, 2013, Copyright 2013, with permis-
sion from Elsevier.
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Figure 10: Determination of the (occupied) trap density of states (DOOS)in
100nm thick p-ZnPc:C, blend layers p-doped with C,F;; at different doping
concentrations and sandwiched between ITO and Al as contacts. The Wal-
ter-method[39] was used to derive the distribution from C-f measurements.
The green dashed line is taken from a previous publication where the distri-
bution of exponential tail states was determined for the same material sys-
tem using numerical modeling of j-V characteristics of hole-only device s[40].
Reprinted with permission from Journal of Applied Physics, 117, 245501,
2015. Copyright 2015, AIP Publishing LLC.

Fischer et al. performed trap investigations using impedance
spectroscopy.[9] For this technique, it is important to know that
only states which are close to the Fermi energy can respond
to the electrical stimulus applied. Previously, the required trap
filling was achieved either by charge injection or optical charge
generation. Here, weak doping was used as an elegant way to
selectively populate hole traps and to investigate the resulting
density of occupied states (DOOS). For data evaluation, a meth-
od developed by Walter et al. was used that is based on tem-
perature dependent capacitance-frequency measurements.
[39] For the investigated material system of p-doped ZnPc:C,,
blend layers, the resulting DOOS showed the main trap distribu-
tion at about 0.4eV below the transport energy, followed by an
extended exponential tail (see Figure 10), which was also found
in previous measurements (green dashed line).[40]

CONCLUSIONS

In this paper, we review our recent advances in the field of
molecular doping. The most common picture of doping is ex-
tended by a detailed statistical description of the doping pro-
cess explaining the generally observed low doping efficiencies.
It turns out that the consideration of trap states is inevitable
for an appropriate theoretical description of the experimental
results. By applying a special technique to reduce the molar
doping ratio to 10, three distinct regions of trap limitation,
dopant reserve, and dopant saturation could be observed at
different doping concentrations. Besides photoelectron spec-
troscopy, Seebeck measurements provide further insight into
the Fermi level position with respect to the transport level. In
combination with conductivity measurements, changes in the
doping efficiency can be distinguished from morphological ef-
fects. Furthermore, it was possible to locate the transport en-
ergy at 210meV below the center of the DOS for n-doped Cy,.
Finally, two methods are shown for the determination of trap
levels and trap densities, which is important, e.g., for device
modeling and the evaluation of the material purity.

ASPEKTE

Despite the presented achievements, further understanding is
necessary, e.g., on how energy level differences between ma-
trix and dopant affect the doping efficiency. Furthermore, the
origin of trap states is still not well understood, which is neces-
sary for future design of high performance material concepts
in organic electronics.
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