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Charge transport, with charge carrier mobility as main parameter, is one of the fundamen-
tal properties of semiconductors. In disordered systems like most organic semiconductors,
the effective mobility is a function of the electric field, the charge carrier density, and tem-
perature. Transport is often investigated in a space-charge limited current (SCLC) regime in
thin film single carrier devices, where an electric current is driven in the direction perpen-
dicular to the surface. Direct evaluation of the current-voltage characteristics, however, is
problematic, because parasitic contributions from injection or extraction barriers can fal-
sify results.

Here, we present a novel measurement and evaluation technique for key transport
parameters. First, it allows for the direct determination of the potential profile in single car-
rier devices. It is obtained from a series of steady-state current-voltage measurements
from devices with varying thickness (“electric potential mapping by thickness variation”,
POEM). Second, the data can be evaluated to obtain the effective charge carrier mobility
u(F,n) as a function of the electric field F and the charge carrier density n. Single carrier
transport is achieved by sandwiching the organic material under investigation between
equally doped layers, i.e. p-i-p (resp. n-i-n) devices for hole (electron) transport investiga-
tions. The POEM concept is validated using drift-diffusion simulation data. It is furthermore
experimentally applied to small molecular organic semiconductors, where the hole trans-
port in a blend of zinc phthalocyanine (ZnPc) and Cgp is characterized. In the measured
range of F~ (1-5) x 10°V/cm and hole densities of approx. (1-5) x 10 cm~3, the hole
mobility is found to be in the range of (10-7-10°) cm?/V s, comprising a pronounced field
activation with an activation constant of 0.01 /cm/V. A dependence of the mobility on the
charge carrier density in the given range is not observed.

The POEM approach does not require a given mobility function as input, i.e. it constitutes
a model-free determination of the effective mobility u(F,n). It is especially suitable for
semiconductors which require complex mobility models, like hopping or trap-dominated
transport in disordered systems, and relatively low mobilities, like e.g. neat or mixed
organic semiconductors.
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1. Introduction

Organic semiconductors attract scientific and commer-
cial attention, because they are expected to complement
classic inorganic electronics on several fields, including
photovoltaics, displays, illumination, sensors, and other
electronics [1-8]. Charge carrier transport in the active or-
ganic semiconductors is one of the key parameters for de-
vice design, understanding, and material evaluation. Its
characterization is an ongoing challenge, particularly as
the number of materials potentially suitable for organic
electronics is large and steadily being extended. Device
understanding and design - including simulations on sev-
eral levels of detail [9-11] - rely on accurate material and
transport parameters, with the charge carrier mobility being
one of the key parameters [12-15]. Efficient characteriza-
tion of new materials accelerates the development and
understanding of new and optimized materials and devices.

The available transport characterization methods in-
clude organic field effect transistors (OFET) [16], time of
flight (TOF) measurements [17], charge extraction with lin-
ear increasing voltage (CELIV) [18] and its extensions [19-
21], and space-charge limited current (SCLC) measure-
ments. All methods have their specific features and issues,
considering the device geometry which should be the same
as for the targeted application, the charge carrier density
and field strength, which should be in the relevant range,
the required quantity of material for sample preparation,
a sophisticated measurement set-up, and/or evaluation
steps which are based on stronger or weaker assumptions.
For a more detailed overview see Ref. [22].

Our aim is to characterize electron and hole transport
separately in thin layers of intrinsic or blend organic semi-
conductors in the direction perpendicular to the surface
and at charge carrier densities, field strengths, and current
densities relevant for applications like organic photovolta-
ics (OPV) or organic light emitting diodes (OLEDs). The
characterization is done in a stacked device geometry
and with a measurement technique as simple as steady-
state current-voltage characteristics. The steps of the eval-
uation are kept transparent and simple, and are based only
on plausible basic assumptions. They are model-free with
respect to the transport theory, i.e. it is not necessary to
compare the measured characteristics to the result of a
model-based calculated characteristic to obtain the mobil-
ity. This way, unbiased access is gained to the investigated
properties, which is especially the charge carrier mobility.

In the following, the idea for the transport characteriza-
tion through “electric potential mapping by thickness var-
iation” (POEM) is outlined on the level of an ideal single-
carrier device disregarding contacts. This is followed by a
short section about the general rules for device design, tak-
ing non-ideal contacts and their implications for the valid-
ity of the POEM theory into account. To proof the principle
of the evaluation method, an established drift-diffusion
simulation tool is used to create j-V data in a controlled
manner, employing several mobility models. The mobility
as a function of field and charge density is calculated from
these simulated j-V curves, successfully reconstructing the
mobility functions used for the simulations. Finally, we

investigate the hole transport in a ZnPc:Cgo blend layer.
The hole mobility is determined experimentally, showing
a strong field activation and no resolvable charge density
dependence in the investigated range.

2. Theory

We analyze charge carrier transport in a thin symmetric
semiconductor layer when a mono-polar - i.e. electron-
only or hole-only - electric current is driven perpendicular
to the layer surface. Transport is regarded as a one-dimen-
sional problem along the spatial variable x in the direction
of current, i.e. perpendicular to the thin film surface area.
The thickness d; of the device corresponds to the channel
length and the device area A to the channel cross-section
area.

2.1. Space-charge limited current

At low current density, we observe an Ohmic current—
voltage (j-V) characteristic which can be understood by
the fact that the current is mainly carried by the thermal
equilibrium charge carrier density. When increasing the
current density j, the charge carrier density n within the
semiconductor is increased by additionally injected
charges and the current density increases beyond the Oh-
mic behavior. This situation is characterized by a space-
charge density distribution decreasing in the direction of
current and commonly referred to as space-charge limited
current (SCLC). The current density j is independent of x,
and according to the drift transport equation

j=enuF (1)

the electric field F(x) is reciprocal to the charge carrier
density n(x) and increasing from a very small value at the
injection contact towards the extraction contact. The
charge carrier mobility is denoted by ¢ and the elementary
charge by e. Throughout this work, the charge carrier den-
sity is interpreted as the quantity including all mobile and
immobile, i.e. free and - if applicable - trapped charge car-
riers n = n® + n'r¥PPed 3nd the mobility is regarded as the
effective mobility of all these charge carriers, following Eq.
(1).

In the theoretical case of a constant charge carrier
mobility ¢ independent of electric field and charge carrier
density, and assuming trap-free transport, the electric field
has a square-root shape F(x) oc v/x and the j-V characteris-
tics in this case follow the Mott-Gurney law [23, Section 5]

2
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where ¢ is the relative permittivity of the semiconductor
and & is the vacuum permittivity.

In the case of a field activated mobility according to

1= tto exp (7vF) (3)

where y is the field enhancement factor, the j—V character-
istics can be approximated according to Murgatroyd [24],
[25, Section 6.4] by
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In the general case of a qualitatively unknown field
dependence and/or charge carrier density dependence of
the mobility p= u(F,n) [11,16,15,26-30], F, n, and the j-V
characteristic can not be calculated analytically [31, Sec-
tion 8.6]. It is assumed that in organic semiconductors,
may they be neat or blended, the mobility is generally
not constant. Reasons are, among others, the spatial disor-
der of the molecules, the energetic disorder of the frontier
orbitals, the occurrence of traps and impurities in the bulk
and at interfaces, re-organization energies, and in the case
of blend layers the formation of mixed phases of different
molecular species.

A positive F or n dependence of the mobility will gener-
ally increase the slope of the j-V characteristics, because
with increasing V, also n, F, and consequently u are increas-
ing. However, it is difficult to separate the field and charge
density dependence of ¢ only from the j-V characteristics.
For this reason, a different evaluation method is required
to directly determine the spatial distribution of the trans-
port quantities. That can be achieved by comparing the
voltage of devices with varying thickness d; at the same
current density j, as will be discussed in the following
sections.

In Fig. 1, the simulated electric potentials &(x) within
two hole-only devices with different thicknesses d; are
compared at the same current density j =655 mA/cm.
(For this example, constant mobility is assumed; details
about the used drift-diffusion simulation will be discussed
in Section 4.) Looking at the characteristics of the thicker
device (dashed lines), the field F is increasing with
square-root shape, and the potential &, which is the inte-
gral of F, is increasing throughout the device with increas-
ing slope towards the extraction contact, proportional to
x*. The charge carrier density is decreasing from the
injection contact x = 0 towards the extraction contact x = d;.

Looking at the thinner device (solid lines with points) at
the same current density, we highlight that the shape of all
three curves is identical to the thicker device, from the
injection contact up to the beginning of the extraction
layer (shaded range at 370 nm).

In this section, the focus is on the intrinsic layer. The
interfaces to the doped layers are not discussed in detail.
The doped layers in Fig. 1 are required as boundary
conditions in the simulation. Their implications will be
discussed in detail in the next section, for the discussion
in this section we limit ourselves to the observation that
the charge density at the extraction interfaces increases
simultaneously to the doping level. Knowing that the
conductivity in doped layers is high [32], the potential
drop there can be neglected. This is reflected in the simu-
lation by a nearly vanishing field and the potential not
changing beyond any value which would be relevant com-
pared to the overall voltage. Further details about the
validity of this simplification will be discussed below in
Section 3.

In summary, the transport quantities in the intrinsic
layer are independent of the device thickness, when

injection direction of hole current extraction
1 1 1 1 1 —
& potential / -40 V R
08 ‘H electric field / 1.2e6 V cm™! T
: 3 hole density / 1e18 cm™ P
0.6 1 dashed B
black:
500 nm
0.4 thickness -
solid with
0.2 + symbols: L
380 nm
thickness
0 T T T T
0 100 200 300 400 500

x/nm

Fig. 1. Electric potential, electric field, and hole density in hole-only
devices with two different intrinsic layer thicknesses 500 nm (dashed
lines) and 370 nm (solid lines with points) at the same current density of
655 mA/cm?. The hole mobility in this simulation is 10~% cm?/V s. The
intrinsic layers are symmetrically sandwiched between p-doped injection
and extraction layers, illustrated as shaded ranges. The voltage over the
whole device is 39.8 V and 25.1V, respectively. The characteristics are
independent of the thickness of the intrinsic layer, in the whole range
from the injection contact up to the doped extraction layer.

regarding the same current density and starting the com-
parison at the injection contact. This finding is not limited
to constant mobility but valid for an arbitrary, e.g. field and
charge carrier density dependent, mobility function. It is
exploited in the potential mapping approach.

2.2. Potential mapping

Comparing two devices with different thicknesses d;
and d; = d; + Ad;, the same current density j is measured
at the voltages V; and V, = V; + AV. Keeping in mind that
the potential &(x) in the range from x=0 to x=d; is the
same in both devices, it can be concluded that the voltage
difference AV equals the potential difference between the
locations x;=d; and x;=d, in the thicker device:
AD = D(xy=dy) — D(x; =dy). If this comparison is per-
formed for a large number of thicknesses, it results in a
thickness-voltage characteristic for a given current density.
It represents a discretized map of the electric potential in
the thickest device. The thickness difference Ad; between
the devices is the discretization step width, which has to
be small enough to map the curving of the potential. The
voltage-thickness characteristic V(d;) maps the potential
@(x) through the mapping equation

®(x) = V(d;) with x = d;. (5)

This “electric potential mapping by thickness variation”
(POEM) is a direct and model-free experimental access to
the spatial distribution of the electric potential at a given
current density.

In the following sections, the derivatives of ®(x) will be
considered. The difference quotient AV/Ad; equals the dif-
ference quotient A®/Ax at the position x; = d;. It can be re-
garded as the approximate derivative of @(x), if Ad; is
selected small enough to reproduce the curving of the
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characteristic, i.e. the approximation of Ohmic behavior
(V « d;) is valid piecewise. If the curve is interpolated other
than linearly, this requirement is irrelevant or has to be
adapted to the used algorithm.

2.3. Further evaluation: Field, charge density, mobility

The electric field F(x) can be calculated as the first deriv-
ative of &@(x). The charge carrier density n(x) can be ob-
tained through Poisson’s equation

_ &g OF
T e ox (®)
as proportional to the second derivative of @(x). Assum-
ing drift dominated transport, the charge carrier mobility
at any point of the device y(x) can be obtained from these
quantities through the transport Eq. (1) via
_J
M) = e = HF ), M) (7)

According to the last term, the mobility at one position
x can be regarded as one value of the field and charge car-
rier density dependent mobility function p(F,n) at the field
strength F(x) and the charge carrier density n(x).

2.4. Mobility mapping

The determination of u(x) in a certain range Xmj, < -
X <Xmax at one current density j results in a 1-dimen-
sional trajectory pu(F(x),n(x)) within the 2-dimensional
parameter space of u(F,n). Regarding the voltage-thick-
ness characteristics at a different current density, the po-
sition of the mapped trajectory of u(F,n) is shifted within
the parameter space spanned by F and n. The shift takes
place in a direction which is generally different from the
elongation of the trajectory, i.e. a quasi-two-dimensional
surface in the parameter space is covered. Thus, varying
both thickness and current density allows for the deter-
mination of the mobility p(F,n) in a closed area of the
parameter space of F and n. In other words: For every
set of F and n within the accessible range, one can find
at least one current density value, where this set is rea-
lised at one point in the device. It can be reconstructed
from the voltage-thickness characteristics at this current
density. This approach will be demonstrated for simu-
lated model data in Section 4 and applied to experimen-
tally measured data in Section 5.

2.5. Diffusion

Omitting diffusion is a good and practicable approxima-
tion in many cases. However, for a more accurate evalua-
tion, it has to be taken into account, extending the
transport Eq. (1) by the diffusion term

j=enuF teDn' (8)

where n’ = 9n/dx, which is proportional to the third deriv-
ative of &(x), and the positive sign is valid for electrons
and the negative sign for holes. D is the diffusion constant,

which can be modelled by the classical Einstein relation
according to Ref. [33]

kB T
e ®)

With this drift-diffusion model, the mobility can be
determined extending Eq. (7) to

D=p

J
KX = i F el T (10)

In order to model diffusion, the diffusion constant has
to be known, which is not always the case, since the valid-
ity of the Einstein relation for disordered semiconductors is
under discussion [34,35]. When a different diffusion model
is appropriate in a specific case, Eq. (10) has to be adjusted
accordingly. In the following, diffusion is modelled by the
Einstein relation, if not stated otherwise. If diffusion is ne-
glected, the results and conclusions stay valid with only
minor deviations.

2.6. Validity and assumptions

Through the presented measurement and evaluation
approach, a continuous parameter range of u(F,n) is exper-
imentally accessible. The approach is model-free with re-
spect to transport, trapping, and mobility models.

It is valid for energetically ordered and disordered semi-
conductors, though especially interesting for the investiga-
tion of low mobility semiconductors, e.g. organic
semiconductors. The latter have the further advantage that
devices can be produced via thin-film deposition, allowing
for easy variation of the thickness. The method is especially
suitable for materials with complex or unknown mobility
functions dominating the charge transport. Majority and
minority charge carriers cannot be distinguished, thus,
the device design must ensure that the minority charge
carrier density inside the intrinsic layer is small and their
influence, e.g. via recombination, is negligible. This
requirement is met in semiconductors with a large energy
gap or at low temperature, when the density of thermally
generated minority charge carriers is small, and for ad-
justed work functions (resp. Fermi levels) of the contacts.
Beyond that, only the validity of the transport and Pois-
son’s equation have to be assumed, which are generally
true. If accounting for diffusion, the appropriate diffusion
mechanism has to be known, which might e.g. be given
by the Einstein relation (see above) or others, as appropri-
ate for the material system under investigation.

The energy landscape of the semiconductor might or
might not contain immobile trap states. In disordered or-
ganic semiconductors, transport typically takes place
through energetically distributed hopping sites and possi-
ble trap sites, with transport being an interplay of charging
and discharging of those sites, whereas the differentiation
between traps and low-lying hopping sites is often ambig-
uous. In this work, the resulting mobility is consequently
regarded as the average over all charges, regardless of
which fraction being trapped or free. In this sense it is an
effective mobility. Modelling the charge transport analyti-
cally or numerically on the level of lattice or molecules,
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charges, and charge transfer processes, an effective mobil-
ity u(F,n) can be obtained [11,26-28]. The effective mobil-
ity function which is measured with POEM can be
compared to the effective mobility calculated from these
models.

The POEM approach, which was treated theoretically
for purely intrinsic material in this section, will be adapted
for realistic device geometries in the following section,
then verified in simulations, and finally applied
experimentally.

3. Device design

The design of device series for POEM measurements
should meet several requirements:

¢ A set of samples with defined device areas, reproducible
injection and extraction contacts, and varying but well-
known thicknesses of the material under investigation.

o Symmetric device design to avoid a built-in field over-
laying the external field.

e Low minority charge carrier density.

o Selective contacts for one kind of charge carriers at both
sides, without or with low energy barriers for injection/
extraction and with high conductivity of the injection
and extraction contacts.

o Stability of the devices at all current densities to be
measured and sufficient heat dissipation to avoid elec-
tric heating during the measurement.

We realise the contacts by sandwiching the material
under investigation between doped layers of constant
thickness, where the matrix material is the same material
as the material under investigation, and contacting them
with equal metal contacts with a suitable work function.
This stack results in a p-i-p (p-doped - intrinsic - p-doped)
geometry for hole transport investigation, or an n-i-n
geometry for electron transport investigation. This stack
ensures the symmetry of the device and avoids a built-in
field.

Taking the interfaces between the metal, doped, and
intrinsic layers as well as a series resistance (e.g. in the
substrate) into account does not impair the validity of
the potential mapping approach, according to the follow-
ing reasoning: Charge diffusion from the doped layers into
the intrinsic layer leads to an injection and extraction re-
gion in the intrinsic layer, with the - generally unknown
- thicknesses dinj and dexr. In these regions, the charge car-
rier density is dominated by the diffusion equilibrium at
the interface rather than by charges injected due to the
external current. To our experience, in organic semicon-
ductors, their thickness is typically in the order of 10 nm.
It can be assumed that at a given current density j, these
regions are independent of the device thickness d; (with
d; > dipj + dexer). At the injection contact, this assumption
is generally valid (cf. Fig. 1), and at the extraction contact,
it is valid as long as the density of injected charges is larger
than the density of charges in the equilibrium semiconduc-
tor at j =0, which is valid in most cases. It might become
invalid for extremely large device thicknesses, low

mobilities, and low current densities. In order to account
for the injection and extraction zones, the Mapping Eq.
(5) has to be extended by the respective offset:
D(x) = V(X + dexr) fOr x > dipj, where x =0 is defined as the
position of the injection interface of the intrinsic layer.

Additionally, a potential drop can occur at the injection
and extraction interfaces or in the cables or the contact
bars on the substrate. At the injection contact, an energetic
injection barrier, e.g. between the metal and organic mate-
rial, and the level bending at the injection zone might re-
sult in a contact voltage Vi, At the extraction contact, a
potential drop Vey: might occur in the doped layer and at
the interface to the metal contact. The voltage drop in
the cables/contacts can be summarized as the voltage over
a series resistor Vi, which is a function of the electric cur-
rent j - A. All these quantities Vipj, Vexr, and Vs are depend-
ing on the current density, but not on the device thickness
di. They require the Mapping Eq. (5) to be extended
accordingly

(D(X) = V(X + dextr) - Vinj - Vextr - Vs (11)

with x>di,;; and the origin of the voltage axis set to
@(x=0)=0V. The five quantities dinj, dextr,Vinjy Vextr, and
Vs are generally present and their values are unknown.
They might be varying when changing the current density,
but they are independent of the device thickness when
measuring all samples at the same current density. Conse-
quently, they do not impair the validity of the potential
mapping. These offsets can further be neglected for the
mobility mapping: The voltage offsets are irrelevant, since
only the derivatives of @(x) are regarded, and the thickness
offsets are irrelevant, too, because they imply a constant
shift of the coordinate system of the transport characteris-
tics, leaving the values and trends of the transport quanti-
ties unchanged, allowing a still correct u(F,n)
determination. In summary, a p-i-p or n-i-n stack is suit-
able for POEM measurements and simulations.

4. Simulation - Proof of principle

Drift-diffusion simulations of single carrier devices are
used to validate the POEM evaluation method with well-
known model input data. A simulation tool is used, which
is based on the differential equation system comprising
continuity and diffusion equations for the electron and
hole current, as well as Poisson’s equation. This differential
equation system is solved numerically assuming Boltz-
mann statistics. Details on the simulation tool can be found
in the work by Tress et al., demonstrating also the success-
ful application to device modelling of organic solar cells
[9,36].

We simulate hole-only devices with a p-i-p device
geometry. The thickness of the doped layers is set to
30 nm, with a doping concentration of 1% of the effective
density of states. Small variations of these values do not
have a relevant influence on the results. Ohmic contacts
are assumed for the interface between the metal contacts
and the doped organic layers. Recombination is modelled
as bi-molecular recombination according to Langevin the-
ory. The transport gap in the intrinsic layer is modelled



J. Widmer et al./Organic Electronics 14 (2013) 3460-3471 3465

with 2.2 eV, which is a typical value for small molecular or-
ganic semiconductors. The temperature is set to T =300 K.
The hole mobility in the doped layers and the electron
mobility in the whole device are modelled as constant,
since they are not in the focus of this work and do not have
a relevant influence on the results.

The simulation yields the j—V characteristics of the p-i-p
devices, which are then used as input data for a POEM eval-
uation, trying to reconstruct the hole mobility which was
originally used for the simulation. Three different models
are applied for the hole mobility in the intrinsic layer g,
which is the focus of this work: (A) Constant mobility;
(B) Field activated mobility; and (C) Field and charge car-
rier density dependent mobility.

4.1. Constant mobility

In the first set of simulations, the hole mobility of the
intrinsic layer is modelled with a constant value of
u=10">cm?/Vs.

The current-voltage characteristics obtained in the sim-
ulation, see Fig. 2, display two regimes. In the high current
regime, the devices approximate the analytically calcu-
lated behavior according to the Mott-Gurney law (Eq.
(2)). At lower current densities, the simulated curves show
a transition to the Ohmic regime. This originates from the
equilibrium charge carrier density in the device, resulting
from the work function of the electrodes being close to
the hole transport level.

The data from a set of simulations with various thick-
nesses of the intrinsic layer d; is analysed according to
POEM. The value of d; is varied from 0 nm to 500 nm in
steps of 10 nm. As a first step, to obtain the voltage from
all devices at one given current density, the current-volt-
age characteristics from the simulations are interpolated
logarithmically®. The resulting voltage-thickness character-
istics V(d;) for five exemplary current densities are shown
in Fig. 3a (symbols). They are compared to the potential as
a function of space from the microscopic output of the sim-
ulation with d; = 500 nm (lines). The solid lines show the ori-
ginal data, the dashed lines account for an injection contact
voltage of Viy; = 0.2 V, showing good agreement to the recon-
structed data.

In the second step of the POEM evaluation as displayed
in Fig. 3b, the derivative of the voltage-thickness character-
istics is calculated from the difference quotients of the
V(d;) points, representing the electric field at the respective
position. The result (symbols) is plotted together with the
field strength calculated by the simulation (lines), showing
again good agreement. A small deviation can be observed
due to the interpolation of the V(d;) data from a limited
number of simulated voltage points. To ensure smoothness
of the consecutive step, a Bézier curve of the reconstructed
F(x) is calculated and the smoothed data is used as input
for the next step. A Bézier curve is used for smoothing, in-
stead of any fitting to a function, to keep the evaluation
model-free.

3 Linear interpolation on a double-logarithmic scale
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Fig. 2. Simulated and analytically calculated current-voltage character-
istics of single carrier devices at two selected thicknesses d; = 240 nm and
500 nm. Solid lines: Mott-Gurney law for a constant mobility of u
=107 cm?/Vs. Dashed lines: Murgatroyd approximation for a field
activated mobility with po=10""cm?Vs and y = 0.012 \/cm/V. Sym-
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Fig. 3. Step-by-step POEM of a set of simulated single carrier devices with
constant mobility 1 =10~ cm?/V s. Mobility reconstruction from the j-V
curves, at five selected current densities (key in part (d) at bottom left).
Symbols show the data extracted from the j-V characteristics of devices
with layer thicknesses from 0 nm to 500 nm. Lines show the spatially
resolved values from the simulation of a device with 500 nm thickness.
(a) Voltage-thickness characteristics extracted from the j-V curves. The
dashed lines account for Vi,;=0.2 V. (b) Field strength: points calculated
as the derivative of the points in part (a). (c) Charge carrier density: points
calculated according to the Poisson equation from the derivative of the
points in part (b). (d) Mobility at each point, reconstructed through the
transport equation with the values of the points in parts (b) and (c). The
reconstructed mobility successfully maps the original constant mobility
of u=10"5cm?/Vs.
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In the third step shown in Fig. 3¢, the charge carrier
density is calculated according to Poisson’s Eq. (6), deriving
the F(x) data obtained in the previous step. The data is
averaged over four points each for further smoothing.

In the final step in Fig. 3d, the mobility u is calculated
through the transport Eq. (1) for every current density
and at every point x where both field and charge density
data is available, if required through interpolation from
two adjacent points. Again, the data is averaged over four
points each for smoothing. In all cases, the resulting mobil-
ity is very close to the model input value of 107> cm?/V's.
Deviations are only observed near the end of the evaluable
range, which is due to the property of the Bézier algorithm
that the end points are overrated compared to the other
points of the curve. The reconstructed mobility is indepen-
dent of the field strength or the charge density, which is in
accordance with the mobility used for the simulation. This
finding proves that the reconstruction of the mobility from
the j-V curves by the POEM evaluation method is success-
ful in the case of a constant mobility.

4.2. Field activated mobility

In the second set of simulations, a field activated model
according to Frenkel [37]

I(F) = fo - exp(y V[ F )

is used for the mobility, where po=10"°cm?/Vs is the
zero field mobility and the exponential factor
y = 0.005 y/cm/V represents the field dependent barrier
lowering of a trapped charge carrier in a Coulomb poten-
tial. These values are selected as in a typical range for
small-molecular organic semiconductors.

The simulated current-voltage characteristics, see
Fig. 2, display two regimes, like in the previous example.
The low current limit is again Ohmic behavior, the high
current limit in this case is the Murgatroyd approximation
(Eq. (4)).

The evaluation follows the same scheme as for the pre-
vious set of simulations (Subsection 4.1), with Bézier
smoothing applied to the F(x) curve. Steps two to four
are shown for three selected current densities in Fig. 4.
The resulting reconstructed mobility is not constant, but
increasing with increasing x and j. The charge carrier den-
sity n is identified with the hole density ny, according to
the discussion in Subsection 2.6. To differentiate between
a field and hole density dependence, the three-dimensional
mobility function p(F,ny) needs to be regarded. For every
resulting mobility value at every current density, the field
strength and charge density are well-known from the first
two reconstruction steps. These values yields one point of
the mobility function u(F,ny). All points determined this
way are drawn in a 3-dimensional plot (Fig. 5), where
the parameters F and ny, are plotted as abscissa and ordi-
nate, and the value of yu is given by the colour around the
respective point.

In this chart, the results of the POEM evaluation at 55
different current densities in the value range of (10-
5000) mA/cm? are plotted. They span the 3-dimensional
shape of the mobility function when paying attention to
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Fig. 4. POEM of a set of simulated single carrier devices with field
activated mobility. The evaluation follows the same scheme as described
in Fig. 3. Deviations are observed near the end of the evaluable range,
which is due to inaccuracies of the interpolated values from the j-V
curves and the property of the Bézier algorithm that the end points are
overrated compared to the other points of the curve. For the further
evaluation, only the points between 60 nm and 350 nm are used.
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Fig. 5. Mobility reconstructed from the j-V curves of a simulation of
single carrier devices with field activated mobility. The data is obtained
according to Fig. 4 at 55 different current densities. Each reconstructed
point is plotted at the position of the corresponding field strength
(abscissa) and hole density (ordinate), surrounded by a grey/colour shade
corresponding to the mobility value (scale at right side, brighter colour
corresponds to higher mobility). Cross-sections through the mobility
function at constant charge density (horizontal lines) and constant field
(vertical lines) are shown in Fig. 6.

the colour rather than the positions of the points: When
moving through the chart horizontally from left to right,
the mobility, indicated by the colour, increases. Whereas
when moving from bottom to top vertically, it stays con-
stant. These trends can be illustrated by cross-sections
through the mobility function, as indicated by horizontal
and vertical lines in Fig. 5. In Fig. 6, the resulting character-
istics for u(F) (left) and u(ny) (right) are shown, plotted as
symbols. They are compared to the original mobility
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Fig. 6. Mobility reconstructed from the simulated j-V curves of single
carrier devices with field activated mobility. The field dependence is
shown in the left part, the charge density dependence in the right part of
the chart. The mobility axis is valid for both parts. The plotted data points
are interpolated values from the data shown in Fig. 5, along the respective
cross-sections. Solid lines show the original mobility used as input for the
simulation. The reconstructed mobility (points) agrees well with the
input mobility for all sets of parameters. The trends (strong field
activation, no charge density dependence) can be distinguished and
quantitatively resolved.

function u(F) (Eq. (3)), plotted as lines, which was used as
the mobility model for the simulation of the j-V curves.
This mobility function does not include a charge density
dependence, but a positive field dependence. Both trends
can be seen in the data reconstructed by POEM: Both the
field activation and the invariance with respect to the
charge carrier density can be resolved, and the resulting
values agree well with the model data.

4.3. Field and charge carrier density dependent mobility

In the third set of simulations, a field and charge density
dependent model as suggested by Pasveer et al. [28] is
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Fig. 7. Mobility reconstructed from the simulated j-V curves of single
carrier devices with field and charge density activated mobility. The field
dependence is shown in the left part, the charge density dependence in
the right part of the chart. The mobility axis is valid for both parts. Solid
lines show the original mobility used as input for the simulation. The
reconstructed mobility (points) agrees well with the input mobility for all
sets of parameters. The reconstructed two-parameter p(F,ny) function is
shown as inset (same units as in the large plots).

used for the mobility. The parameter for the zero-field infi-
nite-temperature limit of the mobility is chosen as
Uo =10% cm?/V s, the width of the Gaussian energetic dis-
order ¢ = 0.1 eV, and the lattice constant a = 1 nm. The sim-
ulation and evaluation are along the lines of the previous
paragraph. The resulting reconstructed mobility function
is shown (points) and compared to the original model
(lines) in Fig. 7. Also in this set, both the field and the
density dependence, and the absolute values of the mobil-
ity that were assumed for the simulation can be success-
fully reconstructed and resolved from the j-V
characteristics.

As a conclusion, a field dependence and a charge den-
sity dependence of the mobility can be distinguished from
the j-V curves of a series of single carrier devices with
varying thicknesses through the POEM method.

5. Experimental: Hole transport in ZnPc:Cgg

In this section, the potential mapping approach POEM,
discussed in theory and simulation in the previous sec-
tions, is applied experimentally to investigate the hole
transport in a blend layer of zinc-phthalocyanine (ZnPc;
from ABCR; thin film density: 1.55 g/cm?) and the Fuller-
ene Cgo (from CreaPhys; 1.63 g/cm?), a frequently used do-
nor-acceptor material system for organic photovoltaic
devices [38-40]. It is suitable for POEM investigations, be-
cause it can be deposited by thin film techniques, allowing
for fine control over the layer thickness, and the effective
mobility in the blend is expected to be not constant [11].
The two materials are mixed during vacuum deposition
on an unheated substrate with a volume ratio of 1:1, show-
ing a phase separation on the scale of few tens of nanome-
ters, creating an interpenetrating network [2]. The effective
gap between the HOMO of ZnPc and the LUMO of Cgg is ap-
prox. 1.1 eV [41]. The transfer of holes from Cgg to ZnPc is
known to be fast and efficient, because the HOMO of ZnPc
(—5.1eV) [42,43] is approx. 1.3 eV higher in energy than
the HOMO of Cgo (— 6.4 €V) [44,45]. As a consequence,
the hole conduction in the blend is expected to take place
predominantly on ZnPc molecules.

The blend layer thickness is varied from d; =170 nm to
di; =350 nm in steps of 10 nm. It is sandwiched between
30nm p-doped layers of ZnPc doped with 2wt%
(weight-percent) of 2,2-(perfluoronaphthalene-2,6-diylid-
ene) (F6-TCNNQ); see Refs. [46,47]). Injection of electrons
can be efficiently suppressed with the Cgo-free p-doped
ZnPc layers [48], and thermally generated electrons have
only small Ohmic or weaker contribution to the j-V charac-
teristics, which means negligible contribution to space-
charge limited currents. Devices are fabricated on glass
substrates and sandwiched between 10 nm thin gold elec-
trodes which are complemented by an additional thicker
silver layer to obtain higher conductivity.

All materials including the metals are deposited by
thermal evaporation in high vacuum at a base pressure of
approx. 1077 mbar. Materials are purified by vacuum gra-
dient sublimation prior to device fabrication, except for
the dopant, which is used as received. Contacts are depos-
ited through shadow masks to form bottom and top metal
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contact stripes overlapping orthogonally, where the geo-
metric overlap area defines the active device area. Contact
stripe widths are varied to achieve three different -
approximately square shaped - device areas in the range
A=(0.88-6.44) mm? for every thickness d;. This variation
of A allows for the verification that edge or corner effects
are negligible and that the current is proportional to the
nominal device area, i.e. the current density j is indepen-
dent of the device area. The layer thickness is monitored
with a quartz crystal micro-balance. Mixed and doped lay-
ers are deposited by co-evaporation of two materials with
separate thickness monitors. The large number of samples
with varying intrinsic layer thicknesses is produced in a
wedging process, i.e. fabricating all samples on one large
substrate, covering variable parts of it with a metal plate
during step-wise deposition of the intrinsic layer. This
way, the material consumption for all devices together is
only as high as for the thickest device. Current-voltage
characteristics are measured at room temperature with a
Keithley 2400 source measure unit. The measurement
speed is in the range of 0.5 s per voltage point. At high cur-
rent densities, device self-heating, i.e. Joule heating,
through the electric current and possible consequent de-
vice break-down limit the achievable current density
[49]. Comparing j-V curves measured in DC mode with
pulsed j-V measurements using voltage pulse lengths
down to 200 p s, this self-heating effect could be excluded
in the investigated devices for current densities below
20 mA/cm?.

The area variation of the devices allows for checking the
proportionality of current and area, and thus, the validity
of the current density determination. Data from three de-
vices with the same thickness d; =170 nm, but different
device areas is shown in Fig. 8. While in the Ohmic regime,

10 F shaded area:
[ range of current densities

[ considered for further
evaluation

0.1 |- device area
| + 0.88mm2

0.01

current density j/ (mA cm-2)

0.001 §

voltage V/V

Fig. 8. j-V characteristics of hole-only devices for investigating the
transport in ZnPc:Cgo 1:1 blend. Symbols are measurement results at
varying device thickness d; and device area A. They follow Ohmic behavior
in the low-current regime and power-law dependencies in the space-
charge limited regime with exponents in the range of 4-5. Black dash-
dotted and dashed lines are guides to the eye, representing linear and
power-law dependencies. The dotted lines represent the Murgatroyd
approximation (Eq. (4)) for the obtained field activated mobility for the
same thicknesses as the experimental data.
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Fig. 9. Hole mobility u(F,n) in ZnPc:Cgo 1:1 blend. The mobility value is
coded by the grey/colour scale surrounding each point, where the
position of the point indicates the corresponding field strength (abscissa)
and charge carrier density (ordinate). A field activation (gradient from
dark to bright when going from left to right) can be observed, while a
charge carrier density dependence (gradient from bottom to top) cannot
be resolved. Cross-sections through the mobility function at constant
charge densities (horizontal lines) are shown in Fig. 10.

the current density is different for every device, indicating
edge and/or corner effects contributing to current, the cur-
rent density is independent of the device area in the space-
charge limited region (above approx. 0.5 mA/cm?). This
threshold is reached earlier in thicker devices. Current den-
sities in the range of j = (0.154-19.1) mA/cm? are used for
further evaluation, depending on the thickness of the
devices.

The j-V curves are analysed according to the POEM
evaluation steps discussed above, extracting the V(d;) char-
acteristics, calculating its derivatives, and reconstructing
the mobility function u(F,ny). The plausibility of the evalu-
ation is checked at several stages: The voltage at a fixed
current density is increasing with increasing d;, the field
is increasing monotonously, and the charge density is
decreasing monotonously with increasing x. Bézier
smoothing is applied to the voltage and field curve, the
charge carrier density is averaged over two data points.

The result from the mobility reconstruction is shown in
Fig. 9. A field activation can be observed, which is visible as
a colour gradient from low to high mobilities from left to
right, i.e. for increasing field. The parameter range covered
by the measurement are field strengths in the range of
(1.5-5.0) x 10° V/cm and charge carrier densities of (1-
5) x 10'® cm~3. In this range, a charge density dependence
of the mobility cannot be resolved. If any is present, its ef-
fect is much weaker than the effect of the field
dependence.

The field activation is evaluated quantitatively on the
basis of a series of cross-sections of the mobility function
at constant charge densities, shown in Fig. 10. It is fitted
with Eq. (12), resulting in a zero field mobility of pg-
=79 x10°cm?/Vs and a field enhancement factor of

y =0.01 /cm/V.
5.1. Discussion
The measured field dependence of the hole mobility can

be interpreted with the Poole-Frenkel type model as sug-
gested by Gill [37,50]
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Fig. 10. Field dependence of the hole mobility x(F) in ZnPc:Cgg 1:1 blend,
extracted from the mobility function u(F,n) (Fig. 9). Each series of
symbols indicates the reconstructed field dependent mobility function at
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of the field activation model
W(F) =79 x 10~%cm?/Vs - exp(0.01 /cm/V - VF).

Ao — Ber VF
H(F) = g - exp (— kﬁ) (13)
B 1 eff
. e3 1 1 1

where A is a parameter accounting for the thermal activa-
tion, which in our case is set to zero, since temperature
variation is not measured, £¢=4.7 is the permittivity of
ZnPc:Cgp 1:1 measured by impedance spectroscopy [51],
and ¢g is the vacuum permittivity. Teg, the effective tem-
perature, is the free parameter for field activation. The re-
sult from  the fit is Tesr = Bre/(y - kg) =406 K
(i.e. To=1150K).

For the microscopic understanding, it should be noted
that the dielectric constant of the ZnPc:Cgy blend is not
necessarily the effective dielectric constant for the field
activation of the mobility. Since hole transport is expected
to take place from ZnPc to ZnPc molecules, in Eq. (13) the
value for ZnPc ¢ = 4.0 might be used rather than the value
for the blend. This would change the resulting effective
temperature to 445 K.

The Poole-Frenkel model is in agreement with the ob-
served field activation in the measured range, suggesting
that molecular hopping, trapping, or some other kind of
spatial confinement (e.g. micro-crystallites) for charge car-
riers in the energy landscape of the transport level is dom-
inating the hole transport in the ZnPc:Cgo blend. The
effective barriers between the confined sites are lowered
by the electric field, increasing the mobility with increas-
ing field strength. This Poole-Frenkel model is appropriate
for Coulomb-like barriers of heights and distances between
the sites which are larger than the range of the binding
force. The last criterion is probably not fulfilled, since the
typical hopping site distance might be down to molecular
dimensions, which are in the order of 1 nm, while the bar-
rier lowering and typical Coulomb interactions take place
on a scale of (10-15) nm [37,52].

The measured field dependence of the hole mobility can
also be understood based on the Béssler model, attributing
the field enhancement to spatial and energetic disorder of
the localised hopping sites [26]. However, this model re-
quires a temperature dependent measurement u(F,n,T) to
quantitatively obtain the relevant parameters.

Space-charge limited current characteristics of trap-
dominated transport are expected to yield j-V characteris-
tics with power-law behavior similar to the measured
curves [53, Section 4.7] However, the thickness depen-
dence of the exponent can not be explained by this model.

In the evaluated range of field strengths F=(1-
5) x 10° V/cm, the measured mobility is in the range
1 =(0.3-8) x 107% cm?/V s. This is in good agreement with
previous CELIV measurements [54]|. These values are
approximately one order or magnitude lower than in OFET
measurements [43]. This difference is not surprising, be-
cause OFET measurements are performed in a different de-
vice geometry and at essentially higher charge carrier
densities and field strengths. The obtained values are also
lower than the hole mobility in neat ZnPc, which is in
the range of 10~3cm?/Vs [32]. This difference can be
attributed to an increased spatial disorder of the molecules
[26] and to the fact that hole conduction takes place only
on ZnPc molecules in the blend layer. The volume contrib-
uting to hole transport is reduced, and with ZnPc and Cgg
forming an interpenetrating network [2], transport cannot
take place on the shortest path in space, but has to follow
percolation paths reducing the effective mobility [9,11,30].

To check the plausibility of the resulting mobility func-
tion, j—V characteristics are calculated based on the Mur-
gatroyd Eq. (4) with the parameters y and po obtained
above, and compared to the measured j-V characteristics.
It is not expected that the original curve can be completely
reconstructed, because the injection voltage Vj,; is an un-
known function of j. However, the comparison can yield
valuable information about the injection and extraction
mechanism. The result is shown in Fig. 8 as dotted lines
at the same three thicknesses as the shown measurement
results.

The measured current density is much higher than the
calculated current density and the thickness dependence
is stronger. This deviation might be due to the diffusion
of charge carriers and/or dopant molecules - probably dur-
ing manufacturing - into the intrinsic layer [48]. The effec-
tive thickness of the intrinsic layer would be reduced and,
thus, the thickness of the space-charge limited zone, i.e.
the actual SCLC thickness is essentially smaller than the
nominal intrinsic layer thickness. This hypothesis can also
explain the stronger thickness dependence of the mea-
sured curves compared to the model calculation. Higher
mobility values as reported e.g. for copper phthalocyanine
(CuPc) blended with C®, obtained from direct fitting of
SCLC j-V data to the Murgatroyd equation [55], might be
related to the same origin. A related effect of the influence
of doped layers on the thickness of an intrinsic interlayer
has recently been reported for pentacene [56].

Apart from the absolute values, the slope of the space-
charge regime can be approximately reconstructed, indi-
cating that the mobility function determined by POEM
yields plausible values. The possible reduction of the
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effective intrinsic layer thickness by a constant value for all
devices can be treated as an offset to the thickness coordi-
nate and leaves the validity of the POEM results
unchanged.

6. Conclusion and outlook

POEM “electric potential mapping by thickness varia-
tion” is a measurement and evaluation method for space-
charge limited currents in single carrier devices. It is intro-
duced for the transport characterization and mobility
determination in thin film organic semiconductors. It is
based on the experimental determination of the spatial
distribution of the electric potential in a single carrier de-
vice. The evaluation yields access to the charge carrier
mobility as a function of the electric field strength and
the charge carrier density pu(F,n). For the evaluation it is
not required to fit a given mobility model. In this respect
it represents a model-free mobility determination. The
measurement consists of current-voltage characteristics
of a series of devices with varying layer thicknesses, i.e.
channel lengths. The evaluation also yields the spatial dis-
tribution of the electric field and the charge carrier density
in the device. This concept is validated through several sets
of simulated j-V curves with given mobility functions,
which can be successfully reconstructed in detail only from
j-V characteristics.

We have applied this measurement and evaluation
technique to the hole transport in ZnPc:Cgo 1:1 blend,
sandwiched between p-doped ZnPc layers to ensure hole-
only transport. The mobility of holes in the blend shows
a strong field activation according to

2
1, =7.9- 10*9% - exp 0.01,/%#? (14)

which is compatible with the Poole-Frenkel type field
dependence. The measured j-V characteristics show higher
current densities than expected from the model calcula-
tion, which might be attributed to the effective intrinsic
layer thickness being thinner than its nominal thickness,
due to diffusion of charge carriers and/or dopant molecules
from the doped layers into the intrinsic layer. The thick-
ness and voltage differences between measured and recon-
structed j-V curves might be the starting point for more
detailed investigation of the interfaces and injection
processes.

Generally, POEM can also resolve the charge carrier
dependence of the mobility. However, for the investigated
material system, no such dependence could be resolved in
the measured parameter range.

Since the obtained mobility is an effective mobility, it
can be used to test theoretical models for charge transport,
comparing the effective mobility predicted from these
models to the measured behavior. The required input data
can be obtained by complementary methods [51,57,58].
Variations of the investigated materials and the processing
parameters [59-61] allow for the direct investigation of
their effect on the transport properties.

The results are particularly relevant since the measure-
ment is performed under working conditions (geometry,

current densities) which are typical for applications like or-
ganic light emitting diodes or organic photovoltaics, where
the mobility governs not only charge transport but also
charge separation and recombination [62-65].
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