
PHYSICAL REVIEW B 86, 115202 (2012)

Estimation of the spatial distribution of traps using space-charge-limited current
measurements in an organic single crystal
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We used a mobility edge transport model and solved the drift-diffusion equation to characterize the space-
charge-limited current of a rubrene single-crystal hole-only diode. The current-voltage characteristics suggest
that current is injection-limited at high voltage when holes are injected from the bottom contact (reverse bias).
In contrast, the low-voltage regime shows that the current is higher when holes are injected from the bottom
contact as compared to hole injection from the top contact (forward bias), which does not exhibit injection-limited
current in the measured voltage range. This behavior is attributed to an asymmetric distribution of trap states in
the semiconductor, specifically, a distribution of traps located near the top contact. Accounting for a localized trap
distribution near the contact allows us to reproduce the temperature-dependent current-voltage characteristics
in forward and reverse bias simultaneously, i.e., with a single set of model parameters. We estimated that
the local trap distribution contains 1.19 × 1011 cm−2 states and decays as exp (−x/32.3 nm) away from the
semiconductor-contact interface. The local trap distribution near one contact mainly affects injection from the
same contact, hence breaking the symmetry in the charge transport. The model also provides information of
the band mobility, energy barrier at the contacts, and bulk trap distribution with their corresponding confidence
intervals.
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I. INTRODUCTION

Charge transport in organic single crystals has been the
subject of numerous studies during the last decades.1–5 Single
crystals, with their high chemical purity and low defect density,
stand as the perfect candidates to analyze and understand the
fundamental limitations of charge transport in organic semi-
conductors. This understanding is an important requirement
in order to move forward in the rationalization of the design
of improved materials. Furthermore, measurements done on
well-defined single crystals allow us to test transport and
measurement models that can then be confidently extended
to more complicated materials.

The analysis of the space-charge-limited current (SCLC) in
hole- or electron-only organic devices is a common technique
used to obtain information regarding the mobility and trap
distribution in the transport gap.2,3,6–10 The utilization of
accurate models that include all the physical effects that
influence the charge transport in a SCLC measurement is
very important in order to obtain accurate information about
all the materials and interfaces involved. Parameters such as
the energy barrier at the metal-semiconductor interface or the
diffusion current, both of which are usually neglected in simple
analytical models, have been shown to be important in the
analysis of SCLC data.11,12

The simplest configuration for SCLC measurements is the
“sandwich” configuration, in which a voltage is applied to
contacts on opposite sides of an organic single-crystal slab. In
this case, provided that the length in the transport direction is

small compared to the other two dimensions, the device can
be treated as a one-dimensional system and simple analytical
or numerical methods can be used in the analysis.

During the preparation of the device for SCLC measure-
ments, contacts are fabricated in such a way that at least
one of them efficiently injects one type of carrier,13 while the
other blocks the opposite polarity carrier. Injection of carriers
from the low-energy barrier contact is then measured as a
function of the applied voltage and temperature. Conversely,
injection from the high-energy barrier contact is usually not
analyzed since the injection mechanism from the contact to the
semiconductor limits the current, thus reducing the voltage and
temperature range where the current is limited by the transport
properties of the organic material. This limitation increases the
complexity of the analysis, in particular if analytical models
are to be used.

Alternatively, numerical models that include the contact
details should be able to reproduce both bias polarities;
hence the reverse bias current can be used to improve the
estimation of the parameters being analyzed. Furthermore,
the analysis of the reverse bias current provides a way of
validating some of the assumptions on which the model relies.
In particular, a common assumption in SCLC models is the
semiconductor homogeneity in terms of trap distribution. The
nonhomogeneity of the trap distribution has been shown in
the past to cause asymmetries in the current-voltage (I-V)
characteristics as a function of the applied polarity.14,15

In this work we show that the homogeneity assumption does
not agree with experimental measurements of a rubrene single
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crystal in which gold has been used as the bottom contact
and silver has been used as the top contact. Modeling the
complete I-V characteristics, i.e., including injection from both
top and bottom contacts, requires taking into consideration a
localized distribution of traps near one of the two electrodes.
The proposed model improves the estimation of the bulk
trap distribution, band mobility, and contact energy barriers.
Additionally, it provides an estimation of the local trap density
near the contacts as well as its spatial distribution. This last
finding is very important in order to understand the physical
origin of trap states in the transport gap.

II. EXPERIMENTAL

A. Device fabrication

Single crystals of rubrene were grown by horizontal
physical vapor transport.16 Ultrapure argon was used as the
carrier gas. Typical growth temperature was 300 ◦C. Platelike
crystals a few millimeters wide and long and a few hundred
nanometers thick were collected after a ∼30 min growth
and were immediately laminated on a clean Si wafer with
prefabricated Cr (3 nm)/Au (30 nm) electrodes. Bottom contact
was thus formed through spontaneous adhesion of thin crystals
on an Au electrode.

Conversely, the top contact was prepared by depositing
Leitsilber 200 silver paint (Ted Pella) on the top surface of the
crystal. Charge transport occurs in the out-of-plane direction,
i.e., along the longest axis of the orthorhombic unit cell.4,17,18

B. Electrical characterization

Current was measured at different temperatures in vacuum
(10−4 mbar) and in the dark, using a Keithley 6487 picoam-
meter. The device was cooled to 250 K and measurements
were taken by increasing the temperature in 10 K steps.
The complete measurement procedure was repeated twice to
ensure that the device did not show any electrical stress and
I-V measurements were reproducible. The I-V curves show
asymmetric behavior, depending on the polarity of the applied
voltage, caused by the differences between the top and bottom
contact-semiconductor interfaces.19

Injection of holes from the bottom (laminated) contact
exhibits injection-limited current for voltages higher than
∼4 V, while the top (silver ink painted) contact does not suffer
from injection problems. We refer to injection of holes from
the bottom contact as reverse bias, and injection from the top
contact as forward bias.

We note however that the current in the forward biased
condition at low voltage, however, is lower than in the reverse
biased condition by more than one order of magnitude at
certain voltages and temperatures. Figure 1 compares the
forward and reverse bias currents for the lower and higher
temperatures measured (the complete set of temperature-
dependent measurements is presented in Fig. 6). This be-
havior does not agree with the simple picture of a perfectly
homogeneous semiconductor sandwiched in between two
contacts with slightly different energetic barriers. Indeed, in
a homogeneous semiconductor at a given temperature and
voltage, the current measured when injecting carriers from the
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FIG. 1. (Color online) Comparison of forward (solid line) and
reverse (dashed line) bias conditions at the maximum and minimum
temperatures measured in this study, and detail of the crossover of
the two curves.

higher-barrier contact should be smaller than that measured
when injection occurs from the lower-barrier contact.

It is worth noting at this point that the forward I-V curves
alone are perfectly reasonable and can be reproduced by
using a homogeneous semiconductor in the numerical model.
However, as explained later, this would introduce an error in
the estimated parameters and, of course, the information on
the spatial distribution of traps would be lost.

III. MODELING AND PARAMETER EXTRACTION

A. Model description

The I-V characteristics at different temperatures through
the semiconductor were calculated using a numerical drift-
diffusion model.11 While the details of the numerical model
are explained in Ref. 11, a brief description of the parameters
and important aspects of the model is included here for
completeness.

Charge transport is described using the mobility edge
(ME) model,20 which is believed to correctly describe charge
transport in polycrystalline and single-crystal materials.21–25

The ME model divides the density of states (DOS) into mobile
and localized states which are below and above the ME,
respectively, in a hole transport semiconductor. Charges in
mobile states drift under the influence of an electric field with
mobility μ0, while charges in localized states are, by definition,
nonmobile.

The numerical model accounts for the energetic barrier at
the contact-semiconductor interface by fixing the difference
between the ME and the Fermi-level position at the contacts
(φt and φb for the top and bottom contact, respectively).

The energy distribution of the trap states in the bulk of
the semiconductor is defined as a piecewise exponential; i.e.,
it varies exponentially in between every two neighboring
energy points chosen for the trap distribution discretization.
The values of the trap density at these points are parameters of
the model. The density of mobile states in the band (below ME)
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is assumed to be constant11,26 and equal to 1021 cm−3 eV−1.
In addition, we define a localized trap distribution near the
contacts as

ρtrloc (E,x) =
α exp

(− x
β

)
√

2πσ 2
exp

(
− (E − Ec)2

2σ 2

)
. (1)

The local trap distribution has Gaussian shape centered at
Ec with standard deviation σ . It decays as exp (−x/β) away
from the contact-semiconductor interface, and the total amount
of trap states integrated from x = 0 to ∞ is γ = βα. Although
the exact spatial distribution is difficult to obtain from simple
SCLC measurements, the utilization of a simple exponential
captures the essential physics of the problem and allows us
to obtain an estimation of the total concentration of traps and
spatial extent.

Fits to the experimental measurements, and calculation
of the confidence intervals, show that there is a strong
correlation between Ec, σ , and γ , which results in very
large confidence intervals for these parameters, that is, large
uncertainties. The reason is that the model is not sensitive
to the energetic distribution of this local trap density, which
makes it difficult to obtain a reliable estimate of the actual
shape or energetic position of the local traps. Consequently,
Ec has been fixed to a value deep enough such that all the
states in the localized trap distribution are occupied. As a
consequence the actual parameters that characterize the local
trap density in the model are γ and β, that represent the
total density of active local traps near the contact and its
spatial distribution, respectively. Therefore, the modeling of
the electrical characteristics measured here does not provide
any information of the energetic distribution of local traps near
the contact, but only the spatial distribution of the density of
active (i.e., occupied by holes) local trap states.

B. Effect of local traps near the contacts

Trap states in organic crystals can appear, among other
effects, due to structural defects, chemical impurities, or
defects generated by chemical reaction of the semiconductor
with oxygen.27 Although the concentration of trap states can be
nonuniform through the semiconductor, most SCLC modeling
efforts to date assume a homogeneous trap distribution. In
a completely homogeneous and ideal hole-only device with
perfect ohmic and symmetric contacts, the I-V characteristics
have to be symmetric. In contrast, when a local trap density is
present near one of the contacts, the charge density created by
carriers trapped at these localized states will induce a strong
band bending, breaking the symmetry of the device.

This strong band bending pushes the Fermi-level position
away from the ME near the contact, thus reducing the effective
density of free carriers in the device. Figure 2 compares the
position of the ME and Fermi-level of an arbitrary device with
no local traps, local traps at the injecting contact, and local traps
at the extracting contact. Symmetric contacts and no bulk traps
were considered in this example, thus the simulation without
local traps follows the well-known I ∝ V 2 behavior predicted
by the Mott-Gurney equation (Fig. 4).

The presence of traps at the contacts has a strong impact
on the overall density of free carriers through the entire
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FIG. 2. (Color online) Mobility edge and Fermi-level position as
a function of distance from the contacts for an applied voltage of
1 V. Holes are injected from the contact located at the right-hand
boundary. Strong band bending is created near the contacts due to
local traps, increasing the distance between the ME and Fermi level
when traps are close to the injecting contact.

device, as shown in Fig. 3. The reduction of the density
of free carriers implies a reduction on the current density
(Fig. 4), which is dramatically different when carriers are
injected from one contact or the other. The effect is particularly
important at low voltage. At high voltage the density of injected
carriers increases while that of the trapped carriers at the local
trap distribution remains constant; hence the I-V behavior
approaches the ideal case.

The effect of local traps also is temperature dependent, as
shown in the inset of Fig. 4, and becomes more noticeable at
low temperatures. The temperature dependence is very similar
to the temperature dependence of the I-V curves for a bulk
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FIG. 3. (Color online) Free-carrier density distribution as a
function of position. Holes are injected from the right. The density of
free carriers is strongly reduced when local traps are present near the
injecting contact. The effect is considerably smaller when traps are
located at the opposite (extracting) contact.
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FIG. 4. (Color online) Effect of local traps on the I-V curve at
250 K. Inset: temperature dependence of the I-V characteristic when
traps are close to the injecting contact.

traps-limited device. Hence experimental I-V curves for a
single polarity (either forward or reverse bias, but not both
simultaneously) can be reproduced with a model that does
not account for local traps but only a homogeneous bulk trap
distribution, at least in a limited voltage and temperature range,
thus providing erroneous results.

C. Obtained parameters and confidence intervals

The parameters of the model have been estimated using
least-squares optimization and their 95% confidence intervals
have been calculated using the profile-likelihood method.11,28

A band mobility μ0 = (3.55 ± 0.05) × 10−2 cm2/V s was
found, consistent with transport along the slow-transport
direction of the rubrene unit cell. The energy barrier at the
contact is slightly higher for the bottom contact (laminated)
interface, φb = (250 ± 1) meV, as compared to the top contact
(silver paint), φt = (189 ± 8) meV.

The density of traps near the top contact was found to be
γ = (1.19 ± 0.1) × 1011 cm−2, and decays far away from the
interface with β = (32.34 ± 2.1) nm. Including a local trap
distribution near the bottom contact resulted in a substantially
lower trap density with large confidence intervals (both in
density γbottom and spatial distribution βbottom) and a negligible
improvement in the fit. Thus, although we cannot claim that
the bottom surface does not contain local traps, they certainly
do not dominate the transport properties of the device.

Figure 5 (top) shows the obtained bulk trap distribution
in the semiconductor. The energetic distribution of states
deeper than ∼550 meV cannot be resolved because they are
always occupied at any measured voltage and temperature,11

thus only the total integrated number of deep traps was
determined (inset). Similarly, the occupation probability of
states shallower than ∼250 meV is very small, which leads to
a small sensitivity of the model to states in this region and hence
to a large uncertainty. Consequently, only the trap distribution
in the energy range from 250 to 550 meV above the ME was
determined. Due to the limited energy range and resolution,
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FIG. 5. (Color online) Top: energetic distribution of bulk traps
obtained by least-squares fitting the forward and reverse I-V curves
(solid lines) and only the forward bias I-V curves (dashed lines).
Using only the forward bias, and neglecting localized traps at the
contact, results in an overestimated bulk trap density. Vertical lines
represent the 95% confidence intervals. Inset: integrated trap density
for states deeper than 0.55 eV. Bottom: distribution of localized traps
compared to the integrated bulk trap density.

it is not possible to determine the specific shape of the bulk
density of trap states. Gaussian and exponential shapes are
commonly used to characterize traps in organic materials.29–31

The values we obtain are in reasonable agreement to DOS
obtained previously for rubrene single crystals.10,11

Figure 5 (bottom) compares the estimated density of local
trap states, as a function of position, to the integrated density
of bulk traps. The intersection between the two curves,
approximately ∼150 nm away from the interface, provides
an estimation of the spatial extension of the local traps as
compared to bulk traps.

Finally, Fig. 6 compares the experimental measurements
to the model calculations. The model correctly reproduces the
I-V characteristics for all temperatures and voltages, including
the forward and reverse bias conditions.

D. Importance of local traps

As explained above, the set of forward bias I-V curves can
be reproduced entirely using a homogeneous semiconductor in
the numerical model. The obtained trap distribution in this case
is shown in Fig. 5 with dashed lines. Since no localized traps
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FIG. 6. (Color online) Comparison of the measured data (dots)
and model (solid lines) for forward and reverse bias conditions at
different temperatures.

are considered, the bulk trap distribution is overestimated in the
entire energy range. Furthermore, the shape of the distribution
is markedly different. Fitting only forward bias data produces a
monotonically decreasing trap DOS while the complete model
produces a slightly peaked DOS, which suggests the existence
of a characteristic trap depth.

In addition to the error in the obtained trap distribution,
fitting only the forward bias current also introduces a ∼20%
error in the estimated band mobility μ0, as shown in Table I.
The estimation of the energetic barriers at the contacts is
also affected. In particular, the estimated energy barrier at
the bottom contact is reduced to 1/2 of the value and has large
uncertainty.

Arguably the most important loss of information when
neglecting the reverse bias I-V measurements in the data
analysis is that the spatial information regarding local traps
is not known. Indeed, if only the I-V characteristics corre-
sponding to the forward bias condition are analyzed, it would
be difficult to imagine that local traps are required since the
assumption of a homogeneous semiconductor is sufficient to
reproduce the measurements with reasonable parameters. The
spatial information of the local traps is very important because
it points to a completely different physical origin of these
states, which limit the performance of our particular device,
as compared to bulk traps.

Bulk traps can be caused by disorder, chemical or morpho-
logical defects, or impurities in the semiconductor material.27

Therefore, they can be reduced by further purification or
modification of the crystal growth conditions.32 In contrast,

TABLE I. Comparison of obtained parameters using forward and
reverse bias currents (with bulk and local traps) and using only
forward bias currents (with only bulk traps).

μ (cm2/Vs) φt (meV) φb (meV)

Complete (3.55 ± 0.05) ×10−2 (189 ± 8) 250 ± 1
Only forward (4.25 ± 0.1) ×10−2 (209 ± 8) 110 (<157)
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FIG. 7. (Color online) Comparison of I-V measurements and
model calculations if the local traps are removed.

the local distribution of trap states found near the top
contact is likely created by contaminants due to a longer
exposure of the top surface of the crystal in an uncontrolled
atmosphere, residual solvent molecules from the silver paint
used to deposit the top contact, or oxygen-related traps that
develop in molecular crystals after illumination in an oxygen
atmosphere.33,34 In other words, bulk traps are related to the
growth of the crystal while local traps are more linked to the
manipulation of the crystal after growth and to the specific
processing steps used in fabricating the contacts.

To further emphasize the importance of the local traps on
the SCLC measurements, Fig. 7 compares the measured data
to the model calculations if the local traps are removed. While
the reverse bias condition remains relatively unaffected, the
forward bias I-V curves are clearly limited by the presence of
local traps.

IV. CONCLUSIONS

The study of charge transport in organic single crystals
is important in order to understand the physical limitations
that reduce the performance in organic semiconductor devices.
Equally important, if not more important, is to determine the
origin of these physical limitations in order to rationalize
the design of semiconductors or fabrication methods that
outperform the materials used today.

We have applied a numerical drift-diffusion model to
characterize the SCLC measurements of a rubrene single
crystal. The utilization of both forward and reverse bias
conditions in the analysis of the SCLC measurements allows
us to demonstrate that a common assumption made in several
analytical and numerical models, namely, the homogeneity of
the trap distribution in the semiconductor, is not valid. By
incorporating a local trap distribution near the top (silver
ink painted) contact, our model correctly reproduces the
forward and reverse bias conditions over a range of different
temperatures simultaneously, i.e., with a single set of model
parameters.
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The utilization of our complete model provides a more
accurate estimation of common parameters such as the band
mobility, the bulk trap density, and the energetic barriers at
the contacts. In addition, it provides information regarding
the amount and spatial distribution of localized traps. These
local traps are thought to be caused by contamination of the
top surface of the organic crystal or by photo-oxidation due
to the longer exposure to an uncontrolled atmosphere after
the crystal growth. Determining the origin of trap states, in
addition to their concentration, is very important in order to
rationalize the design of materials or processing techniques
with improved electrical performance.

The model also provides the estimation of the confidence
intervals of the parameters, which allows us to determine
the variables that actually influence the I-V measurements
and discard the ones that are not important. Namely, states

deeper than �0.55 eV cannot be energetically resolved and
only their aggregate contribution was estimated. Likewise, the
model is not sensitive to states shallower than ∼0.25 eV and
these are neglected. Traps located near the bottom (laminated)
contact of the device do not significantly contribute to the I-V
characteristics in this particular device.
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