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We have used space-charge limited current measurements to study the mobility of holes and electrons in two
fluorene-based copolymers for temperatures from 100 to 300 K. Interpreting the results using the standard
analytical model produced an Arrhenius-type temperature dependence for a limited temperature range only and
mobility was found to be apparently dependent on the thickness of the polymer film. To improve on this,
we have interpreted our data using a numerical model that takes into account the effects of the carrier
concentration and energetic disorder on transport. This accounted for the thickness dependence and gave
a more consistent temperature dependence across the full range of temperatures, giving support to the ex-
tended Gaussian disorder model for transport in disordered polymers. Furthermore, we find that the same
model adequately describes both electron and hole transport without the need to explicitly include a
distribution of electron traps. Room-temperature mobilities were found to be in the region of 4�10−8

and 2�10−8 cm2 V−1 s−1 in the limit of zero field and zero carrier density with disorders of
110�10 and 100�10 meV for polymers poly�9,9-dioctylfluorene-co-bis�N ,N�-�4-butylphenyl��bis�N ,
N�-phenyl-1 ,4-phenylene�diamine� and poly�9,9-dioctylfluorene-co-benzothiadiazole�, respectively.
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I. INTRODUCTION

Charge-carrier transport in many disordered organic semi-
conductors and, in particular, conjugated polymers occurs by
thermally assisted tunneling via highly localized states and is
consequently strongly temperature dependent. In contrast to
the bandlike transport seen in many inorganic crystals, this
leads to room-temperature mobilities that are small enough
to be a limiting factor in the performance of devices such as
organic light-emitting diodes �OLEDs� and organic photo-
voltaics �OPVs�. In the case of OLEDs, much theoretical
work has been carried out to model charge transport and its
effect on efficiency.1 Generally, larger luminances can be
achieved when electron and hole mobilities are large and
well balanced. It has also been shown that the efficiency of
OPVs may be limited by the rate at which photogenerated
carriers can be extracted from organic layers.2 Therefore, a
proper description of charge transport in organic semicon-
ductors is necessary for understanding device performance.
Despite this, there is still no consensus on the most appro-
priate way to do this. In particular, it is not clear whether
charge transport is limited by trapping, energetic disorder, or
polaronic effects. Variations in electron transport between
different conjugated copolymers have been attributed to the
trapping effects of impurities introduced during synthesis.3

Previous studies of electron currents in conjugated polymers
have included specific modeling of shallow traps4 or traps
combined with energetic disorder5 in order to account for
apparent temperature and thickness dependence of mobility,
with such models giving good agreement with experimental
measurements. The latter of these studies reconciles the dif-
ference in electron and hole mobilities in a derivative of
poly�phenylene vinylene� by assuming that electron transport
is limited by charge trapping. However, models based solely
on energetic disorder can also account for such effects as
they implicitly include a number of low-energy states that
effectively act as trapping centers.

In this paper, we focus on using energetic disorder as a
method for modeling charge transport, showing that materi-
als can be described simply by a single value of energetic
disorder, without needing to refer to an explicit distribution
of trap states. Furthermore we show that the same model can
be used for both positive and negative charge carriers in
conjugated polymers, leading to simplified modeling of bi-
polar devices.

II. THEORY OF SPACE-CHARGE LIMITED CURRENTS

The polymers used is this work,
poly�9,9-dioctylfluorene-co-bis�N ,N�-�4-butylphenyl��bis
�N ,N�-phenyl-1 ,4-phenylene�diamine� �PFB� and poly�9,9-
dioctylfluorene-co-benzothiadiazole� �F8BT� �see Fig. 1 for
chemical structure� are air-stable polymers based on poly-
fluorene. The fluorene units are copolymerized with hole- or
electron-transporting units, respectively. These polymers
have been widely investigated for their use in both OLEDs
�Ref. 6� and all-polymer OPVs,7 and are a useful materials
system for studying the physics of polymer devices.

Since most OLED and OPV devices consist of one or
more thin �on the order of 100 nm� layers of active material

C8H17

N N
n

N
S

N n

PFB

F8BT

C8H17

C8H17C8H17

FIG. 1. Chemical structure of PFB and F8BT.
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sandwiched between metal contacts, it is appropriate to mea-
sure the mobility in devices with a similar configuration.
Therefore charge transport is investigated using steady-state
current-voltage �J-V� measurements. This is achieved by se-
lecting metal contacts such that only holes �electrons� are
injected into the active layer. A build up of positive �nega-
tive� charge in the active layer then limits the total current
density. Such a device is called space-charge limited �SCL�.
At the simplest level, J-V curves in single-carrier SCL de-
vices can be interpreted by assuming a constant mobility and
fitting8 with the Mott-Gurney relation9

J =
9

8
��

V2

d3 , �1�

where J is the current density, V is the applied voltage �tak-
ing account of any built-in voltage�, � is the mobility, � is
the permittivity of the material, and d is the film thickness. It
has been shown that this is an oversimplification as studies
using time-of-flight,10–12 SCL current,13 dark injection, and
admittance spectroscopy14 have all shown that mobility tends
to change with the application of an electric field in organic
semiconductors. The field dependence of mobility has often
been described by a Poole-Frenkel-type enhancement factor,

g1�E,T� = exp���T��E� , �2�

where E is the electric field and ��T� is a materials parameter
reflecting the strength of the electric field dependence. This
parameter is generally found to decrease with increasing
temperature, T. A modified version of the Mott-Gurney equa-
tion by Murgatroyd15 is used to describe the J-V character-
istics of SCL devices with Poole-Frenkel-type mobility
enhancement,7,16

J =
9

8
�0� exp�0.89��V/d�

V2

d3 . �3�

More recently, Tanase et al.17 considered the effect of carrier
concentration on mobility. Devices with large carrier concen-
trations, such as field-effect transistors, were found to have
much higher mobility than those with low carrier concentra-
tions. They demonstrated that the effect of carrier concentra-
tion can be understood by including a second mobility en-
hancement factor. Thus, rather than describing transport by a
constant mobility, it is more appropriate to consider mobility
as a function of a number of parameters,

��T,E,n� = �0�T�g1�E,T�g2�n,T� , �4�

where g1 and g2 are the dimensionless mobility enhancement
factors for electric field, E, and carrier density n, respec-
tively. �0 is the mobility as a function of temperature, T, in
the low-field, low-carrier-density limit.

Modeling studies of charge transport have been carried
out in the framework of the Gaussian disorder model �GDM�
pioneered by Bässler.18 A fundamental assumption of this
model is that carriers are highly localized to specific fixed
sites within a medium. Carriers hop between these sites,
which each have a random energy offset taken from a Gauss-
ian distribution. The width �standard deviation� of the Gauss-
ian, �, quantifies the amount of energetic disorder in the

material. Bässler’s Monte Carlo simulations of transport
have successfully described the field-dependent mobility en-
hancement observed in experiments. However, Monte Carlo
simulations become more computationally intensive as the
carrier density is increased, so they are generally carried out
in the limit of low carrier densities, which gives no informa-
tion on the second mobility enhancement factor. Instead,
numerical19 and analytical20 models have been used to make
predictions about the carrier-density dependence of mobility.

Of these two models, the Pasveer model,19 which is re-
ferred to as the extended Gaussian disorder model �EGDM�,
obtains mobility functions by solving carrier transport in a
three-dimensional medium with Gaussian disorder using a
master-equation approach. This approach allows the simula-
tion of large carrier densities without the computational over-
heads experienced with Monte Carlo simulations. The mo-
bility is then parameterized using a simple equation that
allows a rapid approximation of the mobility enhancement
factors, g1 and g2 without the need for detailed modeling.
The Fishchuk model20 instead uses an analytical model to
derive the mobility as a function of carrier density. This
model involves integrating a hopping rate over the density of
occupied and unoccupied states. Unlike the Pasveer model,
the Fishchuk model does not derive mobility as a function of
electric field.

Both of these models give similar results, predicting a
constant mobility at low carrier concentrations with a strong
enhancement when the carrier concentration exceeds a cer-
tain level. This critical concentration corresponds to the den-
sity at which carriers essentially cease to behave indepen-
dently of one another. The mobility enhancement is
dependent on the ratio � /kBT �referred to as �̂�, with stron-
ger enhancement occurring as disorder is increased or tem-
perature is reduced. The reason for the mobility enhancement
with carrier concentration is easy to understand. The Gauss-
ian density of states includes a low-energy tail of states ex-
tending well below the mean site energy. Carriers in these
low-energy sites are effectively trapped since the surround-
ing sites are likely to have higher energies and hence the
carriers require significant thermal activation to hop to a
neighboring site. At low carrier concentrations, carriers pre-
dominantly occupy the low-energy sites and thus the mobil-
ity is low. When the carrier concentration exceeds a critical
value, the tail of the density of states is effectively filled and
any new carriers added to the system must occupy higher-
energy states from which hopping is easier, leading to an
increased mobility.

The temperature dependence of mobility is a critical fac-
tor in understanding the physics underlying charge transport.
All three models mentioned above �Bässler, Pasveer, and
Fishchuk� based on the GDM predict the logarithm of mo-
bility will vary as �̂2 in the low-carrier-density limit. Contra-
dictorily, many studies of mobility in SCL devices21 show an
apparent temperature dependence closer to 1 /T. Rather than
contradicting the GDM, this temperature dependence has
been attributed to the effects of carrier density,22 which can
typically be on the order of 1016–1018 cm−3 in SCL devices.
Indeed, Fishchuk20 has shown that the effective mobility is
expected to follow this behavior at high carrier densities.

Therefore, to completely understand experimental data, it
is necessary that the next generation of device simulations
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include both field and concentration contributions to mobil-
ity. van Mensfoort and Coehoorn22 have recently included
these effects �using the Pasveer19 model� within a one-
dimensional continuum device model. The model has been
used to fit J-V curves of hole transport in a conjugated
polymer23 and successfully described the temperature and
film thickness dependence. By the inclusion of the concen-
tration effects, the predicted �̂ dependence was reproduced.
In this paper, we use a similar device simulation to investi-
gate charge transport in films of PFB and F8BT. We also
compare the effects of interchanging the Fishchuk model and
Pasveer model for carrier-density dependence and of using a
Poole-Frenkel field dependence. Although detailed simula-
tions have shown that transport in disordered materials oc-
curs through a three-dimensional network of microscopic
filaments, a recent study has shown that the use of such
one-dimensional continuum models is justified as long as the
material thickness is greater than the typical filament size.24

In practice, all SCL devices are likely to fall into this cat-
egory.

III. EXPERIMENTAL METHOD

Single-carrier devices were fabricated by spin-coating
PFB and F8BT from solution in p-xylene. Indium-tin oxide
�ITO� coated glass was used for substrates. Substrates were
cleaned ultrasonically in acetone then propan-2-ol, then
treated with an oxygen plasma. For PFB, hole-only devices
were fabricated by spin-coating poly�3,4-ethylene dioxy-
thiophene� doped with poly�styrene sulfonate� as the bottom,
hole-injecting electrode. PFB was spin coated in ambient
conditions, then gold was evaporated to form the top elec-
trode. For F8BT devices, the ITO coating was first removed
from the substrate by etching in HCl prior to cleaning. Alu-
minum was evaporated onto the glass to create a bottom
contact. The aluminum-coated substrates remained in a pro-
tective nitrogen environment while F8BT was spin coated.
Finally, calcium capped with aluminum was evaporated as an
electron-injecting top electrode. For each polymer, devices of
three different thicknesses ranging from 50 to 350 nm were
fabricated by varying the concentration of the polymer solu-
tions. Film thicknesses were measured using a Dektak sur-
face profiler. Devices were mounted in a liquid-helium cry-
ostat and steady-state current-voltage characterization was
carried out using a Keithley 6487 electrometer at tempera-
tures ranging from 100 to 295 K. Care was taken to ensure
that steady-state current measurements were obtained free
from hysteresis. This involved keeping sweep rates low
�typically about 1 V/min� and introducing a 3 s delay be-
tween changing voltage and reading current. The devices re-
mained in an atmosphere of low-pressure ��10 mbar� he-
lium during measurements. Examples of temperature-
dependent current-voltage curves are shown in Fig. 2.

IV. DRIFT-DIFFUSION MODEL

A one-dimensional continuum model was used to simu-
late steady-state current-voltage curves in single-carrier de-
vices. The model is quantitatively very similar to the model

employed by van Mensfoort and Coehoorn, although we use
a different iteration algorithm, more similar to that used by
Koster et al.25 Current density, J, is described by drift and
diffusion of carriers in the standard way,

J = − �neE + eD
dn

dx
, �5�

dE

dx
=

e

�
n , �6�

and

V = − 	
0

d

Edx , �7�

where x is the depth in the polymer film, D is the diffusion
coefficient, and e is the charge of a single carrier. Equation
�5� describes the current density in terms of the drift and
diffusion currents. Equation �6� is Poisson’s equation while
Eq. �7� describes the application of a bias voltage. The equa-
tions are solved simultaneously to reach a steady-state solu-
tion in which dJ /dx=0.

The above equations are the standard drift-diffusion equa-
tions, which are commonly used to describe charge transport
in organic semiconductors. In many previous studies, these
are solved by using a constant mobility and applying the
Boltzmann approximation �D=�kBT /e�, which, for semicon-
ductors with a broad density of states, is accurate only in the
low-carrier-density limit. These solutions are more appropri-
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FIG. 2. Example current-voltage curves for �a� a 110-nm-thick
F8BT electron-only device and �b� a 140-nm-thick PFB hole-only
device at temperatures from 100 to 295 K �solid lines in order from
bottom to top: 100, 125, 150, 175, 200, 225, 250, 275, and 295 K�.
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ate to crystalline semiconductors than disordered organic
semiconductors. Here, we aim to solve the equations in the
context of the EGDM. This is done by making three modifi-
cations to the standard drift-diffusion model. First, the shape
of the Gaussian density of states is taken into account by
using the generalized Einstein relation, as described by Ro-
ichman and Tessler.26 This introduces a carrier-density-
dependent enhancement factor, g3, to the diffusion coeffi-
cient,

D�n,T� =
g3�n,T��kBT

e
. �8�

In the case of a Gaussian density of states, this factor is

g3�n,T� =

	
−�

�

exp
−
�2

2�̂
� 1

1 + exp�� − �F�
d�

n
, �9�

where �F is the relative quasi-Fermi level divided by kBT,
which can be evaluated from the Fermi distribution,

n = 	
−�

�

exp
−
�2

2�̂
� exp�� − �F�

1 + exp�� − �F�
d� . �10�

Second, the carrier-concentration dependence of mobility is
included by introducing the density-dependent mobility en-
hancement factor g2�n ,T� as in Eq. �4�. We have tried using
both the Pasveer19 and Fishchuk20 models to describe this
factor. Both models assume that charge transport occurs by
hopping with a Miller-Abrahams27 hopping rate between
sites with random energetic disorder. The Pasveer model
gives a parameterization of results of numerical simulations
of hopping behavior and is simple to apply

g2�n,T� = exp
1

2
��̂2 − �̂��2

n

N0
	� , �11�

	 = 2
ln��̂2 − �̂� − ln�ln 4�

�̂2 , �12�

where N0 is the total density of states per unit volume. The
Fishchuk model is more complicated to apply. It works by
performing integrals of the hopping rate over the density of
states in an effective-medium approach and is a function of
the same parameters. Despite the different approaches, the
two models produce quantitatively similar results. To reduce
computation time, the functions g3�n ,T� and g2�n ,T� were
evaluated before the start of the simulations and applied as
look-up tables.

Finally, the electric field dependence of mobility is intro-
duced by including the field-dependent mobility enhance-
ment factor, g1�E ,T�, as in Eq. �2�. Pasveer et al.19 derived
an alternative field-dependent expression in their model,
which, as noted by Coehoorn et al.,28 is quite dissimilar from
the Poole-Frenkel-type field dependence that we have used.
As discussed later in this paper, we have tried using this
expression for g1 but the agreement with our experimental
data was found to be considerably worse than with the
Poole-Frenkel-type expression. The use of the Poole-
Frenkel-type field dependence and the Fishchuk concentra-

tion dependence are the most significant differences between
our model and van Mensfoort’s model, which uses the Pas-
veer model for both g1 and g2.

We treat all contacts as Ohmic with no injection barriers
by fixing the carrier concentration at the boundaries accord-
ing to thermal equilibrium �n�0�=n�d�=N0 /2�. A significant
amount of band bending occurs implicitly at the contacts
when using these boundary conditions,29 causing carrier den-
sity to fall rapidly between the contact and the first few na-
nometers of polymer. The film was discretized into 300 grid
points, calculating the field, carrier density, and current den-
sity at each point. The mobility is also calculated at each grid
point according to the local electric field and carrier density.
A site density of N0=1021 cm−3 was assumed.

V. FITTING RESULTS

For each temperature, J-V curves were simulated using
the analytical expression for SCL current with Poole-Frenkel
field dependence �Eq. �3�� for all thicknesses of device mea-
sured. A dielectric constant of 3.5 was assumed and the
built-in voltage was assumed to be zero. The curves were
fitted to experimental data by varying the free parameters �0
and � using a least-squares fitting algorithm on a logarithmic
scale. The same values of �0 and � were shared between
devices with different thicknesses. The best-fit curves for
295, 150, and 100 K temperatures are shown in Figs.
3�a�–3�c� for PFB and Figs. 4�a�–4�c� for F8BT. While rea-
sonable fits are achieved at room temperature, an increas-
ingly poor fit results as the temperature is reduced. In par-
ticular, a clear thickness dependence of the fit is observed, as
the experimental current density is higher than predicted in
thin polymer devices.

The fitting process was repeated using the drift-diffusion
simulation detailed above. The simulations were run using
both the Pasveer concentration-dependence model and the
Fishchuk concentration dependence. Since each model re-
quires an energetic disorder parameter, �, to be defined, the
fitting process was repeated using values of �=75, 90, 100,
and 110 meV. The best-fit curves for 75 and 100 meV disor-
der are shown in Fig. 3, and Figs. 4�d�–4�f� for the Fishchuk
model and Figs. 4�g�–4�i� for the Pasveer model.

In both models, an increase in the level of disorder leads
to increasing influence of the concentration-dependent term,
g2. This causes not only a large difference between best-fit
values for �0 from different models at low temperatures but
also an enhancement in simulated current density in thinner
devices due to the larger carrier densities found in them. The
latter of these effects corrects for the thickness dependence
observed with the analytical fit, resulting in very good agree-
ment between simulation and experiment at all temperatures.
The best fits were achieved with the Pasveer concentration
dependence with �=100 meV for F8BT and 110 meV for
PFB. The Fishchuk model has slightly weaker concentration
dependence, requiring slightly larger values of disorder �by
�10 meV� for a good fit, although good fits could be
achieved with both models. Assuming that the carrier-
concentration-dependent models are valid, the thickness de-
pendence of the low-temperature J-V curves therefore pro-
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vides us with a tool for estimating the amount of disorder in
the polymers by choosing the value of disorder that gives us
the best fit across different thicknesses.

Interestingly, recent work by Steyrleuthner et al.4 was
able to successfully describe electron transport in F8BT us-
ing an alternative model based on trap-limited transport in-
stead of Gaussian disorder. The model30 assumes that the
material contains a number of trapping sites characterized by
an exponential energy distribution. An apparent carrier-
density dependence of mobility arises as trap sites become
full at high concentrations. The characteristic energy of the
trap distribution used to best describe transport in F8BT in
this work was 100 meV, the same as the width of disorder
used in our model to best describe the same material. Al-
though the models are considerably different, they arrive at
the same conclusion that electron transport in F8BT is domi-
nated by localized transport between states with a distribu-
tion of energies of 100 meV characteristic width. The exact
nature of transport between these sites appears to be less
important than the characteristic energy.

Implementations of the GDM with Miller-Abrahams hop-
ping rates predict a temperature dependence for mobility in
the low-carrier-concentration limit of the form

�0�T� = �� exp�− c�̂2� , �13�

for mobility, where �� is the high-temperature limit of mo-
bility and c is a constant. The value of c is slightly dependent
on the degree of carrier localization used in the
simulations.28 Localization is characterized by the ratio of

the carrier localization length, b, to the intersite distance, a.
Generally, for disordered organic semiconductors, it is as-
sumed that b /a is about 1/10. Using this value, c is equal to
0.44 for Bässler’s model,18 0.42 in Pasveer’s model19 and
0.48 for Fishchuk’s.20 Figure 5 shows the best-fit values of
�0 as a function of 1 /T2 for different values of disorder. The
solid lines show best fits to expression �13�, with the param-
eters shown in Table I. The above temperature dependence is
indeed observed for the values of disorder that gave the best
fit to the thickness-dependent J-V curves over the complete
range of temperatures from room temperature to 100 K. Val-
ues of c shown in Table I are in reasonable agreement with
the above values for disorders of 100 and 110 meV, suggest-
ing that the assumed ratio of b /a=1 /10 is reasonable for
modeling PFB and F8BT.

We found that a good fit to expression �13� was achieved
for a range of values of �, all giving reasonable values of c.
The temperature dependence alone is insufficient for deter-
mining the amount of disorder in the materials. It is apparent,
then, that both thickness-dependent measurements and a
wide range of temperatures are necessary for deriving � with
confidence. Even then, we qualify our values of � with at
least 10 meV of uncertainty.

While mobilities derived from numerical fitting with the
GDM produced a T−2 temperature dependence, the mobilities
derived by fitting with the analytical expression �3�, shown
in Fig. 6�a�, instead have an Arrhenius temperature depen-
dence between about 150 K and room temperature. Activa-
tion energies of 330 and 370 meV were obtained for PFB and
F8BT, respectively. Craciun et al.21 also found experimen-
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FIG. 3. �Color online� Best-fit curves for 100,
140, and 350 nm PFB devices. �a�–�c� fitted with
analytical model, �d�–�f� fitted by numerical
simulation using Fishchuk concentration-
dependent mobility, and �g�–�i� numerical simu-
lation with Pasveer concentration dependence.
�a�, �d�, and �g� at 295 K; �b�, �e�, and �h� at 150
K, and �c�, �f�, and �i� at 100 K.
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tally an Arrhenius temperature dependence for mobility in a
wide range of materials when fitting data using the same
analytical expression. The explanation is that the analytical
model measures an effective mobility,23 �ef f�T�
=�0�T�g2�n ,T�, at a finite carrier concentration and is differ-
ent in definition from the zero-field, zero carrier-density con-
centration mobility, �0�T�, measured by fitting with the full
simulation. This behavior is expected according to the obser-
vation of Fishchuk20 that the mobility tends to Arrhenius
behavior at high carrier concentrations in the GDM. Caution
should be exercised when applying such an effective mobil-

ity to different device configurations in which the carrier
density is likely to be very different. Figure 6�b� compares
the effective mobilities extracted analytically with the mo-
bilities from the best-fitting numerical simulations. Due to
the enhancement effect of g2, the former mobilities are con-
siderably higher than the latter.

By simulating J-V curves, we are able to assess the rela-
tive importance of the different mobility enhancement fac-
tors. At room temperature, we found that the field-dependent
term, g1, was generally of much greater importance than the
carrier-concentration dependence, g2. For example, in a 150-
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FIG. 4. �Color online� Best-fit curves for 70,
110, and 150 nm F8BT devices. �a�–�c� fitted
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nm-thick F8BT film, the inclusion of the g1 term in the mo-
bility equation caused a factor of 8 increase in current den-
sity at 1 V, whereas g2 only contributes a factor of 1.5 and g3
1.3. At low temperatures, the concentration dependence is
much more important, with current-density enhancements of
11, 23, and 1.8 for g1, g2, and g3, respectively for the same
situation at 200 K. Therefore, a study of the form of the field
dependence at high temperatures is of great importance.

Figure 7�a� shows the experimental current density in a
150-nm-thick F8BT device normalized by the square of the
mean electric field �V /d� plotted against the square root of
the mean electric field. According to the Murgatroyd expres-
sion �3�, the result should be a straight line if Poole-Frenkel-
type field dependence is observed and concentration-
dependent effects are small. Here this behavior is obeyed at

fields down to 5�104 V /cm, below which anomalies due to
possible small finite built-in potential and carrier-injection
effects cause some uncertainty. This is in agreement with the
general observation that this field dependence is observed in
most organic semiconductors over a wide field range. Solid
lines in Fig. 7�a� correspond to simulated J-V curves using
Pasveer concentration dependence with Poole-Frenkel field
dependence and 100 meV disorder. We repeated the fitting
experiment using the Pasveer field dependence instead of
Poole-Frenkel. In this case, the free parameter, �, is no
longer used. Instead, the Pasveer model is strongly depen-
dent on the intersite distance, a, so we allowed this param-
eter to vary in our fitting �with N0=a−3�. Best fits were ob-
tained with a of about 3 nm, a value which is rather large
compared with the hopping distances normally expected in
conjugated polymers. The resulting curves are shown as
dashed lines in Fig. 7�a�. It is clear that the Poole-Frenkel
expression results in a much better fit to our data.

Monte Carlo transport simulations using the GDM predict
Poole-Frenkel field dependence only at strong fields �E
5
�105 V /cm�. Instead, simulations using spatially correlated
disorder31–34 have been found to predict Poole-Frenkel be-
havior extending to lower electric fields. Such models predict
a temperature dependence of ��T−�, where � varies be-
tween models but can be expected to lie between 1 and 2
depending on the degree of correlation, with completely un-
correlated disorder giving about 2. Figure 7�b� shows values

TABLE I. Parameters describing the temperature dependence of mobility fitted with different levels of
disorder.

�
�meV�

�� PFB
�cm2 V−1 s−1�

�� F8BT
�cm2 V−1 s−1� c PFB c F8BT

Pasveer Fishchuk Pasveer Fishchuk Pasveer Fishchuk Pasveer Fishchuk

75 1.9�10−6 2.4�10−6 4.7�10−7 6.8�10−7 0.53 0.56 0.49 0.53

90 6.0�10−6 7.6�10−6 1.5�10−6 1.7�10−6 0.46 0.47 0.43 0.44

100 1.3�10−5 2.2�10−5 4.5�10−6 5.4�10−6 0.42 0.45 0.41 0.43

110 6.8�10−5 3.8�10−5 1.5�10−5 1.2�10−5 0.42 0.43 0.40 0.41

3.5 4.0 4.5 5.0 5.5 6.0 6.5

10-13
10-12
10-11
10-10
10-9
10-8
10-7
10-6

F8BT Ea = 370meV
PFB Ea = 330meV

µ 0
(c
m
2 V

-1
s-
1 )

103 T -1 (K-1)

analytical fit mobility

a)

1.5 2.0 2.5 3.0 3.5 4.0 4.5

10-17
10-15
10-13
10-11
10-9
10-7

analytical F8BT
analytical PFB
Pasveer F8BT = 100meV
Pasveer PFB = 110meV

µ 0
(c
m
2 V

-1
s-
1 )

105 T -2 (K-2)

b)

FIG. 6. �a� Best-fitting mobilities used for fitting the analytical
Murgatroyd expression �3� for SCL current on an Arrhenius plot for
F8BT �solid line� and PFB �dotted line�. �b� Best-fit mobilities from
analytical model compared with best-fit mobilities from numerical
simulations using Pasveer concentration dependence and 100 meV
disorder for F8BT and 110 meV disorder for PFB, with best-fit
curves to expression �10� for F8BT �solid line� and PFB �dashed
line�

200 400 600 800

10-17
10-16
10-15
10-14
10-13

J(
V/
d)

2
(A
V-
2 c
m
-4
)

(V/d)1/2 (V1/2cm-1/2)

a)

0.0 0.2 0.4 0.6
0.000

0.005

0.010

0.015

F8BT
PFB

(c
m
1/
2 V

-1
/2
)

103 T-3/2 (K-3/2)

b)

FIG. 7. �Color online� �a� The field dependence of normalized
space-charge limited current in 150-nm-thick F8BT devices. Sym-
bols are experimental results: squares 200 K, circles 225 K, up
triangles 250 K, down triangles 275 K, and diamonds 295 K. Solid
lines are best fits with Poole-Frenkel field dependence and Pasveer
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perature dependence of � derived from fitting F8BT with 100 meV
disorder and PFB with 110 meV disorder using Pasveer concentra-
tion dependence and Poole-Frenkel field dependence. Solid lines:
best fit with ��T−1.5.
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of � obtained from the simulated best fits. The figure shows
a reasonable fit to a temperature dependence of �=1.5 �solid
lines�, suggesting that correlated disorder might explain the
observed field dependence in PFB and F8BT. Recently the
EGDM was modified to include the effects of correlated dis-
order using the same methods as Pasveer et al., resulting in
the extended correlated disorder model �ECDM�.34 This
model was used to study the mobility of holes in a PFB-like
polymer,35 whereupon it was concluded that both EGDM and
ECDM provided a good fit to experiments, although the
EGDM was the preferred model as the ECDM required an
unrealistically high site density for a good fit. Our results
appear to counter this view, as they suggest that some form
of correlated disorder is necessary to fully explain the field
dependence. Between these two studies, the appropriate use
of correlated disorder still remains an unresolved issue.

VI. CONCLUSIONS

We have implemented a model that can successfully pre-
dict the temperature and thickness dependence of SCL
charge transport in PFB and F8BT without needing to in-
clude specific trapping sites. This is especially significant in
the case of electron transport in F8BT as most previous at-
tempts to model electron transport in conjugated polymers
have described steady-state currents as being a trap-limited
process.4,5,36 We found that hole transport in PFB could be
modeled using a Gaussian disorder of 110�10 meV and
electron transport in F8BT with 100�10 meV disorder. The
amount of disorder in F8BT is the same as the width of trap
energies used to describe electron transport in a previous
work,4 suggesting that trap-limited behavior and Gaussian

disorder share many features in the underlying physics. The
use of a Gaussian disorder reduces the effects of many pro-
cesses �for example, local energetic variations due to dipoles,
chain distortions, impurities, and trapping effects� to a single
disorder parameter without describing them explicitly. By
reducing a number of unknown properties to a single value,
it provides a simple yet adequate model for describing trans-
port behavior in a range of complex disordered systems and
can be included in device models with the inclusion of a
minimal set of empirical parameters.

We have confirmed that the EGDM works over a wider
range of temperatures than has previously been used. It was
also found that both Pasveer and Fishcuk models of carrier-
concentration dependence can be used. However, the Pasveer
description of the field dependence of mobility did not work
for either material and a Pool-Frenkel-type field dependence
was used instead. This suggests that correlated disorder
might play a role in transport in these materials.

We also confirmed the previously made observation23 that
a simple analytical analysis of SCL current densities mea-
sures an effective mobility that has an Arrhenius temperature
dependence. However, this effective mobility varies as a
function of device thickness. Caution should be exercised
with such effective mobilities, as real carrier mobilities can
differ by orders of magnitude when different electric fields
and carrier densities are used.
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