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A comprehensive numerical model is established for the electrical processes in a sandwich organic
semiconductor device with high carrier injection barrier. The charge injection at the anode interface
with 0.8 eV energy barrier is dominated by the hopping among the gap states of the semiconductor
caused by disorders. The Ohmic behavior at low voltage is demonstrated to be not due to the
background doping but the filaments formed by conductive clusters. In bipolar devices with low
work function cathode it is shown that near the anode the electron traps significantly enhance hole
injection through Fowler-Nordheim tunneling, resulting in rapid increases of the hole carrier and
current in comparison with the hole-only devices. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2759951�

The junction between metal electrode and organic semi-
conductor is often not Ohmic due to a large charge carrier
injection barrier. Even for the interfaces which appear to be
Ohmic judged by work function, a barrier may result from
Fermi level pinning at the midgap or interface dipoles. De-
spite of the dominance the larger barrier, so far the compre-
hensive device models are only based on Ohmic contact in-
volving the conventional injection mechanisms of thermionic
and tunneling currents,1 which both decrease exponentially
with the energy barrier. Such model not only usually under-
estimates the experimental current density but also overesti-
mates the slope of the current-voltage relation. In addition, it
predicts a very strong temperature dependence of the current
which is never observed.2 A fundamental modification of the
injection model must be made in order to describe the elec-
trical processes in organic semiconductor structures with
large energy barriers.

Several mechanisms on the current injection through a
large barrier were proposed, including the random hopping
due to energy disorders at the interface;2–5 the background
doping;6 and conducting filaments that act as shorts between
the electrodes.7 They are, however, qualitative disjoint con-
cepts targeted only for specific experimental observations. In
this work we formulate a comprehensive model for the
charge carrier injection and transport in sandwich organic
devices with large injection barrier. The disjoint concepts are
systematically incorporated into the boundary conditions and
the bulk equations. As we take the wide band gap polymer
poly�9,9-dioctylfluorene� �PFO� as the experimental example
with high injection barrier of 0.8 eV, the numerical calcula-
tion of the model is able to fit quantitatively the measured
electrical characteristics for the entire range of voltage for
both unipolar and bipolar injections.

At the junction we impose the boundary conditions that
the drift-diffusion current matches the interface current in-
cluding conventionally thermionic emission, backflow sur-
face recombination, and Fowler-Nordheim tunneling.3–5 As
discussed above, for high injection barrier from metal to

semiconductor, the thermionic and tunneling currents are
both too small to account for the observed current density.
Instead of injecting directly into the band edge, the current is
dominated by random hopping among localized level within
the gap due to disorders which are closer to the electrode
Fermi level. The boundary condition becomes

Jdev = AT2 exp�−
�eff

kT
� −

AT2

Nc�v�
nj�pj�

+
e

16�2��eff
E2 exp�−
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3�
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3/2

E
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where Jdev=en�nE+eDn�dn /dx� for electron and
Jdev=ep�hE−eDh�dp /dx� for hole. The mobility is given
by �=�* exp�−� /kT�exp�B��1/kT�− �1/kT0���E	 with
�=0.5 eV, T0=500 K, and �* and B are separate adjustable
parameters for electron and hole. The Richardson constant is
A=120 A/cm2 K2 �eff is the effective energy barrier and
equal to �eff=�B−�eE /4�� with image force lowering
where �B is the original energy barrier, Nc�v� is effective
density of states in the conduction �valence� band, nj�pj� the
electron �hole� density at the interface, � the Planck constant,
and m the effective carrier mass. The first three terms in Eq.
�1� are thermionic, backflow, and tunneling currents, respec-
tively. The fourth term is given by the hopping current given
by Arkhipov and coworkers,5 with parameters including the
distance a from the electrode to the first available hopping
site in the bulk, the attempt-to-jump frequency v0, the in-
verse localization radius �, and density of states energy
width �.

The electron traps are included in the model following
previous works.8 The trap density is assumed to be exponen-
tial nt�	�= �Nt /kTt�exp��	−Ec /kTt��, with nt�	� the trap den-
sity of states at energy 	, Ec the energy of the conduction
band, Nt the total density of traps, and kTt an energy charac-
terizing the trap distribution.

At low voltage below the flat-band condition there is an
Ohmic region. Background doping is included in the model
since its density may be higher than the injected space charge
at such voltages. The Poission equation is modified accord-
ingly. Another process at low voltage region is the formation
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of conducting filaments,9 possibly caused by the percolation
path of metallic clusters coming from the electrodes. The
filament current is Jf =V /
 f, where 
 f the filament resistance.
Jf is added to the current calculated from the device model to
obtain the total current. The numerical procedure to obtain
the steady state solution and device current at a given voltage
have been described previously.8

The model predictions are compared with various device
structures based on the wide gap polymer PFO. The structure
of the hole-only device is PEDOT:PSS/PFO/Au. The PFO
thickness is fixed at 100 nm for all cases. The anode PE-
DOT:PSS is poly�3,4-ethylenedioxythiophene� doped with
poly�styrenesulfonate� with work function of 5.2 eV. The
hole mobility of PFO is not taken as a fitting parameter but
independently measured by transient electroluminescence.
Our result is �*=2.3�103 cm2 V−1 s−1 and B=8.4
�10−5 eV1/2 cm1/2. The parameters related to the conven-
tional interface currents including thermionic, backflow, and
tunneling are the same as the ones used for low injection
barrier cases.8 The model parameters are electron affinity
=2.6 eV, ionization potential=6.0 eV, nc�v�=1021 cm−3, and
relative dielectric constant �=3. Ignoring doping, filaments,
and random hopping to the gap states the model current is
shown as dashed line in Fig. 1 which is far smaller than the
experiments. As the random hopping is incorporated in the
model, with parameters �=3.1�10−7 cm−1, �=0.149 eV, a
=1.67 nm, and v0=1�1012 s−1, the current-voltage relation
becomes very close to the experiment except for low voltage
region. Note this is not achieved by adjusting the hole mo-
bility �h as the fitting parameter. The temperature depen-
dence of device current is shown in the inset of Fig. 1. The
weak temperature dependence for both model and experi-
ments indicates that the injection does not require the ther-
mal activation across the large barrier, supporting the picture
of hopping through gap states. Moreover, the current-voltage
�JV� relation does not show up as straight in the Flower-

Nordheim plot,2 indicating that tunneling is not the main
injection channel. If we remove Jhop and reduce the barrier to
0.6 eV, the model current will be raised but the JV slope
becomes far larger than the experiment as shown in Fig. 1.
Hopping to the gap states is therefore identified as the correct
injection mechanism except for low voltage.

One possible explanation for the large discrepancy in the
JV relation at low voltages in Fig. 1 is the effect of back-
ground doping.6 However, it turns out that even for doping as
high as 2.2�1016 cm−3 the model prediction of the current is
still too low, as shown by the thick solid line in Fig. 1.
Raising the doping further would be unphysical. We there-
fore employ the filament term to describe the low voltage JV.
Indeed the entire JV curve can be described by adding the
filament contribution. The quantitative agreement between
the model and the experiments establishes that for unipolar
device the current is dominated by the hopping into the ran-
dom disorder sites below the band edge at moderate to high
voltage, while it is dominated by the arbitrary filament con-
duction channels instead of the semiconductor background
doping in the low voltage region.

In order to describe the bipolar operation we first study
the model for electron-only current. The current-voltage plot
for the Al/PFO/CsF/Al electron-only device is shown in
Fig. 2�a�. The Fermi level of cathode is pinned at the con-
duction band edge. The thermionic and backflow nearly can-
cel each other to establish a local thermal equilibrium. In
such contact the random hopping term makes no contribution
to the injection.3 The total current is expected to follow a
space-charge-limited current �SCLC� with quadratic JV rela-

FIG. 1. Injection limited hole current J is plotted against applied voltage V
for a PEDOT:PSS/PFO/Au hole-only device at temperature of 300 K. The
hole injection barrier �B is 0.8 eV for all model calculation except the thin
solid line. The model calculated J-V characteristics with different current
contributions at low applied voltage are plotted as dashed line �without Jhop�,
square line ��with Jhop�, solid line �adding 2.2�1016 cm−3 p-doping den-
sity�, and star line �adding filament conduction 
=7.58�1011 ���. The inset
shows measured and calculated currents at 8 and 10 V with three different
temperatures of T=100, 200, and 300 K.

FIG. 2. �a� Space charge limited electron current J vs applied voltage V for
an Al/PFO/CsF/Al electron-only device at 300 K. The model calculated
J-V characteristics with different current contributions at low applied volt-
age are plotted as square line �without filament conduction�, star line �with
filament conduction 
=5.0�104 ��, and dashed line �1.0�1017 cm−3 n
doping�. �b� Measured J-V characteristics with different temperatures from
300 to 38 K. The inset shows measured and calculated currents at 8 and
10 V with three different temperatures of 100, 200, and 300 K.
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tion. Since the electron mobility in PFO can hardly be mea-
sured experimentally, �n is obtained by JV fitting which
gives �*=7.485�102 cm2 V−1 s−1 and B=2.1
�10−5 eV1/2 cm1/2. The calculated result �square line� shows
a quadratic SCLC characteristics and agrees with the experi-
ments �circle� at higher voltage. The discrepancy at low volt-
age cannot be described by the doping up to 2.2
�1016 cm−3, as shown in Fig. 2�a� �dashed line�. This sug-
gests that, as the case of hole-only current, filaments domi-
nate the low voltage current. Indeed as we add the filament
contribution there is a good fitting �star line� for the entire
voltage range, as shown in Fig. 2�a�. The currents in
Al/PFO/CsF/Al device exhibit a very weak temperature de-
pendence, as shown in Fig. 2�b�. A good agreement shown in
the inset is obtained by taking the mobility as temperature
independent. The independence may result from the high
electron density which smoothes the potential variation and
reduces the energy disorders. Because of the lack of a large
barrier, the electron-only current turns out to be larger than
the hole-only current by three orders of magnitude despite of
the lower mobility. Yet the PFO LED is known to possess a
large hole current. The hole injection must be enhanced un-
der bipolar operation.

The bipolar device structure is PEDOT:PSS/PFO/
Ca/Al. The recombination rate R is given by R=�np, where
n and p are electron and hole densities, respectively. �
= �e /�r�0���n+�p� is the Langevin recombination coeffi-
cient. The parameters for hole-only and electron-only de-
vices remain the same. Without any free parameter the cal-
culated JV relation is shown to have excellent agreement
with the bipolar experiment in Fig. 3�a� from 0 to 8 V. There
is nevertheless an underestimation for the current at voltages
over 8 V. Electron traps near the PEDOT:PSS/PFO interface,
due to the segregation of PSS from PEDOT:PSS,10 were
shown to enhance the hole injection from the anode.7,10,11

Adding electron traps with concentration of 3�1018 cm−3

that distribute over 10 nm from the anode, a good agreement
is shown in Fig. 3�a� �star line�. Figure 3�b� shows the effect
of trapped electrons in detail. The more the trapped electrons
near the interface, the stronger the electric field at the anode,
causing the tunneling of holes and an increase in hole den-
sity. With applied voltages from 8 to 10 V the increased hole
carriers contribute to the recombination with electrons near
the interface and reduce the number of trapped electrons, as
shown in Fig. 3�b�. The inset shows the hole and electron
densities as functions of the voltage. The electron density
increases linearly with the voltage which is the characteristic
for SCLC. On the other hand, the hole density increases
exponentially, the characteristic of a junction limited injec-
tion. The total current Jdev can be decomposed as Jdev=Jh

a

+Je
c−JR, where Jh

a is the hole current at the anode, Je
c is the

electron current at the cathode, and JR is the integrated re-
combination current. The three components are plotted in
Fig. 3�a�. Despite of the large barrier, Jh

a is now comparable
to Je

c at high voltages due to the enhancement of electron
traps and renders the light-emitting diode a reasonable
efficiency.

In conclusion, we establish a device model for a sand-
wich organic device with large injection barrier. The predic-
tion on the current-voltage relation is in excellent agreement

with the experiments for the entire voltage range and for
unipolar as well as bipolar devices. With large barrier the
holes are injected through the random sites within the gap. In
bipolar devices the trapped electrons further enhance the hole
currents by reducing the tunneling barrier.
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FIG. 3. �a� Light-emitting diode current J vs applied voltage V for a
PEDOT:PSS/PFO/Ca/Al bipolar device at 300 K. The model calculated
J-V characteristics are plotted as square line �without electron traps and with
filament conduction�, star line �with 3.0�1018 cm−3 electron traps distrib-
uted over 10 nm from the anode and with filament conduction�, hollow-
square line �electron current at cathode without filament conduction�,
hollow-triangle line �hole current at anode without filament conduction�, and
snowflake line �recombination current without filament conduction�. �b� Cal-
culated electric field at the interface of PEDOT:PSS/PFO vs total trapped
electrons for the PEDOT:PSS/PFO/CaAl device at 300 K. The inset shows
the calculated total carrier numbers as function of the applied voltage.
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