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Temperature-dependent built-in potential in organic semiconductor devices
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The temperature dependence of the built-in voltage of organic semiconductor devices is studied. The
results are interpreted using a simple analytical model for the band bending at the electrodes. It is
based on the notion that, even at zero current, diffusion may cause a significant charge density in the
entire device, and hence a temperature dependent band bending. Both magnitude and temperature
dependence of the built-in potential of various devices are consistently described by the model, as
the effects of a thin LiF layer between cathode and active layer. © 2006 American Institute of
Physics. �DOI: 10.1063/1.2205007�
Optimal performance of bipolar devices such as light-
emitting diodes �LEDs� and photovoltaic �PV� cells gener-
ally requires the presence of Ohmic electron and hole
contacts.1 Since an Ohmic electron contact is usually non-
Ohmic for holes, and vice versa, different contacts for elec-
trons and holes are used in most optimized devices. This
results in asymmetric current-voltage �I-V� characteristics. In
the field of organic electronics this asymmetry is commonly
described in terms of a built-in voltage Vbi.

2 In Fig. 1�a� a
typical band diagram is shown, defining this quantity. In
principle, the work functions �i of the metallic contacts and
the relative positions of the highest occupied molecular or-
bital �HOMO� and lowest unoccupied molecular orbital
�LUMO� levels of the organic material�s� in the actual de-
vice, i.e., �1 and �2, can be determined by �inverse� photo-
emission spectroscopy.3,4 In the interpretation of the I-V
characteristics of such devices, the onset voltage V0 of strong
carrier injection is normally taken as indicative of the so-
called flatband condition sketched in Fig. 1�a�. Alternatively,
the open circuit potential Voc, defined as the potential at
which the device current under illumination equals zero, is
used. In the band diagram of Fig. 1�a� one has indeed Vbi
=V0=Voc. Experimentally, V0 and Voc usually differ signifi-
cantly from �1−�2 �and Eg−�1−�2�.

Since the work of Simmons5 it is known that significant
band bending may occur in the vicinity of metal contacts,
which leads to a reduction �V0 of the voltage at which flat-
band is reached in the bulk of the device, see Figs. 1�b� and
1�c�. When the energy difference between band and Fermi
level is only a few times kBT or less, as is the case near an
Ohmic contact, the band bending may be 0.2 eV or more.
Recently, Mihailetchi et al. used this model to describe the
nonlinear dependence of Voc of organic solar cells on the
cathode work function.6 Unfortunately, the expressions for
the potential distribution V�x� that follow from this and other,
fully electrostatic models that are based on the concept of
Fermi level alignment require numerical evaluation.5,6

In this work, we show that V�x� can be analytically cal-
culated from the drift-diffusion and Poisson equations by
realizing that the equilibrium space charge in the low-
conductivity material is determined by a balance of drift and
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diffusion currents. We use our model to interpret experiments
on the temperature dependence of V0 in organic LEDs and
PV cells.

Although the drift-diffusion equations have no general
analytic solution, one can obtain one for zero net injection
into a semi-infinite slab of semiconducting matter. Starting
from the drift-diffusion equation for a single charge carrier,7

j = e�nE + eD
dn

dx
= 0, �1�

with j and n are the current and carrier densities, � and D are
the mobility and diffusion constant, that are related via the
Einstein relation D=�kT /e, and the Poisson equation,

d2V

dx2 = −
dE

dx
=

en

�0�r
, �2�

with �0�r the dielectric constant of the material, we arrive at
the following nonlinear differential equation:

E
dE

dx
+

kT

e

d2E

dx2 = 0, �3�

which can be solved to yield

E =
2kT

e

1

x + x0
and V = −

2kT

e
�ln

x + x0

x0
� . �4�

The free parameter x0 can be used to match the carrier den-
sity at the contact according to

n�x = 0� =
2kT�0�r

e2

1

x0
2 = min�n0 exp�−

�

kT
�,n0� , �5�

with � the barrier for charge injection and n0 the density of
states in the insulator. Note that the solution �4� is indepen-
dent of the carrier mobility. In Fig. 2 V�x� and n�x� are plot-
ted versus depth for different temperatures. The reduction in
band bending with decreasing T directly reflects the decrease
in diffusion constant, leading to a lower carrier density in the
layer, and, via the Poisson equation, to a reduced curvature
of V�x�, and hence to an increased V0, see Fig. 1�c�.

It is easy to verify that Eqs. �4� and �5� exactly reproduce
the outcome of the model in Ref. 5 for a semi-infinite
system.

The question remains how the band bending is to be

determined in an actual device since V�x� is experimentally
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virtually inaccessible.4,8,9 For a device that is connected to
external terminals, the condition J=0 by definition applies at
zero bias. However, since the charge density in the vicinity
of the contact is much higher than the densities associated
with space-charge limited conduction �SCLC�, it is reason-
able to take the onset of SCLC, which occurs when flatband
is reached in the bulk of the device, as a first-order approxi-
mation for the flatband condition �Fig. 1�c��. This onset cor-
responds to V0 as defined above, and is commonly referred to
as the built-in voltage.2,10,11

Comparison of Eq. �4� to experimental values of V0 is
not straightforward since Eq. �4� is derived for J=0 in a
single-carrier, semi-infinite system. However, in Fig. 2 it can
be seen that the majority of the diffusion-induced band bend-
ing occurs in the direct vicinity of the contact. A lowest order
extension of the model to an actual bipolar device at V=V0 is
therefore to split the device into independently treated
electron- and hole-dominated areas, where the crossover oc-
curs at depth xi �xi� �0,d� with d the active layer thickness�
where n�xi�= p�xi�, which simultaneously yields continuity of
E. Given the strong depth dependence of the density �Fig. 2�,
it is justifiable that the ‘local minority’ carrier and recombi-
nation are ignored.12 In this approximation, the Fermi levels
in the electron and hole dominated regions should be re-
garded as �electron and hole� quasi-Fermi levels, which is
consistent with the notion that at the onset at SCLC a small
nonequilibrium diffusion current flows in the device.

FIG. 1. �a� Schematic band diagram at V=Vbi of a typical bipolar device, ig
1 is PEDOT:PSS and 2 is either Al or LiF/Al. �b� At the same bias as under
field in the bulk. In order to achieve flatband in the bulk again, the bias mus
hole quasi-Fermi levels, see text.

FIG. 2. �Color online� Calculated potential V �left axis� and density n �right
axis� vs x for different temperatures. The metallic contact is located at

26 −3
x�0. Used parameters: �1=0.1 eV, n0=3�10 m , and �r=3.
Downloaded 05 Feb 2007 to 131.155.151.20. Redistribution subject to
Devices were made by spin coating poly�2-methoxy-5-
�3� ,7�,-dimethyloctyloxy�-1,4-phenylene vinylene�
�MDMO-PPV� �140 nm�, 1-�3-methoxycarbonyl�propyl-1-
phenyl-�6,6�-fullerene �PCBM� �56 and 20 nm�, or a 1:4
mass ratio MDMO-PPV:PCBM blend �100 nm� from
chlorobenzene on poly�3,4-ethylenedioxythiophene�:poly�4-
styrenesulfonate� �PEDOT:PSS� �80 nm� covered indium tin
oxide �ITO� glass substrates. The top electrode was formed
by evaporation of 1 nm LiF �optional� and 100 nm Al. Sub-
sequently, the samples were mounted on the cold finger of an
evacuated flow cryostat without making contact with air.

V0 has been determined by subtraction of the low-field
“leakage current” from the forward diode characteristics and
subsequent extrapolation of the “real” device current to zero,
as indicated in the inset of Fig. 3. The results from repeated
measurements on multiple samples of each type are collected
in Fig. 3. For some samples, the temperature range over
which reliable data could be obtained is limited by the rela-
tively large contribution of the leakage current to the total
current at lower temperatures. For all samples, the typical
spread in the obtained values of V0 at any temperature is
about 0.1 eV.

g band bending. Gray areas indicate metallic contacts; in the used devices
band bending due to carrier diffusion from the contacts results in a nonzero
reduced from Vbi to V0 �c�. The thick dashed lines indicate the electron and

FIG. 3. �Color online� V0 vs T for all studied devices. Symbols indicate
experimental data, lines are model calculations, using the parameters given
in Table I, and n0=3�1026 m−3 �Ref. 6�. �: blend+LiF; �: blend, no LiF;
�: PCBM+LiF �20 nm�; �: PCBM+LiF �56 nm�; �: PCBM, no LiF
�56 nm�; �: MDMO-PPV+LiF; �: MDMO-PPV, no LiF. The inset shows
typical J �in mA/cm−2�vs V �in volts� curves of a blend sample for
norin
�a�,
t be
T=300 K �top� to 80 K �bottom�. Arrows indicate the position of V0.
 AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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Clearly, in all studied devices V0 shows a similar in-
crease with decreasing temperature, which evidently cannot
be explained by a band diagram as sketched in Fig. 1�a�. By
contrast, the model outlined above gives an adequate de-
scription of all experimental data, using a limited number of
free parameters. Only the injection barrier heights of pure
MDMO-PPV and PCBM are adjusted to fit the data, the
barrier heights for the blend are taken as the lowest value of
the two pure materials. All other parameters are taken from
literature. The used parameters are given in Table I and the
caption of Fig. 3. The validity of our approach is further
corroborated by the injection barrier values found in this
procedure. The obtained hole injection barriers ��PEDOT�
agree well with literature values in the range of 0–0.1 eV for
the PEDOT:PSS/MDMO-PPV interface,6,13 and 0.8–1 eV
for the PEDOT:PSS/PCBM interface.6,13,14 The low electron
injection barriers ��Al and �LiF/Al� found for the interfaces
with PCBM also agree well with earlier measurements.6,13

For the MDMO-PPV/Al and MDMO-PPV/LiF/Al interfaces
we are not aware of any explicit measurement of the electron
injection barriers. However, the change of 0.4 eV in V0 due
to the insertion of the LiF layer, as calculated from our
model for T=77 K, corresponds well to the value of 0.5 eV
reported in Ref. 15. Note that at room temperature the LiF-
induced change is only 0.3 eV.

Finally, it is worthwhile to point out that our results offer

TABLE I. Parameters used in the model calculations. V0 is calculated as
V0=Eg−�h−�e−V�xi ,x0

h�−V�L−xi ,x0
e� with V given by Eq. �4�, xi the cross-

over depth �see text�, and x0
e/h the boundary condition for the electron/hole

contact from Eq. �5�. The uncertainty in all energies is around 0.1 eV. In the
calculations, the values of Eg are reduced by 5/9	2 /kBT with 	 the broad-
ening of the density of states �DOS� to account for the fact that the transport
level in a Gaussian DOS lays below its center �Ref. 6�. For the same reason,
the obtained values for � have to be regarded as lower limits. For MDMO-
PPV 	=0.11 eV and for PCBM 	=0.072 eV �Ref. 6�.

MDMO-PPV PCBM
MDMO-PPV/PCBM

blend

�PEDOT �eV� 0 0.80 0
�Al �eV� 0.65 0.05 0.05
�LiF/Al �eV� 0.25 −0.05 0
Eg �eV� 2.5a 2.4a,b 1.65b

�r 3 3.9b 3.72

aReference 13.
bReference 6.
a simple explanation for the common observation that V0 of

Downloaded 05 Feb 2007 to 131.155.151.20. Redistribution subject to
optimized devices is typically several hundredths of eV be-
low what is expected on basis of the work function differ-
ence of the electrodes, i.e., V0��1−�2.

In conclusion, we have successfully explained the mag-
nitude and temperature dependence of the built-in voltage of
organic semiconductor devices in terms of temperature de-
pendent charge diffusion from the metallic contacts into the
organic layer. The diffused charge causes a band bending
which leads to the observed behavior of the built-in voltage.
We derived an analytical model that is able to quantitatively
describe the experimental observations. Given the rather
general considerations that underlie the model, we expect
that it is applicable to any contact between a metallic mate-
rial, i.e., a material having a high free carrier density, and a
material with a low free carrier density, i.e., a nfree�n�x
=0� as defined by boundary condition Eq. �5�.
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