NPG Asia Materials (2014) 6, e110; doi:10.1038/am.2014.41

OPEN © 2014 Nature Publishing Group All rights reserved 1884-4057/14

=)

www.hature.com/am

REVIEW

Diffusion-driven currents in organic-semiconductor
diodes

Gert-Jan AH Wetzelaer! and Paul WM Blom?

Organic light-emitting and photovoltaic diodes are attractive optoelectronic devices with organic semiconductors as the main
component. Whereas the transport properties in the drift regime of such diodes have been extensively investigated, the
diffusion-dominated regime has only lately attracted considerable attention. In this review, we discuss diffusion-driven currents
in several types of organic diodes. It is demonstrated that the ideality factor of diffusion-driven currents can be regarded as an
effective tool for studying the recombination mechanisms in organic light-emitting diodes (OLEDs) and solar cells. In double-

carrier devices, such as OLEDs, the ideality factor of the current has a temperature-independent value of 2, which indicates
that nonradiative trap-assisted recombination dominates the current. By contrast, the ideality factor of the light output
approaches unity, indicating that luminescence is governed by bimolecular recombination. In a single-carrier device, in which
recombination is absent, the ideality factor may deviate from unity because of a small number of deeply trapped carriers.
Therefore, the ideality factor of a bulk-heterojunction solar cell can deviate from unity even in the absence of trap-assisted
recombination. Finally, an analytical description of the diffusion current is derived that can be used to extract contact barriers

and can explain slight deviations of the ideality from unity.
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INTRODUCTION

Conjugated polymers and small molecules, as typically used in
organic light-emitting diodes (OLEDs) or solar cells, are undoped
semiconductors. When these semiconductors are sandwiched between
two electrodes, a metal-insulator—-metal (MIM) diode stack is formed.
The current that flows through such an organic-semiconductor diode
results from the drift and diffusion of charge carriers. In this review,
we focus on diffusion-driven currents in several types of organic-
semiconductor diodes. Studying these diffusion currents provides
important information on charge transport and recombination in
organic semiconductors.

To illustrate what determines the current flow in an organic-
semiconductor diode, we will describe the case of a single-carrier
device with an ohmic injecting contact and a non-ohmic collection
contact. In general, when electrodes with different work function are
used, an internal electric field will build up, resulting from a built-in
voltage Vy; across the undoped semiconductor, which equals the
difference in the work functions of the electrodes. For reference, we
consider the case of a hole-only MIM diode with one ohmic and one
non-ohmic contact, as illustrated in Figure la. The collecting contact
at x= L, where x denotes the position within the diode and L denotes
the film thickness, is separated from the valence band by a barrier
height, ¢, The injecting contact at x = 0 aligns with the valence band.

For both contacts, the energy barrier to the conduction band is so
large that electron injection can be neglected. The Vy; is then equal to
the barrier height ¢y,

At a high positive bias on the ohmic contact, larger than the built-
in voltage, the resulting electric field becomes positive, pointing
towards the collecting contact. Holes are injected and the current is
dominated by drift. The current becomes limited by the uncompen-
sated charges of the injected holes, leading to a space-charge-limited
current that can be analytically described by the Mott—Gurney
equation' as follows:

2
where ¢ is the permittivity of the insulator or semiconductor, y is the
charge-carrier mobility and V'is the applied voltage. A large advantage
of such an analytical description is that from experimental data on
single-carrier devices, the charge carrier mobility can directly be
obtained from current density versus voltage (J-V) measurements.?

As shown in Figure la, we now apply a small positive bias on the
injecting contact. When the bias is smaller than the built-in voltage,
the electric field remains negative, pointing towards the injecting
contact. The drift current because of the injected holes is therefore
negative. However, the gradient in the hole density leads to the
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Figure 1 Energy-band diagram of an organic hole-only MIM diode. The layer thickness is L and x denotes the position in the diode. The contact at x=0 is
Ohmic, whereas the collecting contact at x=L is separated from the valence band by a barrier height ¢p. (@) Thermal equilibrium and upon applying a
small positive bias smaller than the built-in voltage (dashed). (b) Band diagram at thermal equilibrium when including band bending due to injected holes

at the ohmic contact.

diffusion of holes towards the collecting contact. The net positive
current then results from the positive diffusion current that dom-
inates over the negative drift current. To date, the diffusion-limited
current in organic MIM diodes has been analyzed using the classical
Shockley diode equation,® given as follows:

() )

where the saturation current density J, is normally taken as a fit
parameter and # is an empirical ideality factor, k is the Boltzmann
constant, T is the temperature and g is the elementary charge. For an
ideal p—n junction diode without trapping of charge carriers and for
which recombination is absent or governed by bimolecular
recombination, the ideality factor is expected to be equal to unity.
For organic semiconductors, the ideality factor contains important
information on the transport and recombination processes in organic
semiconductors, as will be discussed in the following sections.

EFFECT OF TRAP-ASSISTED RECOMBINATION ON THE
IDEALITY FACTOR
As a starting point, we will discuss OLEDs. The light-emitting organic
semiconductor, which is the conjugated polymer super-yellow
poly(p-phenylene vinylene) in this case, is sandwiched between an
ohmic hole and electron contact. Owing to the difference in the work
functions of the electrodes, a Vy,; across the device exists. The current
density—voltage characteristic of an OLED (Figure 2) therefore
exhibits three discernable regimes: at low voltages, the current is
dominated by parasitical currents between the electrodes, called the
leakage current, depending linearly on voltage. The second regime,
with V lower than V4, is diffusion-dominated and has an exponential
dependence on voltage, as given by Equation (2). The ideality factor
can be regarded as a measure of the slope of the -V characteristics on
a semilogarithmic plot. In the absence of recombination, the ideal-
diode equation should apply, where # equals unity. At the built-in
voltage, a transition from the exponential regime to the drift-
dominated, space-charge-limited regime occurs (regime 3), which is
characterized by a quadratic dependence of the current on the voltage
in the case of trap-free transport, according to Equation (1).
However, as first described by Sah et al%, the ideality factor of a
classical p—n junction is affected by trap-assisted recombination in the
space-charge region. Here, electrons immobilized in trapping sites
recombine with free holes, as described by the Shockley—Read—Hall
(SRH) formalism.>® When SRH recombination is the dominant loss
mechanism, the ideality factor is expected to be precisely equal to 2.4
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Figure 2 Experimental J-V characteristics (symbols) of a 43-nm super-
yellow poly(p-phenylene vinylene) (SY) OLED and the corresponding
calculations  (solid line) from a drift-diffusion model, using
Cr=Cp=2x10"18m3s~1 and N;=5x10%°m~3, with a trap depth of
0.5eV. The inset shows the differential plot of the data and simulation
according to Equation (3). The leakage (1), diffusion (2) and drift (3)
regimes are indicated.

Thus, the ideality factor can be used as a fingerprint for trap-assisted
recombination.

Conventionally, the ideality factor is determined by fitting the
experimental data with Equation (2). However, to prevent erroneous
fitting, we determine the ideality factor by numerical differentiation
according to the following equation:

kTOInT\ !
= (o) ©)

By plotting this quantity against voltage, as shown in the inset of
Figure 2, the three regimes in the J-V characteristics can be
distinguished again, where the ideality factor is obtained from the
plateau value. The plateau value can be regarded as the steepest
exponential incline of the J-V characteristics. For a correct determi-
nation of the ideality factor, it is important that the exponential part
be clearly discernable, requiring low leakage currents and high current
densities in the space-charge limit.

As observed in the inset of Figure 2, an ideality factor of precisely 2
was determined for the super-yellow poly(p-phenylene vinylene)



device, in exact correspondence to the value that is predicted from the
Sah—Noyce-Shockley theory* for trap-assisted recombination. In
addition, both the drift and diffusion regimes can be accurately
described using a numerical drift-diffusion model,” which next to
Langevin recombination includes an additional SRH recombination
mechanism, for which the recombination rate is given as follows:

Rspi = CuCpNi(np —mipy)/ [Culn+m) + Cylp +p1)], (4a)

where C, and C,, are the capture coefficients for electrons and holes,
respectively; Ny is the density of electron traps; n and p are the
electron and hole densities, respectively; and nip;=n? is their
product under equilibrium conditions if the Fermi level coincides
with the position of the recombination centers, where n; denotes the
intrinsic carrier concentration in the sample. An ideality factor of 2 in
the current of an OLED indicates that the dominant recombination
mechanism is trap-assisted. However, previous studies®® concluded
that charge recombination in organic semiconductors is a bimolecular
process of the Langevin type,'® controlled by the diffusion of
oppositely charged free carriers towards each other in their mutual
Coulomb field. The Langevin recombination rate is expressed as
follows:

R =

q
. (4b)

(:un +lu) (l’lp - l’l?),

where ¢ is the dielectric constant, and g, and 1, are the electron and
hole mobilities, respectively. This apparent discrepancy can be
resolved by also studying the ideality factor of the luminance (L)
versus voltage characteristics, analogous to the case for the current
density. When plotting the ideality factors of the current and
luminance (Figure 3), it appears that a distinct dissimilarity in the
slope of the exponential part of the characteristics is present, which is
observed for both super-yellow poly(p-phenylene vinylene) and the
phenyl-substituted poly(p-phenylene vinylene) derivative NRS-PPV.
In contrast to the case for the current density (y=2), the ideality
factor determined from the L-V characteristics approaches unity,
which is consistent with Langevin recombination. This finding is a
strong indication that in these diodes, nonradiative trap-assisted
recombination is the most dominant and controls the current,
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Figure 3 5-V characteristics of SY and NRS-PPV OLEDs derived from the
current and the luminance. The luminance ideality factor approaching unity
indicates that light emission is governed by a Langevin process. The inset
shows a schematic representation of the recombination mechanisms.
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whereas the light emission is a result of a competing bimolecular
recombination process.

To experimentally verify this hypothesis, we studied the L-V
characteristics of a diode in which emissive recombination from
trapped charge carriers is present, as is the case in host—guest systems,
frequently applied in highly efficient organic LEDs. An ideal
compound for this test is a state-of-the-art white-emitting polymer
(Merck),!" in which green- and red-emitting chromophores are
incorporated in the blue-emitting backbone. In this polymer,
the highest occupied molecular orbital (HOMO) levels of the
chromophores align with the HOMO of the blue host, whereas
the lowest unoccupied molecular orbital (LUMO) levels of the
chromophores are substantially below the LUMO of the blue host
because of the smaller band gap.!> The chromophores are therefore
expected to trap electrons. Hence, the blue part of the emission
spectrum is assumed to arise from Langevin recombination, whereas
the red emission can be ascribed to the recombination of holes with
electrons that are trapped on the chromophore. By measuring the
L-V characteristics through selective optical filters, the different
recombination mechanisms can be disentangled. Therefore, a blue
dichroic filter (serving as a bandpass filter) and a 550-nm longpass
filter were used, splitting the electroluminescence (EL) spectrum into
a blue and a red component. As observed in Figure 4a, the ideality
factor of the current density again amounts to 2, which is consistent
with materials without chromophores. Remarkably, Figure 4b reveals
a clear difference in the slope of the L-V characteristics when either
the red or blue part of the spectrum is measured. The ideality factor
for the red light also amounts to 2, confirming that the red emission
originates from SRH recombination of an electron that is trapped on
the chromophore with a free hole. For the blue emission, a
substantially lower ideality factor approaching unity was observed,
which is consistent with bimolecular Langevin recombination. The
unfiltered L-V characteristics are governed by the trap-assisted
recombination from the red chromophores because this mechanism
prevails in the low voltage regime. The observation of a luminance
ideality factor shifting to 2 when emissive traps are introduced
strongly substantiates the idea that the ideality factor of 2 in OLEDs
originates from trap-assisted recombination.

To summarize this section, trap-assisted recombination in
polymer light-emitting diodes has been identified as the dominant
recombination mechanism at low bias, which results in an ideality
factor of 2. The light output, however, originates from a competing
bimolecular recombination process, with an ideality factor much
closer to unity. Therefore, trap-assisted recombination is typically
nonradiative. Trap-assisted and bimolecular recombination can
be disentangled for a white-emitting polymer, in which both
mechanisms are radiative.

IDEALITY FACTOR AND THE EINSTEIN RELATION

In the previous section, the effect of trap-assisted recombination on
the ideality factor was discussed. However, an ideality factor above
unity could also be caused by a violation of the classical Einstein
relation. The Einstein relation describes the ratio between diffusivity

and mobility according to the following equation!?:

B = k_Tv (5)
Hooq
where D is the diffusion coefficient and p is the charge carrier
mobility. However, the validity of this relation in disordered materials,
such as organic semiconductors, is nontrivial. As charge transport in
these disordered semiconducting systems is generally characterized by
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Figure 4 n-V (a) and L-V (b) characteristics of a 30-nm white OLED using
selective optical filters, indicating the difference in ideality factor for the
red- and blue-light components. The inset shows the corresponding EL
spectrum, where the filled areas represent the spectra of the filtered light.

a hopping process between localized sites in a Gaussian or exponential
density-of-states (DOS) distribution,!41¢ their physical properties
deviate significantly from classical semiconductor models. Therefore,
the applicability of the Einstein relation to disordered semiconductors
has been a matter of intensive research, where it is important to
distinguish between equilibrium and nonequilibrium effects. Because
of large disorder, the time for carriers to equilibrate can be very large,
such that nonequilibrium transport is not uncommon in disordered
semiconductors. Numerous theoretical and experimental studies'’2°
concluded that the Einstein relation is violated under nonequilibrium
conditions, mainly because of the electric field dependence of the
diffusivity being larger than the field response of the mobility.
However, even under quasiequilibrium conditions, it has been
proposed that Equation (5) does not hold for disordered semi-
conductors.?I=23 This has been attributed to their non-classical DOS
distributions, requiring the application of an Einstein relation
generalized for an arbitrary energy-distribution function of charge
density and localized states. The DOS of organic semiconductors is

NPG Asia Materials

generally described by a Gaussian energy distribution, for which the
generalized Finstein relation is expressed as follows??

D T

ﬁzq%_l,:g@,n%? (6)

O

where p is the charge carrier density and Ef is the quasi-Fermi level.
The factor g(p,T) can be regarded as a dimensionless enhancement
function of the classical Einstein relation that follows from the DOS
variance ¢. Thus, the Einstein relation becomes charge—density- and
temperature-dependent, with g increasing for increasing density and
decreasing temperature. However, even though such a derivation is
commonly accepted, Baranovskii et al.'® noted that Equation (6) is
only valid when p and D are considered independent of energy, which
is not the case for hopping transport or relaxation in an exponential
band tail. In a later publication,24 these authors concluded that the
classical Einstein relation holds in thermal equilibrium, based on
computer simulations. Moreover, direct experimental evidence for the
applicability of the generalized Einstein relation is poor. Relatively
large deviations from the classical Einstein relation have been reported
in an experimental study?>> based on measuring the density and its
change with Fermi-level position in a field-effect transistor using
Kelvin probe force microscopy. As implied by the generalized Einstein
relation in Equation (6), these measurements would yield the
diffusivity—mobility ratio. One of the most direct methods to probe
the Einstein relation in organic semiconductors is by measuring the
current density—voltage characteristics of homojunction diodes in the
diffusion-dominated regime, as demonstrated by Harada et al?®
The (generalized) Einstein relation was shown to be directly
represented in the common Shockley diode equation, which
describes the J-V characteristics, given as follows?:

J= ]o{exP(k\;) 1}, (7)

where ]y is the saturation current density and g is the enhancement
factor of the classical Einstein relation (Equation (6)). Note that the
general diode equation is usually expressed as in Equation (2), with
n representing the ideality factor. The ideality factor can thus be
regarded as being equivalent to the enhancement factor g in
Equation (6) and equals unity when the classical Einstein relation
applies, under the condition that recombination is absent. Note that a
carrier density dependence of the mobility could also affect the
ideality factor. When the mobility increases with density—and
therefore also with voltage—in the exponential diffusion-dominated
regime, the J-V characteristics will become steeper, affecting the
ideality factor. Although the mobility in disordered organic semi-
conductors is indeed dependent on carrier density, the mobility is
observed to be relatively constant in the typical voltage and density
range in which the ideality factor is measured.?® Such mobility—
density behavior is characteristic of a Gaussian DOS distribution
rather than an exponential DOS distribution. Indeed, theoretical
analysis has demonstrated that for a Gaussian DOS distribution, the
ideality factor and its temperature dependence are almost equal to the
Einstein relation enhancement.?”:?8

Consistent with other studies, Harada et al2%30 measured a
temperature-dependent ideality factor, in accordance with the goc 1/T
dependence predicted by the generalized Einstein relation.??’
However, the devices studied by Harada et al. were double-carrier
p—i—n junctions, for which the ideality factors possibly are affected by
the presence of trap-assisted recombination. To study the ideality
factor in the absence of recombination, we prepared organic single-
carrier diodes, where one electrode ensures ohmic charge injection,



whereas the counter electrode blocks the injection of charges of
opposite sign. Therefore, the current is due to one type of carrier only,
and recombination is absent.

Remarkably, the temperature-resolved #—V characteristics of a
[6,6]-phenyl-Cg;-butyric acid methyl ester (PCBM) electron-only
diode in the inset in Figure 5 show that the ideality factor, although
slightly deviating from unity, is invariant over the entire temperature
range. Such temperature-independent characteristics were observed
for a range of organic semiconductors.’’ The observation of a
temperature-independent ideality factor clearly contradicts the
generalized Einstein relation, for which the disorder-induced
enhancement scales inversely with temperature. In previous
studies,?3:29:30 ideality factors were observed to increase with
decreasing temperature. We found that this apparent increase in the
ideality factor is an experimental artifact that is caused by a too large
leakage current (regime 1 in the J-V characteristics in Figure 5).
In that case, the leakage current masks the diffusion regime as
the drift current decreases upon cooling due to the temperature
dependence of the mobility,> and the plateau in the #—V plot can no
longer be discerned.?® The apparent ideality factor will then be too
high and temperature-dependent. Therefore, a reliable measurement
of the ideality factor requires low leakage currents and high drift
currents, enabling the observation of a clearly discernable exponential
diffusion regime, as is the case for the measurement depicted in
Figure 5.

Another interesting feature appears when comparing the ideality
factors of a range of organic semiconductors as a function of their
room temperature carrier mobility, as depicted in Figure 6. The
ideality factor was determined from the temperature-independent
plateau value of the differentiated characteristics, and the room
temperature zero-field mobility was determined by fitting the J-V
characteristics in the drift regime with the well-known Mott-Gurney
square law (Equation (1)).! Craciun et al3?> have demonstrated that
there is a universal relation between the mobility and its temperature
activation. It is well established that the temperature dependence
is a direct measure of the intrinsic disorder of the organic
semiconductor.!!> Thus, the mobility can be regarded as a
measure for the width of the DOS distribution. From Figure 6, it
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Figure 5 Temperature-dependent J-V characteristics of a PCBM electron-
only diode. The inset shows the differential plot of the data according to
Equation (3). The leakage (1), diffusion (2) and drift (3) regimes are
indicated.
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appears that the value of the ideality factor is not related to intrinsic
disorder of the semiconductor. In addition to the observed tempera-
ture independence, this finding again contradicts the generalized
Einstein relation derived for a Gaussian DOS. The temperature
independence of the ideality factor would be consistent with the
classical Einstein relation. However, the deviation from unity indicates
that the FEinstein relation is disturbed. Nenashev et al?® recently
demonstrated that the Einstein relation in disordered three-
dimensional hopping systems is violated even at small electric
fields, which is mainly due to energetically deep, rare sites
controlling the field dependence of the diffusivity. As the density of
these sites is rather low, these sites do not affect the charge carrier
mobility. Because of the long escape time from these deep states,
deeply trapped carriers are not in thermal equilibrium with free
carriers in the transport sites.

From this section, it can be concluded that the generalized Einstein
relation derived for a Gaussian DOS distribution does not accurately
describe the ideality factor behavior of organic single-carrier diodes.
Although the ideality factor deviates from unity, it does not depend
on temperature. In addition, the ideality factor exhibits no clear
relation with energetic disorder. These observations cannot be
explained with a generalized Einstein relation derived for a Gaussian
DOS distribution. It is proposed that a nonequilibrium situation due
to a small number of deep trapping sites is responsible for the
observed ideality factors.

IDEALITY FACTOR OF DOUBLE-CARRIER DEVICES

If deep trapping sites are the origin of the Einstein relation
enhancement in single-carrier diodes, their effect would be obscured
in double-carrier diodes, that is, OLEDs, in which deep sites within
the band gap act as recombination centers. Trapped charges will be
released by free carriers of the opposite sign, neutralizing their effect
on the transport. In section 2, it was shown that the ideality factor of
an OLED generally has a value of 2, which originates from the
presence of a dominant trap-assisted SRH recombination mechanism
in the diffusion regime.33 Furthermore, free-carrier recombination of
the Langevin type was observed to result in an ideality factor very
close to unity; this was visualized in a white-emitting polymer,
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Figure 6 The ideality factor of the investigated materials as a function of
their zero-field mobility at 295K, which can be regarded as a measure for
the degree of disorder. This shows that the ideality factor and disorder are
not related in these materials.
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in which red chromophores incorporated in the blue-emitting
backbone function as emissive traps. Consequently, the red part of
the emission arises from an SRH mechanism, whereas the blue
emission is a result of Langevin recombination. The question is
whether a disruption of the classical Einstein relation would still result
in an SRH and Langevin ideality factor of 2 and 1 in the light
emission, respectively. Therefore, device simulations were performed
using a numerical drift-diffusion model,” in which the Einstein
relation could be modified arbitrarily. It was observed that the
introduction of an enhancement factor g simply modifies the SRH
and Langevin ideality factors to 2g and 1g, respectively. Figure 7 shows
the luminance ideality factor for the red (SRH) part of the emission,
which has a temperature-independent value of 2. As a result, the data
can only be described using the classical Einstein relation (g=1). In
addition, the n—V characteristics of the blue (Langevin) part of the
emission (inset Figure 7) show excellent agreement with the simula-
tions using the classical Einstein relation, complementing the results
for the red emission. This finding confirms that the classical Einstein
relation is valid (g=1) and that deep trap states govern the
enhancement in single-carrier diodes.

As a final step to confirm the validity of the classical Einstein
relation, an organic solar cell has been considered. In organic solar
cells, a blend of electron- and hole-transporting materials is used,
for which transport of both carriers can be regarded as virtually
trap-free.” Consequently, recombination in these devices arises
predominantly from free charge carriers rather than trapped charge
carriers. At the open-circuit voltage (V,.), the current is zero,
implying that recombination and photogeneration of charges
cancel.’* As there is no net current, a balance between drift and
diffusion exists, creating an excellent environment to study the
Einstein relation. The ideality factor under illumination can be
determined by measuring the dependence of V. on the logarithm
of the light intensity, which scales linearly with the photogenerated
current Jp. The current density under illumination is given by

SRH295K A
SRH275K 4
SRH 255K
SRH 235 K
SRH 215K

9=1

4r o Langevin 295 K

(KT/q ainL/aVY"

Figure 7 Ideality factor derived from the luminance (L) for a 30-nm white
OLED at different temperatures. A 550-nm longpass filter was used to
selectively transmit the red emission originating from SRH recombination.
The inset shows the luminance ideality factor using a blue bandpass filter,
measuring the blue emission originating from Langevin recombination. The
lines represent the simulations from a drift-diffusion model using different
values for the Einstein relation enhancement g.
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JL=Jo—Jph» Wwith Jp representing the dark-current
Subsequently, the open-circuit voltage is given by (Jy =0):

Voe = (nkT/q) In (Jon/Jo +1). (8)

Previous research? revealed a kT/q dependence of the V. on the
logarithm of the incident light intensity (I), which is equivalent to an
ideality factor of 1 under illumination. Equivalently to the case of the
dark ideality factor, the light-intensity dependence of V. is modified
to gkT/q when the Einstein relation is enhanced, as evidenced by
simulations from the drift-diffusion model (Figure 8). Hence, it is
immediately obvious that a kT/q dependence of V. versus In (I) can
only be possible when ¢=1, that is, the classical Einstein relation
applies.

Although the classical Einstein relation provides a good description
of the experimental data, it is not completely clear why the classical
rather than the generalized Einstein relation appears to hold,
especially because the generalized relation is the fundamentally
expected result when a Gaussian DOS distribution is considered. In
certain cases, the carrier density and energetic disorder might be too
low to have a significant effect on the Einstein relation. In addition,
the enhancement effect of the generalized Einstein relation stems
mostly from charge carriers situated below the Fermi level. Removal
of these carriers by recombination might result in the Einstein
relation retaining its classical form, which is analogous to the
previously described case of the removal of deeply trapped carriers.
Another possible reason could be that there is a certain cutoff in the
Gaussian DOS distribution,?? as a tail in the Gaussian distribution is
then absent and therefore does not occupy charge carriers. In that
case, the classical Einstein relation would be valid up to a higher
carrier density, whereas other signs of a Gaussian DOS, such as a
density-dependent mobility, are still present.

In summary, this section demonstrated that the classical Einstein
relation can be used to describe the transport in double-carrier
devices such as OLEDs or organic solar cells under illumination.
Numerical simulations with an enhanced Einstein relation fail to
describe the ideality factor data. Therefore, it appears that the classical
Einstein relation is valid when deeply trapped carriers are removed via
recombination.
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Figure 8 V. versus light-intensity data (symbols) of a PPV:PCBM solar cell
from the study by Koster et al.2° The lines represent the simulations from a
drift-diffusion model using different values for the Einstein relation
enhancement g, normalized at /=2000W m 2.



IDEALITY FACTOR IN ORGANIC SOLAR CELLS

In the previous sections, we discussed the ideality factor of OLEDs
and single-carrier diodes. In principle, a bulk-heterojunction solar cell
is very similar to a simple OLED. The bulk heterojunction can be
described with an effective medium approach, in which the donor—
acceptor blend is treated as one semiconductor.” The electron
transport occurs through the LUMO of the acceptor, whereas the
hole transport occurs through the HOMO of the donor.

A frequently used acceptor material is the fullerene derivative
PCBM, which exhibits trap-free electron transport.>> Consequently,
because both hole (donor) and electron (acceptor) traps are absent in
polymer:fullerene systems, the electron-hole recombination between
the donor and acceptor is expected to be bimolecular. However,
recent studies reported the presence of trap-assisted recombination in
polymer:fullerene bulk-heterojunction solar cells,*®3” despite the
virtually trap-free electron and hole transport. These conclusions
were typically based on measurements of the dark-current ideality
factor.

As mentioned previously, the ideality factor can be determined
from the slope of the exponential regime of dark -V characteristics
on a semilogarithmic plot (Equation (3)) or by measuring the
dependence of V. on the logarithm of the light intensity. Therefore,
the ideality factor can be measured in an alternative way under
illumination. From dark-current measurements on polymer:fullerene
organic solar cells, ideality factors of typically 1.3-2.0 have been
reported.>>**38 Furthermore, it was first demonstrated by Mandoc
et al>®40 that the presence of trap-assisted recombination in organic
solar cells can, as implied by Equation (8), be visualized by measuring
the open-circuit voltage (V,) of an organic solar cell as a function of
the incident light intensity. In these experiments on all-polymer solar
cells,*? a deviation of # from unity was also observed due to trap-
assisted recombination. This result appears to be consistent with the
observation of 7 being larger than wunity in dark-current
measurements. Consequently, an ideality factor greater than unity is
often used as evidence for a dominant trap-assisted recombination
process in organic solar cells. 3638

However, it appears that an unresolved discrepancy exists between
the dark ideality factor and the light-intensity dependence of Vj,
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Figure 9 Dark J-V characteristics of PCPDTBT:PCBM, MEH-PPV:PCBM and
PF10TBT:PCBM solar cells. The solid lines are fits to the exponential
regime of the characteristics. The inset shows the differential plot of the
data according to Equation (3).
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which should have equal values according to Equations (3) and (8).
A dark ideality factor larger than unity is often measured for organic
solar cells of which both electron and hole transports are demon-
strated to be trap-free, which is in contradiction with the appearance
of trap-assisted recombination to explain the ideality factor. Further-
more, V. versus light intensity measurements that also revealed a
deviation from unity*? were performed on all-polymer solar cells, for
which the electron transport was observed to be clearly trap-limited.
However, solar cells with trap-free transport indeed do exhibit an
ideality factor of unity when V. versus light intensity is measured,
whereas in the dark current, a deviation from unity is still observed.?
Attributing the occurrence of a dark ideality factor larger than unity
to trap-assisted recombination is therefore highly questionable.

In Figure 9, the dark J-V characteristics for several polymer:fuller-
ene solar cells are depicted. The characteristics exhibit typical diode
behavior, with a leakage contribution at low voltages and an
exponential regime at intermediate voltages, with a transition to the
space-charge-limited regime at the Vy,;. The Vy,; is determined by the
work function difference between the electron- and hole-extracting
electrodes. As observed in the inset in Figure 9, where the differ-
entiated characteristics according to Equation (3) are plotted as a
function of voltage, the ideality factors for all these solar cells amount
to an identical value of ~1.3. By contrast, the slope S of the V.
versus light intensity characteristics equals kT/q, as depicted in
Figure 10. This result can be interpreted as an ideality factor of 1
under illumination, clearly indicating the dominance of bimolecular
recombination.?

In the previous section, we demonstrated that the ideality factor
often deviates from unity even in single-carrier diodes of a single
material, where recombination is completely absent.>! This deviation
from unity was ascribed to a violation of the Einstein relation, caused
by a small number of deeply trapped carriers that are not in thermal
equilibrium with free carriers in the transport sites. It was
demonstrated that by releasing these trapped carriers by
recombination, quasiequilibrium is recovered such that the Einstein
relation is valid again. As the occurrence of a small number of deeply
trapped carriers can be material-dependent, each component of the
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Figure 10 V,. versus incident light intensity for PCPDTBT:PCBM, MEH-
PPV:PCBM and PF10TBT:PCBM solar cells. The solid lines represent the
best fits to the data, for which the slope S is indicated. The dashed line
represents the slope (S=1.07 kT/q) of an MEH-PPV:PCBM cell in a 1:2
weight ratio.
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blend of a bulk-heterojunction solar cell might have a different dark
ideality factor. Note that in such a bulk-heterojunction solar cell,
recombination only occurs at the donor—acceptor interface, which is a
different situation than for double-carrier devices comprising a single
organic semiconductor, such as OLEDs, in which recombination may
occur everywhere in the bulk of the semiconductor.

To investigate whether the dark ideality factor of the solar cell is
affected by the ideality factors of its components, we compared the
n—V characteristics of an MEH-PPV (poly[2-methoxy-5-(2-ethylhex-
yloxy)-1,4-phenylenevinylene] ):PCBM solar cell and single-carrier
diodes of its two constituents. As observed in Figure 11, the ideality
factor of the dark current of the solar cells matches the ideality factor
of a PCBM electron-only diode. This result is consistent with the fact
that the electron mobility in PCBM is an order of magnitude higher
than the hole mobility in MEH-PPV; thus, the dark current of the
solar cell is dominated by the electron transport through the PCBM
phase.*! For an MEH-PPV hole-only diode, an ideality factor of 1.6
was measured, which is consistent with the hole-only diode of the
MEH-PPV:PCBM blend. It should be noted that in these single-
carrier diodes recombination is completely absent. It can therefore be
concluded that the dark ideality factor of the blend is determined by
the dominant type of charge carrier, resulting in a PCBM ideality
factor of 1.3. An important prerequisite for dominant electron
transport is that percolative pathways in the fullerene network exist
such that charge transport is not limited by the microstructure of the
blend. We therefore validated that an ideality factor of 1.3 was also
measured in solar cells with a lower fullerene content, such as MEH-
PPV:PCBM in a 1:2 ratio and poly(3-hexylthiophene):PCBM in a 1:1
ratio. The occurrence of the fullerene ideality factor in a solar cell is
also expected for other fullerene derivatives that exhibit virtually
trap-free electron transport such that the dominant recombination
mechanism is bimolecular. Indeed, for the Cy, analogue of PCBM we
also observed similar differences between the ideality factor in dark
and under illumination.

In general, V,. is determined by a competition between the
recombination and generation of charges.** Therefore, recombi-
nation mechanisms can be excellently extracted by studying the
open-circuit voltage as a function of the generation rate, which can be
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Figure 11 5V characteristics of the dark current of an MEH-PPV:PCBM
blend solar cell and hole-only device. The lines represent experimental #—V
characteristics for a MEH-PPV hole-only device and a PCBM electron-only
device.
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tuned linearly by variation of the incident light intensity. For the solar
cells investigated here, the dominant recombination mechanism is
bimolecular, as evidenced by the slope of kT/q in the V,—intensity
measurements in Figure 10. Apparently, the light-intensity depen-
dence of V,. is not affected by the individual ideality factors of the
donor and acceptor materials in the blend. The reason is that the
deeply trapped carriers that cause greater-than-unity ideality factors
in the dark current of the separate materials are released from the trap
by recombination with photogenerated charges, such that their effect
on the ideality factor is neutralized. Thus, the light-intensity
dependence of V. can be used as a reliable tool to evaluate the
presence of trap-assisted recombination.

A remaining issue is the large apparent temperature dependence of
the ideality factor in organic solar cells, as observed in previous
publications.?>*? In section 3, we discussed a temperature-
independent ideality factor for single-carrier devices. If the dark
current of the blend has an ideality factor equal to that of PCBM, the
blend ideality factor should also be temperature-independent.
This temperature independence can be directly observed for the
MEH-PPV:PCBM cell in Figure 12. Therefore, these measurements
confirm once more that the solar cell dark current and its ideality
factor are dominated by the electron current through PCBM.
Previous observations of a temperature-dependent ideality are likely
caused by a too large leakage current.’!3?

To conclude, this section has demonstrated that a deviation of the
ideality factor from unity in the dark current of an organic bulk-
heterojunction solar cell cannot be used as evidence for the presence
of trap-assisted recombination. As in single-carrier diodes, the ideality
factor can deviate from unity even in the absence of recombination. It
is shown that bimolecular recombination is dominant in these solar
cells and that the non-ideality of the dark current is determined by the
transport-dominating constituent in the donor:acceptor blend.*3

IDENTIFYING THE NATURE OF RECOMBINATION FROM
CHARGE-TRANSFER STATE ELECTROLUMINESCENCE

In section 2, we demonstrated for OLEDs that the recombination
mechanism, either bimolecular or trap-assisted recombination, is
directly reflected in the ideality factor of the current and light

output.33 However, the dark-current ideality factor of a
polymer:fullerene  bulk-heterojunction solar cell cannot give
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Figure 12 Temperature resolved n—-V characteristics of the dark current of
an MEH-PPV:PCBM solar cell.



conclusive information about the presence or absence of trap-assisted
recombination. As described in a recent study by Tvingstedt et al.,**
recombination at the polymer—fullerene interface is directly observa-
ble from the EL of the charge-transfer state. Charge-transfer state EL
can be detected by applying a forward voltage across the solar cell and
measuring the resulting emission with a silicon photodiode. Thus, the
solar cell is simply operated as a light-emitting diode. As stated above,
the different recombination mechanisms can directly be identified by
measuring the luminance (L) ideality factor, that is, the ideality factor
of the EL intensity versus voltage characteristics. For bimolecular
recombination, a luminance ideality factor of unity is expected,
whereas radiative trap-assisted recombination is characterized by a
luminance ideality factor of 2.

In Figure 13, the total EL of the investigated bulk-heterojunction
solar cells is plotted as a function of voltage. For all solar cells, weak
luminescence could be detected, which is consistent with previous
studies.***> At the onset of EL, the emission exhibits an exponential
dependence on voltage according to Locexp(qV/nkT), similar to
Equation (2). For the poly[3-hexylthiophene]:PCBM system, the EL is
too weak to resolve the exponential part of the characteristics. At
higher voltages, the emission bends off from the exponential,
indicating that the injected current has reached the space-charge
limit. The slope of the exponential luminescence L is determined by
the ideality factor, which, similar to Equation (3) for the current, can
be directly obtained by numerical differentiation according to the
following equation:

kTOInL\ ™ 9

" (q ov > ' ®)
This derivative is plotted as a function of voltage in Figure 14, where
the ideality factor can be obtained from the minimum or plateau
value of the characteristics.>® Note that it is difficult to obtain a long
plateau value because of weak EL and a limited sensitivity of the
photodiode. It is clear from Figure 14 that the ideality factor
approaches unity for the investigated solar cells. The ideality factor
of 1 reveals that charge-transfer state emission originates from a free
carrier, bimolecular recombination process. From these measure-
ments, we can thus exclude the presence of radiative trap-assisted
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Figure 13 Luminance versus voltage characteristics for the charge-transfer
state electroluminescence of several polymer:PCBM solar cells. The onset of
emission is proportional to exp (gV/kT), plotted as a dashed line as a guide
to the eye.
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recombination.*® This finding is consistent with the measurements
on very similar systems by Tvingstedt et al,** where no additional
low-energy features could be observed in the CT state EL spectra.

ANALYTICAL MODEL FOR DIFFUSION-LIMITED CURRENT IN
ORGANIC MIM DIODES

In section 3, it was demonstrated that in organic MIM diodes, the
ideality factor deviates from unity because of the presence of
energetically deep states within the band gap. However, a remarkable
result was that even for organic semiconductors such as poly
(9,9-dioctylfluorene) (PFO), the symmetrically substituted poly(p-
phenylene vinylene) (PPV) derivative BEH/BB-PPV, and the fullerene
derivative PCBM, which exhibit nondispersive transport,‘ip19
pointing to the absence of deep traps, an ideality factor of typically
1.2-1.3 was observed instead of unity. To clarify this issue, an
analytical equation that describes the diffusion current for undoped
semiconductors or insulators in MIM diodes with asymmetric
contacts must be derived.

Therefore, we use the diffusion theory by Schottky™® as a starting
point. The original Schottky diffusion theory>® describes the situation
for a metal contact on a doped semiconductor. In such a Schottky
diode, majority of the carriers diffuse from the semiconductor into
the metal to equilibrate the Fermi level. The charge of the remaining
uncompensated dopants then leads to the build-up of an electric field
in the depletion region, resulting in band bending. A similar model
was used by Shockley for the current across a p-n junction, viz
a depletion region formed between a p- and an n-doped
semiconductor.> An alternative theory to describe the current in a
Schottky diode, based on thermionic emission, is valid only for high
charge-carrier mobilities,”">> whereas diffusion is the limiting case in
low-mobility semiconductors, such as organic semiconductors.

In MIM structures, band bending due to uncompensated dopants
is absent. Therefore, we will introduce the appropriate boundary
conditions below.” We start with the hole-only MIM diode of
Figure la. Following the classical derivation of Schottky for diffusion
currents, the hole current density is given as follows:

_ pdE, _dp
o= “PkT(kT &  dx)’
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Figure 14 Luminance ideality factor of the charge-transfer state
electroluminescence of the investigated polymer:PCBM solar cells obtained
by numerical differentiation according to Equation (9). For all three
systems, the curves approach unity at low voltages, which is indicative of a
luminance ideality factor of 1.
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where the diffusion coefficient has been replaced by the mobility 1,
through the Einstein relation.’! However, in contrast to a Schottky
diode, the limit for integration in the MIM structure must be set to
the total device thickness L because the device is fully depleted,
leading to:

]p]eXP (—f—%)dx: — 1k Tp(x) exp (- EL_(T’C)) '

0
0

(11)

where p is the hole density and E, is the valence band edge or,
analogously in this case, the HOMO of the polymer. To evaluate this
expression, we must introduce the MIM boundary conditions for the
charge-carrier density p(x) and the valence band E,(x) at the
electrode—semiconductor interfaces x=0 and x=L.

As illustrated in Figure la, the Vy; for this device is equal to ¢, In
that particular case, the boundary conditions for the charge-carrier
density at the electrodes of a MIM device are given as follows’:

p(0) = Ny, (12a)

p(L) = Nyexp (- 22),

whereas the boundary conditions for the valence band, with respect to
the Fermi level of the hole-extraction contact, for V< Vj; are given as
follows:

E,(0) = —qV, (13a)

Ey(L) = —qpy,. (13b)
Note that in this case, a positive forward bias V at x= 0 reduces the
internal voltage to ¢,—V; leading to a reduction of the negative drift
current of holes towards the injecting contact at x= 0, which results
in an enhanced positive current in the x direction. Combination with
Equation (11) yields the following:

Ja.

e () 1]/ [on (-5

Because of the absence of space charge, there is no band bending in
the MIM structure; therefore, the positional dependence of the
valence band E,(x) is simply a triangular shape given as follows:

(@, — V)x) 7

(12b)

(14)

(15)

E,(x) = —q<v+ i

yielding the equation:

L
E(x)\, _ LT 4Py av
,/eXp( kT )dx*q(q)bfv) {EXP (5r) = e (ir) |
0
(16)
Substituting Equation (16) into Equation (14) then leads to an

analytical current density expression for the diffusion-limited current
in a MIM diode, given as follows:
v
I QN (@, — V) [exp (F7) — 1]
P Vv
Llexp () — exp (i7)]
A similar expression was obtained by Paasch and coworkers>® We note
that the use of a constant mobility in our derivation is valid because
in the diffusion regime, the carrier densities in the diode are
sufficiently low such that mobility enhancement due to DOS
filling'® does not have a role.?®>* Before comparing Equation (17)

to experimental data, it is essential to consider that for ohmic contacts
on insulators or undoped semiconductors charge carriers diffuse from

(17)
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the electrode into the semiconductor, forming an accumulation
region close to the contact>® As illustrated in Figure 1b, the
accumulated charge carriers close to the injecting contact at x=10
cause band bending and reduce the V}; of the device. The reported
values for this band bending, here described by the parameter b,
typically lie in the range of 0.2-0.3V and also depend on energetic
disorder.’®? To account for this accumulation, we approximate the
energy-band diagram of the MIM diode by the dashed lines in
Figure 1b. In this manner, the reduction of the Vy; is considered while
maintaining the triangular potential. Then, the boundary conditions
are modified as follows:

p(0) = N, exp (— %) (182)
p(L) = Nyexp (- 4%0), (18b)
E,(0) = —q (V+D), (18¢)
E,(L) = —qq,. (18d)

The current equation, Equation (17), is for this case modified as
follows:

q,upNv(gob -b-V) [exp (%) — 1}
Jp = b (25— b) B
Lew () ew (“37) - e (1)
Clearly, the band-bending parameter b does not only reduce the V};

but also has a large effect on the current close to Vj; and above Vy;.
Therefore, we introduce the band-bending parameter b as follows:

kT [ ($#N,I?
=2 -2
o=y () 2}

based on a model by Simmons.**! At Vi;, the current undergoes a
transition from an exponential to a linear dependence on voltage.
Because of the thickness dependence of the band-bending parameter,
the linear current above Vi; depends inversely on L3, whereas the
exponential part below Vy; scales inversely with L. For voltages larger
than the built-in voltage, the electric field becomes positive and the
drift current starts to dominate. This drift current is the well-known
space-charge-limited current, described by Equation (1). With the
derived diffusion current, Equation (19), we can now obtain the
complete current through the device by summing the contributions of
drift and diffusion, as shown in Figure 15. The drift current starts
precisely at the built-in voltage, well defined by ¢—b. The analytical
expression for the diffusion current now allows disentanglement of
the drift and diffusion contributions to the current.

When comparing the expression for the diffusion-limited current
for MIM diodes, Equation (19), to the classical Shockley diode
equation, Equation (2), it is clear that there are subtle differences in
the voltage dependence of the current density, as shown in the inset of
Figure 15. To match the slope of Equation (19) using an effective
barrier, @,—b, of 0.3V, the ideality factor in Equation (2) must be
adjusted to 1.2. This observation explains why experimentally in
organic semiconductors without deep traps, small deviations from
unity of the ideality factor of ~0.2 were observed when the Shockley
equation was used for the analysis. This slight deviation from unity is
therefore a fundamental property of organic MIM diodes and is
related to the charge transport. We note that the exact value of
the deviation depends on the value of the effective applied voltage,
@p—b-V. For most organic MIM diodes, the ideality factor is
determined within 0.3V below the Vi; (@y-b),’! leading to an
apparent ideality factor of ~1.2. For large barriers, carriers of the

(19)
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Figure 15 Current density-voltage characteristics for a device with
@p=0.7V, up:1x10*9m2Vs*1, N,=3x10%m-3, [=100nm,
T=295K and ¢=3¢. The dotted and solid lines are the analytically
calculated characteristics for diffusion, drift and the sum of drift and
diffusion. The dashed line represents a numerical simulation’ with the
exactly same parameters. The inset shows a comparison between the
calculated current for a MIM diode, Equation (19), with ¢p—b=0.3V (red
line) and the current calculated with the classical Shockley equation using
an ideality factor of unity (solid black line). A good approximation is
obtained using an ideality factor of 1.2 (dashed line).

opposite sign will be injected, leading to trap-assisted recombination
that will enhance the ideality factor.??

To evaluate the applicability of the expression derived for the
diffusion-limited current in MIM diodes, we investigated a PFO hole-
only diode with PEDOT:PSS and MoO3 contacts. MoOj provides an
ohmic contact even to PFO with a HOMO as deep as 5.8eV.%? The
work function of PEDOT:PSS is ~5.2 eV. Hence, PEDOT:PSS serves
as the collecting contact with an estimated energy barrier of ~0.6¢eV.
The exact value is not a priori known and may depend on the
presence of interface dipoles and on Fermi level pinning because of
interface trap states.

The experimental temperature-dependent current—voltage charac-
teristics are presented in Figure 16. At low bias, the current increases
exponentially with bias as expected for a diffusion-limited current.
Above ~0.4-0.5V, the current becomes drift-dominated and is
limited by the uncompensated charges of the injected holes, leading
to a space-charge-limited current.

The parameters describing the charge-carrier mobility of PFO as a
function of carrier density and temperature are well known.®? The
diffusion-limited current can now be fitted to the experimental data
by adjusting the barrier in Equation (19). The solid lines are a fit to
the experimental data. Good agreement in the diffusion regime at
V <V} is obtained using a barrier ¢}, of 0.67V, with a band-bending
parameter of 0.26V (Equation (20)). The value for the barrier
corresponds to previous estimates of the energy barrier between
PFO and PEDOT:PSS of ~0.6eV.%?

The dashed lines in Figure 16 represent numerical device calcula-
tions using a drift-diffusion solver,’ with precisely the same
parameters as used in the analytical fits. The numerical simulation
contains both drift and diffusion, and band-bending at the injecting
contact is implicitly considered. The good agreement verifies the
analytical expression of the diffusion-limited current in an organic
MIM diode. The deviations for V> V}; are because of the current
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Figure 16 Current-voltage characteristics of a PEDOT:PSS/PFO (80 nm)/
MoO3 hole-only MIM diode. PEDOT:PSS is grounded. The solid lines are fits
to the experimental data (symbols) using the analytical equation for the
diffusion-limited current. The deviation at higher voltages is due to the
current being dominated by the drift term (space-charge-limited current,
Equation (1)) above the built-in voltage. The dashed lines represent
numerical device calculations using a drift-diffusion solver’ with exactly the
same parameters as extracted from the analytical description.
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Figure 17 Experimental current-voltage characteristics (symbols) of organic
MIM diodes with an Ohmic MoO3 contact and a ZnO collecting contact. The
poly[3-hexylthiophene], MEH-PPV and PFO layer thicknesses are 125, 120
and 180nm, respectively. The solid lines are fits with Equation (19).

being dominated by the drift term at those voltages. With the b
parameter known, the analytical description for the diffusion-limited
current in MIM diodes can be used to accurately determine the Vi,
and injection barrier of the collecting contact. As an example, we
investigated hole-only diodes of the polymers poly[3-hexylthiophene],
MEH-PPV and PFO with oxidic electrodes. MoO3; was used as an
ohmic hole-injecting contact. ZnO was used as the collecting
contact. The work function of ZnO is ~4.0eV. Considering
the reported HOMO energies of —4.8, —5.1 and —5.8¢V,
expected energy barriers of 0.8, 1.1 and 1.8eV are obtained for
poly[3-hexylthiophene], MEH-PPV and PFO, respectively.
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The current—voltage characteristics are presented in Figure 17.
At very low bias, the current is below the detection limit of the
measurement set-up. With increasing bias, the exponential diffusion
current exceeds the noise level. The solid lines represent fits of the
diffusion-limited current in MIM diodes to the experimental data.
The values for the barriers extracted are 0.93, 1.15 and 2.35V,
respectively. The obtained barriers agree well with the estimated
energy barriers. This observation confirms the previous findings that
the electron chemical potential is the main driving force for energy-
level alignment at contacts consisting of an organic semiconductor
and transition-metal oxides.®>

In summary, this section described the derivation of an analytical
equation for the diffusion current in a MIM diode. Summing with the
drift current results in a full analytical description of the current.
It was demonstrated that a slight deviation of the apparent ideality
factor from unity in single-carrier devices is characteristic of organic
MIM diodes. Furthermore, the equation for the diffusion current can
be used to determine the Vj,; and injection barrier in organic diodes.

CONCLUSIONS

In this review, it was demonstrated that the ideality factor of
diffusion-driven currents can be regarded as an effective tool for
studying the recombination mechanisms in OLEDs and solar cells.
In OLEDs, the ideality factor has a value of 2 because of nonradiative
trap-assisted recombination. By contrast, the light output of such a
device has an ideality factor approaching unity, indicating that the
luminescence is governed by bimolecular free-carrier recombination.
Whereas an ideality factor above unity can be regarded as a sign of
trap-assisted recombination, an increased ideality factor can even be
measured for single-carrier devices, in which no recombination
occurs. The non-ideality (7>1) is caused by a small number of
deeply trapped carriers, of which the effect is neutralized by charge-
carrier recombination. Similarly, in organic solar cells, the ideality
factor of the dark current is dominated by the fastest transporting
material in the blend and therefore cannot be used as exclusive
evidence for the presence or absence of trap-assisted recombination.
Finally, an analytical approach to model the diffusion current in
organic MIM diodes with one ohmic and one non-ohmic contact was
developed. The analytical model accurately describes the voltage,
temperature and thickness dependence of the diffusion current and
thus allows disentanglement of the drift and diffusion contributions
to the current. It was demonstrated that a slight deviation of the
apparent ideality factor from unity in single-carrier devices is
characteristic of organic MIM diodes. Applying the analytical
equation to experimental data provides an easy and accurate method
of determining the Vj,; and injection barrier in organic MIM diodes.
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