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CHAPTER

4
Charge carrier thermalization in
organic diodes

Abstract

Charge carrier mobilities of organic semiconductors are often characterized
using steady-state measurements of space charge limited diodes. These measure-
ments assume that charge carriers are in a steady-state equilibrium. In reality,
however, energetically hot carriers are introduces by photo-excitation and injection
into highly energetic sites from the electrodes. These carriers perturb the equilib-
rium density of occupied states, and therefore change the overall charge transport
properties. In this chapter, we look into the effect of energetically hot carriers on
the charge transport in organic semiconductors using steady state kinetic Monte
Carlo simulations. For injected hot carriers in a typical organic semiconductor,
rapid energetic relaxation occurs in the order of tens of nanoseconds, which is
much faster than the typical transit time of a charge carrier throught the device.
Furthermore, we investigate the impact of photo-generated carriers on the steady-
state mobility. For a typical organic voltaic material, an increase in mobility of a
factor of 1.1 is found. Therefore, we conclude that the impact of energetically hot
carriers on normal device operation is limited.
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4.1 Introduction

As already explained in Sec. 1.2.1 and Sec. 2.1, charge transport in organic semicon-
ductors is based on phonon mediated hopping or nuclear tunneling of charge carriers
between localized segments of the conjugated molecule [134]. The energetic distribu-
tion of the localized segments is characteristic for the material under investigation,
and is often translated into a gaussian density of states (DOS) with a standard devi-
ation of σ [120]. In thermal equilibrium and for vanishing charge densities, charge
carriers will on average reside at the equilibrium level of σ2

kb T below the center of the
DOS, where kb is the Bolzmann constant and T is the temperature [120]. For finite
charge concentrations and no electric field, the particles will arrange according to
the Fermi-Dirac distribution. In the presence of an electric field, this distribution is
perturbed slightly [138]. Although some charges will reside in high energetic states,
this concentration is constant and relatively low. Transient techniques like time-of-
flight experiments have shown that charge transport is prone to dispersion: carriers in
highly energetic states move faster than carriers that are located at low energetic sites
[12]. These experiments are supported by kinetic Monte Carlo (KMC) simulations of
particles that hop through a cubic lattice [139]. Nevertheless, charge transport in real
materials is often characterized by steady-state mobilities. These mobilities include
dispersion effects as long as charges are in an energetic steady-state equilibrium, but
fail once carriers do not obey the equilibrium distribution. Experimentally, these
mobilities can be obtained by analysis of space charge limited currents (SCLC) in
diodes consisting of an organic layer that is sandwiched between two electrodes [19].
The current density J in this type of device is limited by an accumulation of space
charge, and is given by Eq. 1.5 [21]:

J = 9

8

εµ

L3 V 2, (1.5)

where µ is the mobility, L the device thickness, and V the applied voltage. Because
J is proportional to µ, the mobility can be determined from the current density.
Experiments also replicate the accompanying thickness scaling of the mobility, which
supports the validity of using steady state mobilities in organic semiconductors [140].
The mobilities found from SCLC analysis have also been applied successfully to
organic photovoltaics (OPV). Mihailetchi et al. showed a clear correlation between
the mobility and the power conversion efficiency of solar cells [141]; Proctor et al.
found that high fill factors can only be achieved for steady state electron and hole
mobilities exceeding 10−8 m2 V-1 s-1 [142]; and Barthesaghi et al. showed that the fill
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Figure 4.1: (a) Energetic cascade allows fast carrier extraction compared to equilibrium level
hopping. (b) Injection from metallic electrode into gaussian density of states. The
electron hops from the electrode work function to an available site in the semicon-
ductor. The charge is likely to move to a site just below the dashed line: both the
hopping rates and the number of available states at this level are high.

factor depends directly on the steady state mobilities [143]. Moreover, drift-diffusion
simulations accurately describe the charge transport characteristics in organic light
emitting diodes, single carrier diodes and transistors [52, 61, 144]. This indicates that
steady-state mobilities are definitely related to the operation of these devices.

Recently, it was proposed that charge extraction in organic photovoltaic devices
is governed by thermalization of photo-generated highly energetic (hot) carriers
[145]. After dissociation, the steady-state distribution is perturbed since an increased
amount of charge resides in high energetic states, allowing fast cascaded transport of
hot carriers towards the extracting electrodes (Fig. 4.1a). This process enhences the
overall charge transport. Immediately after dissociation, the mobility is large, but
it decays towards a steady-state value once the energetic steady-state distribution
is restored. These results agree with the work of Bässler on energetic relaxation
in time of flight measurements of disordered semiconductors, which predicts that
relaxation times scale exponentially with the level of disorder [12]. Because the
energetic relaxation times are much longer than the average transit time of photo-
generated carriers to the respective electrode, these carriers will never reach the
transport regime that is described by the equilibrium mobility [145]. This raises
the question why the analysis of SCLC data still appears to work, what is really
measured in such an experiment, and what the influence of thermal relaxation on
charge transport is in sandwiched devices.
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In this chapter, we perform KMC calculations on charge transport in sandwiched
single carrier diodes, where the work function of the metallic electrodes aligns with
the center of the DOS. Although this type of device does not contain photo-generated
carriers, the energetic steady-state distribution of charges is perturbed by introducing
high-energetic charges that are injected from the electrodes. Figure 4.1b shows the
energy diagram of the interface between a disordered material and a metal that
aligns with the center of the density of states. Injection rates into all sites below the
center of the DOS can all be considered to be high. Because the number of available
states just below the center of the density of states is much larger than the number
of states around the equilibrium level, most injected carriers will end up here, and
are thus considered to be hot. Therefore, this approach allows relaxation effects to
be investigated under operational conditions. Furthermore, hot carrier injection is
artificially increased in the KMC simulation by enhancing the injection rates into high
energetic locations. This exaggerates the effect of hot carrier relaxation of injected
charges. For both situations, we determine the relation between initial energy level of
carriers after injection, and the transit time of charges through the device, as well as
the energetic relaxation length of individual particles.

We also study the impact of photo-generated carriers on bulk transport, since
these carriers introduce a perturbation of the energetic steady-state distribution as
well. This is done by simulating a bulk region of the material, where relaxed charge
carriers are periodically re-excitated to a high energy level. After discussing the
impact of injected hot carriers, we also study the influence of photo-generated hot
carriers on the steady-state charge carrier mobility in the bulk region of the material.
Because the steady-state charge carrier mobility depends on the carrier concentration,
the carrier densities need to be fixed. Bimolecular recombination and charge injection
and extraction violate this property in real devices. Therefore, a fully periodic KMC
simulation volume and only one type of carrier are used. We compare the obtained
mobilities with the steady-state mobilities in thermal equilibrium, and determine the
origin of the difference.

4.2 Methods

The drift-diffusion calculations in this chapter are based on the method that wase
described in Sec. 1.4.1. The drift-diffusion simulation uses Fermi-Dirac statistics
including a gaussian density of states and the generalized Einstein relation [146].
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The dependence of mobility on electric field, disorder and disorder is given by an
interpolation table that contains results from periodic KMC simulations including
short-range Coulomb interactions.

The KMC calulations in this chapter are based on the massively parallel algorthm
that was developed in chapter 3. Both the hopping rates according to Eq. 1.3 (Miller-
Abrahams hopping rates) and Eq. 1.4 (Marcus hopping rates) are implemented. For
the calculations of the short range Coulomb interactions, a cylindrically shaped cutoff
region is used, with a height that equals the device thickness, and a radius of 16 lattice
spacings in the x y-plane. For a hop distance of 1.5 nm, this results in a radius of 24
nm, and is reasonably large [77]. For each charge within the cutoff radius, three image
charges are taken into account: the first image on each side of the electrodes, and
the second image on the side of the electrode that is closest to the location where the
interaction is calculated. This guarantees that the electric field is always perpendicular
to the closest contact, and that the potential due to close range interactions is zero at
that contact.

The electrodes are treated as ideal metal contacts with a fixed work function.
Injection from the electrodes into the closest hopping sites of the semiconductor is
done in a similar way as normal charge hopping, where the work function of the
metallic electrode is used as a site energy. The same is done for charge extraction. In
order to increase the impact of hot carrier injection on charge transport, the injection
rates into highly energetic sites is artificially increased for some of the calculations as
indicated.

For the calculations on the impact of photo-generated hot carriers, a KMC simula-
tion with full periodic boundary conditions is used. The dimensions of this simulation
are set to 256×256×256 nodes, and a spherical cutoff region with a radius of 16 lattice
spacings is used for the electrostatic interactions. After the initial placement of a
fixed number of charges, the simulation is started for a specified generation rate G of
photo-generated charge carriers. Every G−1(256a)3 seconds, the carrier that covered
the most distance in the electric field direct is replaced by a randomly introduced
charge. This mimics the extraction of the carrier that was most likely to leave the
device, and is necessary in order to keep the overall charge concentration constant.
The simulation is run until the mobility converges to an equilibrium value. After
equilibrium has been reached, the energy levels of all new hot carriers are traced to
obtain insight in the relaxation dynamics.

In order to acquire a realistic set of simulation parameters, a hole-only diode was
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Figure 4.2: Fits to experimental current voltage characteristics of a P3HT hole-only diode (blue
triangles). The black line shows the fit using the drift-diffusion simulation. The red
dots show the fit using a KMC simulation with Miller-Abrahams hopping rates and
the green dots show the KMC fit using Marcus hopping rates.

fabricated and measured. First, a 40 nm thick layer of PEDOT:PSS, a water-based sus-
pension of poly(3,4-ethylenedioxythiophene) stabilized with poly(4-styrenesulphonic
acid), was spincast on a glass substrate patterned with indium tin oxide. On top of
the PEDOT:PSS, a 100 nm thick layer of poly(3-hexylthiophene-2,5-diyl) (P3HT) was
deposited by spincoating from a 15 mg/ml solution in chlorobenzene. The device was
finished by thermally evaporating a molybdenum(VI) oxide electrode with a thickness
of 10 nm, capped by 100 nm of aluminum. Next, the current-voltage characteristics of
the device were measured using a Keithley 2400 sourcemeter.

4.3 Results/Discussion

The operation of the KMC simulation is confirmed by modeling the charge transport
through the P3HT hole-only diode without injection barriers and with a thickness
of 100 nm. The experimental data are reproduced by both the 1D drift-diffusion
simulation and the KMC simulations. In order to do so, a device with an energetic
disorder σ of 0.10 eV and ohmic injection is modeled at a temperature of 295 K. The
hopping distance equals 1.5 nm and ν0 is set to 9×1010 s-1 and 2.7×1011 s-1 for Miller-
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Abrahams rates and Marcus rates respectively. For the simulations including Marcus
rates, a reorganization energy of 0.25 eV is used, which is a common value in OPV [75].
The resulting current-voltage characteristics are shown in Fig. 4.2. The simulation
results give a unique fit to the experimental results, and the adopted parameters are
physically realistic. During the remaining calculations, we will therefore use the same
parameter set.

First, calculations on the injection of hot carriers are discussed. The energetic
distribution of carriers that are close to the injection electrode is calculated for both
the normal and enhanced injection approaches. Figure 4.3 shows the results of the
calculations that were performed using Miller-Abrahams hopping rates. The symbol
lines represent the energetic distribution of charges at the indicated distance from
the electrode, whereas the shaded regions correspond to the equilibrium Fermi-Dirac
distribution for the same carrier density. For non-vanishing electric fields, charges will
distribute according to a an adapted Fermi-Dirac distribution that uses an increased
effective temperature [138]. In the work by Cottaar et al., an accurate parameterization
for this effect was developed [147]. For the relatively small fields that are used in the
calculations (0.3σ(qa)−1), the parameterization is almost identical to the Fermi-Dirac
distribution. This justifies the comparison of the Monte Carlo calculations with the
values obtained from the Fermi-Dirac distribution.

For the case of regular injection, all carriers are distributed according to the
Fermi-Dirac distribution. This indicates that relaxation occurs very fast and does
not influence charge transport. When enhanced hot carrier injection is included, an
increased concentration of high energetic carriers is observed close to the injecting
electrode. Although the difference with the theoretical distribution is large at first, it
vanishes after only a few nanometers in to the device: at a distance of 6 nm from the
electrode, all charges are in thermal equilibrium.

Next, the dynamics of hot carriers are investigated. To determine whether these
charges traverse the device faster than other charges do, the transit time between
injection and extraction of all injected carriers is tracked for an applied bias of 2 V.
Analysis of the data shows no correlation between the energy level after injection and
the transit time or the number of required hops for reaching the opposite contact. This
indicates that hot carriers have the same transit time as ordinary carriers, and that
energetic relaxation of injected hot carriers is unlikely to play a major role in SCLC
devices.

Although no correlation is found for the energy level after injection, a relation
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Figure 4.3: Energetic distribution of charges at the indicated distance from the injecting elec-
trode, for regular injection (A) and artificially increased injection of hot carriers
(B). The lines show the extracted distribution from the simulation, while the filled
curves are predicted theoretically by the Fermi-Dirac distribution. In figure (b), it
can clearly be seen that the energetic distribution of charge carriers is perturbed.
However, this deviation from Fermi-Dirac statistics has already diminished after
6nm into the device.

does exist between the transit time and the path averaged energy level of each carrier.
This value is obtained by averaging all energy levels that a particles visited between
injection and extraction. Figure 4.4 contains the plots of the path averaged energy
level versus transit time and required number of hops. It shows a reduced number of
required hops and a lower transit time for particles with a high averaged path energy.
This confirms that high energy levels help charge transport. This can be explained
by the larger number of available hop sites with a comparable energy level, and the
reduced number of available sites with a low site energy.

A test was performed to verify that no correlation exists between the path averaged
energy level and to the energy level after injection. Furthermore, Fig. 4.5 contains
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Figure 4.4: Correlation between the path averaged energy of a particle, the required number of
hops, and the required transit time. Calculations were performed for both Miller-
Abrahams hopping (a) and Marcus hopping (b) expressions. Colors indicate the
number of events. These plots show that the average energy level of a charge during
its transit is important for the transit time and number of hops. This illustrates the
dispersive nature of the charge transport in disordered materials. No correlation
was found between the energy level after injection and the required number of
hops, this is an indication that carrier thermalization is not important for the overall
charge transport.

the distribution of path averaged energy levels for all extracted charges, both for
the simulations with and without enhanced hot carrier injection. It shows that the
averaged path energy is distributed equally, regardless of the presence of enhanced
hot carriers. This proves that the path averaged energy level is independent of the
energy level after injection.

To obtain more insight in the energetic decay of individual charges, the energetic
trajectory of individual carriers is followed. The first 60 hops of each hot carrier are
followed while recording the energy level and time of occurrence. These data are
then averaged over approximately 3,000 hot carriers. The results of these calculations
are shown in Fig. 4.6, both for Miller-Abrahams and Marcus hop rates. Particles loose
most of their energy in the first few hops, but show a gradual decrease afterwards.
The time required to reach the equilibrium level reaches between 5 and 10 ns, which
corresponds to approximately 70 hopping events. This is between one and three
orders of magnitude faster than the complete transit time through the device. As with
the relaxation times in periodic systems, we expect this number to drop for increasing
disorder [12]. However, commonly used values for the disorder in P3HT range
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Figure 4.5: Distribution of the path averaged energy levels for Miller-Abrahams (a) and Marcus
(b) hopping expressions. The black lines correspond to regular injection, while
the red lines correspond to artificially increased injection of hot carriers. Highly
energetic charges are more mobile, reflecting the effect of dispersion. However, there
is no difference between the cases with normal injection and increased injection.
This indicates that injected hot carriers do not have an increased path averaged
level.

between 0.071 eV and 0.12 eV [145, 148]. Therefore, the deviation is expected to be
limited. In time delayed collection field (TDCF) experiments, which also include hot
carrier effects [149], the first few nanoseconds cannot be fitted using a drift-diffusion
simulation. As this timescale agrees with the relaxation time that we obtained, this
effects may be attributed to carrier relaxation. This would also imply that relaxation
is fast, and that hot carriers play no role in this type of experiment. The distribution
of the z-coordinate of an injected hot carrier after 60 hops provides more evidence for
the fast relaxation of these carriers. The inset of figure 4.6 shows that most carriers are
still around 5 nm from the injecting electrode. No charges have reached the extracting
electrode, although they are almost fully relaxed at this point.

From the calculations so far, it can be concluded that hot carrier injection from
the electrodes is not relevant for the charge transport in organic SCL devices. Drift-
diffusion calculations including steady-state mobilities from master equation simula-
tions give a very close fit to KMC calculations of the same device [18]. If hot-carrier
relaxation was not negligible, the KMC simulation should give much higher values
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Figure 4.6: Energetic relaxation of injected hot carriers for Miller-Abrahams (black) and Marcus
(red) lines. The relaxation time at 5 ns takes on average 70 hops. Inset: distribution of
the z coordinate of injected hot carriers after 60 hop events, using Miller-Abrahams
(black line) and Marcus (red line) hopping. This indicates that hot carriers do not
travel in a straight line after injection, and do not gain from cascaded transport.

for the current density, because the drift-diffusion simulations do not include carrier
dispersion. This outcome was further supported by the fast relaxation of charge
carriers near the injecting electrode: within a few nanometers, charges behave accord-
ing to the Fermi-Dirac distribution again. Furthermore, hot carriers loose most of
their energy within the first 70 hops, and traverse 5 hopping sites in the electric field
direction during this period. Finally, no relations could be found between the energy
level after injection and the overall transit time of particles. Instead, a trend was
found between the transit time and the path averaged energy level of each particle,
were the path averaged energy level is unrelated to the charge carrier being hot or
not.

As a next step, we performed calculations on the impact of photo-generated hot
carriers on the steady-state charge carrier mobility. The work by Melianas et al. in-
cludes calculations that were performed on a double carrier device including injection,
extraction, generation and recombination of electrons and holes [145]. Moreover, all
charge carriers were randomly initialized at the start of the simulation. However,
photovoltaic devices usually operate at steady-state conditions under continuous
illumination, with the presence of background charges that are in thermal equilibrium.
This may change the relaxation dynamics of hot carriers, and lead to different charge
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Figure 4.7: Distribution of charge carriers for different generation rates. For increasing gen-
eration rates, the number of highly energetic charges increases. The energetic
steady-state distribution is not given by Fermi-Dirac statistics anymore, and the
steady-state charge carrier mobility starts to increase.

transport characteristics. The steady-state charge transport characteristics were calcu-
lated by a fully periodic, single carrier KMC simulation. Every 1.8 or 18 ns, the carrier
that covered the largest distance is reset to a random position, which corresponds
to generation rates of 1028 m-3 s-1 or 1027 m-3 s-1 (approximately the illumination in-
tensity of 1 Sun) for the simulation volume of 5.7× 10−20 m3. Because there is no
significant difference between the results with Miller-Abrahams and Marcus hopping
rates in the previous calculations, we only perform the following calculations for
Miller-Abrahams hopping rates. The dimensionless electric field is set to 0.1, which
corresponds to voltage of 0.7 V for a 100 nm device. This is a typical operating voltage
for photovoltaic devices.

The simulation is run until the mobility reaches a steady state value. Figure 4.7
contains the energetic distributions of all charge carriers that are present in the layer,
for a typical charge density that is found in OPV (3.1× 10−5a−3). The periodical
introduction of hot charge carriers causes a slight increase in the charge density
at high energies. This graph shows the relatively low amount of hot carriers with
respect to relaxed carriers. Unlike in the calculations of Melianas et al. only one hot
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Figure 4.8: Origin of the current flow through the simulation volume, for different generation
rates. It can be seen that charge transport at high energy levels is slightly enhenced
when generation is present. Inset: mobility enhancement as a function of charge
carrier density, for generation rates of 1027 s-1 m-3 and 1028 s-1 m-3.

carrier is introduced every 1.8 or 18 ns, which reduces the number of hot carriers
in the system considerably. Because the number of hot carriers remains equal for
different background concentrations, the ratio between hot and relaxed carriers will
only decrease for increasing charge concentrations.

Figure 4.8 contains the energetic distribution of the mobility with and without
generation, for a charge density of 3.1×10−5a−3. This graph shows the energy levels
of charge carriers that contribute most to the overall transport. The energetic dis-
tributions are equal for both methods, which implies that the initial decay through
to top of the DOS does not contribute much to the overall current. Moreover, the
overall charge transport is mostly determined by charges at an energy level of 0.12 eV
below the center of the DOS. Therefore, carrier relaxation to deep energetic sites only
forms a small fraction of the overall current. This suggests that carrier relaxation
only contributes to the charge transport down to the energy levels where charges still
contribute to the mobility.

The inset of Fig. 4.8 contains the ratio of the steady state mobilities including
and excluding the generation mechanism. An increased mobility is found for low
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densities, while this effect vanishes for higher densities. This occurs do to the reduced
ratio of hot carriers for increasing background concentrations. Under the operational
conditions of an OPV device, the steady-state mobility is enhanced by a factor 1.1. For
a ten times higher generation rate, the difference becomes a factor 1.2. Although this
demonstrates the presence of a mobility increase due to photo-generated carriers, this
increase is limited to less than one order of magnitude. This also explains why SCLC
analyses is still a good method for analyzing OPV devices: the error in experimentally
measuring the charge carrier mobility is much smaller than the enhancement due to
hot carrier relaxation.

4.4 Conclusion

In conclusion, we investigated the impact of a perturbation of the energetic steady-
state distribution of charge carriers on charge transport. This perturbation was either
introduced by injection or by re-excitation of high energetic (hot) charge carriers.
The thermal relaxation of injected hot carriers is found to play a limited role in the
operation of single carrier space charge limited devices, for the parameters studied.
Hot carriers equilibrate within 5 to 10 ns after injection. During this time, they only
traverse a distance of 5 nm in the electric field direction. Increased numbers are
expected for increasing disorder, but the studied parameters are already close to the
maximum encountered disorder value of 0.12 eV. Although correlations exist between
the transit time, the path averaged energy of charges, and the required number of
hops to traverse the device, no relations exist with respect to the initial energy of hot
carriers after injection.

Carrier relaxation in bulk material was assessed by a fully periodic KMC simula-
tion, where the location and energy level of charge carriers is randomly reset after
fixed intervals. This procedure introduces a deviation from the equilibrium density of
states, and increases the number of highly mobile charges. The calculations provide
steady-state values for the mobility of devices under continuous illumination. Most
of the current flow originates from charge carriers that are located 0.12 eV below
the center of the DOS. This implies that carrier relaxation to the deep equilibrium
level does not add a large contribution to the overall charge carrier mobility. Under
operational conditions, a slightly enhanced steady-state mobility is found that is a
factor of 1.1 higher than the steady-state mobility in thermal equilibrium.

Although the presence of hot carrier increases the charge transport characteristics,
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the enhencement is limited by the relatively low ratio of hot carriers with respect
to relaxed charge carriers. The impact of thermal relaxation reduces further when
the concentration of background charges is increased, or when the generation rate is
decreased. Finally, these results explain why the steady-state mobilities that are found
from space charge limited current analysis provide valuable insight in the device
characteristics of OPV devices.


