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CHAPTER

2
Charge transport in
semiconducting polymers driven
by nuclear tunneling

Abstract

The current density-voltage (J −V ) characteristics of hole-only diodes based
on poly(2-methoxy, 5-(2’ ethyl-hexyloxy)-p-phenylene vinylene) (MEH-PPV) were
measured at a wide temperature and field range. At high electric fields the temper-
ature dependence of the transport device vanishes, and all J −V sweeps converge
to a power law. Nuclear tunneling theory predicts a power law at high fields
that scales with the Kondo parameter. To model the J −V characteristics we have
performed Master Equation calculations to determine the dependence of charge
carrier mobility on electric field, charge carrier density, temperature and Kondo
parameter, using nuclear tunneling transfer rates. This chapter demonstrates
that nuclear tunneling, unlike other semi-classical models, provides a consistent
description of the charge transport for a large bias, temperature and carrier density
range.

N. J. van der Kaap, I. Katsouras, K. Asadi, P. W. M. Blom, L. J. A. Koster, and D. M. de Leeuw, Charge
transport in disordered semiconducting polymersdriven by nuclear tunneling Phys. Rev. B (2016) 93 140206.
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22 Charge transport in semiconducting polymers driven by nuclear tunneling

2.1 Introduction

As previously described in Sec. 1.2.1, charge tranport in organic semiconductors
is characterized by hopping. Baranowski et al. recently presented an overview of
theories developed to describe hopping transport in amorphous inorganic and organic
materials [79]. The frequency of a hopping transition ki j from an occupied site i to an
empty site j is typically described either by the Miller-Abrahams hopping rate (see
Eq. 1.3) or the Marcus rate (see Eq. 1.4) [16, 17]. In both these semi-classical approaches
the transition rate between the localized states is thermally activated.

From an experimental point of view, the validation of such charge transport
models is hindered by the fact that in organic diodes only a limited electric field and
temperature range can be accessed. Due to the strong temperature dependence of
the transport the device current decreases below the leakage current of the diode at
temperatures typically below 100–150 K. Furthermore, at electric fields higher than
30 MV m-1 electrical breakdown occurs. From a theoretical point of view the obtained
parametrization for the mobility is valid only in a limited parameter space [79].

At high charge carrier density the disorder present in conjugated polymers is
effectively suppressed. In recent experiments at high carrier densities using chem-
ically highly doped in-plane diodes and ferroelectric field-effect transistors it was
demonstrated that at low temperatures there is a finite conductivity [80–84]. This is in
strong contrast with the semi-classical approaches, where the conductivity is expected
to vanish when the temperature approaches absolute zero. The finite conductivity
at low temperatures originates from nuclear tunneling, which takes into account the
existence of absolute-zero ground-state oscillations that drive the tunneling of the
carrier between the initial and final state [85]. Based on this quantum mechanical
tunneling process Asadi et al. derived an analytical expression for the current density
in the absence of disorder [85]. The authors demonstrated that the renormalized
current-voltage characteristics of various polymers and devices at all temperatures
collapse on a single universal curve. The analytical description of charge transport
based on nuclear tunneling has been successfully applied for instance in studies of
isotope effects on charge transport [86], hopping dynamics [87], ‘band-like’ transport
[88], and transport parameters in organic semiconductors [89–91].

In another experiment, µ-sized organic diodes with very small areas were used
in combination with voltage pulses, which allows them to be biased at much higher
electric fields (400 MV m-1) than is possible for large area devices [92]. It was shown
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Figure 2.1: The charge carrier mobility dependence for three different hopping models. Miller-
Abrahams hopping and Marcus hopping both predict decreasing values for increas-
ing fields, while nuclear tunneling hopping (αK = 2) shows an increasing mobility.
The open symbols correspond to a charge density of 10−4a−3, while the closed
symbols represent data from 10−2a−3. On the x-axis, the electric field is divided by
the product of the lattice constant and the elementary charge. The inset represents
the electron transfer in a biased double quantum well. εi j is the difference between
the minima of the potential energy wells, λ is the reorganization energy and Hi j is
the tunnel splitting. The solid arrow indicates the semi-classical Marcus hopping

path while the dashed arrow represents nuclear tunneling. µ0 is given by ν0a2q
σ .

that the Miller-Abrahams based mobility model only describes the current voltage
characteristics at low voltages, but is inconsistent with the data in the high voltage
range [92]. At high voltages a power-law behavior was observed for the mobility as a
function of electric field that could not be reproduced by theory. In the semi-classical
approach of Miller-Abrahams at high electric fields, when all hops are down-hill, the
hopping rate is constant and the mobility decreases with increasing electric field (see
Fig. 2.1) [16]. For the Marcus theory the transition to the inverted region will lead to
mobility and current decrease at high electric field (see Fig. 2.1). Hence, both Marcus
theory and the Miller-Abrahams formalism predict dependences of the mobility
on electric field that are at variance with the experimentally observed behavior at
large bias voltages [17]. What is clearly missing is a model that explains the charge
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transport in disordered organic semiconductors over a wide range of temperatures,
carrier densities and electric field.

In this chapter, we use hopping rates based on nuclear tunneling to determine and
parameterize the dependence of mobility on temperature, electric field and charge
carrier density, and use the derived expressions to describe charge transport through
hole-only diodes based on poly(2-methoxy, 5-(2’ ethyl-hexyloxy)-p-phenylene viny-
lene) (MEH-PPV) at low charge carrier densities and high electric fields. We perform
numerical master-equation calculations that obtain a different charge carrier mobility
behavior of nuclear tunneling hopping rates at high electric fields compared to other
models (see Fig. 2.1). Together with the results of Asadi et al. for high carrier densities
[85], the excellent fits at a wide temperature- and field range in this paper demonstrate
that nuclear tunneling provides a uniform description of charge transport in organic
electronic devices.

In the nuclear tunneling process the shape of the potential is determined by the
coupling of the electronic charge to its nuclear environment. For the purely dissipative
case, as represented by semiconducting polymers, a compact rate has been derived in
the seminal work of Weiss et al. and Dorsey et al. [93, 94]. In the non-adiabatic limit,
this rate equation reduces to [85]:

k =
H 2

i j

ħ2ωc

( ħωc

2πkBT

)1−2αK
∣∣∣∣Γ(αT + i

εi j

2πkBT
)

∣∣∣∣2

×Γ(2αK)−1 exp(
εi j

2kBT
) (2.1)

where Hi j is the electronic coupling between initial and final state, εi j is the energy
difference between donor and acceptor states, αK is the Kondo-parameter describing
the coupling strength between charge and bath, ωc is the characteristic frequency of
the bath and Γ denotes the complex gamma function. When ħωc << kBT , Eq. 2.1 will
reduce to the Marcus expression.

2.2 Simulations

Given nuclear tunneling transfer rates, we determine and parameterize the depen-
dence of mobility on temperature T , electric field strength F and charge carrier density
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ρ. As the exact coupling between hop sites is unknown, Eq. 2.1 simplifies to:

ki j = ν0 exp(2αa + εi j

2kBT
)

∣∣∣Γ(αK + i
εi j

2πkBT )
∣∣∣2

Γ(2αK)
(2.2a)

ν0 = 1

ħ2ωc

( ħωc

2πkBT

)1−αK

(2.2b)

where α represents the inverse localization length assumed to be 10a−1 [12]. The
dependence of mobility on temperature T , electric field strength F and charge carrier
density ρ is determined by numerically solving the master equation [95]:∑

i 6= j
ki j pi (1−p j )−k j i p j (1−pi ) = 0, (2.3)

where ki j is the transfer rate from site i to site j , and where pi denotes the occupation
probability of site i . Subsequently, the master equation calculations are tabulated in an
interpolating table. This interpolating scheme is then implemented in a drift-diffusion
simulation to reproduce the experimental current voltage characteristics of disordered
organic diodes.

The simulation volume consists of a simple cubic lattice with periodic boundary
conditions and dimensions of at least 128×128×128, where each lattice point corre-
sponds to a hopping site. The average hopping distance a equals the lattice constant.
Each site has a specific energy level that contains contributions from both a Gaussian
distributed density of states with a standard deviation of σ, and an electric field of F

that is applied in the x-direction. The density of states is assumed to be uncorrelated,
which has been shown to describe semiconductor polymers better [14]. Moreover, for
large electric fields and concentrations, the impact of disorder disappears, and the
transport is not influenced by the shape of the density of states. Coulomb interactions
between charge carriers are neglected, as these should only become relevant for car-
rier densities exceeding 10−2a−3 [78]. Computational effort is reduced by limiting the
transitions to the 26 nearest neighbors. At high carrier densities, this results in a small
underestimate of the mobility that should not significantly affect our simulations
[96]. Figure 2.1 shows the field dependence of the charge carrier mobility for Miller-
Abrahams hopping rates, Marcus hopping rates, and nuclear tunneling hopping
rates that were calculated using the numerical simulation. For the semi-classical
Miller-Abrahams and Marcus hopping rates the mobility decreases with increasing
electric field. In contrast, the mobility based on nuclear tunneling shows a power-law
like increase at high electric fields.
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Figure 2.2: Dependence of mobility on temperature and carrier density for αK = 2 and F =
0.01σa−1q−1 V m-1. The lines are given by Eq. 2.4. µ0 is given by ν0a2q

σ . The inset
shows the electric field dependence of the mobility for two values of αK: for large
fields, the density dependence vanishes and the mobility is given by Eq. 2.5.

The calculations are performed for a wide range of parameters (σ = [0..10kB T ],
F = [0.01σa−1q−1..8σa−1q−1], ρ = [10−6a−3..10−1a−3] and αK = [2..6]). The temperature
and field dependence of the mobility for αK = 2 and F = 0.01σa−1q−1 is presented in
Fig. 2.2. The lines are fits to the mobility, following the universal mobility scaling
theory, as derived from percolation theory [97]:

µ(T ) = ν0 exp(−2αa −0.5σ2 +0.8σ)
|Γ(αK)|2
|Γ(2αK)| (2.4a)

µ(T,ρ) = µ(T )

ρa3 exp(EF(T,ρ)+0.5σ2) (2.4b)

where EF(T,ρ) equals the Fermi level for a certain temperature and carrier density.
The master equation results agree well with the percolation theory of Eq. 2.4, except
for charge carrier densities exceeding 10−2a−3. The good agreement indicates that
finite size effects do not occur for the range of parameters under consideration [73]. At
high electric fields, the density dependence disappears, and the mobilities approach a
power law that is given by:

µ(T,ρ,F ) = 2πν0 exp(−2αa)σ

F aΓ(2αK)

∣∣∣∣ F a

2πkBT

∣∣∣∣2αK−1

(2.5)
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Figure 2.3: Current voltage characteristics of MEH-PPV hole-only diodes with thicknesses of
40 nm, 80 nm and 115 nm measured at temperatures ranging from 175 K (pink sym-
bols) to 300 K (black symbols). The lines correspond to drift-diffusion simulations
based on a nuclear tunneling mobility model. All fits use the same values for αK, σ,
a and ν0.

The inset of Fig. 2.2 presents the mobility for different values of αK and ρa3, where
the lines correspond to Eq. 2.5. For clarity, mobilities for αK = 4 and αK = 2 have
been overlapped at low electric fields, by scaling the former with a constant. At high
electric fields, the mobility becomes independent of carrier density, and converges to
a power law that scales with αK. Furthermore, the onset of the field range at which
the mobility is described by Eq. 2.5 increases with increasing αK.

2.3 Methods

The hole-only diodes of Au/MEH-PPV/PEDOT:PSS were fabricated by our collabo-
rators, using the molecular junction test-bed, as previously described [92]. The area of
the devices was defined by means of openings with a diameter ranging from 1µm to
100µm in an insulating photoresist layer, by conventional UV lithography. The small
area of the diodes allows them to be biased at much higher voltages than what is
possible for large-area devices. The application of short voltage pulses further extends
the applied electric field range [92]. Furthermore, the diodes are defined in a matrix
of insulating photoresist, eliminating the problem of parasitic leakage. The current
density as a function of electric field for diodes with MEH-PPV layer thicknesses of
40 nm, 80 nm and 115 nm are presented in Fig. 2.3 [92]. The charge transport could be
measured over an electric field range of approximately 5 decades, from 0.01 MV m-1

up to 300 MV m-1, while the temperature was varied between 175 K and 300 K [92].
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This range is much larger than in typical devices, which makes the system suitable
for studying the charge transport dynamics in thin film devices. The data are plotted
for monopolar applied bias, but the transport characteristics were nearly symmetric
for negative and positive bias, showing that the highest occupied molecular orbital
(HOMO) of the MEH-PPV layer is well aligned with the Fermi level of the bottom
gold contact and the HOMO of the PEDOT:PSS top electrode.

2.4 Results / Discussion

The charge transport characteristics of space charge limited devices can be found
by solving the coupled continuity and Poisson equations [63]. These equations are
solved by a drift-diffusion simulation that contains a certain charge carrier mobility
model [18]. The mobility model allows our simulation to mimic the behavior of
disordered hopping transport in organic semiconductors. Although the mobility can
be described analytically at both low (Eq. 2.4) and high electric fields (Eq. 2.5), an
accurate description of the intermediate field range is lacking. Therefore, instead
of using an empirical relation that closely matches the master equation results, we
implement an interpolation scheme. The scheme is based on a linear interpolation
algorithm, and calculates the weighted average of the master equation results that are
close to the required F , ρ, αK and T . This approach avoids the introduction of fitting
errors.

Figure 2.3 shows the current voltage characteristics of MEH-PPV hole-only diodes,
for a range of temperatures between 175 K and 300 K. The lines correspond to drift-
diffusion simulations including the nuclear tunneling mobility model. All simulations
assume an a of 2.0 nm, a σ of 0.095 eV and αK of 3.0. Both contacts are Ohmic, and a
small amount of ionized p-type doping is added with a concentration of 1021 m-3. For
the low voltage range, the energetic disorder and hopping distance are comparable to
the values that are found using Miller-Abrahams mobilities [18]. For high voltages,
the measurements show that the temperature dependence in all devices disappears,
and that the currents are described by Eq. 2.5. The good agreement between the
experimental results and the simulation indicates that the devices satisfy space charge
limited theory. A deviation from the cubic thickness scaling is caused by the larger
charge carrier densities of thin devices [98]. Nuclear tunneling therefore, unlike
Miller-Abrahams and Marcus theory, can describe the experimental data throughout
the wide temperature and electric field range. All data are fitted with αK = 3.0, a value
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that is in very good agreement with experimentally obtained Kondo parameters for
organic semiconductors, ranging from 1.6 to 6.75 [85].

The coupling between the heat bath and the system are described by the spectral
density. For the Ohmic spectral density that is used in this work, the damping is fre-
quency independent up to the characteristic frequency ωc. For frequencies larger than
ωc, the coupling strength decays exponentially. The classical reorganization energy
associated with the bath, which is twice the polaron binding energy as schematically
indicated in the inset of Fig. 2.1, is given by λ= 2αKħωc. For a typical reorganization
energy of 0.6 eV, this leads to ωc = 0.1 eV. Equation 2.1 has been derived under the
condition that ħωc À kBT . For the low temperature FET measurements by Asadi
et al. [85], this assumption is indeed correct, but it fails for room temperature measure-
ments. This would lead to a saturation of the current at high electric fields, which has
not been observed. A possible explanation is an enhencement of the reorganization
energy for high electric fields [99, 100]. However, further investigation is required to
verify this assertion.

2.5 Conclusion

In conclusion, we performed Master Equation calculations to determine the depen-
dence of charge carrier mobility on electric field, charge carrier density, temperature
and Kondo parameter, using nuclear tunneling transfer rates. For high electric fields
nuclear tunneling theory predicts that the mobility is expected to converge to a
power law that scales with the Kondo parameter. We implemented these results in a
drift-diffusion simulation to describe the current voltage characteristics of MEH-PPV
small-area hole-only diodes. For large bias, the temperature dependence vanishes,
and all sweeps converge to a power law as predicted by nuclear tunneling. We
demonstrate that nuclear tunneling, unlike other semi-classical models, provides
a consistent description of the charge transport for a large bias, temperature and
carrier density range. The Kondo parameter that we extracted is comparable to previ-
ously determined values, suggesting that nuclear tunneling is a generic process that
describes charge transport in organic semiconductors.




