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Wave Packet Dynamical Calculations for Charge
Transport of Organic Semiconductors: Role of

Molecular Vibrations and Trap Potentials

HIROYUKI ISHII,1,∗ NOBUHIKO KOBAYASHI,1

AND KENJI HIROSE2

1Faculty of Pure and Applied Science, University of Tsukuba, Tsukuba, Ibaraki,
Japan
2Smart Energy Research Laboratories, NEC Corporation, Tsukuba, Ibaraki,
Japan

We present a theoretical study of relationships between charge transport properties
and disorder in rubrene single crystals. We take into account two different types of
disorder, namely, intrinsic dynamical disorder due to intermolecular vibrations and
extrinsic static disorder. Then we evaluate the transport properties using our wave-
packet dynamical approach which gives us a unified theoretical description from hopping
to band transport behavior. We show that the mobilities are completely changed from
the intrinsic power-law temperature dependence to the thermally activated behavior by
introduction of the extrinsic trap potentials.

Keywords charge transport calculations; organic semiconductors; wave-packet dy-
namics

1. Introduction

Organic semiconductors are expected to be one of the candidate materials for printed
flexible electronics. To design novel organic molecular crystals with higher mobility, it is
very important to understand the charge transport properties from an atomistic viewpoint.
So far thermally activated behaviors of low mobility had been observed in experiments in
strongly disordered organic semiconductors. The transport properties can be understood as
hopping transport mechanism based on the Marcus theory. Recent rapid progress in crystal
growth technology enables us to fabricate pure single-crystal organic semiconductors and
to construct the transistors with high mobility up to ∼40cm2 V−1 s−1 at room temperature,
which exceeds the mobility of amorphous silicon.[1,2] The observed power-law temperature
dependence of high mobility[3] and the Hall effect measurements[4] support the band
transport theory.

A unified theoretical description from the thermally activated hopping-transport be-
havior to the band-transport behavior represents a very challenging problem. We have

∗Address correspondence to Dr. H. Ishii, Japan Science and Technology Agency (JST), PRESTO,
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Color versions of one or more of the figures in the article can be found online at
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Wave Packet Dynamical Calculations for Charge Transport 3

developed the time-dependent wave-packet diffusion method for covalent-bond crystals [5]
and for organic molecular crystals [6], where we evaluate the mobility using the real-space
Kubo formula based on the quantum wave-packet dynamics combined with the molecular
dynamics simulation. In our previous paper, we have studied the general transport properties
of one-dimensional model of organic semiconductors.[6] Then, to discuss the differences
among various kinds of organic semiconductors, we obtained the material parameters, such
as transfer energies, from density functional theory (DFT) calculations and studied the
intermolecular vibration effects on the intrinsic transport properties of two-dimensional
pentacene and rubrene single crystals.[7] The intrinsic transport properties of the materi-
als are determined by the dynamical disorder due to the molecular vibrations. Mobilities
observed in experiments are much lower than the intrinsic mobilities because the charge
carriers are scattered and trapped by extrinsic trap potentials, which inevitably exist in
actual devices in terms of impurities[8] and random-oriented dipoles in dielectric films.[9]
Since these extrinsic disorders depend on each device and/or its fabrication processes, it is
difficult to estimate theoretically these effects.

Therefore, in this paper, we deduce the realistic trap potentials from the experimental
measurement of electron spin resonance (ESR) spectrum.[10] We employ the trap potentials
and then study the effects of molecular vibrations and trap potentials on mobilities in rubrene
single crystals using our wave-packet dynamical approach. We show the change from the
hopping-like transport behavior to the band-like transport behavior in a unified way. These
calculated results imply that the competition between the intrinsic molecular vibrations
and extrinsic trap potentials provides an important clue to understanding the transport
mechanisms of realistic organic devices.

2. Calculation Method

To obtain the conductivities form the time-evolution of wave packets, we employ here
a quantum theory based on the time-dependent form of Kubo formula on the real-space
representation. This method can treat strongly disordered materials such as molecular
crystals, where the wave number is not a good quantum number. The conductivity along x
axis of materials with the volume � is given by,[5,11]

σxx = lim
t→+∞

+∞
∫

−∞
dE

(
df (E)

dE

)
q2T r

[
δ
(
E − Ĥe

)
�

{x̂ (t) − x̂ (0)}2

t

]
, (1)

where the Fermi distribution function for a carrier with charge q is represented by
f (E), and x̂(t) ≡ Û †(t)x̂Û (t) is the electron position operator along the x direction
in the Heisenberg representation. The Hamiltonian of charge carrier is defined by
Ĥe(t) = ∑

ij γij (t)(ĉ†i ĉj + ĉ
†
j ĉi) + ∑

i Vi ĉ
†
i ĉi , where γ and V are transfer energies be-

tween molecules and on-site potential. The carrier velocity vx and the mean free path
lxmfp, which are important in clarifying the transport characteristics, are obtained from
vx = lim

t→0

√
Dx(t)/t and lxmfp = lim

t→+∞ Dx(t)/vx , respectively, with the time-dependent dif-

fusion coefficient,

Dx (t) = 1

t

∫+∞
−∞ dEf (E) T r

[
δ
(
E − Ĥe

) {x̂ (t) − x̂ (0)}2
]

∫+∞
−∞ dEf (E) T r

[
δ
(
E − Ĥe

)] . (2)
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4 H. Ishii et al.

Figure 1. Schematic time-dependent behaviors of diffusion coefficients D(t) in ballistic transport
regime, diffusive-band transport regime, and (transient) localization regime.

As shown in Figure 1, the coefficient increases monotonically when the system is in
the ballistic transport regime, it saturates to a constant maximum value in the diffusive
band transport regime, and becomes zero when the system is in the insulating regime due
to Anderson localization. In fact, transient localization behavior, having an intermediate
character between the band states and the localization, has been observed in experiments of
organic semiconductors.[12] The diffusion coefficient is obtained as the long time limit of
the time-dependent diffusion coefficient, Dx = limt→+∞ Dx (t). When we approximate the
Fermi distribution functions in equations (1) and (2) as f (E) 	 exp (− (E − EF ) /kBT ),
we can extract the well-known Einstein relation as follows,

Dx 	 lim
t→+∞

kBT q2 ∫+∞
−∞ dE 1

kBT
e
− E−EF

kB T T r
[

δ(E−Ĥe)
�

{x̂(t)−x̂(0)}2

t

]
q2 ∫+∞

−∞ dEe
− E−EF

kB T T r
[δ(E−Ĥe)]

�

, (3)

	 kBT

q
μx, (4)

where the charge density and the carrier mobility are defined by qn ≡ q
∫

dEf (E)T r[δ(E−
Ĥe)/�] and μx ≡ σxx/qn, respectively.

To reduce the calculation cost, we compute the time-evolution operator Û (t) numeri-
cally using the Chebyshev polynomials Tn and the Bessel functions Jn,[5,11]

ei Ĥe (t)
�

�t =
∑

n

e−i a
�

�thni
nJn

(
−b�t

�

)
Tn

(
Ĥe (t) − a

b

)
, (5)

where the energy spectrum of Ĥe is included within the energy interval [a−b, a+b],
h0=1 and hn=2 (n ≥ 1). The Chebyshev polynomials obey the recursive relation of
Tn+1(x) = 2xTn(x) − Tn−1(x) with T0(x) = 1 and T1(x) = x. Furthermore we employ the
localized molecular-orbital basis set and finally perform the order-N conductivity computa-
tions suitable to study the transport properties of macroscopic materials from an atomistic
treatment.[5–7] Such large-scale calculations are needed to study the transport properties
under realistic low-trap densities.
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Wave Packet Dynamical Calculations for Charge Transport 5

The intrinsic charge transport properties of pure organic semiconductors are dominated
by the intermolecular vibrations, because the organic molecular crystals are formed with
very weak van der Waals interactions between molecules. To take the dynamical disorder
into account, we compute the time evolution of electron wave packets combined with
the molecular dynamics. We introduce the time-dependent electron Hamiltonian, which
is described as Ĥe(t) = ∑

ij γij (t)(ĉ†i ĉj + ĉ
†
j ĉi) where the ever-changing transfer energy

between i and jth molecules is given by γij (t) = γ 0
ij +αij�Rij (t). Here, γ 0 is transfer energy

at the molecular position at equilibrium. The change in bond length at time t is represented by
�Rij (t). The effect of molecular vibrations on the electronic states is introduced through the
coupling constant αij. The classical Hamiltonian of the intermolecular vibrations is defined
by Hv = ∑

i(1/2)M�Ṙ2
i (t) +∑

ij (1/2)Kij�R2
ij (t), where M and �Ṙ represent the mass

of single molecule and the velocity, respectively, and Kij is the elastic constant between
molecules. We control the kinetic energy at each time step to fix the temperature under
the condition,

∑
i(1/2)M�Ṙ2

i = (3/2)NkBT . For simplicity, the intramolecular vibrations
with high frequency are neglected in this work.

We extract the transfer energies γ , the elastic constants K, and the coupling constants
α, from DFT calculations including the van der Waals interactions at the DFT-D level [13]
with the Becke three-parameter Lee-Yang-Parr (B3LYP) functional in conjunction with the
6-31G(d) basis set.[14] To evaluate the interactions between the neighboring molecules,
we apply the DFT calculations to the dimers in the crystal structure. We assume that
the highest occupied molecular orbital (HOMO) and the next HOMO of the dimer are
described in terms of only the HOMO of the monomers. We obtain the 2 × 2 secular
equation HC = ESC, where H is the Hamiltonian matrix of the dimer and S is the overlap
matrix. Applying Löwdin’s symmetric transformation, we obtain the effective Hamiltonian
of the dimer. The off-diagonal element corresponds to the transfer energy γ between
monomers.[15] The coupling constant α is defined as the rate of change in transfer energy
when the intermolecular distance is changed around the equilibrium position. We can
estimate the elastic constant between i and jth molecules Kij by fitting to the expression
�E = (1/2)Kij�R2

ij , where the change in energy �E is obtained by
∑

k �Edim
ik (�Rij ).

Here, �Edim
ik is the change in total energy of dimer formed by i and kth molecules. The

obtained parameters of anisotropic two-dimensional rubrene single crystal are reported in
our previous paper.[7] We employ rubrene single crystals of 500 × 300 unit cells, where
the size of unit cell is 7.18Å × 14.40Å in the present paper. The number density of charge
carriers in the crystal is fixed at 1012 cm-2.

3. Results and Discussion

3.1. Intermolecular vibration effects on transport properties of rubrene single crystals

First, we study the temperature dependence of intrinsic mobility of rubrene single crystals,
excluding extrinsic static disorder. The obtained mobility is a possible maximum value.
Black circles in Figure 2(a) show the calculated intrinsic mobilities as a function of tem-
perature. The mobility decreases monotonically with increasing temperature because the
charge carriers are scattered by the intermolecular vibrations. The obtained power-law
temperature dependence of mobility implies an apparent evidence of the band-like trans-
port.[3] The exponent n of T−n dependence takes a value n 	 1.2. There is a similarity
between the calculated results and those by Troisi[16] and by Fratini and Ciuchi[17]. In
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6 H. Ishii et al.

Figure 2. (a) Calculated mobility along x axis (the maximum mobility direction) as a function of
temperature in rubrene single crystals. The intrinsic transport properties, where the charge carrier is
scattered by the molecular vibrations, are shown by circles while the trap-dominated mobilities are
shown by triangles. (b) Time-dependent behaviors of diffusion coefficients when the system has no
disorder (blue), dynamical disorder by molecular vibrations at 300K (green), and dynamical and trap
potentials at 200K (orange). (c) Mean free paths normalized by the lattice constant 7.18Å along x
direction as a function of temperature. Broken line represents that the mean free path and the lattice
constant are the same length.

Figure 1, we have already shown the schematic time-dependent behaviors of D(t) in var-
ious transport regimes. The calculated Dx(t) exhibits a typical characteristic of diffusive
band transport, which is shown by the green line in Figure 2(b). The mean free path is
also important to understanding the transport mechanism because if the mean free path
is equivalent to or shorter than the lattice constant the concept of wave nature of charge
carrier breaks down. Black circles in Figure 2(c) show the ratio of the mean free path
to the lattice constant. The broken line represents that the mean free path and the lattice
constant become the same length. We see that the mean free path reaches ten times longer
than the lattice constant at around room temperature. The calculated results support the
possibility of band-like behavior in the intrinsic transport when extrinsic trap potentials are
absent.

3.2. Trap potential effects on transport properties

Then, we study how the introduction of extrinsic trap potentials affects the transport proper-
ties. Different from dynamical disorder originating from molecular vibrations, it is difficult
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Wave Packet Dynamical Calculations for Charge Transport 7

Figure 3. (a) A part of spatial distribution of on-site trap potential energy in the rubrene single crystal.
One molecule is represented by a circle. Red circles correspond to the delta-function potential. (b)
Calculated density of states of the HOMO band. (c)-(e) Probability amplitudes of wavefunctions at
E = 0.236, 0.260, and 0.298 eV, respectively. (f) Computed number of states as a function of spatial
extent of holes in rubrene single crystals with trap potentials.

to estimate extrinsic trap potentials, because its microscopic origin has not been specified
yet and depends on each device. Recently, to clarify the electronic states in organic thin film
transistors, the ESR spectrums have been measured at low temperature.[10,18] Analysis
of the ESR spectrums shows that trap states comprise two localized states with a spatial
extension of a few molecules and a continuous distribution of weakly bound states that
extend over 6 molecules.[10] Therefore, we introduce the on-site trap potentials Vi consist-
ing of spatially-uniform disorder potentials V G

i with Gaussian distribution having energy
width WG and delta-function potentials with the potential depth V d . Here, we set WG =
0.02 eV, Vd = 0.2 eV and the number density of delta-function potential is set to 1% of
the all site. We show the spatial distribution of on-site potentials in Figure 3(a). One circle
corresponds to a single molecule. The delta-function potentials Vd are located on red circles.
The calculated density of states (DoS) of HOMO band and the wavefunctions at E=0.236,
0.260, and 0.298 eV are shown in Figures 3(b) and 3(c)–(e), respectively. We see that the
in-gap states at around E=0.3 eV in Figure 3(b) are strongly localized states at the delta-
function potentials Vd, as indicated by arrows in Figures 3(a) and 3(e). Figure 3(d) shows
the HOMO band-edge state, which is weakly bound in the Gaussian-distributed disorder
potentials VG. The states inside the HOMO band extend over the entire crystal as shown
in Figure 3(c). We evaluate the spatial extent of nth wavefunction with the eigenenergy
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8 H. Ishii et al.

En by

Nn =
∑

i

1∣∣Cn
i

∣∣4 δ (E − En) (6)

where Cn
i is the probability amplitude on ith molecule. Figure 3(f) shows the number of

states as a function of spatial extent N of the all wavefunctions in rubrene single crystals
with trap potentials V . The obtained number of states as a function of N is composed of
two peaks at N∼3 and 4.5, respectively, and a broad feature. Two peaks originate from
the strongly localized states in delta-function potentials, while the continuous distribu-
tion comes from weakly bound states in Gaussian distributed potentials. This result is
in agreement with experimental data from the ESR measurements of organic thin film
transistors.[10]

Then, using this potential, we investigate the extrinsic trap-potential effects on the
charge transport in rubrene single crystals. The temperature dependence of calculated mo-
bilities is shown by triangles in Figure 2(a). The existence of the trap potential decreases the
mobility significantly from 206 cm2 V−1 s−1 (no trap potentials) to 62 cm2 V−1 s−1 around
300 K. Furthermore, the temperature dependence of mobilities is completely changed from
the power-law behavior to the thermally activated behavior in low temperature regime (T
< 300 K). The activation energies are estimated as 14.2 meV from the Arrhenius plot
of calculated mobilities within the temperature window between 150 and 300K. We also
see the temperature independent mobilities at around room temperature, which has been
observed in experiment.[19] The calculated mobility is slightly larger than the maximum
value observed in experiment[1] because, for simplicity, we omitted the polaron forma-
tion effects, intramolecular vibrations and so on in this work. However, our calculation
method is useful to study the charge transport properties of organic semiconductors. In fact,
the calculated D(t) suggests the change in transport mechanism. As shown by the orange
line in Figure 2(b), the calculated D(t) increases at short times and then shows a negative
slope after taking maximum value at 0.65 ps. The negative slope implies the occurrence
of backscattering underlying the phenomenon of carrier localization. The calculated mean
free paths, shown by triangles in Figure 2(c), are equivalent to the lattice constant at low
temperatures. Therefore the concept of wave nature of charge carrier breaks down and the
hopping-like transport process is valid, when extrinsic trap potentials are introduced. This
result is consistent to the thermally activated behavior of mobility. Although analysis of
detrapping process is an important issue to understand hopping transport mechanism, it is
hard to discuss correctly the rare detrapping events in the time scale of quantum dynamics
simulations.

4. Summary

In summary, we present a theoretical study of the relationships between transport properties
and disorders in rubrene single crystals. We consider the two different disorders, namely,
intrinsic dynamical disorder due to intermolecular vibrations and extrinsic static disorder
(trap) potentials deduced from the ESR measurements. Then we evaluate the transport
properties using a wave-packet dynamical approach based on the real-space Kubo formula,
which gives us a unified theoretical description from hopping to band transport mechanism.
Introduction of the extrinsic trap potentials decreases the mobility at room temperature from
206 cm2 V−1 s−1 to 62 cm2 V−1 s−1, which is comparable to the maximum value observed
in experiment. Furthermore, we show the change of temperature dependence of μ from the
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Wave Packet Dynamical Calculations for Charge Transport 9

band-like transport behavior to the hopping-like transport behavior by introduction of the
trap potentials. These calculated results imply that the competition between the molecular
vibrations and extrinsic trap potential provides an important clue to understanding the
transport mechanisms of actual organic devices.
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