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Water is an omnipresent polar impurity that is expected to be the origin of many electric degradation
phenomena observed in organic semiconductors. Here, we describe a microscopic model for polaron formation
in the outermost layer of a pentacene crystal due to the polarization of a nearby water layer. The efficient
coupling of a classical force field that describes the liquid with a tight-binding model that represents the �

system of the organic layer permits the calculation of nanosecond length trajectories. The model predicts that
the reorientation of water dipoles stabilizes positive charge carriers on average by 0.6 eV and thus leads to a
polaron trap state at the liquid interface. Thermal fluctuations of the water molecules provoke two-dimensional
diffusive hopping of the charge carrier parallel to the interface with mobilities of up to 0.6 cm2 s−1 V−1 and
lead to an amorphous broadening of the valence-band tail. As a consequence, water-filled nanocavities act as
trapping sites in pentacene transistors. Instead, a complete wetting of the organic film is expected to result in
fast thermally activated hopping transport. Polaron trapping is thus not expected to be a limiting factor for
transistor-based sensors that operate under water.
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I. INTRODUCTION

One of the main hindrances to the application of organic
semiconductors in low cost electronics or sensing applica-
tions is their limited operational capacity under ambient con-
ditions. Mechanisms of degradation include redox reactions
involving water and oxygen,1 structural instabilities2 of the
organic film, or charge-carrier scattering and trapping due to
polar impurities.3 While the first two mechanisms can be
controlled via the redox potential of the organic semiconduc-
tor and its adhesion to the solid support, little is known about
how polarizable species, such as water, affect the charge-
carrier transport due to direct electrostatic interactions. A de-
tailed microscopic understanding of this effect is crucial in
the field of biosensors based on organic electronics where the
basic idea is that interactions between an aqueous protein
solution and charge carriers in the semiconducting film lead
to a specific change in conductive properties and thus induce
a signal.4 In general, the inhomogeneous electric field cre-
ated by polar impurities introduces disorder in the electronic
structure of the semiconductor and reduces mobility via car-
rier scattering.5 This static picture of the role of impurities is
overcome when polarization and thermal fluctuations are
considered. The effects should be especially important for
water where the rearrangement of dipoles might introduce
strong polaronic charge localization: a phenomenon that has
not yet been taken into account for the explanation of water-
related degradation of organic semiconductors.

In this study, we focus on the effect of water on charge
transfer through ultrathin layers of pentacene, which is typi-
cally measured in a thin-film transistor �TFT� setup. Penta-
cene represents one of the most intensely studied molecules
as the active organic layer in TFTs. Upon high-vacuum sub-
limation, pentacene molecules form highly ordered layered

films where molecules exhibit strong � stacking in-plane in-
teractions �viz., along the directions parallel to the film� and
weaker interlayer interactions. This leads to a large band dis-
persion in plane and consequently high carrier mobilities in
the range of 1 cm2 V−1 s−1 for polycrystalline TFTs �Ref. 6�
and 10–100 cm2 V−1 s−1 in highly purified single crystals.7

Recent experimental results demonstrated how water influ-
ences the device performance.8,9 Pentacene TFTs were ex-
posed to controlled amounts of humidity and a decrease in
conductivity was observed on a long time scale �hours�. The
findings could be partially explained by introducing a water-
related trap state at an energy of 0.43 eV. The slow trapping
dynamics were rationalized by the diffusion of water into the
hydrophobic film. Ab initio calculations have provided a mi-
croscopic model for this defect state in which a single water
molecule is intercalated into the pentacene film.10

As an alternative to a single water molecule impurity, one
has to consider water-filled nanocavities that may exist either
due to fluctuations of the pentacene surface or due to defects
at the dielectric interface.8,11,12 Atomic force microscopy
�AFM� reveals that the multiple stacking of monolayer ter-
races leads to topographical fluctuations at the surface of
ultrathin pentacene films.13 Traces of humidity are likely to
condense in the cavities formed by the topological minima
�see Fig. 1�C� box a�. In addition, water layers can be present
at the interface between the dielectric and the pentacene film
as evidenced by x-ray experiments for a silicon dioxide di-
electric �see Fig. 1�C� box b�.11 In both cases, strongly po-
larizable water is close to the lowest pentacene layers where
the charge accumulation occurs.14,15 As a consequence,
water-filled cavities may be responsible for the experimen-
tally observed decrease in mobility under humidity.11 Freez-
ing of water-filled nanocavities in thin films was also pro-
posed as a mechanism for the increased bias-stress stability
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at lower temperatures.8,12 Remarkably, recent experiments
demonstrated that TFTs based on pentacene14 or other or-
ganic semiconductors16 can be operated even fully immersed
in water as long as source-drain voltage is kept low to pre-
vent electrolysis. In this paper, we derive a theoretical model
that accounts for the influence of water on organic semicon-
ductors. Our conclusions are based on the simulation of a
pentacene monolayer that is in contact with a water layer.
The simulation box was chosen to represent the two cases
where water is in closest contact to the lowest conducting
sheets of a pentacene thin film �see Fig. 1� and where the
polaron trapping seems likely to influence the device perfor-
mance.

The influence of dielectric polarization on charge-carrier
mobility was recently studied in organic field-effect transis-
tor �OFETs�.17 As the majority of charge carriers moves
close to the surface of the organic semiconductor, polariza-
tion does not only affect the charge carrying phase but may
also extend into the nearby gate dielectric. By changing the
dielectric and its polarizability systematically, the researchers
proved the formation of small polarons.17 With increasing
permittivity, the charge carrier is more strongly coupled to
nuclear displacements in the dielectric. As a result, a de-
crease in mobility and a shift of its temperature dependence
from a metallic-like regime to thermally activated behavior
were observed. Since a water “impurity” layer has an even
higher permittivity than the gate insulators investigated in
that work, the polaron formation in the vicinity of water-
filled cavities can be anticipated.

The coupling of charge carriers to the nuclear motion
leads to the charge localization into polaron states, a process
that can be well described by model Hamiltonians.18 One
distinguishes typically between nuclear motions that take
place on the molecular parts where the charge is localized
�inner-sphere reorganization� and motions in the surrounding
�outer-sphere reorganization�.19 For the former, one has to

introduce a direct electron-phonon coupling, for example, in
the form of the Su-Schrieffer-Heeger model.20 The latter is
often described by the approximation of an effective polar-
izable continuum that surrounds the polaron and can be cast
into Hubbard-model-type Hamiltonians.21 Rearrangements in
both types of nuclear coordinates reduce the energy of the
charge carrier by the polaron binding energy EP. Its value
enters as an effective parameter in the model-Hamiltonian
approaches. In the absence of disorder effects, the localiza-
tion of charge carriers is then controlled by the ratio of the
polaron binding energy EP and the transfer integral VDA be-
tween donor and acceptor states. In the limit of strong cou-
pling �EP�VDA�, the polaron is localized on a single lattice
site and the transfer is described by thermally activated hop-
ping on the adiabatic energy landscape.

In contrast to the model-Hamiltonian approach, atomistic
models for the polaron formation in organic semiconductors
are sparse since the coupling between the numerous elec-
tronic and nuclear degrees of freedom requires a tremendous
computational effort.22 In addition, the geometry at the sur-
face of the organic crystal or film which is in contact with the
impurity is not known. Nevertheless, due to their possible
importance for device degradation, there is a need for micro-
scopic understanding of polaronic trap formation. For the
case of pentacene in contact with water, we derive such a
model in the present study. The essential simplification
comes from the division of the system into classical nuclear
degrees of freedom that belong to the water molecules �the
molecular mechanics �MM� part� and the electronic degrees
of freedom that are represented by the �-orbital system of
the pentacene layer �the quantum mechanical �QM� part�.
The strong polaron coupling energy justifies the adiabatic
approximation in our study and the nuclear coordinates can
be propagated in time considering only ground-state forces.
As a result, we do not only obtain values for polaron binding
energy and localization measures but also dynamic proper-
ties such as the time scale for water-induced polaron forma-
tion and diffusion.

II. THEORY AND METHODS

In our simulation, the pentacene film is constructed ac-
cording to the single-crystal structure published by Mattheus
et al.23 Although in pentacene thin films several different
unit-cell dimensions were observed we neglect the effects of
polymorphism in this work. A detailed comparison of band
structures and coherent charge transfer in different polymor-
phs was given by Troisi et al.24 However, the observed
changes in electronic couplings are small and it is not ex-
pected that they have a strong impact on the incoherent
charge-transfer mechanism that is studied here. To obtain the
film geometry, we multiply the crystal cell four times in the
a direction and three times in the b direction. Altogether the
film then consists of 24 pentacene molecules �see Fig. 2�b��.
As a simulation box, we use a supercell of the dimensions
a=24.96 Å, b=22.91 Å, and c=100.00 Å and the angles a,
b=90.00°, and c=84.68°. We apply the minimum image
convention. The large extension in the c direction inhibits the
interaction of the film with itself. On one side of the penta-

FIG. 1. �Color online� Possible water-filled cavities in pentacene
films. �a� Height profile of an ultrathin pentacene film as obtained
by AFM measurements and �b� according cross section at the indi-
cated position �dotted line in �a��. �c� Schematic cross section of a
film with possible water-filled cavities. The parts of the film that
correspond to the simulation cell are marked by boxes.
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cene film, we then introduce the water layer composed of
548 molecules in random bulk-water conformation as initial
geometry.

The classical MMs part of our simulation includes the
water film whose properties are described by the standard
SPC/E water model �a reparametrized version of the SPC or
simple point charge water model�.25 This model was chosen
for its simplicity and good agreement with experimental val-
ues for the surface tension and permittivity,26 which are cru-
cial for the studied phenomenon. Lennard-Jones-type van der
Waals interactions between water molecules and the penta-
cene film are evaluated according to the generalized Amber
force field.27 The electrostatic interaction with the quantum
system is described below.

The QM part contains the pentacene film. Its electronic
structure is calculated in the one-electron tight-binding ap-
proximation. The corresponding Hamiltonian has the form

Ĥ = �
i

��i + �i�ai
†ai + �

ij
�Vijai

†aj . �1�

Creation ai
† and annihilation ai operators act on a basis of pz

atomic orbitals �AOs� of carbon atoms �N=24�22� which is
assumed to be orthogonal. �i denotes the atomic site ener-
gies, which are here defined as �CH for hydrogen-bonded
carbon atoms. For the other carbon atoms in pentacene, we
introduce the parameter �CC. The electrostatic interactions
with the MM part of the simulation enter via the site poten-
tial �i �see below�. Electronic coupling between the atomic
orbitals is represented by the nondiagonal elements Vij. We
introduce two different parameters for intramolecular cou-
plings: VCC for � bonds between carbon atoms that are not
bound to hydrogen and VCCH for the remaining � bonds in
the pentacene molecule.

Parametrization of the atomic site energies �CC, �CH, and
the two intramolecular couplings VCC and VCCH is based on a
comparison to a DFT calculation on a single pentacene mol-
ecule at the Becke, three-parameter, Lee-Yang-Parr �B3LYP�
level with a split valence basis set �6–31G���, where the
root-mean-square �RMS� deviation between the DFT and TB
� orbital energy levels has been minimized. By considering
only the six �-orbital states closest to the highest-occupied
molecular orbital �HOMO�-lowest-unoccupied molecular or-
bital�LUMO� gap, the RMS value amounts to 0.053 eV. The
final parameter values obtained are �CH=−3.37 eV, �CC=
−3.32 eV, VCC=−1.77 eV, and VCCH=−4.23 eV. An as-
sessment of the quality of the parametrization beyond the
RMS value is possible. As the hole is created in the HOMO
of the TB model, this molecular orbital should exhibit a close
similarity to its DFT counterpart. In Fig. 2�a� we display a
graphical representation of the ab initio HOMO utilizing the
MOLEKEL program and the corresponding TB atomic-orbital
coefficients. We note that not only the sign of the atomic-
orbital contributions to the HOMO and its nodal structure are
well represented but the numerical values of the TB HOMO
also provide a very good description of the highest-occupied
DFT orbital.

The long-range intermolecular electronic couplings be-
tween pz orbitals are evaluated according to Slater-Koster
rules28 following a procedure already described by two of the
authors.29 We also adopt the same parametrization of the
distance dependence of the electronic overlap.29 The validity
of this parametrization for pentacene can be assessed by a
comparison with the experimental density of states ��DOS�
see below��. Matrix elements for the intermolecular coupling
were evaluated at the start of the simulation and then frozen.
In this way, we neglect nondiagonal disorder effects due to
the thermal motion of pentacene molecules. Although recent
calculations30 have suggested their possible impact on trans-
fer mechanism, we justify our simplification by the large
strength of the diagonal disorder introduced by the water and
the consequent localization of electronic states �see below�.
Due to our assumption of a stiff pentacene layer and the
neglect of the underlying � electrons, we do not include the
nuclear and electronic polarization of neutral pentacene mol-
ecules which affect the inner-sphere reorganization in charge
transfer. However, it was shown by photoelectron spectros-
copy and theoretical modeling that the inner-sphere reorga-
nization in pentacene is rather small EP

0 =	 /2=0.05 eV,
where 	 is the Marcus reorganization energy.31

In this study, the division between the QM and the MM
part is defined by the phase boundary between water and
pentacene and does not include any cuts through covalent
bonds. For the coupling between the two regions, we just
have to evaluate the electrostatic site potentials �i acting on
the AO basis and the charge distribution of the positive hole
that exerts an electrostatic force on water molecules. For the
former we apply the Coulomb potential,

�i = −
e2

4��0
�

j�MM

qj

rij
. �2�

Here qj denote the classical point charges of the SPCE water
model.32 The long-range part of Eq. �2� is calculated via

FIG. 2. �Color online� �a� Visualization of the highest-occupied
molecular orbital of pentacene: comparison between density-
functional theory �DFT� and parametrized tight-binding �TB� calcu-
lation. �b� Geometry of the simulation box representing the penta-
cene monolayer. The nearest-neighbor hoppings are indicated.
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particle mesh Ewald summation.33 As the total dipole mo-
ment of the simulation cell is small, we neglect a correction
that accounts for the slab geometry. To obtain the charge
distribution �qi�QM of the positive hole on the atomic sites i
of the pentacene film, we diagonalize the tight-binding ma-
trix. Here the adiabatic �Born-Oppenheimer� approximation
is justified because the polaron makes only short hopping
steps between neighboring sites whose electronic coupling is
sufficiently large. As the hole resides in the highest-occupied
eigenstate of the system, we calculate the point charges qi
from the atomic-orbital coefficients ci,N/2,

qi = ci,N/2
2 for i � QM. �3�

Following Hellman-Feynman theorem, forces between the
MM and the QM part arise only due to electrostatic interac-
tions between the hole charge distribution �qi�QM and the
SPCE water multipoles. We calculate them in a second
Ewald summation that now includes the QM charges �qi� and
the corresponding negative background charge.

Simulations were performed with a modified version of
the AMBER10 program,34 with additional modifications to de-
scribe the QM system. Initial geometries were subjected to a
100 steps steepest-descent minimization in the absence of a
positive hole. Molecular-dynamics �MD� trajectories were
then calculated with a time step of 2 fs in the NVT ensemble
using the SHAKE algorithm35 to constrain bonds involving
hydrogen. Temperature equilibration to 298 K was per-
formed by coupling to a Berendsen-type thermostat with a
coupling constant of 0.2 ps for 2.5 ps in the presence of the
positive hole. Productions runs were conducted for at least
400 ps with a coupling of 5.0 ps to the thermostat.

In order to characterize the localization of electronic
eigenstates 
, we calculate the radius of gyration RG in
which we use the electronic probability of occurrence ci,


2

instead of masses

RG = � 1

N
�

i�QM
ci,


2 �x�i − s�
�2	1/2
. �4�

The localization center of the eigenstate is denoted by s�
.
Taking the periodic boundary condition into account, it is
defined to be the point at which Eq. �4� reaches its minimum
value. To analyze the effects of the anisotropy of the penta-
cene film, we calculated also the spatial extension of the
eigenstate in the three pentacene unit-cell directions a ,b ,c
and denote them as RG,a, RG,b, and RG,c.

III. RESULTS

Even in the absence of a positive charge �electron hole�,
the unpolarized water layer has a profound effect on the elec-
tronic structure of the pentacene film. Figure 3 compares the
density of �-orbital states �DOS� in the simulation box in the
absence and in the presence of the water layer. In the undis-
turbed pentacene film, we observe a band gap of 1.93 eV and
the width of the valence band amounts to 0.30 eV. The values
are in reasonable agreement with the band gap of 1.8 eV and
the maximum band dispersion of 0.33+ /−0.04 eV as ob-
tained by photoelectron spectroscopy36 or first-principles

calculations.37 In contrast, the DOS of the film in contact
with water shows a significant broadening. The width of the
valence band now amounts to 0.55 eV and it shows amor-
phous band tails. The origin of the effect is in the diagonal
disorder introduced in the tight-binding matrix by the elec-
trostatic coupling to the water dipoles. The fluctuation of the
onsite potentials follows a Gaussian distribution with a stan-
dard deviation of ��=0.19 eV.38 As a consequence, the con-
tact to the dielectric layer leads to a symmetric level broad-
ening but does not change the Fermi level of the interfacial
electronic states ���F�0.03 eV�.39

Amorphous band tails of the pentacene valence band have
been deduced from photoconductivity measurements and
temperature-dependent FET conductivity measurements.40 In
agreement with the Urbach rule,41 the tails have been fitted
by an exponential decay of the form N�E�=N0 exp�−

E
�.
While values for N0 depend strongly on the crystal and de-
vice processing and vary by orders of magnitude, the decay
parameter 
 lies in the range of 5–25 eV−1. The same type
of analysis for the calculated DOS yields N0=3.4
�1021 cm−2 eV−1 and 
=9.0 eV−1. The calculated N0 can
be regarded as an upper limit. In the simulation, the DOS is
calculated only for a layer in contact with water while in
experiments the probed part of the film consists of a mix of
undisturbed pentacene layers and layers in contact with
water-filled nanocavities. In contrast to N0 the decay param-
eter 
 is independent of the amount of water cavities. Espe-
cially the good agreement with data deduced from pentacene
single-crystal FET measurements �
=9.3 eV−1� �Ref. 40�
suggests interfacial water cavities as a possible explanation
for the observed amorphous band tails.

The localization properties of the electronic states close to
the band gap strongly influence the conduction mechanism
through the perturbed film.42 In our calculation, we find that
the average spatial extension of the highest-occupied elec-
tronic state is in the range of the lattice spacing. Its average
radius of gyration amounts to �RG�=5.8 Å �see Table I�. As

FIG. 3. Density of states in the neutral pentacene simulation
box. �a� In the absence of water. �b� In contact with the water film
and averaged over a 200 ps trajectory. The dashed line marks the
Fermi level.
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the strength of the diagonal disorder in the tight-binding ma-
trix � exceeds the bandwidth, the system is in the regime of
strong Anderson localization.43 At this point we can already
deduce from the calculations of the neutral system that in the
presence of water, charge transport has to occur via thermally
activated hopping between localized states.

In addition to polar disorder, the polarization of nuclear
degrees of freedom leads to further charge localization and to
the formation of polaronic states. In our simulations, we
study this effect by removing an electron from the pentacene
film and thereby introducing a hole in the simulation cell.
The positive hole exerts an electrostatic force on the water
multipoles, the polarization of which in turn influences the
hole localization. We generated a trajectory for the coupled
QM-MM system by numerical propagation according to
standard MD techniques �updating the QM forces at every
time step�. The NVT ensemble is maintained due to the cou-
pling to a thermal bath. The algorithm is efficient enough to
allow us to compute QM-MM trajectories of several nano-
seconds length on a single processor in approximately 80 h.
Figure 4 gives a graphical representation of a snapshot ob-
tained from a typical simulation run. The charge distribution

of the positive hole is visualized in a color-coded fashion. In
this snapshot, the major part of the charge is located on three
pentacene molecules. The center of the polaron is slightly
shifted along the pentacene molecular axis toward the stabi-
lizing water layer. Below, we describe in greater detail those
polaron properties which are relevant for the device physics
of a pentacene organic thin-film transistor �OTFT� in contact
with water. Both the energetic stabilization and the time scale
of the polaronic trap formation are important here. Although
termed trap states, the polarons are expected to be mobile
because the strong water dipole fluctuations can thermally
activate them.

The electrostatic stabilization of the hole due to water
polarization is expressed by its contribution to the polaron
binding energy EPW,

EPW =
1

2 �
i�QM

�iqi, �5�

where qi and �i denote the quantum mechanical �QM�
charges and the electrostatic potential at carbon site i. Note
that the factor 1

2 originates from the assumed linear response
of water polarization. Deviations from the ideal linear behav-
ior might occur in the vicinity of polar surfaces such as sili-
con dioxide or due to ionic impurities. In both cases, the free
rotation of water dipoles is hindered with strong conse-
quences on the polaron binding energy. Neglecting these
nonlinear effects, Fig. 5 shows the increase in polarization
during the first 0.8 ps after the charge was introduced into the
pentacene layer for two representative simulations. It can be
seen that the energy of the hole is significantly reduced on
this time scale although it is strongly modulated by water
dipole fluctuations in the liquid phase. From the whole simu-
lation run �0.8 ns�, we calculate the average value of the
polaron binding energy to be EPW=−0.63 eV. Fluctuations
around the average value follow a Gaussian distribution �see
inset Fig. 5�. Its standard deviation equals the value for the
fluctuation of the onsite potentials �i ���=0.19 eV�.

The strong polaron binding can be rationalized by con-
tinuum electrostatics. The polarization discontinuity at the

TABLE I. Average spatial extension �RG� of the highest-
occupied electronic state in a pentacene molecule, a pentacene film
in contact with water, and a charged pentacene film in contact with
water. a, b, and c denote the directions of the pentacene unit cell,
where c points in the direction of the molecular axis.

Charge
�RG�
�Å�

�RG,a�
�Å�

�RG,b�
�Å�

�RG,c�
�Å�

Molecule, vacuum 0 3.8 3.3

film, water 0 5.8 3.3 3.7 3.3

film, water +1 5.3 3.0 3.2 3.3

FIG. 4. �Color online� Visualization of the polaron formation
due to the presence of a water film. Water molecules are shown as
stick models. Pentacene molecules are drawn as wire frames, omit-
ting hydrogens. The size and the color of the spheres represent the
partial charge of the carbon atoms. �a� Cross section through the
pentacene/water film. �b� Top view on the pentacene film omitting
water. �c� Color coding scheme. Black lines represent the simula-
tion cell.

FIG. 5. Decay of the polaron binding energy EPW due to reor-
ganization of water molecules after injection of the positive charge
into the pentacene layer at t=0. The solid and the dashed lines
represent two trajectories with different water initial configuration.
Inset: distribution of EPW at equilibrium.
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water/pentacene interface in the presence of a hole results in
an image force.44 In the approximation of a large distance z,
the classical expression for the image potential is written as

EPW =
e2

16��0z

�W − �P

�P��W + �P�
, �6�

where �W and �P are the permittivities of water and penta-
cene. The distance z corresponds to the position of the po-
laron center and we use z=6.5 Å. For the permittivity of the
outermost pentacene layer, we assume �P=1,45 for water we
use �W=78. Equation �6� then results in EPW=−0.55 eV. It is
also interesting to notice that the experimental value for the
polarization at the gold/pentacene interface46 is EPM =
−0.67 eV and thus fits quite well in the image charge inter-
pretation with �G→�.

A quantitative analysis of the time scales relevant for the
polaron formation can be obtained by the autocorrelation
function of the polaron binding energy �EPW�t�EPW�0��. Fig-
ure 6 reveals that the decay in correlation proceeds on two
different time scales. A fast vibrational process leads to a
fluctuating decay on the time scale of a few femtoseconds.
The long-time decay of correlation then shows a roughly
exponential form with a time constant of �=0.4 ps. Both
processes can be also identified as peaks in the correspond-
ing spectrum as calculated by the Fourier transformation of
the autocorrelation function �Fig. 6 inset�. A comparison with
the SPCE infrared �IR� spectra shows that the high-
frequency librational modes are stronger coupled to the hole
charge and the corresponding peak appears in the spectrum
at 844 cm−1.47 Its frequency can be regarded as an upper
limit for thermally activated polaron hopping �k0,max=2.5
�1013 s−1�.

To investigate hopping processes in our simulation, we
follow the center of the positive hole charge. The analysis of
the spatial extension of the polaron according to Eq. �4� pro-
vides a value for its localization center s�HOMO for each snap-
shot. Figure 7 shows an example for the trajectory of a po-
laron center over a time interval of 3 ps. The periodic
boundary conditions were compensated by unfolding the tra-
jectory. Movements in the two unit-cell directions parallel to
the film a and b are regarded separately. It can be seen that

the localization center shows fast fluctuations and from time
to time longer nonreversible jumps occur. Even longer dis-
tances of up to 10 Å are bridged within a few femtoseconds,
in which the localization center shifts constantly between the
initial and the final position. For a quantitative study of the
charge motion along the pentacene film, we monitored the
time dependence of the averaged squared displacement of the
polaron center in the two directions a and b �Fig. 7�B��. After
a short initial period ��0.5 ps�, the squared displacement
increases linearly with time and thus reveals diffusive behav-
ior. The diffusion coefficient can be extracted according to

2tDa = ��xa�t� − xa�0��2� . �7�

As we are here interested in electronic transport, we use the
Einstein-Smoluchowski relation to calculate values for the
mobility in the field free limit,

�a =
eDa

kBT
. �8�

From a linear fit we obtain �a=0.30 cm2 s−1 V−1 and �b
=0.63 cm2 s−1 V−1. The mobility values are close to the up-
per limit of an incoherent transfer mechanism, where the
hopping barriers between localization centers are no longer
the rate limiting factors, but—instead—the frequency of the

FIG. 6. Autocorrelation function of water-induced fluctuations
in the polaron binding energy EPW�t� and Fourier transform of the
fluctuations �inset�.

FIG. 7. Polaron diffusion. �a� Plot of an unfolded trajectory of
the polaron center along the two crystal directions parallel to the
film. At t=0 the center of charge is at position xa and xb=0. �b� The
averaged squared displacement in the two crystal directions parallel
to the film �a and b� is plotted as a function of time. The averaged
data are based on a 0.8 ns simulation.
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fluctuations in the electric field determines the rates.48 The
mobility values are also close to the best experimental values
measured in pentacene OTFTs.6 In addition, we observe an-
isotropic behavior in the mobility, where motion in the b
direction of the unit cell is faster.

To rationalize these findings, we quantify the spatial ex-
tension of the hole. Water polarization induces additional lo-
calization of the electronic states. On average, the radius of
the polaron RG is 5.3 Å, which is 0.5 Å less than the unpo-
larized case �see Table I�. Hence the charge contraction due
to the nuclear polarization is small compared to the disorder
effect. Comparison with the extension of the HOMO state on
a single pentacene molecule in vacuum �Table I� shows that
the charge is not completely localized on one molecule, as
often assumed for pentacene, but instead it extends to the
first neighbors of the highest charged pentacene molecule.
We find on average a charge of 0.56, 0.23, and 0.09 on the
three most charged pentacene molecules. The anisotropy of
the crystal structure is reflected in the spatial extension of the
hole in the three unit-cell directions a, b, and c. The hole is
continuously delocalized along the molecular axis in the c
direction, independent of the electronic disorder or polariza-
tion. In all three cases, the localization parameter RG,c
amounts to 3.3 Å. Instead the localization parameters in the
direction of the film RG,a and RG,b show stronger variations.
We find a reduced charge extension in the a direction, which
is attributed to the smaller electronic overlap between the
pentacene molecules in this direction and is in agreement
with the anisotropy observed in band-structure
calculations.24 These findings permit a first interpretation of
the simulated mobility values. Although the polaron is cen-
tered on one molecular center, nearly 50% of the total charge
are smeared out to neighboring pentacene molecules.49 The
magnitude of this effect is determined by the electronic cou-
pling VDA between a pair of pentacene molecules, which is
anisotropic due to their orientation in the crystal cell �for a
discussion of our calculated VDA values, see below�. We con-
clude that the spatial extension of the polaron and therefore
the electronic coupling influence the activation barriers EA
that have to be overcome in the observed hopping transfer.

In incoherent transfer, the height of the hopping barriers is
generally controlled by the dielectric surrounding, which
here is the water layer. The tunnel splitting Et at the transi-
tion state determines if nonadiabatic processes have to be
taken into account and is directly related to the electronic
coupling Et=2
VDA
. To quantify EA and VDA which control
the charge transfer between pentacene centers, we investigate
the free-energy surface on which polaron hopping occurs. As
the number of nuclear degrees of freedom is large, we intro-
duce a simplified reaction coordinate. The underlying idea is
that the nuclear degrees of freedom control the electrostatic
potential on the pentacene molecules. In addition, the center
of the hole charge resides on the molecule with the lowest
potential. As an effective reaction coordinate for transfer be-
tween a pair of molecules, we define the averaged difference
in electrostatic potential,

Qpq = ��i�q − ��i�p, �9�

where p and q denote the two pentacene molecules involved
in the transfer. The free energy is then calculated according
to Boltzmann’s equation,

�E�Qpq� = − kBT ln w�Qpq� . �10�

The probability w�Qpq� to find the system at the position Qpq
of the reaction coordinate was extracted from full QM-MM
simulations of 0.5 ns. For averaging we used an interval size
of 0.015 V. The resulting energy profiles for the six closest
pairs of charge transfer �as defined in Fig. 2�B�� are shown in
Fig. 8. �We note that for transfer 5 and 6, there are two
symmetrically nonequivalent possibilities in the film. How-
ever, the electronic couplings are nearly identical and we do
not distinguish them in our analysis.� All profiles have the
familiar shape of two harmonic potential-energy wells that
are separated by a barrier. The calculated values for EA are
listed in Table II. The curvature of the profiles changes only
slightly for the different transfers, but the location of the
potential minima and heights of the reaction barriers differ
between the transfer paths. Decreasing the distance between
the molecular centers brings the minima closer together and
reduces the barrier. This finding is attributed to spatial cor-
relations in the electrostatic potential �i. Changes in �i, due
to water polarization, occur on the sites where the hole re-
sides and also on neighboring molecules. This correlation

FIG. 8. �Color online� Free-energy profiles for the polaron hop-
ping in a pentacene layer in contact with water. Hopping steps
between different pairs of pentacene molecules in the film are con-
sidered. The distances between molecular centers are marked �see
Table II�.

TABLE II. Analysis of the different hopping steps as indicated
in Fig. 2. The distance d between the molecule centers and the
simulated hopping rate k are tabulated. Values for the activation
barrier EA and the electronic tunnel splitting Et stem from an analy-
sis of the free-energy surface.

Index
d

�Å�
k

�1012 s−1�
EA

�meV�
Et

�meV�
k0

�1012 s−1�

1 4.6 10.1 1.9 82.8 10.9

2 4.8 7.1 5.1 61.8 8.7

3 5.1 6.0 10.7 33.4 9.2

4 5.2 5.3 13.1 34.7 9.0

5 6.3 1.28 40.5 22.3 6.5

6 7.8 1.24 40.5 28.5 6.3
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increases with decreasing distance between charge donor and
acceptor. Hence electrostatic potential differences, as used in
the reaction coordinate, decrease and the minima in the pro-
file come closer. It has been shown for water that dipole
correlations span distances of up to 15 Å and clearly exceed
the range of charge-transfer processes considered here.50 In
this fact, we see a second reason for the low reaction barri-
ers. They are much lower than expected from a simple esti-
mation based on the polaron binding energy, where EA

EPW /2−VDA=0.3 eV.

The electronic tunnel splitting is given by Et
=��HOMO�−��HOMO−1�, where � denotes the eigenval-
ues of the tight-binding Hamiltonian at the transition state of
the charge transfer. Values for the transfer to the nearest
neighbors can be found in Table II. The values are in the
range of a few ten millielectronvolts and exceed in most
cases the size of the reaction barrier. We conclude that our
adiabatic approximation is justified. Our calculated values
are roughly a factor of 2 smaller than those predicted b in-
termediate neglect of differential overlap/screened approxi-
mation �INDO/S� or the extended Hückel approach.24 This
renormalization of the transfer integral due to polarization
and diagonal disorder is in agreement with the value pre-
dicted by Houili et al.44 The clear distance dependence of Et
in our data is rationalized by the electronic overlap that de-
creases exponentially with distance between atomic-orbital
centers. Deviations from this trend are attributed to the mu-
tual orientation of donor and acceptor and the nodal structure
of the molecular wave functions.

Finally, we use the calculated activation energies for a
comparison with a classical rate expression in the form k
=k0 exp�−EA /kBT�. Values for the transfer rate k can be ex-
tracted from the simulation when the molecule where most
of the hole resides is taken to be the localization center.
Whenever this center changes in the course of the simula-
tion, we count a hopping event. The values for k are listed in
Table II and are based on a 2 ns trajectory. Transfer to next-
nearest neighbors occurs in the simulation but is rare
���8 Åki=0.9�1012 s−1� and is neglected here. Using k and
EA, we compute the pre-exponential factor k0 which is also
tabulated in Table II. Its size is in the range of kBT /h as
predicted by the theory of the activated complex and below
the maximum frequency k0,max of the water dipole fluctua-
tions. Regarding the different transfer paths, a distance de-
pendence of k0 is observed which is attributed to spatial cor-
relations in the dipole fluctuations. A thorough analysis is
beyond the scope of the present paper.

IV. CONCLUSIONS

We presented an atomistic approach to the water-induced
charge localization in pentacene films, focusing on the top-
most charge transport layer exposed to the liquid. Orienta-
tional polarization of the liquid phase is described by a clas-
sical force field. Coulomb force couples the water dipoles to
the electronic structure of the semiconductor, which is elabo-
rated in the framework of a tight-binding model. The under-
lying structural model corresponds to a water-filled nanocav-
ity that is in contact with a crystalline pentacene monolayer

which contributes to the charge accumulation in an operating
FET. Our findings lead to the following experimentally rel-
evant conclusions.

�i� The presence of water induces amorphous band tails in
the semiconductor. The parameter 
 that characterizes the
exponential decay of the valence band into the band gap is in
good agreement with experimental findings.

�ii� Water polarization happens on a fast time scale ��
�0.5 ps� and eventually leads to a polaronic trap state with
an average binding energy of EPW=−0.6 eV. A slightly
stronger polaron binding of EPW=−0.8 eV was obtained by
Verlaak and Heremans51 using a more general microelectro-
static model to describe the interaction of a free rotating
dipole and a localized hole charge. Interestingly, also experi-
ments for several different organic semiconductors yield
similar values as an activation barrier in temperature-
dependent bias-stress measurements.12,52 Therefore, we sug-
gest that water-induced polaronic trap states might be in-
volved. Our result for pentacene can be generalized to other
organic semiconductors as the polaron binding energy de-
pends only on water polarization and the spatial extension of
the hole charge. The latter is believed to be generally in the
range of lattice dimensions, so similar to our observed value
of RG=5.0 Å. As a consequence, large variations in EPW are
not expected for different materials. However, we note that
the bias stress happens on a much slower time scale than the
processes observed here, and the full interpretation of the
phenomenon is still an open task.

�iii� The polaron remains highly mobile in the vicinity of
the water layer. We calculated mobilities in the range of
0.6 cm2 s−1 V−1 in the b direction and 0.3 cm2 s−1 V−1 in
the a direction of the pentacene unit cell. This high mobility
for an incoherent transfer mechanism is rationalized by the
strong correlated fluctuations of the water dipoles. In addi-
tion, the lateral delocalization of the polaron over a few pen-
tacene molecules leads to low barriers between donor and
acceptor states.

In conclusion, our calculations support the idea that
water-filled nanocavities deteriorate the device
performance.53 Charge carriers are trapped in polaronic
states at the water semiconductor interface. However, strong
dipole fluctuations in the liquid lead to charge mobility via
thermally activated hopping in the direction parallel to the
interface. This finding is important for the field of biosensors
based on OTFTs, where the organic semiconductor is im-
mersed in an aqueous analyte solution. We predict that even
in the absence of a capping layer, the incoherent transfer
should lead to mobilities that permit sensor operation with
reasonable response times and signal intensities. The adsorp-
tion of hydrophobic species to the pentacene surface is then
expected to abate the mobility due to a reduced electrostatic
coupling to the polaronic trap states.
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