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We present a theoretical study of electron transport in �-stacked polythiophene multilayers �with varying
number of layers L� sandwiched between Au�111� electrodes in a geometry of flat molecular layers lying
parallel to the electrode surface, as suggested by recent experiments. We use a method based on the local
density approximation of density functional theory and implemented in the framework of the tight-binding
linear muffin-tin orbital approach in its atomic sphere approximation. A fully atomistic description of the
electrodes and the nanosystem is used, and the self-consistent charge and electrostatic potential for the system
under applied bias are calculated using the nonequilibrium Green’s function approach. For a small number of
layers, metal-induced gap states render the molecular film metallic, while for thicker films, the conductance
decreases exponentially with the number of layers, ��G0 exp�−0.81�L−3.4��, indicating semiconductorlike
behavior; the transition between these two regimes occurs at a film thickness of 20 Å �L�6�. This length scale
originates from the decay length of the gap states �4.24 Å� and the “band bending” in the multilayer. For L
=1, the current depends linearly on applied voltage, while at L�1, current is nonlinear, reflecting strong bias
and energy dependence of the transmission function due to formation of the band gap near the Fermi energy.
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I. INTRODUCTION

Thin films of semiconducting polymers have been studied
as promising materials for many technological
applications,1–7 including organic light emitting devices, thin
film transistors, photovoltaic devices, and sensors. Important
factors in these applications are the efficiency of charge in-
jection at organic/metal interfaces and the subsequent charge
transport through the polymeric films. Addressing these is-
sues requires a fundamental understanding of the electronic
structure of organic/metal interfaces and of transport of elec-
trons through stacks of molecular layers.

In the present paper, we use nonequilibrium ab initio cal-
culations to study the electronic transport properties of ultra-
thin polythiophene films in contact with metals, for which
the structure is well understood experimentally. Poly- and
oligothiophene thin films are attractive because they have
good chemical stability and, among organic materials, excel-
lent electrical transport properties due to the �-electron sys-
tem delocalized along the one-dimensional polymer back-
bone. Very clean films can be fabricated ranging from a
single monolayer to thick films, and their properties can be
chemically tuned for specific applications.5–10 While much
work has focused on hopping transport through disordered
polymeric films at high temperatures, electronic transport
through ultrapure well-ordered polymeric films at lower tem-
peratures occurs in the band regime instead.11 This regime is
the focus of the present paper.

It has been experimentally shown10,12–15 that thin oligoth-
iophene films form flat molecular layers parallel to metal
surfaces, and such order is stable in a range from a few10 and
up to 12 layers.13 Central questions for charge injection and
transport are as follows: What is the impact of the metal on
the electronic structure of the polythiophene? What is the
band alignment near and far from the organic/metal inter-
face? What are the important length scales determining the
properties of the thin films, and what is their origin? What is

the conductance of such films, and how does it depend on the
film thickness?

To answer these questions, we consider a system of poly-
thiophene �PT� flat layers �with number of layers, L
=1,2 , . . . ,12� arranged parallel to the �111� gold electrodes
�see Fig. 1 for unit cell of the system with L=2�. Thus, we
study electron transport in the direction perpendicular to the
thiophene rings �z axis in Fig. 1�. We note that although
semiempirical16,17 and ab initio18 approaches have been used
to calculate the conductance of molecules with varying
lengths, all of these studies were performed for molecules
attached by both ends to electrodes, with current flowing in
the plane of the molecule. The present study investigates the
dependence of conductance on the number of layers of mol-
ecules arranged in planes parallel to the electrode surface,
with current flowing perpendicular to the molecular plane.

The paper is organized as follows. In Sec. II, we describe
the method used. In Sec. III, we present computational de-
tails. In Sec. IV, we present the transmission functions at
different bias voltages and different numbers of layers and
current-voltage characteristics of the system and discuss the
results. Conclusions are presented in Sec. V.

II. THEORETICAL METHOD

By nature, a first-principles quantum-mechanical ap-
proach is necessary for calculation of the transmission coef-
ficient T�E� and current-voltage �I-V� curve of a nanosystem
because quantum effects dominate the transport properties at
the nanoscale. In this paper, we use the nonequilibrium
Green’s function �NEGF� approach that we developed and
implemented recently19 based on tight-binding linear muffin-
tin orbital method in its atomic sphere approximation
�TB-LMTO-ASA�.20 Our approach is an all-electron ab ini-
tio method that treats electrodes and the nanosystem between
the electrodes on the same �fully atomistic� footing. The ad-
vantage of the tight-binding formulation of the LMTO-ASA

PHYSICAL REVIEW B 76, 125108 �2007�

1098-0121/2007/76�12�/125108�6� ©2007 The American Physical Society125108-1

http://dx.doi.org/10.1103/PhysRevB.76.125108


method is that effectively, only a few nearest neighbor atoms
interact with each other, thus making numerical computa-
tions very efficient. The CPU runtime scales linearly with the
number of molecular layers L.

The system is divided into three regions: the right elec-
trode, the central region, and the left electrode. All charge
and electrostatic potential relaxation is assumed to occur in-
side the central region, which includes a few atomic layers of
each physical electrode, while the left and right electrode
regions are assumed to have bulk charge distributions and
potentials. This condition can be checked by including more
metal layers in the central region. Right and left electrodes
are assumed to be in thermal equilibrium with chemical po-
tentials �R and �L, correspondingly, whose difference deter-
mines the applied bias �R−�L=eV.

In our calculations, we first determine the self-consistent
bulk charge density and electrostatic potential distribution
for each electrode separately. The local density approxima-
tion of the density functional theory is used to define the
electrostatic potential. Next, the self-consistent charge den-
sity and potential distribution are obtained for the whole sys-
tem for each applied bias voltage. The transmission function
is then calculated, and current is obtained by using the Lan-
dauer formula at zero temperature,

I�V� = G0�
�L

�R

T�E,V�dE , �1�

where G0=2e2 /h is the quantum of conductance. Here, we
show explicitly the dependence of the transmission coeffi-
cient T�E ,V� on applied voltage V in order to stress that it is
calculated for a nonequilibrium open system whose charge
density and electrostatic potentials are found self-
consistently by using the NEGF technique.19

III. COMPUTATIONAL DETAILS

The central region of the system we are interested in con-
sists of three Au�111�-�3�3� layers, the L layers of poly-
thiophene molecules lying parallel to the Au surface, and

then three more Au�111�-�3�3� layers. The semi-infinite
left and right gold electrodes are attached to the ends of the
central region. An example of the central region unit cell
with two polythiophene layers is shown on Fig. 1. The cell is
assumed to repeat itself periodically in the xy plane along
translation vectors a1 and a2 as shown in Fig. 2. Note that
translation along a1 produces a chain polythiophene mol-
ecule that is infinitely long along the x axis. The gold atoms
are assumed to be in their bulk positions. �It has been shown
for a benzene dithiol �BDT� molecule attached to the
Au�111� surface19,21,22 that relaxation of gold layers is unim-
portant for transmission and current calculations.�

Atomic positions of polythiophene molecules and relative
positions of the molecules and gold surface were determined
as follows. First, we found the equilibrium positions of at-
oms in a single chain polythiophene molecule by using the
VASP molecular dynamics program,23 assuming that the mol-
ecule is flat. Then, with fixed coordinates of atoms inside
each molecular layer, we determine the xy shift of molecular
planes for adjacent layers and the z distance between the
layers by minimizing the total energy in VASP. In this proce-
dure, we keep the y distance between molecular chains
within the same layer large enough so the interaction be-

FIG. 1. �Color online� �a� The
unit cell for simulation of trans-
port properties of PT layers �illus-
trated for L=2� coupled to two Au
�111� surfaces. The cell is re-
peated in the xy plane. Semi-
infinite gold leads �not shown� are
attached to the cell. �b� Equilib-
rium atomic positions in the xy
plane of the first PT layer and first
layer of gold. Positions of gold at-
oms are shown by dots; positions
of molecular layer atoms are
shown by connected lines. a1 and
a2 are translation vectors of the
unit cell in the xy plane. Four xy
unit cells are shown.
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FIG. 2. �Color online� Current as a function of bias voltage for
L=1, 2, and 6. Inset shows current for L=6 in greater detail.
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tween different chains in the same layer is negligible. We
found that adjacent layers are at equilibrium if they are
shifted by 0.81 Å in the x direction and by 1.42 Å in the y
direction relative to each other. The equilibrium distance be-
tween flat molecular layers equals 3.31 Å, in agreement with
the experimental value of 3.3 Å.13

Next, we rotate the Au�111� surface in the xy plane in
order to map the translation vector of the molecule to the
closest translation vector of the Au �111� surface. The trans-
lation vector a1 of the Au�111� surface shown in Fig. 1 is the
closest one, with a mismatch of 1.5%. To create a manage-
able unit cell, we uniformly compress the x coordinates of
the PT molecule by 1.5% so that its translation vector along
the x axis fits the translation vector a1 of the Au �111� surface
�as shown previously for BDT, such small variations in the
atomic positions of the molecule do not affect the results
appreciably19,22�. Translation vector a2 is chosen in such a
way that the unit cell of one Au layer contains nine Au at-
oms. We found that results for the transmission functions and
current do not change significantly if we vary the xy cell size
by choosing the a2 vector such that one Au layer contains
seven, eight, or nine Au atoms. We also checked that results
do not change appreciably if we include an extra Au layer at
each end of the central region.

Finally, we find the xy position of a single molecular layer
relative to the Au �111� surface and the z distance between
them by minimizing the total energy in VASP. The resulting
relative positions of Au atoms and atoms of the molecular
layer are shown in Fig. 1. The equilibrium z distance is
3.08 Å. Several other relative xy positions were checked,
simulating the shift of the molecular layer relative to the gold
surface. It was found that the transmission function at the
Fermi energy for such shifts in the case of L=1 changes by
less than 10% and the overall shape of the function does not
change significantly.

The atomic sphere approximation assumes that all space
is filled by �overlapping� spheres and that the volume of the
interstitial region vanishes. In order to fill the vacuum space
between Au electrodes with spheres, we used the Stuttgart
LMTO-ASA program.24 This program fills space by empty
spheres using the following criteria: the sum of the volume
of all spheres should be equal to the volume of all space, the
average overlap between the spheres should be minimal, and
the radii of all spheres should be chosen in such a way that
the spheres overlap in the region close to the local maximum
of the electrostatic potential. The choice of the empty sphere
packing structure is not unique. This is the main drawback of
the ASA when applied to systems that contain large vacuum
regions. On the other hand, for a large enough number of
closely packed empty spheres, the results only weakly de-
pend on the empty sphere packing structure. In our case, in
addition to 54 Au atomic spheres and 14�L polythiophene
atomic spheres, we used from 70 to 110 empty spheres per
molecular layer to fill the vacuum space in the central region
in order to confirm the appropriateness of the empty sphere
packing structure.

We use an n�n grid in the surface Brillouin zone �SBZ�,
where n is the number of k points along each translation
vector of the SBZ. Our results are well converged for n
=10 for calculation of the electronic structure. In order to get

well converged results for the transmission function, we in-
crease the number of points to n�40.

IV. RESULTS AND DISCUSSION

Current-voltage I-V characteristics of the molecular layer
were calculated for one, two, and six PT layers for bias volt-
ages ranging from −1.36 to 1.36 V. The I-V curve for these
cases are shown in Fig. 2. As the figure indicates, current
significantly decreases with increasing number of layers L
and qualitatively changes from linear to nonlinear. To explain
the origin of this behavior, we consider the transmission
probability as a function of energy.

The transmission function for L=1 is shown in Fig. 3�a�
for 0 and 1.36 V bias. The zero of energy in this figure
represents the Fermi energy �EF�, or ��L+�R� /2 when finite
bias is applied. It is seen that for L=1, the transmission func-
tion close to EF is rather featureless: it weakly depends on
energy and applied bias. Therefore, the current shown in Fig.
2 for L=1 is linear. Since bulk polythiophene is a semicon-
ductor with a 0.5 eV band gap for the studied geometry, the
metalliclike behavior of the single PT layer system denotes
strong interaction with the gold leads.

The transmission for two molecular layers is shown in
Fig. 3�b� as a function of energy for 0 and 1.36 V bias. The
band gap of bulk polythiophene is starting to form, as evi-
denced by the dip in the equilibrium transmission near
+0.6 eV. This dip in the equilibrium transmission splits into
two dips when a bias voltage is applied. For a 1.36 V bias,
the energy difference between the minima of these two dips
is �0.5 eV in correspondence with the �0.5 V difference of
the average induced electrostatic potential between the two
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PT layers �the induced potential is a smooth function of the
coordinate z, with an almost linear behavior between the
gold electrodes, and is well screened in the lead regions�.

The calculated I-V curve for L=2 shows a nonlinear be-
havior because the transmission depends more strongly on
both the energy and the applied bias compared to the L=1
case. For L=2, the decrease of the differential conductance
with increased voltage in the range from 0.5 to 1 V is ex-
plained by a decrease of the transmission away from the
small peak near +0.2 eV and also by the general decrease of
transmission near EF with increasing bias. The differential
conductance begins to increase at biases above 1 V when a
small peak at +0.7 eV begins to enter the integration window
of Eq. �1�.

The transmission for the L=6 system is shown in Fig. 3�c�
as a function of energy for 0, 0.34, and 1.36 V bias. The
thickness of the PT film is large enough to allow a band gap
in the central layers, resulting in a small equilibrium trans-
mission in the energy region from +0.1 to +0.4 eV. The
equilibrium transmission strongly depends on energy: it rap-
idly decreases from a local maximum at −0.15 eV to almost
zero at +0.15 eV. Also, the transmission for L=6 strongly
depends on applied voltage: already at V=0.34 V, the trans-
mission near EF is two times smaller then at zero bias. Such
a strong dependence of the transmission near EF on applied
bias is related to the fact that at zero applied bias, EF is
located at the edge of the band gap, where the density of
states �DOS� rapidly varies with energy, so the response to
applied bias is more pronounced for L=6 than for L=1 or
L=2, where the DOS at EF is smoother. The fast decrease of
the transmission near EF with bias results in strongly nonlin-
ear behavior of the current, with a decreasing differential
conductance starting at 0.2 V �see inset in Fig. 2� that corre-
sponds to the characteristic energy scale over which the DOS
near EF changes. The density of states projected on the PT
layer closest to the middle of the film for systems with L
=1, 2, and 6 is shown in Fig. 4 at zero bias voltage. It is seen
that the projected density of states �pDOS� as a function of
energy is similar to the shape of the transmission function
with the band gap formation and shifting of the gap closer to
the Fermi energy while going from L=1 to L=6.

For L=1 and L=2, the broad peak in the equilibrium
transmission in the range from −3 to −1.5 eV corresponds to
occupied molecular orbitals broadened by interactions with
gold. For L=6, this broad peak splits into several narrow
peaks because of the presence of inner bulklike layers that
weakly interact with the gold leads. When finite bias is ap-
plied, different molecular layers are at different electrostatic
potentials and the energy levels of molecular states localized
inside a layer are shifted in accordance with the average
induced potential of the layer. These shifts result in a loss of
resonant transmission through the molecular states of all six
layers, so the transmission decreases with increase in applied
voltage bias as seen in Fig. 3�c�.

In order to study the dependence of the conductance �
=G0T�EF ,V=0� on the number of molecular layers, we cal-
culated the equilibrium transmission in the region near EF for
up to 12 molecular layers. The equilibrium transmission for
these L �except L=1� is shown in Fig. 5�a� as a function of
energy. As the number of layers increases, a band gap is

formed and the Fermi level is eventually located in this band
gap. L=6 is roughly the thickness of the PT thin film at
which the system makes a transition from two different re-
gimes: a “metallic” regime, where EF is clearly outside the
band gap �L�5�, and a “semiconducting” regime, where EF

is clearly inside the band gap �L�7�. The transmission data
points from Fig. 5�a� are presented in Fig. 5�b� on a logarith-
mic scale as a function of L. For a semiconductor, the trans-
mission should depend exponentially on the thickness of the
layer, and this is observed for energies in the band gap �e.g.,
E=EF+0.21 eV� for the PT thin film. However, for the con-
ductance, what matters is the transmission at the Fermi en-
ergy: we find that this transmission only obeys an exponen-
tial form starting with L=6. In a sense, one can say that the
PT thin film undergoes a metal-semiconductor transition at
L�6. A linear fit of ln�T�EF�� for L�6 is shown in Fig. 5�b�
as a dashed line; we obtain the large L asymptotic conduc-
tance ��G0 exp�−0.81�L−3.4��.

To gain a physical picture of the molecular multilayer
system, we consider its behavior in terms of a metal/
semiconductor/metal system. In such a system, there are two
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length scales that come into play: the decay length of metal-
induced gap states �MIGS� and the depletion width �band
bending�. These two length scales also determine the behav-
ior of the molecular layer system. Indeed, it is clear from
Fig. 3�a� that the molecular layer in contact with the metal
has essentially no band gap and thus a large density of
MIGS; furthermore, Fig. 5�a� indicates that there is a shift of
the position of the Fermi level with respect to the band edges
for thicker layers, representing the band bending and the
depletion width.

Figure 6 shows the deviation 	V of the potential of the
Nth PT layer �calculated in the center of the atomic sphere
for each of the 14 atoms of the unit cell� from the potential of
an analogous atom in the sixth PT layer for the equilibrium
system with L=12. It is seen that 	V�0.04 eV for N from 3
to 10. Thus, the depletion width is fairly short, about 20 Å;
this arises because the Au Fermi level contacts the PT layer
in the valence band and creates a large amount of charge near
the interface and a sharp band bending.

Because the potential variations are small in the central
layers and the Fermi level is in the band gap, the density of
states at the Fermi level on each layer is a direct measure of
the density of MIGS. To study the MIGS, we calculated the
density of states at EF projected on layer N, pDOS�EF�, for
the equilibrium system with L=12, as shown in Fig. 6 as a
function of N. It is seen that pDOS�EF� decreases exponen-
tially when N moves away from the metal/PT interface, simi-
lar to metal/semiconductor interfaces which normally show
decay of MIGS over a characteristic length 
 �typically a
fraction of a nanometer�. By linear fitting of ln�pDOS�EF��
for N=3,4 ,5 ,6, we obtain that these states exponentially
decrease with increasing distance from the interface with a
decay length 
=4.24 Å.

V. CONCLUSION

We have applied an implementation of the NEGF ap-
proach based on the TB-LMTO-ASA method to calculate the

transmission and I-V curves of �-stacked molecular thin
films sandwiched between metallic electrodes. Our approach
is a fully ab initio all-electron approach that treats the central
region and electrodes on equal footing. This is an application
of the ab initio approach to study transport properties of a
polymer multilayers arranged parallel to the metal surface, as
opposed to previously studied systems of a small molecule or
oligomer attached at both ends to the electrodes. We found
that the molecular layers in contact with the metal strongly
interact with the metal, leading to a large density of metal-
induced gap states. As the number of molecular layers in-
creases, a band gap opens in the central layers and the Fermi
level is positioned in this band gap. The transition to this
regime occurs at about six layers, which is also the thickness
at which the I-V curve changes from linear to nonlinear, and
the transmission becomes exponential. Thus, the molecular
film can be thought of as undergoing a metal-semiconductor
transition at about 20 Å thickness.
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