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Abstract The effect of oxygen impurities and structural imperfections on the
coherent on-chain quantum conductance of poly(3-hexylthiophene) is calculated
from first principles by solving the scattering problem for molecular structures
obtained within density functional theory. It is found that the conductance drops
substantially for polymer kinks with curvature radii smaller than 17 Å and rotations
in excess of about 60ı. Oxidation of thiophene group carbon atoms drastically
reduces the conductance, whereas the oxidation of the molecular sulfur barely
changes the coherent transport properties. Also isomer defects in the coupling along
the chain direction are of minor importance for the intrachain transmission.

1 Introduction

Organic semiconductors are increasingly used for a wide range of devices ranging
from organic light-emitting diodes and transistors to organic solar cells. In particular
their low cost fabrication processes and the possibility to fine-tune desired functions
by chemical modification of their building blocks make them interesting for
numerous applications. Poly(3-hexylthiophene-2,5-diyl) also known as P3HT is one
of the most important examples for organic semiconductors [1]. It is a p conducting
organic polymer that is frequently used as active layer in organic solar cells as well
as for organic field-effect transistors. Previous studies on the electronic properties
concluded that the molecular electron and hole wave functions are delocalized over
several thiophene rings and become spatially confined due to ring torsions and
chain bendings [2–4] as well as fluctuations of the electrostatic potential caused
by adjacent polymer chains [5]. Furthermore it was reported that defects like kinks
or torsions do not result in a significant localization of the excited states[6]. There
are various publications that address the P3HT transport properties: Improved
transport properties for higher molecular weight (MW) chains are reported
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in [7–10] and rationalized by band transport in high MW films composed of
long polymer chains, while hopping processes dominate in low MW polymer
films. However, it was noted that using processing conditions which allow the
chains to equilibrate, increases the mobility even in low MW P3HT [11]. The
electron transport in high MW polycrystalline P3HT films was found to be highly
anisotropic, with larger mobilities along the chains than perpendicular, i.e., parallel
to the stacking direction [12]. These findings are in accordance with transfer integral
calculations [13, 14] that find the intrachain direction to be the dominating charge-
transport route within P3HT ordered domains [15].

Previous theoretical studies like transfer integral calculations have contributed
much to the qualitative understanding of the P3HT electron transport properties.
Quantitative data on the modification of the P3HT quantum conductance upon
structural or chemical modification are not available yet, however. This concerns,
for example, the oxygen-related degradation of the transport properties. The present
study is a first step in that direction. The P3HT potential energy surface depends
critically on the side chains and cannot be simply derived from smaller systems
such as bithiophene [16], which may significantly influence the calculated transport
properties due to the sensitivity of the transfer integrals [13, 17, 18]. Also isomeric
dispersion may be important [19]. Therefore, much attention is paid here to the
realistic modelling of the molecular geometry and the accurate solution of the
scattering problem [20] based on the electron structure obtained within density
functional theory. On the other hand, our study focusses on single polymer chains,
is restricted to the ballistic limit and neglects temperature effects [21]. These are
clearly highly idealized conditions. Still, information on coherent on-chain transport
is essential for understanding transport characteristics in real samples, in particular
since transport in bulk P3HT is largely influenced by tie molecules spanning
adjacent nanocrystalline lamellae [12].

2 Methodology

The present calculations are based on density functional theory (DFT) as imple-
mented in the QUANTUM-ESPRESSO-package [22]. Infinite molecular chains are
modeled by a supercell approach with periodic boundary conditions. Ultrasoft
pseudopotentials [23] in Kleinman-Bylander form [24] are used to model the
ion-electron interaction. The electronic many-body interactions are described in
generalized gradient approximation (GGA) using the PBE functional [25, 26].
Dispersion interaction is taken into account by the so-called DFT-D approach,
i.e., by a semi-empirical London-type correction term [27, 28] using parameters
suggested by Grimme [29]. Plane waves up to an energy cutoff of 544 eV are used
as basis set for the expansion of the electron wave functions.

The ballistic conductance is obtained from the solution of the scattering problem
as outlined by Choi et al. [30] and Smogunov et al. [31]. For the actual calculations
we use the PWCOND program [32] that has been modified in our group for better
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Fig. 1 Schematic setup of the scattering region that contains the investigated defect and is
sandwiched between two ideal, semi-infinite contacts

performance on parallel architectures. Below we first outline the methodology and
then our modifications to the code that were made for better scalability.

In order to determine the on-chain transmission of charge carriers with energy
E through a defect we divide the system along the z direction into three regions as
shown schematically in Fig. 1. The left and right contact (i) and (iii), respectively,
are assumed to be ideal without any defects and the scattering region (ii) contains
the defect. As the influence of the defect on the electronic structure may extend
along the polymer chain, parts of the intact molecule should be included into the
scattering region. The calculation then proceeds as follows:

1. The total electron potential for regions (i), (ii), and (iii) is obtained self-
consistently within DFT for each region separately using periodic boundary
conditions. Thereby infinite polymer chains serve as contacts. The scattering
region around the defect must be sufficiently large to ensure a smooth match
of the potentials.

2. Based on the total potential for each region the electron wave functions are
determined without specifying any boundary conditions for the z D 0 and z D Lz

plane (where Lz is the length of the actual region). These boundary conditions
are introduced in the next steps when we calculate the propagating modes in the
contacts and the transmission through the whole system. Because of the open
boundaries we can find a set of wavefunctions that are parametrized in the form
� D P

n an n. This is done separately for each of the three regions using as
many free parameters an as the number of open boundary conditions.

3. The propagating (=.kz/ D 0) and evanescent (=.kz/ ¤ 0) modes (in z-direction)
in the contacts are determined exploiting Bloch’s theorem for the periodically
repeated potential of the contacts, i.e.,

�kz.Lz/ D eikzLz�kz.0/: (1)

This represents a generalized eigenvalue problem for the eigenvalues eikzLz , where
the eigenvectors are given by the free parameters an;kz in �kz D P

n an;kz n (cf.
step 2). It is solved with the LAPACK routine ZGGEV.
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4. The results of the previous steps enter the ansatz below that describes the electron
wave function in the three regions as

� D

8
ˆ̂
ˆ̂
ˆ̂
<

ˆ̂
ˆ̂
ˆ̂
:

�kz C
X

=.k0z/�0
rkz;k0z�k0z z in I

X

n

an�n z in II
X

=.k0z/�0
tkz;k0z�k0z z in III;

(2)

and which is solved for the coefficients rkz;k0z , an and tkz;k0z that describe kz modes
that propagate to the right hand side with energy E in the left contact (=.kz/ D 0,
<.kz/ > 0). Thereby the LAPACK routine ZGESV is utilized.

5. Finally, the quantum conductance G.E/ is calculated from the coefficients tkz;k0z
weighted with the probability current Ikz of the corresponding kz mode

G.E/ D 2e2

h

X

kz

1

Ikz

X

k0z

Ik0z jtkz;k0z j2: (3)

In order to obtain the conductance at further charge carrier energies the calcula-
tions above are repeated for different values of E starting at step 2. Eventually, the
quantum conductance as function of the charge carrier energy G.E/ is obtained.

In the original PWCOND code the calculation of the set of wavefunctions in step 2
is parallelized over the number of FFT grid points in z direction. Thereby each MPI
process calculates the wavefunction in its own subregion. The wavefunctions for the
full region are afterwards determined by matching the boundary conditions between
the subregions of the single processes. The corresponding data collection is done
in a tree-like manner with a depth proportional to the logarithm of the number of
subregions, cf. Fig. 2. This procedure is applied to each of the three regions (i), (ii),
and (iii) in Fig. 1. Afterwards steps 3 and 4 of the algorithm above are performed
in serial calculations. This is acceptable for systems, which mainly extend in z
direction, but are small along x and y: Since the matrices in step 3 and 4 scale with
the number of grid points perpendicular to the transport direction, the computational
effort for steps 3 and 4 is far smaller than for step 2 in such cases. The P3HT polymer
studied here, however, does not have a large aspect ratio due to its long hexyl side
chains. Therefore its transport characteristics are not efficiently obtained using the
existing parallelization scheme of PWCOND.

In order to make this system tractable, we therefore parallelized steps 3 and 4
of the algorithm above. Thereby it is exploited that the transmission for charge
carriers with energy E can be calculated independently from the ones with energy
E0. Therefore almost linear scaling is achieved by implementing parallelization over
the charge carrier energies E which allows for determining the transmission G.E/
for the complete energy window. The speed-up depends obviously on the energy
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Fig. 2 Illustration of the load distribution (see text) onto several parallel processes and the tree-
like access to single subregions exemplarily shown for P3HT contact calculations

region considered, but typically is of the order of two or three orders of magnitude
in wall-clock time.

Additionally, we improve the efficiency of the calculations by modifying the
numerical implementation of the boundary conditions between the scatter region
(ii) and the contacts (i) and (iii) in PWCOND: We perform self-consistent electronic
structure calculations for an extended scattering region and reduce its size after-
wards for solving the scattering problem. This modification of the PWCOND module
is not only useful to cut computational effort, it is also indispensable for systems
where the scattering region is not periodic. It thus allows to overcome the limitations
of the periodic boundary conditions for systems that have no corresponding
translational symmetry. For a detailed description of these modifications and the
corresponding test calculations we refer the reader to [33].

Altogether, we modified the PWCOND code in such a way that it may be used
for the accurate solution of the scattering problem for large systems containing
several hundred atoms. Thus the quantum conductance of real polymers containing
structural and chemical defects (see, e.g., Fig. 3 for an example considered here) is
accessible to parameter-free electronic structure calculations. The conductance of
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Fig. 3 Schematic setup of the transport calculations, exemplarily shown for the case of isomer
defects: the scatter region contains the investigated defect consisting of a HH-TT linkage between
the thiophene rings which is caused by a swapped position of the hexyl side chain (red rectangle).
The contacts are made of ideal rr-HT-P3HT. In the left contact modeled by two monomers the
atomic numbering is indicated. H denotes the second and T the fifth position

systems such as studied here that are modelled with about 400 atoms can presently
be obtained within about 10 h wall-clock time using 1024 cores on the HLRS Cray
XC40. We are presently working on further improving the scaling behaviour of the
code by using ScaLAPACK routines for the matrix operations.

From a physics point of view, however, it has to be said the present approach
still neglects bias voltage and dissipative scattering effects.While this should not
affect qualitative trends with respect to the influence of, e.g., structural deformations
on the conductance which we investigate here, it restricts meaningful quantitative
predictions to conditions of small bias and low temperature. The present calculations
model the contacts by ideal P3HT polymers, cf. Fig. 3, which have strongly
dispersive and well separated valence bands. Hence p conductance suppressing bias
voltage effects can be expected to be small.

3 Results and Discussion

P3HT polymer chains are characterized by large carrier mobilities .� 103 cm2=Vs/
[34] which may re reduced, however, due to conformational modifications likely to
occur in actual blends [35, 36] as well as oxygen impurities due to, e.g., exposure to
ambient conditions [37].

In the following the effect of a twist of the P3HT chains—as shown in Fig. 4—on
its quantum conductance is studied. The scattering region considered here consists
of 12 monomers. The atoms of the two outer monomers on each side are kept
fixed during the relaxation. Since the present calculations employ periodic boundary
conditions, two additional monomers are added on each side to decouple the torsion
from its periodic images. The total region contains about 400 atoms within a
cell that is about 63Å long. After the electron structure of this system has been
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Fig. 4 (a) Schematic setup used to describe the electron transport across a chain torsion. The
atoms of the outer four monomers of the scattering region are kept frozen during structural
relaxation. Additional four monomers outside the scattering region decouple the torsion from its
periodic images. (b) Charge density isosurfaces indicate the HOMO of a structure with a 90ı

torsion between two thiophene rings

determined self-consistently, the potential of the 12 innermost monomers is used for
the transport calculations, exploiting the approach described in [33], which allows
for combining calculations of differently dimensioned systems for self-consistent
field and transport calculations, respectively.

At first we consider a rotation that affects a single thiophene-thiophene bond
only. The p conductivity of P3HT is governed by the states close to the valence-
band maximum (VBM). They correspond to overlapping pz orbitals of the thiophene
rings that are perpendicular to the thiophene plane. Since the overlap of these pz

orbitals is directly affected by the torsion, one expects a strong decrease of the
quantum conductance with increasing torsion angle, as indeed shown earlier by
transfer integral calculations [13, 17, 18].

In fact, also the quantum conductance through single twisted thiophene-
thiophene bonds calculated here is reduced with increasing twist angle, see blue
curve in Fig. 5. There is a pronounced conductance minimum for square angles,
where no delocalized �-bonds can be formed anymore (cf. Fig. 4b). In addition
to the vanishing overlap of the carbon pz-like orbitals directly at the defect, one
observes in Fig. 4b a fragmentation of the highest occupied molecular orbital
(HOMO) in the adjacency of the defect. Interestingly, the calculated conductance
shows for twist angles up to around 60ı only a moderate conductance drop to about
80 %.
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Δ

Fig. 5 Top: calculated conductance at the VBM through single twisted thiophene-thiophene bonds
(blue) and configurations, where the total torsion angle around the polymer axis is realized by a
sequence of twists obtained from structural relaxation (red). The respective geometries for zero
and 180ı rotation are shown as insets. The encircled data point corresponds to the configuration
shown in Fig. 6. Bottom: total-energy increase due to the bond twisting for the case that only a
single bond is twisted (blue) and for configurations where the torsion is realized by a sequence of
twists obtained from structural relaxation (red). The dispersion energy contributions to the former
case are shown in green

The calculated conductance vs. twist angle is not symmetric with respect to
its minimum, since the corresponding torsion does not represent a symmetry
transformation of the polymer, as illustrated by the 0ı and 180ı configurations
shown in Fig. 5. Furthermore, the angles 140ı and 220ı are not equivalent as the
polymer is slightly bent (cf. Fig. 2 in [38]).

The total energy as a function of the twist angle is shown by a blue line in
the lower part of Fig. 5. For single bond twisting there is only a minor increase
in energies for small torsion angles, suggesting that thermal activation may lead to
corresponding geometry changes: The energy difference between the ideal polymer
and the structure twisted by 10ı (20ı) amounts to 5 (37meV). These torsion angles
may thus be expected at room temperature if the chain motion is not strongly
constrained otherwise. This is in accord with molecular dynamics simulations [39].
There is a steep increase of the total energy for torsion angles in excess of 150ı.
This is related to the steric repulsion of the hexyl side chains, which is only to a
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small extent compensated by attractive van der Waals forces (green curve in Fig. 5),
and efficiently prevents substantial rotations around single bonds.

The finding that only twists larger than about 60ı have a measurable impact on
the polymer conductance suggests that the overall conductance decrease will be
reduced if not only a single bond is twisted, but if the total torsion angle around
the polymer axis is realized by a sequence of twists. Moreover, such a sequence
of rotations may be energetically more favorable than a single twisted bond. For
this reason we also consider polymer geometries that result from the structural
relaxations where the total torsion angle is fixed by the boundary conditions, but
may be distributed among several thiophene-thiophene bonds. It is found that
upon relaxation the hexyl side chains increase their mutual distance which leads
to energetically far more favorable structures, see red curve (instead of the blue
curve) in the lower part of Fig. 5. Also the quantum conductivity calculated for
these relaxed structures differs from the corresponding curve for single bond twists,
see upper part of Fig. 5. Not only the conductance drop is reduced and its onset
occurs now for larger rotation angles, also the minimum of the transmission curve
has shifted from nearly perpendicular to about 120ı. This is a consequence of the
nonlinear relation between conductance drop and bond twist. In case of a total
torsion of 90ı the maximum twist angle between two adjacent thiophene rings
is 41ı (cf. Fig. 6a). Hence, there is still some wave function delocalization along

Fig. 6 (a) Atomic structure obtained upon structural relaxation for an overall torsion angle of
90ı induced by the boundary conditions. The resulting twist angles for single bonds between
thiophene rings are indicated. The data point belonging to the calculated quantum conductance for
this configuration is highlighted in Fig. 5. The inset shows the twist angle distributions calculated
here for various torsions. (b) Charge density isosurfaces indicate the HOMO for the structure above
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the polymer direction. Only for total torsions as large as 120ı where maximum
twist angles of about 83ı occur, the conductance is essentially quenched due to the
vanishing overlap between the carbon p orbitals and a strongly fragmented HOMO.

We find the product of the transmission coefficients calculated for single twists
to be a very rough approximation to the transmission through the complete torsional
defect: The product of the transmission coefficients corresponding to the overall
chain torsion of 90ı realized by the structure shown in Fig. 6a for example is about
twice as large as the transmission coefficient obtained from the solution of the
complete scattering problem of this structure, cf. highlighted data point in Fig. 5.
This may partially be related to the stronger fragmentation of the HOMO induced
by an extended distortion pattern, cf. Figs. 4b and 6b. In case of single confined
twists the reduced overlap between neighbouring thiophen orbitals limits the charge
transfer, whereas the HOMO is interrupted for several monomers in case of the
extended defect. Obviously, the transfer integral approach has to be applied with
care to complex deformation patterns.

The present total-energy findings obtained for various torsion patterns indicate
that the minimum energy configuration for a given torsion angle is realized by a
sequence of single twists of similar amplitude, i.e., a helix configuration. However,
the energy gain upon helix formation is small, of the order of a few meV, and the
formation of such regular structures will in general be prevented by the surrounding
P3HT matrix.

Polymer bending is a common defect for P3HT [40] that occurs along with
torsions. In order to model this defect we analyze several folded P3HT chains. We
characterize these foldings by their minimum curvature radius along the polymer
chain. The starting configuration is structurally relaxed, where the atoms of the inner
ten monomers (250 atoms) are free to move and the outer four monomers are kept
frozen. This leads to polymer geometries such as shown in Fig. 7. The structures
resulting for small curvatures are rather regular with straight and ordered hexyl side
chains. With increasing curvature additional disorder including torsional defects is
observed, see Fig. 7.

The inset in Fig. 7 shows the quantum conductance calculated for the relaxed
geometries in dependence of their minimum curvature radii. Remarkably, the
conductance is nearly unaffected by the structural deformations that have radii
larger than about 17Å. This can be rationalized in terms of the overlap between
p orbitals of neighboring thiophene rings: While thiophene ring torsions may
completely quench this overlap, chain bending leads to an overlap decrease/increase
on opposite polymer sides. Additionally, we observe very efficient local relaxation
mechanisms that smooth the polymer structure and prevent sharp kinks. The
calculated conductance is quenched, however, for small curvature radii that also
lead to bond twists caused by the structural relaxation in response to hexyl side chain
related strain. For curvature radii smaller than 12Å a similar effect on the calculated
conductance is found as for twist angles larger than about 60ı. The critical influence
of the hexyl side chains onto the planarity of the backbone has already been pointed
out in [36]. Similarly as observed for torsion patterns, a HOMO fragmentation is
observed upon bending, cf. Fig. 7.
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Fig. 7 Relaxed molecular structure with a minimum curvature radius of 8Å. Charge density
isosurfaces indicate the HOMO. The calculated quantum conductance for structures with different
curvature radii are shown as inset

Crystalline regioregular (rr)-HT-P3HT is of particular interest for organic semi-
conductor devices due to its large carrier mobility of up to 0:1 cm2=.Vs/ [41]. Here
the identifier HT indicates the head-tail coupling between two thiophene rings where
H denotes the second and T the fifth position on the ring, with numeration starting at
the sulfur atom as shown in Fig. 3. In order to assess the influence of isomer defects
on the (rr)-HT-P3HT transport properties, the intrachain scattering along a defective
polymer is calculated, where HH and TT coupling instead of HT occurs, according
to a replacement of a hexyl side chain, see Fig. 3. Ideal rr-HT-P3HT segments serve
as contacts to the isomer defect. Additional HT coupled P3HT segments in the
vicinity of the defect are included in the scattering region, in order to allow for
a realistic modeling of the geometrical and electronic environment of the defect
embedded in the polymer.

The calculated quantum conductance of the isomer defect (red) is compared with
corresponding calculations for the ideal P3HT chain (blue) in Fig. 8 rhs. The data
for the ideal P3HT chain can be obtained by simply counting the number of bands
at a given energy (cf. blue band structure in Fig. 8 lhs). As the holes will almost
exclusively move at the Fermi edge, we find only one conducting band which results
in a maximum quantum conductance of 1 G0.

Close to the Fermi edge a small conductance reduction is caused by the defect.
Stronger defect induced drops occur, however, for energies about 2.3 eV below the
VBM, cf. Fig. 8. They will barely affect the actual electron transport that is governed
by charge carrier close to the VBM. The physical origin for the sharp drop around
�2:3 eV is a strong wave function localization at the corresponding energy, cf. [33].
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Fig. 8 Left: band structure of
rr-HT-P3HT along the chain
direction. Right: quantum
conductance for rr-HT-P3HT
(blue) in comparison to the
calculations for the single
isomer defect shown in Fig. 3
(red)

Conductance [Go]

The all in all minor transport changes induced by the isomer defect confirm that
the P3HT transport properties are determined by the thiophene rings rather than the
hexyl side chains. The present results indicate that the conductance of (rr)-HT-P3HT
is surprisingly robust with respect to the occurrence of single and repeated isomer
defects. However, such disorder will affect the bulk morphology and might therefore
have some influence on the performance of the polymer in electronics applications
[42].

Oxygen is used as p-dopant in organic semiconductors where it forms a reversible
charge transfer complex [43–45], but may also be present unintentionally due to the
exposure to ambient atmosphere and aging. Chemical reactions of O2 and P3HT
may result in a covalent bonding between oxygen and carbon as well as sulfur
[46]. The P3HT degradation upon exposure to oxygen [47, 48] decreases the charge
carrier mobility [45]. Thereby differences are observed between the effect of oxygen
and ozone [49]. Experimentally, the formation of S-O and C-O bond containing
species upon P3HT exposure to air was detected [50]. In the present work we focus
on the energetically most favored S and C structures identified in recent calculations
[37], cf. Fig. 9. It can be seen that both oxygen defects slightly repel the nearest
hexyl side chain and that the C defect slightly distorts the thiophene ring.

In order to calculate the influence of these two O defects on the P3HT intrachain
transport we proceed similarly as above, i.e., we use ideal rr-HT-P3HT contacts
which sandwich a scatter region of 12 monomers including the defect. The scatter
region has a length of 47 Å. The calculated quantum conductance for the two defects
is shown in Fig. 10 along with the results for the ideal P3HT chain. Obviously, the
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Fig. 9 Calculated relaxed geometries of two oxygen impurity configurations S and C in P3HT.
The shaded atoms indicate the oxidation induced structure changes
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Fig. 10 Calculated quantum conductance through defect S and C, cf. Fig. 9. The shaded region is
the maximum possible quantum conductance for rr-HT-P3HT

two defects differ strongly in their influence on the polymer conductance. The S
defect barely influences the transport even for energies far below the VBM. Only
conduction channels at around �2:2 eV are broken. This is in marked contrast to
the C defect, which nearly quenches the hole transport up to nearly 1 eV below the
VBM.

In order to understand the different transport properties of the two defects we
analyze their influence on the electronic density of states (DOS), cf. [33]. It is
found that, apart from minor energy shifts, the DOS of S nearly coincides with
the respective calculations for the ideal polymer. Only for energies below �2 eV
additional, oxygen-localized p states appear. Stronger deviations occur in case of C,
where the complete valence band DOS is modified and additional oxygen p states
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show up at the VBM. This different behaviour is expected: The P3HT valence band
is formed by p orbitals of the conjugated chain system which are little influenced
by the adsorption of oxygen to the sulfur. However, oxidation of a thiophene group
carbon directly affects the conjugated electron system and thus has a major influence
on the transport in the valence band.

4 Conclusions

A scattering approach based on the self-consistent DFT electronic structure is
employed to study the on-chain quantum conductance of P3HT. The influence
of defects on the intrachain transport is highly specific. Large torsion angles
hinder the formation of a delocalized � electron system and, thus, the transport
along the polymer direction while the chain bending has a considerably smaller
effect on the conductance. Structural relaxation tends to recover geometries with
favorable electron transport properties. The calculations performed for complex
distortion patterns show that their conductivity cannot simply be broken down
into conductivity drops related the disturbed interaction of directly neighboring
molecular segments. P3HT oxidation is found to affect the intrachain transmission
strongly, when thiophene group C atoms are attacked, while sulfur oxidation barely
modifies the transmission. Also the conductance drop due to isomer defects in the
chain is negligible.
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