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ABSTRACT: Conjugated polymers exhibit complex structure with interlaced crystalline
and amorphous domains. We have investigated electronic structure of the interface
between crystalline and amorphous domains in poly(3-hexylthiophene) (P3HT). Two
types of the interface were considered: sharp interface and interface composed of extended
chains. We have found that HOMO states of both interface types belong to the crystalline
domains. States belonging to both domains were not found. We have calculated HOMO
and LUMO band offsets between crystalline and amorphous domains. These offsets are
close to previous estimates in the case of interface with extended chains. We find that there
is no formation of trap states at the investigated interfaces. Regardless of the interface type,

g

amorphous domains present high barriers for charge carriers, which lead to charge

transport through crystalline domains.

B INTRODUCTION

Organic semiconductors based on conjugated polymers have
stimulated significant research interest in last decades due to
their applications in organic solar cells, organic field-effect
transistors, and organic light-emitting diodes.' ™ Understanding
the electronic and transport properties of conjugated polymers
is the precondition for the enhancement of their performance.
On the other hand, electronic structure of a material is strongly
affected by its atomic structure. Conjugated polymers exhibit
complex structure: they contain both crystalline (ordered) and
amorphous (disordered) domains.”” While the electronic
structures of single crystalline and single amorphous domains
are well understood, there is a lack of knowledge about the
electronic structure of the interface between these two regions.

In real conjugated polymers, amorphous and crystalline
domains are interlaced. According to previous works,"”” it is
believed that a single polymer chain typically spreads across
both amorphous and crystalline domains. There are three types
of such chains: bridge chains, which connect different
crystalline regions through an amorphous region; folded chains,
which connect different parts of the same crystalline domain
and extended chains, which are extended out from crystalline
and have their end in the amorphous domain.”” However,
chains can also be entirely localized in the crystalline or
amorphous domain. Amorphous domains have larger band gap
than crystalline due to reduced electronic coupling between
monomer units.”””'>"" Differences in band gaps produce band
offsets in the valence and conduction band between crystalline
and amorphous domains. Offset in the valence band acts as a
barrier for a hole to jump from crystalline domain into
amorphous.”’'™"* In all previous works, amorphous and
crystalline domains in conjugated polymers were investigated
separately and the effects of the interface between these two
domains were not explicitly taken into account.
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To fully understand electronic properties of conjugated
polymers, calculations that include both crystalline and
amorphous domains are needed. In this paper we perform
such calculations and obtain microscopic insights into the
electronic states at the interface between crystalline and
amorphous regions in poly(3-hexylthiophene) (P3HT). We
consider two types of interfaces that we call type A and type B.
Type A interface is a sharp interface between an amorphous
and an ordered domain where P3HT chains belong exclusively
to one of these regions, as shown in Figure la. This type of
interface is an idealization that is highly suitable to investigate
the difference between ordered and disordered regions. On the
other hand, it is unlikely that a realistic interface is that sharp.
Therefore, we additionally consider the type A’ interface, where
an intermediate region exists between the ordered and the
amorphous regions (Figure 1b). Type B interface consists of
two ordered domains whose chains extend into the region
between them and form an amorphous region (Figure 1c). It is
believed that this type of interface is a reasonably good
representation of interfaces that exist in real materials.”’

In this work, we mainly investigate the energy level alignment
between the states in the two regions and the possibility of
having interface trap states within the band gap of the material.
For all interface types we model the ordered region as an ideal
crystal. Realistic ordered regions are not perfect crystals and
exhibit the effects of thermal (dynamical) disorder and
paracrystallinity. In our previous work,'* we found that the
effects of thermal disorder produce variations of the energy
levels in the valence band on the order 0.1-02 eV and
therefore we do not include them in this work. Along the same
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Figure 1. Atomic structures of interfaces considered in this work: (a)

type A; (b) type A’; and (c) type B.

line, we do not expect that the effect of paracrystallinity, when it
is reasonably small, will change the main conclusions of our
work.

Our results indicate that wave functions of HOMO states are
delocalized and belong to ordered domains, regardless of the
interface type. Localized states in disordered domains start to
appear at the energies few hundreds meV below HOMO in the
case of realistic type B interface. In the case of sharp type A
interface, the difference between HOMO levels in crystalline
and amorphous domains is even larger. Additionally, there is no
evidence of the existence of states belonging to both domains.
Therefore, disordered regions present barriers for hole
transport which, consequently, dominantly goes through
crystalline regions.

B METHODOLOGY

Atomic structure of the interface between ordered and
disordered region was generated using in-house developed
Monte Carlo (MC) simulations,"® while electronic structure
was calculated using the charge patching method (CPM)'° and
the overlapping fragments method (OFM)."” Methods for the
electronic structure calculations were described in detail in
previous works.'”'#'97% Therefore, in this section we focus on
the description of the procedure for generating the atomic
structure.

During MC simulations crystalline domains were kept rigid.
There are several types of crystalline structures reported in the
literature."#*"** We chose the shifted structure (neighboring
chains in the 7—x stacking direction mutually shifted by a half
of the unit cell in the backbone direction) with interdigitated
side chains as representative, since it was shown that this
structure is energetically favorable.'*”" Lattice constants were
obtained from NPT (constant pressure and temperature) MC
simulations at zero temperature and pressure of 101.325 kPa,
using the OPLS parameters set”””* for nonbonded interactions.
These lattice constants are a/2 = 15.55 A, b = 8.1 A, and ¢ =
7.77 A.

The procedure for generation of amorphous domains is
different for type A and B interfaces. In the case of type A
interface, at the beginning, P3HT chains were randomly placed

in the simulation box, which was significantly larger than the
final. The box was gradually compressed until the density of
amorphous P3HT reached its experimental value of around 1.1
g/cm®>® Type A’ interface was generated using the same
atomic configuration as for the type A interface, with a
difference that several chains in the crystalline domain closest
to the amorphous region were allowed to move freely. For type
B interface, two different starting configurations were used: one
with interdigitated backbone chains and the other where
backbone chains were separated by a predefined distance in the
backbone direction (denoted as c-direction in figures). In this
case, the simulation box was compressed only in the backbone
direction until the density in the amorphous region between
crystalline domains reached its experimental value. For all types
of interfaces, the temperature of 1000 K was used in MC
simulations. At the end, when the final density of the
amorphous region is reached, the system was cooled down to
0 K. By keeping the crystalline structure rigid and by cooling
the amorphous structure, effects of thermal disorder'* were
excluded to keep focus on the difference between crystalline
and amorphous region. Energy of the system in MC
simulations was modeled as a sum of nonbonded van der
Waals and Coloumb interactions and interring torsion
potentials. OPLS parameter set was used for nonbonded
interactions and torsion potentials of dihedrals within side
chains, while thiophene—thiophene torsion potential was taken
from ref 10. Periodic boundary conditions were applied in all
directions.

Each of the obtained interface atomic structures contains
around 10000 atoms. Electronic structure calculations on such
systems are not feasible using standard density functional
theory (DFT) codes.”® Therefore, CPM was applied instead of
DFT. Electronic charge density was calculated directly by
adding contributions (called motifs) of each atom in a system.'
Charge density of motifs was extracted from DFT calculations
on a small prototype system, which consists of three thiophene
rings. When charge density was obtained, the single-particle
Hamiltonian was constructed. The Hamiltonian was diagonal-
ized using OFM, which divides the system into small fragments
that consist of three neighboring rings (called trimers) and uses
eigenstates of these small systems as the basis set.'”

We note that our electronic structure calculations yield the
Kohn—Sham orbitals of a charge neutral system. Therefore,
polaronic effects that arise as a consequence of nuclei relaxation
in the presence of an additional charge are not included. The
changes of energy levels due to polaronic effects were
previously estimated to be on the order of 100 meV or smaller
(Supporting Information, ref 27), which justifies their neglect.
Additional charge also induces polarization charges at the
interface of two materials with different dielectric constants.
This effect is negligible in our case because we investigate the
interface of two forms of the same material. Our calculations
are based on local density approximation which does not yield
the correct band gap. Nevertheless, the band gap error is
expected to be nearly the same for ordered and disordered form
of the same material and therefore obtained band offsets are
reliable.

B RESULTS

As explained, type A interface is a sharp interface between
crystalline and amorphous region where each chain belongs to
one of these regions. Both regions in the structures that we
simulated contain 20 P3HT chains, each 10 thiophene rings
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Figure 2. Wave function moduli squared of the (a) highest electronic state in the valence band in the crystalline domain, (b) localized electronic
state in the valence band in the crystalline domain, and (c) highest electronic state in the valence band in the amorphous domain in the case of type
A interface. The inset shows the distribution of the averaged diagonal Hamiltonian elements in the crystalline domain along b-direction. Isosurfaces
correspond to the probability of finding a hole inside the surface of 75%.

long. In the crystalline region, the chains are arranged in two
lamellas, where one lamella contains 10 chains stacked in the
n—n direction (denoted as b-direction in the figures). We have
calculated energies and wave functions of the electronic states
in the valence band for four different random realizations of the
system. The results that were obtained are similar for all
realizations and indicate that three different types of electronic
states exist: (1) delocalized states in the crystalline domain
(Figure 2a), (2) localized states at the edge of the crystalline
domain (Figure 2b), and (3) localized states in the amorphous
domain (Figure 2c). Highest states are delocalized and belong
to the crystalline domain. These states have highest energies
due to the strongest electronic coupling between thiophene
rings (both inter- and intrachain coupling). Localized states in
the crystalline domain start to appear at energies of around 0.4
eV below HOMO. These states are localized at P3HT chains,
which are nearest to the amorphous region. Diagonal
Hamiltonian elements of the rings nearest to the interface are
smaller than diagonal Hamiltonian elements of the rings far
from the interface, which can be clearly seen from the
distribution of the diagonal Hamiltonian elements across b-
direction, given in the inset of Figure 2¢. Values of the elements
are obtained by averaging the diagonal Hamiltonian elements of
the rings that have the same b-coordinate. Consequently, such
states have lower energies than the energy of delocalized
HOMO state. Localized states are not possible in ideal
crystalline domains, which are periodic in all crystallographic
directions. Therefore, localized states in the crystalline domain
near the interface are induced by the interface. Finally, localized
states in the amorphous domain start to appear at the energies
around 1 eV below HOMO. These states fully resemble the
states in purely amorphous P3HT.'""

Band offsets of HOMO and LUMO levels between
amorphous and crystalline domains were estimated from local
density of states (DOS), given in Figure 3 for one realization of
the structure for each interface type. Values of offsets can vary
up to 0.2 eV depending on the structure. According to Figure
3a, HOMO band offset for type A interface is around 1 eV. On
the other hand, LUMO in the amorphous domain has similar
energy as LUMO in the crystalline domain. It is usually
assumed that HOMO and LUMO offsets are equal to the half
of the band gap difference between crystalline and amorphous
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Figure 3. Density of electronic states (arbitrary units, logarithmic
scale) of crystalline (red) and amorphous (blue) region in the case of
(a) type A interface, (b) type A’ interface, and (c) type B interface.
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domain. According to previously reported results, this offset is
expected to be in the range of 0.1-0.3 eV.*'*'""3 Our results
indicate that the presence of disordered domain affects the
energy levels in crystalline domains. This can be clearly seen
from the distribution of diagonal Hamiltonian elements from
different chains in crystalline region (inset of Figure 2c).
Difference between the diagonal Hamiltonian elements of the
rings furthest from the interface and the rings closest to the
interface is around 0.3 eV. Therefore, energy levels in the
crystalline domain far from the interface are shifted by
approximately 0.3 eV toward higher energies. This shift leads
to an increase in HOMO band offset and a decrease in LUMO
band offset in comparison to the offsets estimated as half of the
band gap difference. The shift may originate from uneven
charge distribution at the interface between ordered and
disordered chains.

Intermediate region between amorphous and crystalline
region (type A’ interface) presents a more realistic interface
model than the sharp interface. In our simulation it consists of
five P3HT chains and there is the same number of chains in
crystalline region. As expected, chains closer to the crystalline
region are well-ordered and chains closer to the amorphous
region are more disordered (Figure 1b). The main difference
between electronic structures of type A and A’ interfaces is in
the localization lengths of the states in the ordered domains.
Wave function of HOMO state of the type A’ interface is
delocalized (Figure 4a), but with significantly lower localization
length than HOMO state of the type A interface due to
disorder in the intermediate domain. Highest states in the
petfectly ordered domains (Figure 4b) have energies only few
meV below HOMO. The difference between the HOMO state
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Figure 4. Wave function moduli squared of the (a) highest electronic state in the valence band in the intermediate domain, (b) highest electronic
state in the valence band in the crystalline domain, and (c) highest electronic state in the valence band in the amorphous domain in the case of type
A’ interface. Isosurfaces correspond to the probability of finding a hole inside the surface of 75%.

and the highest localized states in the amorphous domain
(Figure 4c) is around 1 eV (Figure 3b), similar as in the case of
sharp interface.

Type B interface is composed of 20 chains, where each chain
contains 20 thiophene rings. Half of the rings in each chain
belong to the amorphous, other half to the crystalline region.
Results for the hole wave functions and energies were extracted
from 8 different realizations (4 for each starting structure). We
have found that in such structure two types of states exist: (1)
delocalized states in crystalline domain (Figure Sa) and (2)
localized states in amorphous domain (Figure Sb). The
HOMO state is completely delocalized in the ordered domain.
Localized states start to appear at the energies around 0.4 eV

(b)

Figure S. Wave function moduli squared of the (a) highest electronic
state in the valence band in the crystalline domain and (b) highest
electronic state in the valence band in the amorphous domain in the
case of type B interface. Isosurface correspond to the probability of
finding a hole inside the surface of 75%.

below HOMO (Figure 3c). This result is more in line with
previous expectations due to the fact that this interface type is
more realistic, contrary to the sharp type A interface. Wave
functions of the states can leak slightly from crystalline domain
to amorphous and vice versa, but they are dominantly localized
in one of them. Interestingly, states in the amorphous domain
can be localized on two chains, which can be explained by the
presence of some degree of ordering between disordered
chains.

Our results indicate that the interface between amorphous
and crystalline domain does not introduce trap states in the
band gap of crystalline domain. This is a generally positive
feature, having in mind that the presence of such trap centers
would deteriorate charge mobility. Moreover, there are no
states which belong to both domains. These results are
qualitatively different from the results for the electronic
structure of grain boundaries between misaligned naphthalene
crystals, given in ref 19. At the grain boundaries in
polycrystalline naphthalene there are points of both stronger
and reduced electronic coupling between molecules. States
localized at the points of strong electronic coupling act as traps.
On the other hand, electronic coupling between chains in
amorphous and crystalline domains in P3HT is always smaller
than the coupling between chains in crystalline domains. This
coupling is even not able to form the states which belong to
both domains. The only type of states which are in some way
induced by the interface are localized states at the edge of
crystalline domains in type A interface. In type B interface
similar states do not exist, because the drop in the electronic
coupling between the rings in the direction perpendicular to the
plane of the interface is not that high.

Bl CONCLUSION

In this work electronic states at the interface between crystalline
and amorphous domains in P3HT were investigated. We have
considered two different interface types: sharp interface and
more realistic interface that consists of extended chains. Results
can be summarized as follows. Highest states in the valence
band are delocalized in the crystalline domains for both
interface types. Highest states in the amorphous domains are
localized on one or two chains, as in the case of single
amorphous domain. Amorphous domain presents a barrier for
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hole transport due to high energetic offset between highest
states in the crystalline and in the amorphous domain. This
offset is comparable to other reported results in the case of
interface that consists of extended chains. In the case of sharp
interface, this offset is larger due to the energy levels shift in the
crystalline domain. Importantly, we find that none of the
investigated interfaces leads to formation of trap states at the
interface. These results indicate that in conjugated polymer
materials charge transport takes place through crystalline
domains. While our results indicate that amorphous domains
present barriers for charge transport, we note that paths for fast
charge transport through the amorphous domain could exist if
well-ordered bridging chains connect the crystalline domains
through the amorphous domain, as proposed in ref 6.
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