Monatsh Chem 139, 389-399 (2008)
DOI 10.1007/s00706-007-0779-y
Printed in The Netherlands

Monatshefte fir Chemie
Chemical Monthly

First-principles approach to the understanding of n-conjugated organic

semiconductors

Peter Puschnig, Claudia Ambrosch-Draxl

Lehrstuhl fiir Atomistic Modelling and Design of Materials, Department fiir Materialphysik,

Montanuniversitiat Leoben, Leoben, Austria

Received 29 May 2007; Accepted 18 July 2007; Published online 14 March 2008

© Springer-Verlag 2008

Abstract We show how ab initio calculations based on
density functional theory contribute to the understand-
ing of the electronic and optical properties of organic
semiconducting materials, which form the active
layers in many opto-electronic applications. As a text-
book example, we present the electronic structure
and the optical properties of the oligo-phenylenes as
evolving from their benzene-constituents. Thereby
we discuss the dependence on the molecular length
and introduce the modifications in the opto-electronic
properties due to intermolecular interactions which are
inherently present in the bulk phase.

Keywords Ab initio calculations; Electronic structure;
Oligomers; Optical properties; Solid state.

Introduction

In organic semiconductor research, the focus of in-
terest has been for a long time on polymers and their
chemical functionalization in order to tune their
opto-electronic properties, e.g., the electrolumines-
cence quantum yield, the charge carrier mobility, or
the photoconductivity. A huge variety of conjugated
homo-, block-, and co-polymers has been synthe-

Corresponding: Peter Puschnig, Lehrstuhl fiir Atomistic
Modelling and Design of Materials, Department fiir Mate-
rialphysik, Montanuniversitit Leoben, Leoben, Austria.
E-mail: peter.puschnig@mu-leoben.at

sized and investigated in terms of their suitability
to operate as active materials in devices such as or-
ganic light emitting diodes (OLEDs) [1-3], organic
thin-film transistors (OTFTs) [4], organic photovol-
taic diodes (OPVDs) [5-7], or lasers [8, 9]. Among
them, particularly those based on poly-acetylene,
poly-para-phenylene (PPP), poly-paraphenylene-
vinylene (PPV), poly-thiophene, and poly-fluorene
backbones [10, 11] have become prominent candi-
dates for these applications. Apart from conducting
polymers, organic materials consisting of small 7-
conjugated molecules, which form well defined mo-
lecular crystals, have attracted great attention over
the last two decades. For example, an OLED has
been realized with para-hexaphenyl [12], which ex-
hibits remarkable optical properties. The polari-
zation of its electroluminescence can be changed
through the molecular alignment. Other examples
are sexithiophene and pentacene, which have been
successfully used in OTFTs [13-16].

Besides, the manifold of experimental investiga-
tions on electronic and optical properties [17, 18], a
variety of theoretical methods have also been applied
to both, polymers and oligomers. First, one has to
distinguish between approaches dealing with isolated
molecules as opposed to calculations for extended
systems. The former has traditionally been the do-
main of quantum-chemical computations, which
have proven to accurately characterize ground state
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as well as excited state geometries and transition en-
ergies for isolated molecules. There have also been
attempts to take into account the effects of the three-
dimensional (3D) periodicity by using quantum
chemical cluster approaches [19-21]. However, the
unfavorable scaling of these Hartree-Fock based
methods with the system size does not allow for a
comprehensive treatment of the full 3D structure of
real materials. On the other hand, approaches based
on ab initio density functional theory (DFT) have
the advantage that the full 3D crystal periodicity of
the organic semiconductors can be easily taken into
account. Indeed, the importance of intermolecular
interactions on the electronic and optical properties
has been proven for several materials including
oligo-acenes [22-25], the oligo-phenylenes [26-
28], and the phenylene-vinylenes [29]. In particular,
band dispersions and splittings found in the oligo-
acenes, for instance, are in good agreement with
experimental findings [22—24], which highlights the
necessity to consider the full 3D structure feasible in
the framework of DFT.

In this review, we present a cross section of our ab
initio approach to m-conjugated organic semiconduc-
tors carried out in our research group in the past
decade, where the focus lies on the understanding
of the basic physical phenomena. We start out with
a short presentation of density functional theory,
which forms the very basis of all theoretical results
presented here, followed by a brief account on how
to obtain optical properties from first principles. The
main part of the paper is then devoted to the elec-
tronic and optical properties of the oligo-phenylenes
in the bulk phase. This class of materials represents a
prototype example for organic semiconductors com-
posed of short m-conjugated molecules. It is shown
how one can understand the electronic structure of
the isolated molecule as evolving from its benzene-
constituents. Thereby, the dependence of electro-
optical properties on the molecular length will
become evident. Most importantly, we will intro-
duce the effect of intermolecular interactions which
are inherently present in the bulk phase. We will
discuss its consequences on the electronic band
structure and the optical properties. The remainder
of the paper concentrates on the nature of the op-
tically excited state, i.e., whether it is a free elec-
tron-hole state or a bound exciton, before we come
to some conclusions and give an outlook to future
projects.

P. Puschnig, C. Ambrosch-Draxl
Theoretical approach

Density functional theory

The fundamental theorem of Hohenberg-Kohn [30]
states that the total energy of a system of interact-
ing electrons is a functional of the electron density,
and that the ground state density minimizes this func-
tional resulting in the ground state energy. Formally,
the Hohenberg-Kohn principle provides a strict rela-
tion for the ground state energy entirely in terms of
the electron density distribution. In the formulation of
Kohn and Sham [31] this minimizing density can
be obtained by solving a single-particle Schrodinger
equation with an effective potential, where the density
is constructed from the corresponding auxiliary sin-
gle particle orbitals. This is the so-called Kohn-Sham
equation which has to be solved self-consistently,
where the effective potential (Kohn-Sham potential)
is defined as the sum of the external potential due to
the atomic nuclei, the Hartree, and the exchange-cor-
relation (xc) potential. The xc potential is obtained as
the functional derivative of the exchange-correlation
energy with respect to the electron density. Note that
with the exact xc energy and potential all many-body
effects are in principle included in the calculation of
the ground state properties.

The simplest approximation to the xc functional is
the so-called local-density approximation (LDA) in
which the local contribution to the xc energy of the
non-uniform system is taken to be identical to the xc
energy of the uniform electron gas of the same den-
sity. It turned out that the LDA gives remarkably
good results not only for free-electron like metals
but also for atoms and molecules where the con-
dition of slowly varying densities is not satisfied.
Indeed, a large number of calculations have shown
that the LDA values for structural properties such as
bond lengths or vibrational frequencies agree within
1-5% when compared to experimental values [32,
33]. A more sophisticated expression for the ex-
change-correlation is the so-called generalized gra-
dient approximation (GGA) [34] which has been
shown to improve the description of structural prop-
erties for systems which considerably differ from the
free-electron gas, such as molecules. Both types of
functionals, however, do not include van der Waals
(vdW) interactions and hence are not capable of pre-
dicting lattice parameters of organic semiconductors.
In contrast, the internal, i.e., the molecular geometry
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as well as the electronic properties are not sensitive to
the choice of the xc potential and are given reliably.

Optical properties

The linear optical response of a material to an external
electric field is described by the complex dielectric
function (DF), which is a tensor of 2" rank for crys-
tals with other than cubic symmetry. Following the
pioneering work of Adler [35] and Wiser [36] who
derived the linear response of periodic crystals within
the so-called random phase approximation (RPA), the
imaginary part of the dielectric tensor for a system
with a band gap between occupied and unoccupied
states is given by the sum over all interband transitions
weighted by the momentum matrix elements [37].
Details on the theoretical as well as on computational
aspects are outlined in a recent publication [38].

The RPA approach is derived within the so-called
independent quasi-particle approximation in which
the excited electron and the remaining hole are trea-
ted neglecting their Coulomb and exchange interac-
tion. It is assumed that the quasi-particle correction
to the Kohn-Sham eigenvalues can be accounted for
by a constant, k independent correction 4. of the
unoccupied conduction states (scissors operator). A
review on ab initio techniques that go beyond the
independent quasi-particle approximation and in-
clude excitonic effects by either solving the Bethe-
Salpeter equation for the electron-hole correlation
function or by making use of the time-dependent
version of density functional theory can be found
in Ref. [39]. The impact of excitonic effects on or-
ganic semiconductors is reviewed in Ref. [40].

Computational details

The numerical solution of the Kohn-Sham equation
is commonly accomplished by expanding the Kohn-
Sham orbitals into a suitable basis which transforms
the problem into a generalized matrix eigenvalue
problem, the so-called secular equation. The basis
is chosen in a way to reflect the symmetry of the sys-
tem under study. Hence, for crystals displaying trans-
lational symmetry the basis functions are Bloch
waves. A special basis set is given by linearized
augmented plane waves (LAPWSs) which consist of
plane waves in the interstitial region between the
atoms and atomic-like functions close to the atomic
nuclei. This construction allows for an all-electron
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treatment including core electrons without the need
for simplifications in the potential and at the same
time reduces the number of necessary basis function
to about 100 per atom. Nevertheless, this restricts
the evaluation of the Kohn-Sham equation to systems
for which the crystal unit cell contains up to a few
hundred atoms. We mention that all ground state
calculations presented in this review have been car-
ried out using the full-potential (linearized) aug-
mented plane wave ((L)APW) plus local orbitals
(o) method as implemented in the WIEN2k code
[41]. Computational details of our ab initio DFT ap-
proach for the calculation of organic molecular crys-
tals are published elsewhere [27, 28].

Materials and crystal structures

In the gaseous state the oligo-phenylenes are non-
planar molecules with alternating torsion angles be-
tween adjacent phenyl rings. This torsion angle
ranges from 44° for biphenyl [42] to 30—40° for
the longer oligomers [43]. The inter-ring torsion is
the consequence of two competing forces. On the
one hand, the w-electron system of the carbons at
the inter-ring position tends to planarize the mole-
cule, while on the other hand the electrostatic repul-
sion of the positively charged ortho-hydrogens on
neighboring rings forces the molecule into a nonpla-
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Fig. 1 The monoclinic unit cell of quaterphenyl containing two
inequivalent molecules (left). The molecules form layers in
the ab-plane leading to a so-called herring-bone arrangement
(right). The lattice vectors @, b, and ¢ are indicated by the arrows
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Table 1 Experimental unit cell parameters for the oligo-
phenylenes at room temperature for the monoclinic space
group P2;/a

Oligomer a/A b/A c/A 8/°
Biphenyl [45] 8.12 5.63 9.51 95.1
Terphenyl [46] 8.106  5.613 13.613 92.1
Quaterphenyl [47] 8.110 5.610 17.91 95.80
Hexaphenyl [48] 8.091 5568  26.241 98.17

nar configuration. In the solid state we expect the
interchain interactions packing forces to result in
more planar molecules compared to the gas phase.
For the infinite polymer, DFT calculations [26] have
shown that the optimal inter-ring torsion angle is 18°
which is in agreement with experiment [44]. For the
oligomers, on the other hand, X-ray and neutron dif-
fraction experiments at room temperature reveal a
planar configuration of the molecules in the mono-
clinic space group P2;/a with two molecules per
unit cell (see Fig. 1).

As exemplified for the case of quaterphenyl (4P),
two phenyl rings set up the inequivalent atoms with-
in one unit cell. The other half of the quaterphenyl
molecule and the second molecule with its inversion
center in the middle of the ab plane are generated by
the inversion, screw axis and glide plane operations
of the P2;/a space group. In Table 1, the experimen-
tal values for the lattice parameters a, b, ¢ and the
monoclinic angle 3 are given as obtained from single
crystal X-ray diffraction. We observe that a and b
remain almost constant as a function of the oligomer
length. The very small reduction with increasing
oligomer length indicates a slightly denser packing
for longer molecules within the herring bone ar-
rangement. The increase in ¢ for longer oligomers is
simply a consequence of the growing length of mole-
cules which are approximately parallel to c.

Electronic structure

Dependence on molecular length

In order to understand the evolution of the electronic
states of the oligo-phenylenes with increasing size
we start out with a discussion of the molecular orbi-
tals (MOs) of a single benzene ring. For instance,
biphenyl is composed of two benzene rings as sche-
matically depicted in Fig. 2a. Energetically, the =-
orbitals constitute the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molec-
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Fig. 2 (a) Diagram showing the evolution of the molecular
orbitals of biphenyl from the MOs of two benzene rings.
According to a Hiickel picture, the atomic orbital composi-
tions of the top four HOMOs are depicted. Filled (open)
circles correspond to m-orbitals that have positive (negative)
at one side of the molecular plane. (b) Molecular orbitals of
the six-ring oligomer para-hexaphenyl. Filled (open) circles
correspond to delocalized (localized) molecular orbitals

ular orbital (LUMO). Benzene belongs to the Dg,
point group, and, taking the six carbon m-orbitals as
basis functions, the HOMO belongs to the e, ir-
reducible representation of Dg;,. The local symmetry
of each of the benzene moieties in biphenyl changes
from Dgj, to C5,. Thus, the doubly degenerate e,
states are now split up into b; and a, states.
Combining the two benzene moieties into biphenyl
with D,;, symmetry results in the actual biphenyl
MOs, for which the atomic orbital compositions of
the highest four occupied MOs are displayed. The
la, and 1b,, states of biphenyl, originating from the
a; MOs of benzene, are close in energy, because the
interaction across the inter-ring bridge is weak. These
states are mainly localized at the benzene rings and
are non-bonding with respect to the inter-ring bond.
On the other hand, the interaction of the b; benzene
states forming the 2b3, and 2b,, states of biphenyl is
large, and so is their energetic separation. The corre-
sponding wave functions are spread over the whole
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molecule (delocalized states) forming the inter-ring
bonding (2bz,) and anti-bonding (2b,,) orbitals.

For the n-unit oligomer (nP) the n a, benzene
MOs form n MOs that show little interaction across
the inter-ring bridge and consequently nearly no en-
ergetic separation (localized orbitals). The other n
benzene states of b; symmetry result in the n energet-
ically largely separated MOs (delocalized orbitals).
This is exemplified for the case of hexaphenyl in
Fig. 2b where the delocalized (localized) states are
denoted by filled (empty) circles. Clearly, the hexa-
phenyl molecule is of finite length with no transla-
tional symmetry, and hence the Bloch vector k is not
a good quantum number. Nevertheless, one can as-
sign k vectors to the 6 delocalized and 6 localized
orbitals leading to the “‘bands™ depicted in Fig. 2b.
One can easily imagine, how these states constitute
a true band in the limit of an infinitely long chain
of phenyl rings (PPP) for which translational sym-
metry is present and hence the Bloch vector k be-
comes a good quantum number. Only recently, the
band structure could be measured on highly-oriented
6P films by angular-resolved photoemission experi-
ments, confirming this theoretical picture [49].
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Fig. 3 Position of the first absorption peak as a function of
the chain length, where n denotes the number of phenyl rings
per molecule. Experimental values are taken from Ref. [54]
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In a similar manner as described for the highest
occupied m-orbitals one can also understand the low-
est unoccupied m-states as resulting from the MOs
of the benzene ring. Again, this gives rise to a delo-
calized band with a large, and a localized band with
a small band width. Therefore, one can expect the
band gap to decrease with increasing molecular length
since both, the band widths of the occupied and unoc-
cupied delocalized bands, increase. Experimentally,
the band gap follows the so-called 1/n law, i.e.,
the position of the first absorption peak shows a lin-
ear dependence as a function of the inverse chain
length. This trend is excellently reproduced by the
DFT calculations as shown in Fig. 3. Including a
scissors shift, independent of the molecular size,
the theoretical values lie within the experimental un-
certainty which is due to the difference between ab-
sorption onset and maximum [50].

Intermolecular interactions

When constructing a molecular crystal from the
oligo-phenylene molecules according to the mono-
clinic crystal structure depicted in Fig. 1 the elec-
tronic states of the isolated molecules as discussed in
the previous section are modified due to the intermo-
lecular interactions. Since there are two molecules
per unit cell each molecular orbital will be split into
two states where the splitting is a measure for the
intermolecular interaction. Moreover, due to the 3D
periodic structure with the lattice vectors a, b, and c,
the Bloch vector is a good quantum number and we
can express the electronic structure of the molecular
crystals as a band structure plot for the first Brillouin
zone resulting from the direct lattice vectors a, b,
and c¢. The band structures of 2P, 3P, 4P, and 6P
molecular crystals are depicted in Fig. 4.

We start with a description of the electronic
bands of biphenyl. As mentioned above, the number
of molecular orbitals as depicted in Fig. 2a are dou-
bled in the crystal on account of the herring-bone
structure which has two molecules per unit cell.
Therefore, the eight top valence bands of crystalline
biphenyl clearly resemble the molecular orbital pic-
ture. The two highest valence bands (VB) originate
from the 2b,, MO of the biphenyl molecule. The
next four lower lying bands are derived from the
la, and Ib,, states, respectively, whereas VB-6
and VB-7 evolve from the MO of 2b3, symmetry.
It is interesting to note that the band splittings due to
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Fig. 4 Electronic band structures of biphenyl (top left), ter-
phenyl (top right), quaterphenyl (bottom left), and hexaphe-
nyl (bottom right). The Fermi level has been set to OeV

intermolecular interactions are much larger for the
la, and 1b;, symmetry bands (splitting of more than
0.4 eV at the I' point), while the interaction is much
smaller (splitting of roughly 0.08eV at I') for the
2b,, and 2b3, bands. In other words, the -states that
are delocalized over one oligo-phenylene molecule
have little intermolecular interaction, while the 7-
states that are localized on each phenyl ring show
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Fig. 5 Contour plot of the wave function in a plane parallel
to the ab crystal plane of a delocalized (top) and a localized
(bottom) 7-state. The herring bone arrangement of the mo-
lecules is indicated

considerable intermolecular overlap. This is demon-
strated in Fig. 5 where we depict the wave functions
in a plane parallel to the ab crystal plane for a delo-
calized (top panel) and localized (bottom panel)
state. Clearly, one observes a stronger intermolecular
overlap of the wave function for the latter case giv-
ing rise to the large intermolecular band dispersion.

Optical properties

The independent particle picture

Within the random phase approximation, i.e., the
independent electron-hole picture, the dielectric
function is computed from the electronic band struc-
tures by summing over all vertical transitions
weighted by the optical transition matrix elements.
Due to the monoclinic crystal symmetry the dielec-
tric tensor has four independent components, namely
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Fig. 6 The imaginary part of the DF for 2P (a), 3P (b), 4P
(c), and 6P (d), respectively. The three diagonal components
Im &, Ime,, and Ime, of the dielectric tensors are dis-
played. The results include a shift of 4.= 1.3 eV accounting
for the self-energy of the conduction bands. The symmetry of
the main transitions is indicated in the MO notation as ex-
plained in the text

the diagonal terms xx, yy, zz, and only one off-diag-
onal component xz. The imaginary part of the three
diagonal terms for the 2-, 3-, 4-, and 6-unit oligomer
is depicted in Fig. 6. The results include a rigid up-
ward shift 4. = 1.3 eV accounting for the self-energy
correction of the conduction bands.

Similar to the procedure in the previous section,
we discuss first, what type of optical excitations and
polarizations we have to expect for an isolated bi-
phenyl molecule and compare these qualitative con-
siderations with the ab initio results for crystalline
biphenyl. As depicted in Fig. 1, we have defined the
long molecular axis as the z-axis, and the axis per-
pendicular to z and in the plane of the molecule
as the y-axis. Then, the dipole operator accounting
for a polarization parallel to the z(y)-axis belongs
to the B;, (B,,) irreducible representation of D,,.
Hence, transitions between two delocalized or be-
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tween two localized states are polarized in the z-
direction, whereas transitions between localized
and delocalized levels are allowed for polarizations
along the y-direction. Transitions belonging to the
B3, and A, representation are electric-dipole for-
bidden by symmetry. Therefore, in an isolated biphe-
nyl molecule, the HOMO to LUMO transition is
polarized parallel to the long molecular axis. In the
crystal, the polarization of the lowest energy transi-
tion remains almost the same and hence the yy com-
ponent is small. The ratio of the zz to xx component
is related to the angle between the molecular axis
and the long unit cell axis (compare Fig. 1). At about
0.6eV above the HOMO-LUMO transition the first
“delocalized-to-localized transitions’ appear. They
set up the major part to the xx and yy component at
this energy, but have almost no contribution to zz.
Excitations that are electric-dipole forbidden in the
molecule (B3, and A,), become weakly allowed in
the crystalline environment.

The dielectric functions of 3P, 4P, and 6P are
similar to the DF of biphenyl. According to the
1/n law the lowest transition is red shifted. With
increasing oligomer length, the first transition polar-
ized perpendicular to the molecular axis shifts to
higher energies with respect to the lowest transition.
The peaks in the yy component of the DF are located
0.6, 0.9, 1.0, and 1.2eV above the absorption onset
in 2P, 3P, 4P, and 6P, respectively, and their weights
decrease with increasing molecular length.

Optical absorption of thin films

In order to be able to compare the theoretical results
for the DF directly to experimental data it is neces-
sary to calculate optical absorption, transmission,
and reflection coefficients of samples consisting of
a substrate and a thin film of the organic material.
This is achieved by first calculating the real part of
the DF from the imaginary part via the Kramers-
Kronig relation and, in a second step, applying
Maxwell’s equations to the layered structures com-
posed of optically anisotropic media [51-53].

The right column of Fig. 7 shows the measured
absorbance of a 200 nm thick oriented film of para-
hexaphenyl (6P) [54, 55] together with the theoret-
ical result. The long molecular axis is oriented
parallel to the substrate surface. We notice a pro-
nounced dependence of the optical absorption on the
polarization of the incoming light. There is a strong
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Fig. 7 Left column: Simulated and experimental [53, 54] absorbance of a para-hexaphenyl film at normal incidence where the
orientation of the molecular axis is varied from lying molecules (# =0°) to standing molecules (6 =90°). Right column:
Simulated and experimental [53, 54] absorbance of an oriented lying para-hexaphenyl film where the molecular axis is oriented
parallel to the substrate surface. The polarization of the incident light (E) is varied from parallel (6 =0°) to perpendicular

(6 =90°) with respect to the long molecular axis

absorption in the energy range between 3.0 and 4.5 eV
when the polarization is parallel to the molecular
axis (6 =0°). Microscopically, the absorption in this
energy range is due to the delocalized w—m transi-
tions which are optically active for the electric field
vector parallel to the molecular axis. For light po-
larized perpendicular to the chain direction, these
transitions can not be excited and the absorbance
remains small in the respective energy range. At in-
termediate polarizations (6 =30° and 60°), the ab-
sorption spectra are linear combinations of the curves
for parallel and perpendicular polarization, therefore
leaving the peak positions unchanged and simply

altering the peak intensities. Note that the experi-
mental spectra have only been recorded up to an
energy of about 4.2eV.

One can also study the influence of different mo-
lecular orientations within the film which can be
achieved by tuning the growth conditions during film
preparation or varying the substrate. For instance,
the left column of Fig. 7 shows two experimental ab-
sorption spectra for two different 6P films of 200 nm
thickness which have been prepared such that (i) the
molecules are aligned perpendicular to the substrate,
thus the molecules are standing on the substrate and
(i1), the long molecular axis is parallel to the sub-
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strate surface, i.e., the molecules are lying flat on the
substrate. We compare these two experimental situa-
tions with the simulated results by rotating the mole-
cules from their standing configuration, characterized
by #=90° to the lying configuration (6 =0°) where
the molecular axis is parallel to the substrate. We
observe a shift of the absorption peak to lower en-
ergies and an increase in intensity when the orienta-
tion of the molecules is varied from the standing to
the lying configuration. For the two limiting cases,
0 =0° and 90°, where experiments are available, the
agreement is good.

Excitonic effects

Unlike to the situation in inorganic semiconductors,
like Si or GaAs, where exciton binding energies are
found to be small compared to the thermal energy at
room temperatures, one expects the electron—hole
(e—h) interaction in organic semiconductors to be
more pronounced. This is due to the strong anisotro-
pies leading to a less effective screening of the e—h
interaction, i.e., lower dielectric constants in the lat-
ter. In order to develop a quantitative understanding
of the optical properties beyond the independent e—h
picture as presented in the previous section, it is
desirable to devise an ab initio approach including
excitonic effects. Such an approach is provided with-
in the framework of many-body perturbation theory.
Therein, the linear response to an optical perturba-
tion is expressed in terms of the equation of motion
for the e—h two-particle Green function, the so-
called Bethe-Salpeter equation (BSE). Solutions of
the BSE in an ab initio framework, appearing in
the literature in the past few years, have shown that
e—h interactions are indeed important in order to
correctly account for quantitative as well as qualita-
tive features of optical spectra of semiconductors and
insulators, i.e., a redistribution of oscillator strengths
as well as bound excitons. This is true for inorganic
as well as for organic semiconductors as discussed
in the reviews, Refs. [39] and [40]. The implemen-
tation of the BSE method into the LAPW method has
been published in Ref. [56].

The exciton binding energy (BE) is a central quan-
tity in the photophysics of organic semiconductors
since it is intimately related to the probability of
radiative emission/absorption and electric-field in-
duced generation of free charge carriers. The BE is
defined as the energy required to separate a bound
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are indicated

e—h pair, the exciton, into a free electron and a free
hole. The solution of the BSE could indeed clarify the
nature of the energetically lowest optical excitations in
these organic semiconductors, and hence close the
longstanding debate whether the lowest energy transi-
tions are due to weakly bound Wannier excitons (or
even independent charge carriers) or due to the absorp-
tion of tightly bound excitons (Frenkel exciton model).

In Fig. 8, we investigate how the exciton binding
energy depends on the length of the molecular build-
ing blocks going from biphenyl to the infinite poly-
mer chain. The imaginary part of the macroscopic
dielectric tensor is depicted for 2P, 3P, and PPP. A
common feature, not only observed for the pheny-
lenes but also for the acenes [57, 58] and thiophenes
[40], is the reduction of the exciton binding energy
with increasing molecular length. This is a conse-
quence of the decreasing e~h Coulomb interaction,
when the molecular size increases, which can be
attributed to two effects: (i) a larger extension of
the e—h wave function and (ii) the strong enhance-
ment of the dielectric screening. While the latter is a
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result of the previously discussed reduction of the
electronic band gap with increasing molecular length,
the former can be explained by spatially more ex-
tended e—h clouds along the molecular backbone al-
lowing for a larger separation of the electron and the
hole, when the length of the molecule increases.

Conclusions and outlook

We have shown how ab initio DFT calculations
contribute to an understanding of the electronic
and optical properties of the organic semiconducting
materials which form the active layers in many elec-
tro-optical applications. These investigations revealed
important structure-property relations and can pro-
vide guidelines for the optimization of devices based
on these organic semiconductors. Thus, the first-
principles investigations presented in this review fo-
cused on the intrinsic electronic and optical prop-
erties of the active organic layers. The operation of
a device like an OLED or an OFET is, however, also
crucially determined by the interface between a
metal electrode and the organic semiconductor. For
instance, the charge carrier injection from the elec-
trode into the organic material depends on the
alignment of the electronic levels. Moreover, the in-
teractions between the organic molecule and the
metal surface determines the molecular order at the
interface and the film growth. Therefore, future in-
vestigations have to be directed to an understanding
of the interfaces of organic semiconductors with
metal surfaces or other (organic) semiconductors.
To this end, it will be important to extend the current
theoretical approach by an ab initio treatment of
van der Waals interactions as recently developed
by Dion et al. [59]. First results for surface energies
[60] and the adsorption of thiophene on Cu(110)
[61] indeed highlight the importance of this nonlocal
correlation effect.
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