
Chapter 2
Fundamentals

Any sufficiently advanced technology is indistinguishable from
magic.

—Arthur C. Clark

This chapter will give an introduction to the fundamental physics and processes,
which are necessary to understand the present work. It will start with an overview
of the properties of organic semiconductors followed by some basics of electronic
structure theory. Subsequently, differentmodels and processes relevant for interfacial
energy–level alignment will be discussed.

2.1 Organic Semiconductors: π–Conjugated Molecules

Organic molecules are the multitude of compounds of carbon (covalently) bound to
itself or other elements. Typical other atoms are hydrogen, oxygen, nitrogen, sulfur
or fluorine. Since carbon can participate in up to four unpolar bonds to other carbons,
iteration to large molecules is possible and common (e.g., the DNA). Therefore, a
wealth of organic compounds is known.Yet, central to this work are organic semicon-
ductor (OSC), which usually refers to the subgroup of organic molecules that have
a π–conjugated (electron) system. Such a π–conjugated system consists of delocal-
ized electrons from former p–orbitals, which are described in the limits of alternating
single and double bonds. The conjugation of the bonds enforces that OSCs are, at
least in parts, planar. The origin of this behavior is to find in the sp2 hybridization of
carbon.

Here, hybridization refers to linear combinations of the carbon’s 2 s and 2p
atomic orbitals, which best describe the experimentally observed bonding modal-
ities. E.g., often one finds carbon tetrahedrally coordinated exhibiting four equiva-
lent bonds. This configuration is described by sp3 hybridization. The relevant case
for π–systems, though, is sp2 hybridization. In sp2 hybridization only two of the
three 2p orbitals mix with the 2 s orbital yielding three equivalent sp2 hybrid orbitals.
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Fig. 2.1 a Scheme of the covalent bonding between two sp2 hybridizated carbon atoms. Each of
the carbons has three hybrid sp2 orbitals (black markers) lying in a common plane (grey). The
pz orbital is perpendicular to the three sp2 hybrid orbitals. Upon bond formation two sp2 hybrids
form a σ bond (orbitals indicated in the plane). The overlap between the two pz orbitals mediates
a π–bond. To maximize the π–bond overlap the pz orbitals favor to align parallel. At the same
time this forces the sp2 hybrids of both carbons into a common plane (grey). Therefore, molecules
containing carbons in sp2 hybridization tend to be planar, at least in parts. b Due to the different
overlap of the sp2 and pz orbitals, the energy levels of σ orbitals are usually stronger split than
those of the π orbitals. Thus, HOMO and LUMO of OSCs are usually π orbitals. σ ∗ and π∗ denote
the unoccupied, antibonding, states of the situation depicted in a

They are directed in a common plane, rotated by 120◦ each. The fourth orbital, the
remaining pz, is directed normal to that plane. If now sp2 hybridized constituents
bond, their atomic nuclei are usually arranged in a single common plane, which is
that of the sp2 hybrids. This can be understood by the scheme in Fig. 2.1. Upon
bonding of two neighboring sp2 hybridized constituents two of their sp2 orbitals
form a σ–bond (rotationally symmetric along the bond axis). Additionally, a π–
bond is formed due to the overlap between the adjacent pz orbitals. To maximize the
overlap of the π–bond the pz orbitals have to align parallel, forcing all sp2 hybrid
orbitals in the very same plane. Note that there exist exceptions from this rule.
E.g., in para–sexiphenyl the repulsion between (terminal) hydrogen atoms induces a
twisting between the neighboring phenyl ring units.

Since the overlap of the pz orbitals is usually smaller than that of the sp2 hybrids,
the energy level splitting of the pz states is also less (see Fig. 2.1b). Thus, the impor-
tant electrical transport states, i.e., the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO), are π–states. Those states
are responsible for many of the typical properties of organic semiconductors. The
energies of the π–states can approximately be calculated via the Hückel method,
which is described in Sect. 2.2.2.1. By changing the overlap within the π–system or
changing its electron density, e.g., by electron withdrawing or donating side groups,
one can modify the π–system’s energy levels. This opens up vast possibilties to
design molecules for a particular purpose by exploiting the versatility of chemical
synthesis and side group engineering.
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Fig. 2.2 Typical electronic structures exemplified by a Si and b rubrene. Shown are calculated
bandstructures along high symmetry axes of the brillouin zone and the resulting DOS. For Si
the bandgap (blurred region) is indirect. One can see that the Si valence bands along L�� and
��X are almost degenerate, but split along K��. Their bandwidths are several eV. b Organic
semicondcutors usually exhibit far smaller dispersions than inorganic semiconductors. Here the
bandwidth of the HOMO and LUMO is below 0.4eV. Note the different energy scale than in a.
As it will be discussed in the text not every point of zero slope (van Hove singularity) of the band
structure leads to a divergent DOS. Graphs are adapted from [2, 3]

Due to the closed shell nature of OSC molecules the intermolecular forces are
generally weak and of van der Waals type. This type of interaction can well be
described by the Lennard–Jones potential [1]:

V (r) = 4V0

[(
deff
r

)12

−
(
deff
r

)6
]

(2.1)

here the first term empirically describes the Pauli repulsion between the molecules,
which is a consequence of the exchange interaction of Fermions. Sometimes, alter-
natively, an exponential functional form is used for the first term. The second term
describes the interaction of fluctuating mutually induced dipoles (which exists even
for neutral molecules). It is thus linked with the polarizabilities, which in turn, for
OSCs, are dominated by theπ–system.Due to theweaker intermolecular forces,OSC
crystals are softer and not as thermally stable as their inorganic counterparts. For the
same reason the bandstructures of inorganic and organic crystals are also markedly
different: Due to the stronger interaction of inorganic semiconductors their bandstru-
tures are characterized by stronger band dispersion and larger bandwidths of several
eV. In contrast, a molecular crystal of rubrene only exhibits weak dispersion and a
maximum bandwidth of only 0.4eV. Noteworthy, rubrene is a benchmark molecular
crystal. Hence, other OSCs usually exhibit even weaker dispersion. Thus, the band-
structures of molecular crystals indeed mostly resemble just the molecular energy
levels (Fig. 2.2).
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Another difference of inorganic semiconductors and OSCs concerns the excitons.
On the one hand, in inorganic semiconductors the mean distances of excitons are
large and hence binding energies low. Such excitons are called Wannier excitons.
Indeed, the exciton binding energy of ZnO (60meV) is among the highest to find for
inorganic semiconductors. On the other hand, for OSCs, positive and negative charge
of the exciton are close usually confined within the boundaries of the same (small)
OSC molecule. Such excitons are called Frenkel excitons. Furthermore, due to the
presence of the exciton, the molecules adjust/relax themselves (nuclei and electrons)
to establish a new lowest energy conformation. The relaxation energies are regularly
in the range of a few 100meV. Thus, Frenkel excitons exhibit significantly stronger
binding energies than Wannier excitons.

Similarly, also an additional charge carrier induces a relaxation of the molecule
it resides on. Thus, the binding energy of such a polaron is also of the order of a
few 100 eV, which severely hinders its charge transport. Consequently, the highest
observed mobilities for OSC crystals, e.g., rubrene, only reach 20cm2/Vs [4]. This
is by far below typical values found for inorganic semiconductor crystals (e.g., GaAs
μ > 9000cm2/Vs [5]). The charge transport in OSCs is usually best describes by
hoppping transport models, in which intersite hopping occurs through tunneling and
is temperature activated [6–9]. In contrast most inorganic semiconductors exhibit
bandlike transport, in which mobilities q 〈τ 〉 /m∗ depend on the mean scattering
time 〈τ 〉 of the charge carriers [10, p. 207]. Also the temperature dependence is dif-
ferent. For instance, different than in hopping transport, raising the temperature in the
band transport regime lowers the mobility, since phonon scattering is enhanced (not
considering ionized impurity scattering). For a thorough discussion of the tempera-
ture dependencies of the mobilities in the band and hopping transport regimes see,
e.g., [10, 11, p. 220]. Lastly, for OSCs, the hopping matrix elements are dependent
on the (π − π) overlap and therefore charge transport is commonly anisotropic. As
an example: The charge transport will be different depending on whether molecules
are lying face–on or standing on the heterointerfaces of a (planar) device. Note that
different interfacial molecular orientations are observed at several instances within
this work.

2.2 Electronic Structure Theory

Now some of the fundamental concepts and terms of solid state electronic struc-
ture theory will be introduced. The discussion starts with aspects of strictly periodic
structures, which are best applicable to inorganic semiconductors. Nevertheless, this
is also relevant to the understanding of organic semiconductors, since first, organic
semiconductors can also form crystals and second, both fields share many terminolo-
gies. Focus is put on two limits of how to calculate band structures: the nearly free
electron and the tight binding approximation. The latter, the tight binding model, is
particularly valuable for the field of organic semiconductors, since it is applicable to
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non–periodic structures. Its application to organic semiconductors in the variant of
the Hückel method is also presented.

One often finds matter to be organized in periodic structures so that atoms or
molecules are at defined positions on a lattice. This has numerous consequences
for the electronic structure. E.g., simply by considering a periodic potential of delta
functions, i.e., the Kronig–Penney model, one can already explain the existence of
bands. More advanced discussions of electronic structure need to consider more
realistic potentials and usually start from the single particle Schrödinger equation,
in which electron–electron interactions of the form V (�ri − �rj) are excluded:

Ĥ ψ (�r) =
(

− �
2

2m
� + V (�r)

)
ψ (�r) = E ψ (�r) (2.2)

where V (�r) = V (�r + �R) is the periodic crystal potential, which is invariant upon
translations by Bravais vectors �R. Note that vectors are denoted by an arrow above
and quantum mechanic operators, e.g., the Hamilton operator Ĥ , in boldface with a
hat. The periodicity of the crystal also forces the wavefunctions ψ in different unit
cells to differ by only a phase factor. By this the electron density |ψ |2 is fully periodic
over the unit cells, which is known as Bloch’s theorem:

ψ�k(�r) = ei
�k·�r · u(�r) u(�r) = u(�r + �R) (2.3)

where u(�r) is a lattice periodic function. The solutions to the Schrödinger equation
can be indexed by their wave vector. However, it is common to restrict �k to the first
Brillouin zone and construct values outside by appropriate addition / subtraction of
reciprocal lattice vectors �G. Within this reduced zone scheme one needs a second
index to differentiate between the now multiple solutions for a single �k. That is the
band index, which is either labeled n or by the reciprocal lattice vector �Gn.

2.2.1 Nearly Free Electrons

Using the introduced formalism of reciprocal lattice vectors one obtains the Fourier
transformed Schrödinger equation as:

[
�
2

2m

(�k − �Gn

)2 − E

]
c�k− �Gn

+
∑

�G
V �G− �Gn

c�k− �G = 0 (2.4)

where c�k− �Gn
and V �G− �Gn

are the Fourier coefficients of the expanded wavefunction
ψ and of the potential V respectively. From this equation one can recognize that the
dispersion upon neglecting the potential (all V �G− �Gn

= 0) resembles the one of free
electrons, indexed by bands:
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E (0)
n (�k) = E (0)

�k− �Gn
= �

2

2m

(�k − �Gn

)2
(2.5)

However, neglecting the crystal potential is not very realistic, since at least a small
potential will always be present. In this case one utilizes second order perturbation
theory in the small potential. Starting from (2.4) one obtains the Brillouin–Wigner
perturbation series [12, p. 103] for the energy dispersion En(�k):

En(�k) = E (0)
�k− �Gn

+
∑
�G �= �Gn

∣∣V �G− �G0

∣∣2
En(�k) − E (0)

�k− �G
(2.6)

It is evident that the energies En(�k) deviate from the undisturbed energies E (0)
�k− �Gn

of

free electrons upon switching on a potential. By approximating En(�k) in the denomi-
nator by E (0)

�k− �Gn
, Eq. (2.6) becomes the 2nd order Rayleigh–Schrödinger perturbation

series. However, the Rayleigh–Schrödinger series connot be used at critical points
�k, for which E (0)

�kcrit− �G i
= E (0)

�kcrit− �Gn
, since there the denominator is zero. This occurs

at points of the first Brillouin zone, where two bands are degenerate (cross). Such
is often fulfilled at the zone boundaries. By separating out the critical summand in
(2.6) one obtains a quadratic relation for En(�kcrit) and calculates the resulting band
splitting at the points �kcrit approximately as [12, p. 103]:

E±
crit(

�k) = E±(�kcrit) = E (0)
�kcrit− �Gn

± ∣∣V �Gn− �G i

∣∣ (2.7)

One can use Eq. (2.7) to estimate the size of the bandgap as two times the (first)
Fourier coefficient. One should note that this is only an approximation and bands
can stay degenerate, meaning that they do not need to split.

2.2.2 Model of Tight Binding/LCAO

Within the just presented nearly free electron approximation one can understand the
occurrence of bands as an intrinsic consequence of a periodic potential. While this
approximation might be good for certain systems (e.g., metal conduction electrons),
many electrons of a crystal can not be considered nearly free. Thus, now the opposite
approach is discussed. It considers electrons to be strongly bound to the atomic
nuclei, which is called tight binding (TB). To reflect this new notion one rewrites the
Hamiltonian for a single electron in the following form:

Ĥ = p̂2

2m
+

∑
�Ri

Vat(�r − �Ri) (2.8)
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=
(

p̂2

2m
+ Vat(�r − �Rx)

)
+

∑
�Ri �= �Rx

Vat(�r − �Ri) (2.9)

= Ĥat, �Rx
+ Ĥext (2.10)

which is still the same single particle Hamiltonian as in (2.2). One recognizes the
atomic Hamiltonian of a single atom at �Rx to be disturbed by the potential of the
other atomic nuclei’s potentials Vat(�r − �Ri) at positions �Ri. Note that the �Ri are
not necessarily periodic, which predestines the approach to be used for organic
semiconductors as well.

Since within tight binding electrons are strongly bound, one can use the atomic
orbitals φn(�r − �Ri) as an approximation to the wavefunctions. Furthermore, in the
periodic lattice of a crystal the wavefunctions have to be normalized1 and fulfill
Bloch’s theorem.Accordingly, one constructswavefunctions from the atomic orbitals
φn(�r − �Ri) as a linear combination of atomic orbitals (LCAO):

ψn�k(�r) = 1√
N

∑
�Ri

ei
�k �Riφn(�r − �Ri) (2.11)

With these wavefunctions one uses (2.12) to calculate the band energies, i.e., the
dispersion relations:

En(�k) =
〈
ψn�k

∣∣ Ĥ ∣∣ψn�k
〉

〈
ψn�k

∣∣ ψn�k
〉 (2.12)

In calculating the matrixelements in (2.12) (cf. also (2.14)–(2.16)) one exploits that
φn,φ∗

n andVat are localized functions around a single atomic site but small everywhere
else. If neglecting terms, in which all three are small, one obtains the following
dispersion relations using only the relevant:

En(�k) = En +
βn +

∑
�Ri �=0

e−i �k �Riλn( �Ri)

1 +
∑
�Ri �=0

e−i �k �Riαn( �Ri)
(2.13)

This equation uses the abbreviations (2.14)–(2.16), for the non–neglected matrix-
elements. Here β is the atomic energy shift due to the potential of the neighboring
atoms, λ the inter atomic matrix element and α the overlap integral:

1For reasons of simplicity the wavefunction of (2.11) are not orthonormal, which is not problematic,
since energies will be calculated via the Ritz method (2.12) anyway.
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βn =
∫

d3r φ∗
n (�r)

∑
�Ri �=0

Vat(�r − �Ri) φn(�r) (2.14)

λn( �Ri) =
∫

d3r φ∗
n (�r − �Ri) Vat(�r − �Ri) φn(�r) (2.15)

αn( �Ri) =
∫

d3r φ∗
n (�r − �Ri) φn(�r) (2.16)

It is common to restrict the summations in (2.13) to a few nearest neighbor interac-
tions. E.g., a 3D simple cubic lattice in next neighbor approximation leads to three
cosine terms in the different directions of space and thus a bandwidth of 12λ:

E(�k) = E0 − 2t
[
cos(kxa) + cos(kya) + cos(kza)

]
(2.17)

The wavefunctions (2.11) used were constructed from only one atomic wavefunction
φn from each site. But this way constructed wavefunctions are not eigenfunctions of
the tight binding Hamiltonian. In order to circumvent this problem, a better ansatz is
to expand the wavefunction in the Hilbert space of all atomic orbitals. This variant of
a LCAO (as opposed to (2.11)) advances the ansatz of (2.11) to now include mixing
of different wavefunctions, e.g., s with p or d.

2.2.2.1 The Hückel Method

The Hückel method or also the Hückel molecular orbital method (HMO) is a special
case of the tight binding approximation to calculate the energy levels (and orbitals)
of the π–states of organic semiconductors. This is possible, since periodicity is not
necessarily required in the tight binding ansatz. The interesting electronicπ–states of
conjugated organic molecules are mainly derived from the pz orbitals of the carbon
backbone atoms. Consequently, all π bonds are indeed equivalent (benzene) or at
least close to it (larger conjugatedmolecules). Therefore, the Hückel method uses the
LCAO approach to construct the π–state wavefunctions from the atomic pz orbitals
as:

|ψ〉 = c1 |φ1〉 + c2 |φ2〉 + · · · + cN |φN〉 (2.18)

where N refers to the indexing of the atomic constituents of the π–system. Here
constituents mean that hydrogen atoms or parts of the molecules, e.g., spiro groups,
are excluded, which do not contribute electrons to the π–system. Substituting (2.18)
in the Schrödinger equation (2.10) and multiplying the ket vectors

∣∣φj
〉
with the cor-

responding bra vectors 〈φi| one obtains the following system of Eqs. (2.19):
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(H11 − S11E) c1 + (H12 − S12E) c2 + · · · + (H1N − S1NE) cN = 0
(H21 − S21E) c1 + (H22 − S22E) c2 + · · · + (H2N − S2NE) cN = 0

...
...

(HN1 − SN1E) c1 + (HN2 − SN2E) c2 + · · · + (HNN − SNNE) cN = 0

(2.19)

Hij = 〈φi| Ĥ
∣∣φj

〉
Sij = 〈φi

∣∣φj
〉

(2.20)

Here, Sij are the overlap integrals. The diagonal matrixelements Hii are called
coulomb integrals and the off diagonal ones (Hij) resonance integrals. The Hückel
approximation (see (2.21)) now consists of three assumptions on these integrals:
First, it assumes that any overlap between neighboring atoms vanishes. Second, one
assumes all coulomb integrals to be equal. Third, only resonance integrals of next
neighbors are non–vanishing and all of them are equal [13–16]:

Sij = δij Hii = α Had jacent
ij = β (2.21)

Using these approximations and solving the system of linear equations (2.19) for
nontrivial solutions one obtains the determinant (2.22).2 Having used the Hückel
approximation the solution of the determinant (2.22) is now much simpler. Finding
the energy eigenvalues is now a FindRoot problem of the same polynomial order as
there are carbon/constituent atoms in the π—system. It can even be done “by hand”
for academic examples as benzene.

Fig. 2.3 π–Orbital energies of benzene calculated via the Hückel method. HOMO and LUMO
are both twofold degenerate. To the right renderings of the corresponding π–orbitals’ isosurfaces
are shown. One realizes that bonding (antibonding) orbitals also have nodal planes (lobes) between
selected atoms leading to repulsive (attractive) interaction. Thus, the terms bonding and antibonding
orbitals must be used carefully

2Note that the β’s in the top right and bottom left cell of the determinant in (2.22) are only present
for a cyclic molecule, since, e.g., in benzene the first and sixth carbon atom are adjacent.
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α − E β 0 . . . β

β α − E β . . . 0
0 β α − E . . . 0
...

...
... . . .

...

β 0 0 . . . α − E

∣∣∣∣∣∣∣∣∣∣∣
= 0 (2.22)

By the Hückel method it is simple to gain an understanding of howmanyπ–states
there are, which of them are degenerate and also how the corresponding wavefunc-
tions look like. This will now be illustrated by applying the Hückel method to ben-
zene: For benzene equation (2.22) has six roots, of which two are pairwise degenerate
(see Fig. 2.3). Note that β is negative so that for instance the energy of the HOMO is
α+β. To the right hand side of Fig. 2.3 the corresponding orbitals are shown. This pic-
ture can easily be obtained within the Hückel method by inspecting the phases of the
individual pz orbitals contributing to the wavefunction. Such a figure is instructive,
since it visualizes the bonding modalities via the lobes and nodes of the wavefunc-
tions. Note that the unoccupied states are commonly called antibonding. However,
from inspection of Fig. 2.3 it becomes clear that also antibonding orbitals can be
attractive between selected atoms and vice versa also bonding orbitals repulsive.

2.2.3 The Density of States

The energy of an electron in a solid is linked with its wave vector k via the dispersion
relation (bandstructure). Inmany cases, though, one is not interested in the dispersion
relation, but rather in how many states exist at a certain energy. This quantity is the
density of states (DOS).Within the scope of thiswork theDOSwill be used on several
occasions and mostly phenomenologically. Nevertheless, it will now be shown how
the bandstructure and DOS are related. Furthermore, the functional form of the DOS
at semiconductor band edges will be derived.

Themost general form to calculate theDOS is of course simply counting the states
within an energy interval (E, E +δE). But with the dispersion relation E(�k) known,
one can calculate the density of states g(E) by the surface integral (in k space) over
areas A of constant energy E [17, p. 144]:

g(E) =
∫
A

d A

4π3

1

| �∇kE(�k)| (2.23)

Unfortunately, the precise form of those equi–energy surfaces or the bandstructure
in general can be quite complex. Thus, Eq. (2.23) still poses a severe hurdle for
calculating the DOS. The only remedy is to use locally (approximated) functional
forms for E(�k), so that evaluation of (2.23) is easy, or fall back to a numerical
treatment. It is clear that integration in (2.23) over points for which | �∇kE(�k)| = 0
is critical. These points are called van Hove singularities. Notably, the DOS at such
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points does not necessarily diverge, but can. Since E(�k) is a periodic function on
the reciprocal lattice, there indeed exist points in every band, where the gradient
vanishes.3 Two prominent points, for which | �∇kE(�k)| = 0, are the band edges of
conduction and valence band.

To calculate the DOS around the conduction and valence band edges one can
parabolically approximate the dispersion relation E(�k) = �

2k2

2m∗ , using the effective
mass m∗. Then, surfaces of equal energy in (2.23) are spheres and evaluation of
(2.23) yields:

gC(E) = (2m∗
e)

3
2

2π2�3

√
E − EC gV(E) = (2m∗

p)
3
2

2π2�3

√
EV − E (2.24)

for the DOS of the conduction ([gC(E)]) and valence band (gV(E)) relative to the
band edges EC and EV.m∗

e andm
∗
p are the electron and hole effective masses, which

are usually not equal. From (2.24) one realizes that the DOS at the extremal points
at the band edges stays finite, even zero.

Note the typical ∼√
E form of a 3D system. Differently dimensional systems,

e.g., a 2D electron gas, usually exhibit a different functional form. Lastly, it should
be mentioned that certain letters put in front of the term DOS refine its meaning.
That way LDOS or JDOS refer to the local DOS or joint DOS.4 Most importantly
GDOS will be used to name the gap state density of states within this thesis.

2.2.4 Gap States

Formanydiscussions of electrical properties or energy–level alignment, it is sufficient
to know the positions of the bands (or molecular states) and the forbidden energy
regions in between, i.e., the bandgaps. However, a problem with this simple picture
arises if the bandgap is not completely empty, but houses states itself. These gap states
are of paramount importance for energy–level alignment, since they are close to EF .
Therefore, their occupation sensitively responds to any change of the energy–level
alignment and vice versa.

There exist several origins, which can give rise to states within the bandgap.Many
of those origins exclusively occur at surfaces or interfaces. The present thesis will
subsummize all states in the gap, possibly having different physical origins, under the
phenomenological term “gap states”. For discussing energy–level alignment using
such a general term is not an issue, since it is primarily important that there exist
DOS in the gap, but not what is its origin. Also, in many cases it is experimentally
impossible to pinpoint the particular physical cause for a gap state, so that a gen-
eral term is required. Yet, for the discussion of other physical properties it can be
important to know the origin of a gap state. E.g., the wavefunctions of the various

3Not considering special cases as discontinuous E(�k) relations.
4Which is the product of initial and final densities used to count, e.g., transition states.
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types of gap states can be differently localized/extended, which is interrelated with
the conductance of the material or across an interface. Therefore, some origins of
gap states shall be discussed in more detail:

A probably not complete list of terms used in relation with gap states is: surface
states (Shockley and Tamm states) [18, 19], interface states, metal induced gap states
(MIGS) [19], Urbach tails [20–22] and (electron) band tails [23–25]. Surface states
are, as the name suggest, states that occur at and due to the surface. Depending on
the mathematical treatment, they are classified as Shockley or Tamm states. Interface
states is a general term for states existing only confined at an interface. Noteworthy,
by these definitions one could also consider a surface state (or a MIGS) an interface
state. MIGS refer to a behavior, which is not necessarily specific for metals: The
energy of a state on one side of an interface is usually5 met by a forbidden energy
region on the other side of an interface. But even though the energy of the state on one
side is forbidden on the other, its wavefunction does not abruptly vanish on the other
side, but decays exponentially with distance from the interface. Hereby, states which
are strictly allowed only on one side, also become interface confined gap states of the
other side. Note that this is similar to the induced density of interface states (IDIS).
Finally, the term Urbach tails refers to exponential tailing of the absorption edge
in optical spectroscopy, which is related to disorder in the material. While strictly
speaken Urbach tails are connected with the JDOS their mathematical treatment
is intertwined with the more general topic of disorder induced electron band tails.
Particularly the latter two, Urbach and electron band tails, can also be bulk properties,
while the others are surface/interface confined.

From all those possible origins only surface states and electron band tails are
necessary to be further discussed (see Sects. 2.2.4.1 and 2.2.4.2). Surface states are
discussed mainly for academic reasons (Sect. 2.2.4.1), since for them it can be easily
shown that the states exist in the bandgap. Additionally, a short excerpt about electron
band tails is necessary to understand the GDOS investigations of Sect. 5.3.

2.2.4.1 Surface States

In 1932 Tamm’s pioneering work [26] paved the way for the field of surface states as
a direct consequence of terminating a crystal with a surface. Similarly important is
the work of Shockley, who treated surface states in the framework of nearly free elec-
trons. Except for the nomenclatura there is no principle difference between Shockley
and Tamm states. Nevertheless, nowadays one categorizes a surface state being a
Shockley or a Tamm state depending on whether or not the bandgap is inverted at
the k point [27].

Surface states exist in the forbidden energy gap and are localized at the crys-
tal’s surface [27, 28]. In Tamm’s original work that finding is based on terminating
a Kronig–Penney potential. Nevertheless, the fact that surface states exist in the
forbidden energy gap can be deduced from an even simpler model [27, p. 46], by

5If not two metals are adjoined.

http://dx.doi.org/10.1007/978-3-319-46624-8_5
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Fig. 2.4 Schematic diagram of an ideal crystal vacuum interface in one dimension. Inside the
crystal (x > 0) the potential is periodic V(x) = V(x + na) according to the crystals translational
symmetry. Outside (x < 0) V(x) = V0 is simply constant. The wave functions inside (ψXT AL ) and
outside (ψvac) the crystal will be matched according to (2.27). Realistically the potential change
from V0 to V(x + na) will not be as abrupt and the first some unit cells will not necessarily have the
crystal’s periodicity

solely exploiting Bloch’s theorem. Consider the example of Fig. 2.4, in which the
wavefunctions in the respective regions are as follows.

ψvac = Dek0x k0 = (V0 − E)1/2 (2.25)

ψXTAL = Auk(x)e
ikx + Bu−k(x)e

−ikx (2.26)

here A, B and D are constants to be appropriately chosen to match the lattice Bloch
waves uk. To ensure a finite value of the norm of the wave function in the vacuum
region for x → −∞ the solution must fall towards zero as in (2.25). Equation (2.26)
is the general solution of the Schrödinger equation in the crystal, consisting of two
Bloch waves. Now both wave functions and their derivatives have to be matched at
x=0 leading to the following system of equations for the coefficients A, B and D:

Auk(0) + Bu−k(0) = D (2.27)

A
[
u′
k(0) + ikuk(0)

] + B
[
u′

−k(0) − iku−k(0)
] = Dk0 (2.28)

If (i) k in (2.26) is real, then the wave function ψXTAL is finite and the corresponding
energy eigenvalue lies within one of the allowed energy bands. In this case, (2.27)
and (2.28) are two equations for three parameters. Thus, one will always find a
solution to match the wave functions of both regions. This makes every allowed
solution for the energy of the infinite crystal also a solution for the semi infinite
crystal. If on the other hand (ii) k in (2.26) is complex, then one of the summands
in (2.26) and thus also ψXTAL will diverge for x → ∞ unless the corresponding
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coefficient A or B is also zero. In that case, (2.27) and (2.28) are two equations for
two coefficient, which only has solutions for the electron energy E, if the equation
system’s determinant vanishes for that value. Therefore, these solutions correspond
with energy values in the forbidden energy gap of the infinite crystal. Moreover,
the solutions will exponentially fall off inside the crystal, though in an oscillatory
manner caused by uk(x).

Having discussed that surface states exist in the bandgap, one thing must not be
confused. The statement relates to the bandgap at a specific point of the reduced zone
scheme. Upon sketching band diagrams often a whole band is projected onto a single
axis. In such illustrations surface states may very well overlap with bands.

2.2.4.2 Electron Band Tails

As it was already pointed out, electronic band tails arise due to disorder of a crys-
tal. Consequently, many of the contributions originate from the field of amorphous
materials and melts. Among the most prominent to investigate the topic were Mott
and Anderson for which they later became Nobel laureates in 1977.

For the present thesis of most interest is the density of states (DOS) of disordered
solids. In order to derive expressions for g(E) one usually employs the ansatz that
the potential fluctuations due to disorder are Gaussian distributed.

P(V ) = 1

ηπ
exp

(
−V 2

η2

)
η = √

2Vrms (2.29)

where Vrms is the rootmean square of the distribution and thus ameasure for thewidth
of the potential fluctuations. Equation (2.29) is also sometimes called Gaussian white
noise potential. E.g., Halperin and Lax discuss under which circumstances white
noise Gaussian potentials are to be found [23, 29, 30]. Based on such a potential one
can derive expressions for the DOS [21, 23–25, 31, 32]. It is found that the results
for the DOS critically depend on two factors: First, how long ranging the impurity
potentials are or more general the correlation length of the disorder L. Second, the
functional form of the DOS in different energy regimes of the tail was found to be
different [23]. In the limit that the de Broglie wavelength λ = �/(2m|E |)1/2 is long
compared to the finite correlation length of the disorder, Cardy et al. [31] have shown
that the DOS behaves as:

g(E) ∼ |E |d(5−d)/4 exp(−const · |E |2−d/2) (2.30)

where d is the dimensionality of the system. In the opposite limit of L >> λ,
John et al. [32] derived the following form for the DOS:

g(E) ∼ |E |d exp(−|E |2/2 V 2
rms) (2.31)
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Fig. 2.5 Electron band tail of the conduction band due to disorder. The functional form of the
DOS in the tail region is markedly different from the well known parabolic band approximation,√
E − EC, of the CB around EC. Instead, the functional form is in between the two limiting cases

of Eqs. (2.30) and (2.31). Furthermore, the states in band tails are localized, while the band states
are delocalized. The mobility edge is the energy separating these regimes of differently conducting
states

Within these two limits (cf. Fig. 2.5) and the different dimensionalities of the bulk
crystal and the surface, regions falling off as exp(−E) may happen [33]. Indeed,
this is the approximate experimentally found functional form of the GDOS/PES
intensities investigated in Sect. 5.3.

Not central to this thesis, but for the interpretation and the implications of the
present data, is that states in band tails are localized, while band states are delocalized
over the whole crystal [34, 35]. Thus, transport through band tails depends on the
distribution and percolation paths of imperfections in the crystal. Hereby, it is similar
to the previously mentioned hopping transport models. For further discourses on
electron band tail transport see [36–38].

2.3 Models and Processes of Energy–Level Alignment

In the previous sections the electronic structure of inorganic and organic semicon-
ductors as individual materials was discussed. But for a concise understanding of the
electrical properties of devices another prerequisite is to know the electronic structure
and energy–level alignment at interfaces. Ultimately, the energy–level alignment at
interfaces is a function of the charge rearrangement upon formation. However, the
charge rearrangement can be extremely complicated. It depends on several aspects
as bond formation, intrinsic dipoles, the position of the Fermi level, the electronic
structures of the individual components plus the hybridization between them upon
contact formation and lastly molecular distortions or strain due to lattice mismatch.
Here, it should be also stressed that the charge distribution at interfaces is connected
to the capacitance of the system [39]. Just as a single example: Interfaces with or
without charge transfer behave differently concerning high frequency alternating
currents.

http://dx.doi.org/10.1007/978-3-319-46624-8_5


22 2 Fundamentals

In order to comprehend energy–level alignment and charge distribution at inter-
faces, here, certain processes and limiting cases will be presented individually.
Accordingly, Sect. 2.3.1 will define the Fermi level followed by a thorough discourse
of band bending in Sect. 2.3.2. Then, Sects. 2.3.3 and 2.3.4 will treat two different
schemes of energy–level alignment, i.e., vacuum level alignment and Fermi–level
pinning. Section2.3.5 will explain the push back effect. Lastly, the importance of
molecular film structure for energy–level alignment is elucidated in Sect. 2.3.6.

Almost exclusively, interfaces within this thesis are planar and homogenous.
Therefore, potential changes occur in z only, which is normal to the interface. For
the simplest case of only an interface dipole the situation resembles the one of a sin-
gle plate capacitor. The energy–level shift can then be calculated via the Helmholtz
equation as a function of the charge density σ at the individual sides of the interface
dipole and of the spacing d:

�φ = e · d · σ

ε0εr
�φ = e · n · μ⊥

ε0εr
(2.32)

ε, ε0 and e are the relative and vacuum dielectric permittivity and elementary charge.
The right hand side equation conceives the same situation to be cause by n dipoles
of strength μ⊥ in direction of the interface normal. Equation (2.32) is a specialized
version of Poisson’s equation. For more complex potential curves across an inter-
face, one can always slice the potential curve into infinetesimal small slabs in z, in
which the potential changes linearly. This is equivalent to an appropriate concatena-
tion/superposition of (infinetesimal small) plate capacitors. A prominent example,
in which such an ansatz is necessary is band bending. Historically, such smeared out
potentials were first observed for solid liquid interfaces and referred to as electrical
double layers. Nevertheless, the terminology is also sometimes used in the field of
semiconductor (metal) heterojunctions. It was already recognized in that context,
that the charge distribution/density not only determines the energy–level alignment
at interface, but also the capacitance [39]. Due to explaining the potential curve as a
concatenation of plate capacitors such a connection is obvious.

2.3.1 Doping and Fermi–Level

The Fermi level (EF ) is a concept of statistical physics denoting the total chemical
potential of electrons (μ) of a thermodynamic system [17, pp. 759 sqq]. In ther-
modynamic equilibrium all redistribution of particles and thus also electrons has
come to an end. Then the electron chemical potential is equal throughout the system,
otherwise electron redistribution would be resumed. Therefore, for a system in ther-
modynamic equilibrium there exist a single constant Fermi level. Care must be taken
to differentiate the Fermi level from the Fermi energy, which simply is the energy of
the highest occupied electron state at T=0, which is equivalent to μ(T = 0).
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In particular the Fermi level determines the occupation probability of Fermionic
states via the Fermi–Dirac distribution (also Fermi–Dirac statistics) [17, pp. 561
sqq]. This means that if the density of states (including dopants) is known, all of
the internal charge distribution can be calculated provided the Fermi level is known.
It is this, what makes the Fermi–Level the key parameter to the understanding of
electrostatics inside a material and thus also of energy–level alignment.

This subsection aims to lay the definitional groundwork of semiconductor physics
necessary to calculate the Fermi–Level. But also emphasis is put on understanding
how the Fermi–Level is functionally entangled with the charge densities, which is
fundamental for solving Poisson’s equation in general or,more particular, to calculate
band bending in crystals in Sect. 2.3.2:

Using Eq. (2.33) one calculates the number of electrons in the conduction band n
and number of holes in the valence band:

n =
Etop∫
EC

gC(E) f (E)dE p =
EV∫

Ebottom

gV(E)[1 − f (E)]dE (2.33)

n � 2NC√
π

F1/2(ηC) p � 2NV√
π

F1/2(ηV) (2.34)

≈ NCe
(EF−EC)/kBT ≈ NVe

(EV−EF)/kBT (2.35)

where gV and gC are theDOSs of the valence and conduction band, EC and EV bottom
and top energies of valence and conduction band respectively and f (E) the occupa-
tion probability given by the Fermi–Dirac distribution. Line two results from using a
parabolic band approximation, using electron and hole effective masses m∗

e and m∗
p

and reformulating with the abbreviations/definitions (2.36)–(2.37) (displayed below)
for the effective densities of states NC and NV and the Fermi–Dirac integral F1/2(η)

(cf. [40], pp. 112sqq). Equation (2.35) in the last row is approximating Fermi–Dirac
statistics by Maxwell–Boltzmann statistics, which is reasonable for nondegenerate
semiconductors. Such are defined [40, p. 115] as that the Fermi level is farther than
3 kBT displaced into the bandgap.

NC = 2

(
2πm∗

nkT

h2

)3/2

NV = 2

(
2πm∗

pkT

h2

)3/2

(2.36)

F1/2(η) =
∞∫
0

ξ 1/2dξ

1 + eξ−η
ηC = (EF − EC)/kBT ηV = (EV − EF)/kBT (2.37)

In the same fashion one calculates the number of ionized donors and acceptors N+
D

and N−
A via summing over all different doping species i and applying Fermi–Dirac

statistics on their numbers NDi and NAi . Values of 2 and 4 for the degeneracy factors
of donors and acceptors gDi and gAi are physically justified for most cases [40]:
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N+
D =

∑
i

NDi

1 + gDie(EF−ED)/kBT
N−
A =

∑
i

NAi

1 + gAie(EA−EF)/kBT
(2.38)

At every point the sum of these four charge densities, i.e., the total charge density,
constitutes the sources and sinks of the electric field. By this (and possibly exist-
ing boundary values) the semiconductor’s internal potential is defined via Poisson’s
equation (where � is the Laplace operator):

[
n − p + N+

D − N−
A

] = ρ

ε
= −�φ (2.39)

This equation is also the basis for the discussion of band bending in Sect. 2.3.2. If
band bending occurs Eq. (2.39) is not equal to zero everywhere, i.e., there are areas of
net charge, where the crystal is not neutral. However, it is safe to assume, that areas
infinitely deep inside the crystal (or sufficiently deep for real crystal) are neutral, oth-
erwise charge neutrality of the macroscopic system would be unrealistically broken.
In the neutral areas one can then simply set (2.39) zero and solve for the Fermi level,
which is contained implicitly in all terms on the left hand side. This methodology
now enables one to calculate the Fermi level via (Mathematica syntax):

EF = FindRoot
[(
n − p + N+

D − N−
A

) == 0, EF
]

(2.40)

The Position of the Fermi level in ZnO ZnO is natively n doped [41–56]. This
results from the fact that the most common crystal defects occurring during growth
or common impurities act as n dopants [48, 54, 57]. The most prominent examples
are of course oxygen vacancies and zinc interstitials resulting from oxygen deficient
growth requirements as well as hydrogen, which is known to diffuse into the crystal
and act as a shallow donor with a binding energy of 30meV [43–47]. But also
complexes with nitrogen (e.g., ZnI–NO ) act as shallow donors [42, 53, 55]. To
p–type dope ZnO has proven difficult [58–60]. In fact efforts so far have failed
or only accomplished some compensation of the n dopants [61–65]. To this thesis
however this adds some degree of reproducibility, since native doping with a density
of 1017 cm−3 to 1018 cm−3 by shallow donors of 30meV to 60meV binding energy
will always render the Fermi level and conduction band to be spaced about 100meV.

2.3.2 Band Bending

Band bending arises from differences in charge concentrations. Wherever gradients
of a charge carrier concentration occur, carriers will start to diffuse, smearing out the
charge distribution, finally making it continuous and in the limit of infinite time also
constant. The reason for this diffusion is that for non constant charge distributions
there are less permutations to place the charges in the system than for constant dis-
tributions. This corresponds with fewer configurations/microstates of the partition
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function and then also smaller entropy, which usually renders such charge distribu-
tions unfavored. However, while diffusion drives the system towards a new state such
trend is counteracted by electric fields arising. Since for the present thesis the parti-
cles of interest are charges, i.e., they are not neutral, diffusion leads to electric fields
and non neutral regions due to space charges. The resulting drift currents counteract
the diffusion currents, which can be written as:

I Dri f tn = qμnnE I Di f f
n = qDn

dn

dz
(2.41)

I Dri f tp = qμp pE I Di f f
p = qDp

dp

dz
(2.42)

where q is a signed elementary charge, n and p electron and hole concentrations, μn,
μp electron and hole mobilities and Dn, Dp electron and hole diffusion coefficients.
For simplicity Eqs. (2.41) and (2.42) are restricted to the one dimensional case in z
direction. The resulting electric field is of course linked with the charge densities via
Poisson’s equation (2.39).

The prime example of band bending is the case of a pn junction (cf. Fig. 2.6), in
which the original concentration difference is due to the different doping concentra-
tions and thus different n and p charge carrier concentrations on the individual sides
of the heterojunction.6 Leaving the charges as is, corresponding with neutral regions
on both sides of the heterojunction, is only one possibility. Diffusion of some n and
p carriers into the opposite regions increases the entropy and minimizes the system’s
energy. In effect both sides of the junction are not neutral anymore and the electric
field due to the space charges balances the diffusion currents.

By Eqs. (2.41) and (2.42) n and p are in principle functions of spatial coordinates
and time. However, here, one is only interested in the course of the band bending
in thermodynamic equilibrium, i.e., the stationary solution. That particular solution
is characterized by the diffusion current due to the concentration gradient exactly
balancing the drift current by the resulting electric field [66, p. 46]:

I Dri f tn/p = I Di f f
n/p (2.43)

There are in principle two ways to find the solution of thermodynamic equilibrium.
Either one can integrate an initial condition over time to converge to the stationary
solution. Or one exploits that in thermodynamic equilibrium the Fermi level is the
same throughout the solid. Thefirst approach ismore complicated and relies on values
for Dn and Dp with large uncertainty. Thus, the second route will be used, which
mathematically resembles the standard boundary value problem of electrostatics.
By nature the second route cannot gain information on the temporal evolution of
the charge distribution into equilibrium, while the first method could. But as it was
mentioned this information is not required here, anyway.

6The charges by ionized dopants N+
D and N−

A cannot diffuse.
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Fig. 2.6 Typical 1Dbanddiagram including band bending in thermodynamic equilibrium.Depicted
is the typical example of two adjoining semiconductors (SC), which are differently doped so that
the Fermi level EF is fixed (at infinity) at different positions relative to the bands. Due to the initial
concentration difference (of n and p carriers) at the interface charges diffuse causing charge transfer
and resultingly an electric field across the interface. In thermodynamic equilibrium the resulting
drift current balances the diffusion current. The potential curve due to band bending (Evac) will be
continuous and differentiable, i.e., “bended”. It is also apparent that in a band bending regime large
potential shifts with effectively vacuum level alignment at the interface involving only marginal
charge transfer could occur (see text)

Within this thesis planar interfaces of ZnO to organic molecules are investigated.
Exploiting the x–, y–symmetry it is sufficient to calculate band bending in z direction
only. The 1D solution in thermodynamic equilibrium typically leads to a band dia-
gram as sketched in Fig. 2.6, in which the potential monotonously in– or decreases
and saturates far away from the interface at both sides7. Nevertheless, one should
keep in mind that, e.g., nanocolumns or surfaces exhibiting high roughness need to
be discussed in the broader, three dimensional, nonuniform context.

2.3.2.1 ZnO Specific Considerations

Going into medias res with band bending in ZnO and HIOS systems some pecu-
liarities are to be discussed. The paramount cause for band bending in this thesis is
charge transfer across the HIOS interface and not differences in the doping level as
for the case of the pn junction.8 This is not so different as it might sound. In the pn
junction the concentration differences cause band bending and thereby also charge
transfer. At HIOS interfaces charge transfer occurring constitutes a concentration
difference and subsequently band bending will partly rearrange the charge density

7Not necessarily differentiable at the interface, due to different dielectric permittivities at the indi-
vidual sides of the junction..
8Note that band bending caused by different doping levels is definitely also present in ZnO origi-
nating from nonuniform doping towards the surface due to hydrogen diffusion [67]. Nevertheless,
this effect is very small and hence it is neglected.
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Fig. 2.7 Band bending at HIOS interfaces for a acceptor and b donor adsorption on ZnO. Band
bending is caused by charge transfer across the interface. Electron transfer into molecular acceptors
depletes the ZnO conduction band. Such charges originate from the native shallow donors leading to
an extended (typically ca. 100nm) space charge region, i.e., the depletion region. Electron transfer
into ZnO by donors b occupies states of the conduction band. Due to the higher DOS of the CB
accumulation widths are generally smaller

into equilibrium. Also surface adsorbates as hydrogen or hydroxy groups can be
treated equivalently to organic adsorbates. The covalent bond to ZnO will never be
fully symmetric so there must be a (small) net charge transfer causing band bending.
This is exactly how the electrostatic instability of polar ZnO faces (cf. Tasker’s rules
and Sect. 5.1) can be resolved by surface adsorbates.

Band bending due to charge transfer across HIOS interfaces is sketched in Fig. 2.7
for acceptors and donors on ZnO. Electron transfer intomolecular acceptors Fig. 2.7a
depletes the ZnO conduction band. The transferred charges from the conduction band
originate from the native shallow donors of ZnO. Therefore, not arbitrarily many
charges can be extracted from a given volume close to the interface. Instead, the
more charges transferred the deeper the depletion region will penetrate inside the
ZnO crystal. How deep is solely governed by the density of donors and the total
charge transfer. For typical scenarios of this work, i.e., native doping concentration
and some 0.1 eV upward band bending, the depletion region will be of the order of
100 nm.

The situation is completely different for molecular donor adsorption on ZnO
depicted in Fig. 2.7b. Electrons donated into ZnO occupy states of the conduction
band having a much larger DOS than the dopants. This effectively confines the extra
charges in close proximity to the interface as opposed to the case of molecular accep-
tor adsorption. Therefore, reasonable accumulation layer widths are much below 10
nm. Correspondingly, the net dipole per transferred charge is also much smaller than
for acceptor adsorption and downward band bending shifts very limited. This limi-
tation of downward band bending is much potentiated by the n type nature of ZnO:
Since EF is only ~ 100meV spaced from the CBM the bands cannot be significantly

http://dx.doi.org/10.1007/978-3-319-46624-8_5
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downward bended before EF crosses the conduction band edge. This leads to further
heavy occupation of the CB hindering downward band bending.

If depicting or inspecting only the ZnO part of adsorption induced internal band
bending, charge distributions as the one in Fig. 2.7 might be a little unintuitive at first
sight, for instance, that electron accumulation at the ZnO surface causes downward
band bending shifts. However, one must not forget the countercharges on the mole-
cules. In that sense, instead of understanding those accumulated electrons to pose
a barrier to overcome so that the potential should go up, it is correct to think that
those electrons more and more compensate the field of the countercharges on the
molecules, which is why the band bending points downwards.

2.3.2.2 Intra–Organic Band Bending

Of course the charge transfer across aHIOS interfacewill in principle also cause band
bending in the adsorbed molecular film. While intra organic band bending is also
governed by the interplay of drift and diffusion currents, those behave different for
organic than for inorganic semiconductors: Charge carriers in organic semiconduc-
tors are typically strongly boundby some100meV, due to the relaxationof the organic
semiconductors charge distribution in response to the extra charge. In consequence
conduction in organic semiconductors usually exhibits inferior mobilities and hop-
ping transport as compared with higher mobilities and band transport in inorganic
semiconductors [5]. Therefore, the balance of drift and diffusion currents (2.41)–
(2.42) will be expectedly very different and hence also the form of the band bending.

Indeed, among the many studies of organic semiconductor interfaces a lot find no
band bending with the charge density confined to the first organic layer only [68–72].
Other studies though do find energy–level shifts occuring between subsequent layers
beyond the monolayer, which is attributable to intra organic band bending [72–78]. It
should be mentioned though that if measurements are done by PES there exist some
ambiguity: For film thicknesses of only a few nm such energy differences can be
assigned to either band bending or differences in photohole screening. Recently, the
transition between those two extremes of intra organic band bending being present
or not has been reviewed by Oehzelt et al. [79]. Band bending being present or not
is found to be two limiting cases dependent on the molecular DOS. Except for the
discretization to account for the distinct molecular layers, the methodology used is
very similar to the one presented in the upcoming Sect. 2.3.2.4, i.e., in thermody-
namic equilibrium. This proofs, that intra-organic band bending is not different from
inorganic band bending, but the underlying processes should be rather understood to
happen on a mesh instead of in a continuum. Nevertheless, one should note that these
are just simple models. Only two issues not included shall be mentioned: Due to the
strong relaxation energies of organic semiconductors out of equlibrium conditions
are more probable. Also placing charges in a molecular layer might significantly
(locally) change its DOS.
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2.3.2.3 The Depletion Approximation

Correct band bending potential curves as well as the corresponding charge distrib-
ution and electric fields are complex functions of the sample geometry, the doping
concentrations and theDOS in general. Therefore, usually simple algebraic equations
are unsuited to solve the problem. Yet for depletion regions one can in some cases
derive such a form within the depletion approximation [66, p. 49]. First, it requires
that the problem is treatable in 1D, meaning that the sample is homogenous in x and
y. Furthermore, the depletion approximation usually considers the doping concen-
tration constant throughout the crystal.9 Concerning the charge carrier densities in
the depletion region the approximation uses the following assumptions (here quoted
for the case of ZnO, in which electrons are the majority charge carriers): Within the
depletion region the majority charge carriers have been removed (n(z) = 0) and all
donors are ionized (N+

D = ND). Outside of the depletion region charge neutrality is
given. Importantly, this implies that the depletion region (and the charge densities,
electric fields and potentials) takes an abrupt end. The success of this approximation
stems from the fact that upon upward band bending not only the energy levels of the
bands, but also the dopant energy levels are bended upwards. Since occupation is
governed by the Fermi Dirac distribution and EF unchanged indeed both the dopant
levels and the conduction band are ideally zero occupied. In consequence the total
charge density in the depletion region is N+

D = ND. Vice versa the same rationale
holds for hole majority charge carriers and ionized acceptors N−

A = NA.
Accordingly, the total charge density in depletion approximation is a step function

as sketched by the black curve in Fig. 2.8a. The end of the depletion region is sharp
and indicated by w. For comparison the grey curve indicates the unapproximated
course of the total charge density. Evidently, in close proximity to the interface the
depletion approximation yields the correct charge density. But inside the crystal, at
the nominal end w of the depletion region, deviations occur. It is there, where the
transition from net charged volumes to neutral volumes occurs and using correct
Fermi Dirac statistic matters.

The simple form of the charge density ρ(z) allows to derive an algebraic equation
for the potential shift �φ in dependence of the charge transfer δq. Once integrating
the constant charge density ρ to the end of the depletion region w yields a linear trend
for the electric field as depicted in Fig. 2.8b. Twice integrating results in a quadratic
behavior of the potential shift �φ:

�φ = eNDw2

2ε
w = δq

ND
(2.44)

where ε = ε0 · εr and ND is the doping concentration. For geometric reasons w
can trivially be calculated as in (2.44) from δq and ND alone. Concerning the units

9Note that it is commonly omitted to name this criterion. Nevertheless, most integrations shown are
based on constant ND and NA. Otherwise one will not arrive at (2.44), but has to find the antideriva-
tive functions of ND and NA, which could still prove much easier than solving the unapproximated
problem.



30 2 Fundamentals

Fig. 2.8 When band bending occurs actual charge densities and thus electric fields and poten-
tials (grey lines) might be so complicated that an analytical solution is impossible. a In depletion
approximation (black lines) one assumes, that up to a certain depth w from the junction/surface
all dopants (constant concentration) are fully ionized and their charges extracted from that region,
i.e., the region has a constant net electric charge ρ. Beyond w the net charge abruptly falls to zero
leading to b no electric field outside the depletion region. Within the region however the electric
field increases linearly due to the constant charge density ρ. Finally this leads to a quadratic law
for the electric potential

one should mind that reasonable charge transfers δq are in units of charge per area.
Substituting w into the equation for �φ leads to a formula quadratic in δq and
inverse proportional in ND. Therefore, band bending is expected to be influenceable
by changing the doping concentration. This hypothesis will be tested in Sect. 5.2.1.1
and further consequences discussed.

The depletion approximation is highly successful in explaining molecular accep-
tor adsorption on ZnO. In particular the extend of the depletion region can be easily
estimated, which is important for understanding ZnO (surface) conductivity. Devia-
tions from the real charge distribution occur buried at depth w. Note that such buried
deviations will still also influence the potential at the surface. In which way the
real potential at the surface deviates from the one estimated within the depletion
approximation can be deduced by the following rationale: The depletion approxi-
mation assumes an abrupt step in the charge density while the real distribution will
always be a little more extended. Hereby, the effective dipole of those outermost
last charges transferred will in reality be a little larger too. Therefore, the depletion
approximation will always minimally underestimate �φ for a given charge transfer
δq. Similarly, one can also qualitatively understand that (upward ZnO) band bending
produces much larger �φ shifts per charge transferred as compared with confined
interface dipoles. Consequently, in anticipation of the upcoming discussion of differ-
ent energy–level alignments schemes Fig. 2.6 illustrates, that by band bending large
�φ shifts with marginal charge transfer and virtually vacuum level alignment at the
interface are possible.

http://dx.doi.org/10.1007/978-3-319-46624-8_5
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2.3.2.4 Numerical Solution of HIOS Band Bending: A Continuum
Model in Thermodynamic Equilibrium and 1D

Inmany cases it is not possible to find an analytical solution for the course of the band
bending. The depletion approximation is also not suited for all situations. Therefore,
sometimes, the only practical way is to find a numerical solution. “Solution” in the
following will relate to the potential φ, since it governs the other quantities of interest
�E and ρ.
As it was mentioned before, for this thesis one is interested in the solution in ther-

modynamic equilibrium, in which the Fermi level is defined and constant throughout
the material. Also by using the introduced methodology one calculates band bend-
ing in a continuum model assuming it has no atomistic, discrete or even quantum
mechanical character.10 Furthermore, all HIOS interfaces of this work were pla-
nar, meaning that, due to symmetry, it suffices to base the upcoming discourse on
Poisson’s equation in one dimension:

− ∂2φ

∂z2
= ∂E(z)

∂z
= ρ

ε
= e

ε

[
n(z) − p(z) + N+

D (z) − N−
A (z)

]
(2.45)

What is still missing for a unique solution are the boundary values. There aremultiple
possibilities how one can formulate those. The two most relevant ones for this work
are specifying either a certain amount of charge transfer or the band bending shift
at the surface, since this is experimentally assessable. Of course, both require that
the potential and electric field vanishes in the bulk of the crystal, i.e., at infinity. The
former case, is aNeumann type boundary condition, since by a certain charge transfer
across the interface the electric field at the surface is also defined. The latter case,
of specifying the total band bending shift at the surface is a Dirichlet type boundary
condition.

For this thesis, problems of such kind will be numerically solved usingMathemat-
ica. The corresponding program code is listed in Appendix E. The charge densities
within Poisson’s equation (2.45) were implemented by using Fermi Dirac statis-
tics. In particular, the densities of ionized dopants are calculated via (2.38) using
degeneracies of 2 and 4. Charge densities of the valence and conduction band are
calculated within a parabolic band approximation using (2.34). Several parameters,
as dopant densities, their binding energies or the dielectric constant can freely be cho-
sen to fit the appropriate material, but are constant throughout solving the differential
equations (cf. lines 9–42).

The major difficulty is that Mathematica cannot directly solve the present bound-
ary value problems. Most problematic is that the boundary conditions at infinity
φ(∞) = 0 and φ′(∞) = 0 do not help to constitute a defined starting point. From
those NDSolve cannot simply numerically integrate, which would be an initial value

10Particularly this latter point might be problematic as the results will show: Given a downward
band bended situation in ZnO, charges are confined within 1–2nm from the surface (see Fig. 5.30).
Potentially, this 2Delectrongas [80] has completely newquantumstates,which changes the behavior
of the internal ZnO band bending.

http://dx.doi.org/10.1007/978-3-319-46624-8_5
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problem. Therefore, in practice the problem has to be reformulated to some sort
of FindRoot operation, finding both φ(0) and φ′(0),11 encapsulating the following
differential equation (Mathematica syntax; case φ(0) unknown):

NDSolve
[(

n − p + N+
D − N−

A

)
== −φ′′(z), φ′(0) == | �E(0)|, φ(0) == xx eV

]
(2.46)

While with this the general route of the code listed in Appendix E is outlined, there
are several practical pitfalls to mind: The termination condition for the enclosing
FindRoot operation is that at a value zend inside the crystal both φ(zend) = 0 and
φ′(zend) = 0 must be zero. For a given φ(0) using on the one hand a too steep value
for φ′(0) yields φ crossing zero, but not converging to it. On the other hand using
a too flat value for φ′(0) the potential φ yields an extremum, but offsetted from
zero. In the first case φ(zend) = 0 is fulfilled, but not φ′(zend) = 0. In the latter
case φ′(zend) is zero, but not φ(zend). Therefore, one cannot use a single termination
criterion of either φ(zend) or φ′(zend) = 0 for both sides of the FindRoot operation
approaching the physically correct value. Unfortunately, it is not possible to specify
more than one termination criterion forMathematica’sNDSolve. AlsoNDSolve does
not allow to employ a boolean differentiation between the different cases. Moreover,
a termination criterion of |φ(zend)| + |φ′(zend)| = 0 is mathematically correct but
numerically unstable. To circumvent such problems the actual implementation of the
FindRoot operation encapsulating the NDSolve uses a symmetric divide and conquer
algorithm to bisect the correct missing boundary value (lines 89–99). This approach
allows to “outsource” the mentioned boolean differentiation from the NDSolve call.
Lastly the code lines 47–50 realize a rainbow table for the Fermi–Dirac Integral F1/2

(2.37) to speed up solving the nested FindRoot[NDSolve[...]] operation.

2.3.3 Vacuum Level Alignment

Vacuum level alignment (or also theSchottkey–Mott limit) describes the limiting case
of energy–level alignment, where there is no jump in the potential at the interface
[81]. This picture iswell suited to describe non– or veryweakly interacting interfaces.
This can be understood in the following logic: The position of energy levels of two
individual systems, be it organic or inorganic semiconductors, can be defined with
respect to the vacuum level Evac. Bringing the two systems into contact, the question
is how the energy levels at the interface align. In the limit of no interaction12 no charge
is redistributed and thus the potential unchanged across the interface. Consequently,
the energy levels at the individual sides of the interface can both be calculated with
respect to the now common constant potential, i.e., the vacuum level.

11One is known, the other will be solved for.
12Of course a little interaction must always be present, otherwise the two system would not stick
together.
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Fig. 2.9 Energy–level diagrams within the model of vacuum level alignment for HIOS structures.
a An organic semiconductor aligns its vacuum level with the vacuum level of the underlying
inorganic substrate, which is defined by the work function φ1. The energy level position of the
organic semiconductor’s HOMO and LUMO can then simply be calculated knowing the ionization
energy and electron affinity respectively. Increasing the substrate’s initial work function to φ2 as in
b will lift the energy levels of the organic semiconductor

Such a vacuum level alignment situation is depicted in Fig. 2.9 for a HIOS system
comprising an organic semiconductor on an inorganic one. By the work function φ

the position of the vacuum level can itself be describedwith respect to the Fermi level.
This is advantageous, since the Fermi level is a constant throughout both systems in
contact13 (see Sect. 2.3.2). Therefore, in (a) the position of Evac is defined by φ1. The
organic semiconductor on top vacuum level aligns so that the energies of HOMO
and LUMO w.r.t. EF can be calculated via:

EHOMO = φ − I E ELUMO = φ − E A (2.47)

where IE and EA are the ionization energy and electron affinity of the organic mate-
rial. The advantage of the Schottky–Mott limit is, that the interfacial energy–level
alignment can be determined/predicted from properties of the individual systems.
Changing the work function of the substrate, e.g., by employing another material or
substrate modification, the situation changes as shown in Fig. 2.9b. Then, due to the
higher φ2, HOMO and LUMO come to lye at higher energies according to Eq. (2.47).
The characteristic behavior of linearly scaling the energy levels of an organic semi-
conductor by changing the work function of the substrate underneath, is abstracted
in the slope parameter S [82, 83]. For vacuum level alignment S is supposed to be
one, but S is also used in other contexts, where it differs from one.

It is quite obvious that the Schottky–Mott limit can only be fulfilled in a limited
range of substrate φ. If the substrate φ is too high (low), the HOMO (LUMO) would
be above (below) EF . Since the occupation of the HOMO (LUMO) is governed by
the position of the Fermi level such situation would lead to charge rearrangements

13In thermodynamic equilibrium.
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and thus interface dipoles. Such pinning at the frontier molecular energy levels is
called Fermi–level pinning and will be discussed in Sect. 2.3.4. But even with φ

in the allowed range between the critical φs for HOMO or LUMO pinning, one
can still encounter Fermi–level pinning at gap state density of states. Another effect
why one often does not find Eq. (2.47) fulfilled is the push back effect, occuring
most prominently for organic materials deposited onto metals (see Sect. 2.3.5). For
push back, though, one could argue that it is only the surface dipole that is reduced.
The actual potential across the interface might actually not change, which would
be in accordance with the above given definition of vacuum level alignment. This
illustrates some ambiguity in usage of the term vacuum level alignment. Strictly,
the alignment occurs at the common punctual potential of the interface (plane). The
problem is that this relevant potential can not always be described by the vacuum
level prior to adsorption. This is due to induced changes of the surface potential upon
contact formation, e.g., by push back or band bending. The ambiguity arises from
using the term vacuum level or the closely related surface potential without proper
definition [73, 84]. Even more problematic, neither of those terms is intuitively
definable at an interface, since there is no surface and also no vacuum anymore.
As already mentioned only sometimes their definition at the individual seperated
systems coincides with what would be better named “interface potential”.

Due to the discussed reasons, vacuum level alignment is most often observed
for organic organic heterojunctions [71, 85–87]. Furthermore, organic materials on
substrates with negligible push back, e.g., weakly doped semiconductors or conta-
minated, passivated surfaces, are predestined for vacuum level alignment [88].

2.3.4 Fermi–Level Pinning

As it was already pointed out in the previous section, the vacuum level alignment
scheme does not always hold. Among the many reasons for this behavior, probably
themost important one is Fermi–level pinning. Generally, Fermi–level pinning refers
to the effect that the energy level positions become fixed if the Fermi level intersects
with (sufficiently large) DOS at the interface.

To understand Fermi–level pinning, it is instructive to consider the process of
closing in the two sides of an interface into contact. It does not make a difference
whether the materials on each side are either inorganic or organic materials. With
both sides still apart, but not in the far field of the opposite surface (cf. Fig. 3.3), the
vacuum levels of the two materials are aligned. Upon moving closer into intimate
contact (but still considering the systems apart) push back may occur. Alignment at
the interface then occurs not at the vacuum levels before contact, but at the current
surface potentials. At that stage it can accur that occupied states of one side of the
interface come to lye above EF or, vice versa, the unoccupied states of one constituent
to be below EF . Then, however, the formerly occupied (unoccupied) states would
be emptied (filled). This process is governed by Fermi–Dirac statistics and the rela-
tive position of the energy levels to the Fermi level. Emptying or filling states within

http://dx.doi.org/10.1007/978-3-319-46624-8_3
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Fig. 2.10 Sketch of Fermi–level pinning for a HIOS system, i.e., an inorganic material to the left
and an organic one to the right. a Fermi–level pinning occurs if the substrate’s work function φ1
is larger (lower) than the ionization energy (electron affinity) of the organic. Then, the materials
cannot vacuum align, since the HOMO (LUMO) of the organic would be situated above (below)
the Fermi level EF . In that case, holes (electrons) are transferred into the HOMO (LUMO) causing
an interface dipole. This realigns the organic’s HOMO (LUMO) below (above) the Fermi level,
reestablishing thermodynamic equilibrium. b Using a higher initial work function φ2 simply causes
a larger interface dipole, but aligns the organic’s energy levels at virtually the same energy as in a

formerly neutral regions causes charge transfer across the interface. Correspondingly,
interface dipoles and/or band bending occurs. This process continues until, eventu-
ally, the energy levels are in positions, where their occupation is in equilibrium. The
occupation/deoccupation of those energy levels effectively fixes their positions close
to, at or minimally overlapping with EF . This is called Fermi–level pinning. The
energy at which pinning occurs is called the pinning level.

Two different Fermi level pinned HIOS energy–level alignments are shown in
Fig. 2.10. In (a) the inorganic semiconductor to the left exhibits a work function φ1.
If the organic semiconductor were to vacuum alignwith the inorganic semiconductor,
its HOMOwould be above EF . Amoderate interface dipole (ID) readjusts the energy
levels downwards into equilibrium. In (b) the same organic semiconductor is put on a
higherwork functionφ2 inorganic substrate. Here, a larger interface dipole is required
to bring the energy levels into thermodynamic equilibrium below EF . The presented
alignment is based on the assumption that the DOS associated with the molecular
HOMO is (sufficiently) large. In that case, the position of EF relative to the HOMO
is effectively constant irrespective of the size of the interface dipole. Yet, for a small
(enough) DOS the pinning level can significantly vary with the size of the required
interface dipole, which is explained in the following text.
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Fig. 2.11 Comparison of pinning levels for two different amounts of charge transfer for the cases
of a large or b small DOS. Different amounts of charge transfer occur if different potential shifts
are required to equilibrate the interface. In a a charge transfer δq depletes the large DOS within the
region indicated in red. Twice the amount of charge transfer requires a larger energy region (blue)
to be depleted. Yet, both regions are small, so that the positions of the energy levels are effectively
independent of the required potential shift across the interface. This is different in b. Here the DOS
is small, so that a larger charge transfer leads to a nonneglegibly larger depleted energy region.
Consequently, the DOS is further upward shifted and pinning levels observed are different by �Ep

2.3.4.1 Fermi–level Pinning and Gap States

Another origin for Fermi–level pinning are gap states. This connection was already
pointed out in 1947 by Bardeen [89] to explain the observed Schottky barrier heights.
Pinning at gap states is of paramount importance for interfacial energy–level align-
ment for two reasons: First gap states are omnipresent, particularly at surfaces and
interfaces. Second, since they are located in the gap, they are usually close to EF and
thereby influence or dominate the energy–level alignment.

Principally Fermi–level pinning at gap states is not different to the previously
given rationales, since also gap states are DOS. However, typical peculiarities should
be pointed out. First, Fermi–level pinning at band states will always cause band
bending. For pinning at gap states, this is not necessarily the case. This depends on
the localization of the gap states, whether they are confined to the interface or also
exist in the bulk, but also on howdeep the states are trapped in the gap (see Sect. 2.2.4).
Second, it could be wrong to assume that the DOS is large. This is particularly true
for the ultra low density of ZnO gap states, that are the topic of Sect. 5.3. Remember
that for a large DOS the pinning level is effectively not dependent on the amount
of charge transfer necessary for the potential shift to equilibrate the interface. For a
small DOS, the energy region to be depleted (or filled) to supply the required amount
of charge transfer could actually be not close to zero. Then different required amount
of charge transfers, e.g., due to different substrate work functions, would lead to
measurable different pinning levels Ep (see Fig. 2.11b). In that situation the term
pinning might be misleading, since it implies an abrupt stop. Therefore, in such a
context, arguments will be reformulated to “hindering” of energy–level shifts.

http://dx.doi.org/10.1007/978-3-319-46624-8_5
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2.3.4.2 Pinning Levels of Organic Semiconductors

Pinning levels of organic semiconductors are commonly observed some few100meV
away from the HOMO (LUMO) onsets, offsetted into the bandgap. Different mech-
anisms have been proposed for such behavior. In the integer charge transfer (ICT)
model the pinning levels are, identified with the polaronic states of the organic semi-
conductor, which are offsetted into the bandgap [72, 90, 91]. However, recently a
refined model of organic polaron levels was proposed [92]. An alternative explana-
tion for the offsetted pinning levels is tailing of the organic semiconductors HOMO
and LUMO levels [93]. In that picture the organic semiconductor is conceived as an
imperfect solid. The tailing of the HOMO and LUMO is related to the disorder in the
solid (see also Sect. 2.2.4). The tails can be of such low intensity that standard PES
does not detect it, but still constitute enough DOS to determine the pinning level. For
this model it should be recapitulated that for small DOSs the Fermi level might not
be pinned but rather strongly hindered to move freely in the DOS tail.

2.3.5 Push Back

Manyelectronic alignment processes are influenced by the value of thework function.
However, the work function of a material is not simply a constant, but depends itself
on several properties of thematerial and surface (or interface). Of course, the value of
the work function is also influenced by internal electric fields, as, e.g., band bending.
For this subsection the contribution of the surface dipole (SD) to the work function
will be the central point.

Quantum mechanically, there exist a non–vanishing, but exponentially decaying,
probability for electrons to reside in the vacuum outside of the material. Thus, for
reasons of charge neutrality, there will always be a net negative charge density above
the surface and a net positive one in the material, due to the missing, spilled out
electrons. The spill out of charge density can extend over several Å. That situation is
depicted in Fig. 2.12a. Of course, such a charge density induces an electric field and
potential change across the surface. The difference of the potential in the bulk of the
material and far above the surface is called the surface dipole. Due to the nature of the
charge distribution, surface dipoles always increase the work function. Differently
sophisticated models can be devised to describe the explained situation. The most
commondiscussionof the surface dipole is basedon the jelliummodel [94, 95],which
neglects the pointlike nature of the atomic nuclei and assumes a uniform background
of positive charges. But alsomore advanced treatments including the lattice character
andpseudopotentials havebeendeveloped [94], yieldinggoodquantitative agreement
with experiment. Ultimately, the problem of the surface potential is solved if the
electron distribution is known. Hence, modern electronic structure calculations can
also assess the effect.
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Fig. 2.12 Illustration of the push back effect. Electron wavefunctions do not abruptly fall off to
zero at surfaces. Hence, electrons are also localized above the surface, outside of the sample. Such
spilled out electrons leave the sample net positively charged yielding an electric field across the
surface. The concomitant potential shift is termed the surface dipole (SD). Deposition of organic
molecules onto surfaces leads to a reduction of the surface dipole. The reason is that spilled out
electron density is pushed back, due to the pauli exclusion principle. This diminishes the surface
dipole and the work function

Deposition of organicmolecules onto cleanmetal surfaces often yields a reduction
of the work function. That is even the case for deposition of only weakly interacting
materials [96]. E.g., depositing rare gases on metals one still observes a significant
lowering of the work function [97], despite the interaction being close to physisorp-
tion. These reductions of the work function are attributed to a lowering of the surface
dipole due to the adsorbate layers. The molecules adsorbed change the potential
above the surface, but most importantly, since electrons are Fermions, lead to Pauli
repulsion of the spilled out electrons. Hence, the net charge density spilled out of the
substrate is reduced and effectively also the surface dipole as it is shown in Fig. 2.12b.
This behavior is referred to as push back or the pillow effect. Observed work function
reductions attributed to the push back effect can be as large as ~1eV [98–100] (pen-
tacene on gold surfaces). For organic molecules on oxides one commonly observes
a reduction by ca. 0.3 eV, which has also been attributed to pushback [101, 102].
The smaller size of the effect can be explained by the reduced charge density in the
oxide’s conduction band as compared withmetals. It should be stressed again that the
work function reduction by the push back effect is not an interface dipole. Interface
dipoles may yet occur additionally. The push back effect alone, only reduces the
surface dipole, which does not imply a potential change across the interface.
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2.3.6 Molecular Film Structure

Several aspects of the structure of an organic thin film influence its electronic struc-
ture and interfacial energy–level alignment. Among those aspects are the molecular
packing density and disorder, the electronic overlap between different molecules,
the distribution of defect/dopant sites, the molecular orientation and inhomogeneity.
Many of the mentioned properties are critically linked with the growth behavior of
the organic film. Furthermore, the peculiar growth mode may influence what is seen
by a measurement technique. Therefore, Sect. 2.3.6.1 will focus on organic thin film
growth and Sect. 2.3.6.2 seperately discuss the influence of molecular orientation on
energy–level alignment.

2.3.6.1 Growth Modes/Morphological Aspects

Within this work organic thin films are grown by molecular beam deposition from
resistively heated quartz crucibles. Growth occurs under UHV conditions onto
cleaned ZnO substrates or on such way precovered surfaces. During growth a con-
stant flux of molecules is impinging onto the substrate. Behavior of molecules after
hitting the surface depends on several substrate and organic material properties:
Some of the molecules are reflected from the surface with the ratio expressed as the
sticking coefficient. Others might simply stay in place covering the substrate or top
precovered areas. Possibly, molecules have a tendency to coalesce, or vice versa.
Diffusion of organic material on the surface could lead to closure of previous layers,
but also preferential filling of defects/voids or final adsorption at special sites as step
edges. Several studies exist to address the specific processes or growth in general
[103–111].

The particular morphology and structure of deposited organic films formed is
a balance between the molecule–substrate and molecule–molecules interactions.
Furthermore, in non–equlibrium, the growth is a kinetic process depending on the
energy of the impinging particles and the substrate temperature to mediate diffusion
processes. In general one categorizes growth into three predominant growth modes,
which are shown in Fig. 2.13:

(i) Frank–van der Merve growth: For this case substrate–molecule interactions
outweigh the molecule–molecule interactions. Then molecules will grow in a layer–
by–layer fashion, closing preceeding layers first. (ii) For the opposite case of superior
molecule–molecule interactions the molecules nucleate to islands, which is called
Volmer–Weber growth. (iii) There further exist an intermediate case (Stranski–
Krastanov growth), in which one or a few closed monolayers are formed before
subsequently island growth prevails. Here, the first closed monolayer(s) modifies the
substrate–molecule interactions to a point that continued layer–by–layer growth is
unfavorable.

Knowledge of the growth mode is critical for the interpretation of PES and
NEXAFS data. Vice versa, certain conclusions about the growth mode can be
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Fig. 2.13 Categorization of the global growth behavior into three main modes: a layer by layer
growth, which is also called Frank–van der Merve: Each layer is grown successively. b Due to the
interaction of the deposited material with the substrate the deposited material completely covers
the substrate, but in a thicker regime clusters are formed. This is called Stranski–Krastanov growth.
c the deposited material forms clusters on the substrate without fully covering the whole substrate
area. Newmaterial is adjoined at/on the clusters instead of filling the empty patches on the substrate.
Then one speaks of Volmer–Weber growth

obtained from these data. E.g., if deposited films exhibit Volmer–Weber growth
observation of interfacial properties by PES or NEXAFS might be impossible, since
both techniques are highly surface sensitive. Also for the strength of the substrate
signal the growth mode has to be taken into account.

2.3.6.2 Molecular Orientation

As it was pointed out themolecular orientation of organic semiconductor films is also
of relevance for interfacial energy–level alignment. This is mainly due to the surface
potential of such films being dependent on the molecular orientation, which can be
understood in a simple rationale: Considering on the one hand a face–on lying film the
electron rich π–system of the organic semiconductor is faced towards the surface.
On the other hand a standing organic semiconductor typically exposes hydrogen
atoms towards the surface. In the latter case the surface potential barrier is reduced
as compared to the barrier if the surface electron density is made up of the electron
richπ–systems. Consequently, the differently orientedmolecular films have different
ionization energies. Or, to put it more generally, the molecular energy levels are at
different positions with respect to the surface potential. Logically, for molecules as
F4TCNQorHATCNcomprising highly electronegative outer cyano groups, standing
orientation yields higher ionization energies than face–on orientation. Principally the
effect is analogue to different crystal faces having different work functions [84, 112].

If now an organic layer were to vacuum align with the substrate then different
orientations of themolecular film translate into different binding energies of its energy
levels. That way for DH6T and 6T on Ag(111) it was found that the molecular
energy levels are shifted relative to each other depending on whether the organic
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film adopts a standing or lying orientation [113].14 In contrast, if Fermi–level pinning
prevails different molecular orientations of a layer can give rise to different final work
functions/work function changes, but molecular energy levels at the same binding
energy.

Note that formation of the different IEs is a collective effect of many adjacent
molecules. Even formation of intermediate IEs is possible upon appropriate molecu-
lar scalemixing [114] (meant ismixing of different orientations of the samemolecule,
but the same argument holds for mixing of different molecules). Yet, a single mole-
cule clearly has only one unique ionization energy irrespective of the orientation.
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