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Progress in the field of organic electronics depends on the synthesis of new s7-conjugated molecules
to further improve the performance of, for example, organic light-emitting diodes, organic photo-
voltaic cells, and organic field-effect transistors. However, the interrelation between the properties of
isolated molecules on one hand and close-packed thin films on the other hand is far from trivial. Here,
we review recent progress in the understanding of electrostatic phenomena, which originate in the
collective action of the anisotropic charge distribution in typical conjugated molecules. Both the
mr-electron systems and polar end-group substitutions exposed at the surface of a molecular or
polymeric film are seen to form dipole layers, which critically impact the device-relevant ionization
energy and electron affinity of that film. After briefly revisiting electrostatic fundamentals and
critically assessing related experimental methods, the energies of the frontier electronic states in
organic thin films are shown to depend appreciably on the orientation of the constituent molecules
with respect to device-relevant interfaces. For films of preferentially “standing” or “edge-on”
molecules, this opens the possibility for electronic-structure engineering with intramolecular polar
bonds. On the basis of these findings, additional insights into the working principles of organic
electronic devices are provided and valuable guidelines for the synthesis of improved organic
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semiconductors are derived.

1. Introduction

The overarching vision in the field of organic electronics is
the realization of flexible,' ™ easy-to-process,* * and low-
cost (opto)electronic devices'®™'? such as organic light-
emitting diodes (OLEDs) for large-area display and lighting
applications,'*~ ' organic photovoltaic cells (OPVCs), >~
and organic field-effect transistors (OFETs),**"* where
the active layer(s) are composed of semiconducting small
organic molecules or polymers. The rich chemistry of
s-conjugated (macro)molecules promises that the materials
properties of organic semiconductors can be readily tuned
toward application-specific demands. Therefore, the entire
field is quintessentially synthetic chemistry driven, and new
compounds, expected to lead to improvements in device
performance, appear at a steady if not increasing rate. Not
always, however, is the anticipated improvement in device
performance observed. Therefore, the community has
adopted a multidisciplinary effort, which drives truly knowl-
edge-based progress by combining the complementary com-
petences of electrical engineering, materials science and
engineering, physics, and chemistry. Ideally, these disciplines
work together in a concerted effort to (a) carefully collect
and critically evaluate device data, (b) reliably identify limit-
ing factors, and (c) formulate requirements for molecular
structures, which can then be fed back into synthesis.
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Already (b) poses formidable challenges, as precise con-
trol over both device structure and parameters is required
together with a mature understanding of the device physics
and the physics of defect-rich organic semiconductors. One
limiting factor, however, has been clearly identified: The
energy-level alignment at the ubiquitous materials interfaces
in organic (opto)electronic devices.**~** At organic/organic
heterojunctions, the energy offset between the frontier elec-
tronic levels of two materials, that is, their respective ion-
ization energies and electron affinities, impacts charge-
carrier transport as well as the formation and diffusion of
excitons (i.e., bound electron—hole pairs) in multilayer
OLEDs, and exciton dissociation in OPV (s, !3:23:25:39744
Likewise, the relative alignment between the ionization
and affinity levels of an organic semiconductor with the
Fermi level of a metallic contact governs charge-carrier
injection in OLEDs and OFETs and affects the open-
circuit voltage in OPVCs.**3°

As a starting point to address these issues, synthetic
chemistry often focuses on the properties, specifically on
the electronic structure, of isolated molecules. Conse-
quently, also the analytic techniques employed to verify
the achieved ionization energies and electron affinities are
generally geared toward the determination of single-
molecule properties. However, one has to bear in mind
that the active component in organic electronic devices is
usually a thin film, that is, an ensemble of tightly packed
molecules or polymer chains. While it is clearly the
ensemble properties that determine device performance,
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their relation to single-molecule properties, that is, the
transition from (b) to (c) as defined above, is far from trivial.
For example, the interplay between molecular structure and
ensuing solid-state packing, thin-film growth, and morphol-
ogy is qualitatively understood at best.* !

Here, we review recent progress in understanding the
interrelation between thin-film electronic structure and the
corresponding single-molecule properties. In particular, we
discuss dipole layers present at surfaces of ordered molecular
assemblies, which originate in the collective electrostatic
action of the anisotropic electron distribution in individual
constituent molecules or polymer chains. These intrinsic
surface dipoles are shown to lead to a pronounced depen-
dence of the ionization energy of organic layers on the
orientation of the constituent molecules or polymer chains
with respect to relevant surfaces or interfaces. Ultimately,
purely electrostatic effects are seen to substantially—maybe
even dominantly—affect the energy-level alignment at orga-
nic/(in)organic interfaces. This fundamental insight permits
connecting thin-film electronic properties, the performance,
and even the functionality of organic electronic devices to
molecular structure. Thus closing the cycle for continuous
development and improvement, valuable guidelines for the
synthesis of organic semiconductors and device design can be
derived.

2. Electrostatic Considerations

Prior to touching the core of the subject matter, it is
useful to recall some basic concepts of electrostatics. In
particular, the electrostatic potential created by isolated
electric dipoles and quadrupoles as well as the corre-
sponding two-dimensional (2D) charge distributions is
briefly recapitulated. Rather than delving into a rigorous
mathematical treatment, emphasis is put on a qualitative
description of those characteristic features that are rele-
vant for the purposes of this Review.

Figure 1a shows the electrostatic potential energy of an
electron, E, in a plane through an electric dipole (see inset)
consisting of two point charges +0.1 ¢, (left) and —0.1 ¢,
(right) separated by d = 2 A. Note that E = —q.V, where
V is the electrostatic potential and ¢, denotes the (by
definition positive) elementary charge. The two key qua-
litative features for the purposes of this Review are:

(1) Around the singularities at the locations of the
point charges, the electron potential energy
rapidly converges to one common value, namely,
the vacuum level, E,,,.

(i) Immediately to the left of the positive charge, E is
lower, and immediately to the right of the negative
charge, the electron potential energy is higher
than E,,..

Next, the specific quadrupolar arrangement of point
charges shown in the inset of Figure 1b is considered. It
consists of the linear charge sequence —0.1 ¢, | +0.1 ¢, | +0.1
q. | —0.1¢,, each separated by a distance of d = 2 A.
Comparison with Figure 1a reveals that this charge distribution
can alternatively be regarded as two back-to-back dipoles
pointing toward each other. Examination of the electron
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Figure 1. (a) The electrostatic potential energy for electrons in the plane
of an electric dipole, u, of point charges (/10 of the elementary charge)
at a separation of 2 A rapidly decays to the vacuum level, E,,.
(b) Electrostatic potential energy for electrons in the plane of a linear
electric quadrupole of point charges (+'/;, of the elementary charge).

potential energy in a plane containing this linear quadrupole
(Figure 1b) reveals that, again, £ rapidly converges to one
common value, E,,., around the singularities at the locations
of the point charges. The third key observation, however, is
that

(iii)) Immediately to the left of the leftmost (negative)
charge and to the right of the rightmost
(negative) charge, that is, “outside” the linear
quadrupole, the electron potential energy is
higher than E,,., while it is lower on the “inside”,
that is, in the spatial region around and between
the two central (positive) charges.

Increasing the dimensionality of the system, an infi-
nitely extended 2D layer of discrete dipoles (schematic in
Figure 2) is considered next. The electron potential energy
in a plane cutting perpendicularly through such a layer
is depicted in the three-dimensional (3D) plot in the
right panel of Figure 2. Similarly to the isolated dipole
discussed above, E is lower on the left (positive) side of the
discrete dipole layer and higher on the right (negative) side.
In stark contrast, however, the electron potential energy
now rapidly converges to different values on either side of
the double layer instead of converging to the same common
value on both sides. This striking qualitative difference is of
key importance and we note that, in general,

(iv) A dipole layer gives rise to a step in the electro-
static potential.

The magnitude of this potential-energy step, AE, is con-
nected to the absolute value of the dipole moment, u, per
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Figure 2. Electrostatic potential energy for electrons in a plane cutting
through a layer of discrete dipoles (/10 of the elementary charge
separated by 2 A) that are laterally spaced by 2 A on a square grid. The
magnitude of the potential-energy step is indicated by AE.

surface area, A, through the Helmholtz equation. Recalling
that u is given by the amount of separated charge, ¢,
multiplied by the separation distance, d, this equation reads:

uo_qd

AE = 1
EOA 8014 ( )

where &y denotes the vacuum permittivity. Consistent with
the situation in Figure 1, the points in Figure 2 carry a
charge of £0.1 ¢.. As they are laterally separated by a = 2 A
on a square grid, the relevant area A is 4 A2, Like in
Figure 1a, layers of oppositely charged points are separated
by d = 2 A in the direction perpendicular to the layer
resulting in a dipole area density of 0.1 ¢, times 2 A per4 A2
which amounts to 0.05 qu_ ! Division by ¢ finally yields a
potential-energy step of AE~ 9 eV.

Another noteworthy detail apparent in Figure 2 is that
the spatial inhomogeneities in the electrostatic potential,
caused by the singularities at the locations of the point
charges, rapidly decay outside the discrete dipole layer.
More precisely, the characteristic decay length in such a
case is a/27.°% Outside this range, the potential is essen-
tially constant on either side of the discrete dipole layer
(analogously to a plate capacitor). In other words,

(v) Fluctuations in the electrostatic potential energy
due to lateral inhomogeneities within the charge
distribution constituting a dipole layer decay on a
length scale comparable to the in-plane distances
characterizing these inhomogeneities.

This observation justifies further simplifying the situa-
tion by replacing the layer of discrete dipoles with an
infinitely extended 2D dipole layer consisting of two homo-
genously charged slabs (inset in Figure 3a). Assuming an
area charge of +0.05 qu—z and a thickness of 1 A for each
slab, the electron potential energy along a line perpendicu-
lar to the dipole layer (blue arrow in inset) is plotted in
Figure 3a. The same AE as in Figure 2 is observed with the
difference that the potential energy is now exactly constant
immediately outside the dipolar slab.

Clearly, dipole layers of infinite lateral extension are
hardly relevant for real-world systems. The important
qualitative differences between a single isolated dipole
(Figure la) and a 2D dipole layer (Figures 2 and 3a)
presage that the lateral extent of a dipolar charge dis-
tribution has important consequences for the induced
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Figure 3. (a) Electrostatic potential energy for electrons across an infinite
dipole layer of two 1 A thick homogenously charged slabs (+!/5o of the
elementary charge per A2) (b) Electrostatic potential energy for electrons
along the symmetry axis of a dlpole disk consisting of two 1 A thick
homogenously charged slabs (+!/50 of the elementary charge per AZ) of
radius R. (c) Electrostatic potential energy for electrons along the
symmetry axis of two opposing dipole disks at a separation of 2() A, each
consisting of two 1 A thick homogenously charged slabs (&' /59 of the
elementary charge per A? ) of radius R.

potential. Therefore, the case of finite-sized dipole layers
is considered as a next step. Let us assume the representative
example of two oppositely and homogenously charged disks
(area charge +0.05 ¢,A~?) of radius R and a thickness of
1 A. The electron potential energy along the symmetry axis
of the system (blue arrow in the schematic) is plotted in
Figure 3b for different values of R.** Similarly to the isolated
dipole (Figure 1a), E value on both sides of the dipolar disk
converges to one common value of E,,. on a length scale
comparable to the disk diameter. For large radii this implies
that, although FE still decays eventually, the situation is
essentially identical to the case of an infinite dipole layer
(Figure 3a), if one is interested only in the potential energy in
the immediate vicinity of the dipolar disk, for example,
within a few angstroms; there, E is essentially constant on
either side but assumes different values. We note that

(vi) A finite dipole layer can still be regarded as
infinite if its lateral extension is significantly
larger than the distance from the layer where
the electrostatic potential is sought.
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Finally, the 2D analogue to the quadrupole shown in
Figure 1b is considered, that is, two back-to-back dipole
layers of finite lateral extent. Specifically, we assume two
parallel dipolar disks (as the one discussed above) with
opposing dipole moments pointing toward each other,
that is, with their negative sides on the outside (see inset).
For a distance of 20 A between the disk centers, the
electron potential energy along the symmetry axis of the
system (blue arrow in the inset) is plotted in Figure 3c for
a series of radii. For small R, the system strongly resem-
bles an isolated quadrupole (Figure 1b). Although the
electron potential energy is lower between the disks and
higher directly outside the disks, it converges to one
common value of E,,. on a length scale comparable to
the diameter of the disks. However, for larger R
(compared to typical distances characterizing the entire
structure), a potential well of depth AE is found with
constant values for E both between and outside the disks.
The last key observation thus can be formulated as

(vii) The spatial region between two 2D dipole layers
with opposing dipole moments pointing toward
each other (i.c., negative on the outside) lies at a
lower electron potential energy than the region both
directly outside the dipole layers and the common
E,,. far from the entire charge distribution.

3. From Molecules to Molecular Layers

We now apply the insight gained from recollecting
some fundamental electrostatic aspects of representative
model systems to the electrostatics of m-conjugated (and
aromatic) molecules to highlight the important conse-
quences for their electronic structure. In analogy to the
preceding section, isolated species are treated first, fol-
lowed by ordered 2D molecular monolayers, which can
also be regarded as the outermost layer terminating the
surface on an organic thin film or a molecular crystal.

3.1. &-System Dipole. As archetypical planar system
with an extended 7-electron system, the simplest aromatic
molecule, benzene, is chosen. The ;-electrons reside in
molecular orbitals (MOs), which have a node in the plane
of the molecule and extend into space on both sides
(Figure 4a). In contrast, the charge distribution arising
from the nuclei and the remaining (core- and o0-) electrons
is centered in the molecular plane. The negatively charged
m-electron clouds on both sides of the molecular plane are
thus compensated by a net positive charge within the
plane. As outlined in the preceding section, this particular
arrangement of charges represents an electric quadrupole
which, alternatively, can be regarded as two dipoles, i,
pointing toward each other. To further highlight the
equivalence to the situation depicted in Figure 1b, density-
functional theory (DFT) was employed to calculate the
electron potential energy in a plane cutting perpendicularly
through the molecule (Figure 4b). The result reveals regions
of higher potential energy next to the s-electron clouds on
both sides of the molecular plane, whereas regions of lower
electrostatic potential are found in the plane of the molecule
next to the hydrogen atoms (Figure 4c). Importantly, and
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Figure 4. (a) Schematic of the electron distribution in a benzene mole-
cule; the s-electron clouds on both sides of the molecule carry a negative
charge, which is compensated by positive charges in the molecular plane,
thus giving rise to two opposing dipoles, u,. (b) Plane through the
molecule chosen for (c), where the electrostatic potential energy for
electrons, as calculated by density-functional theory, is shown; a common
vacuum level, E, .., is established close to the isolated molecule.

again in full analogy to the point-charge model in Figure 1b,
the potential around an isolated benzene molecule rapidly
(i.e., within a few angstroms) converges to one common
value of E,..

3.2. Introducing Energy Levels. To understand the
consequences of molecular electrostatics for the observa-
ble molecular electronic structure, also the concepts of
ionization energy, /E, and electron affinity, EA4, need to
be revisited in brief. The former is commonly understood
as the energy required for removing one electron from the
neutral molecule, and the latter is regarded as the energy
gained by adding one electron to the neutral molecule.
Importantly, however, these two quantities are, in fact,
energy differences between a final and an initial state of
the system. For /E, the energy of the initial state is that of
the neutral molecule, E°, and the final-state energy is that
of the cation, ET, plus Ej,., the energy of a free electron at
rest in vacuum infinitely far away from the charged
molecule (eq 2a)

IE = (ET+E

vac

)—E (2a)
—FEA = E~ —(E"+E (2b)

VLIC)
Conversely, for EA, the final-state energy is that of the
anion, £, and the energy of the initial state is the sum of
E° and E,: to obtain positive numbers for EA, it is
usually given as the negative of that energy difference
(eq 2b). With Koopmans’ theorem in mind,>® the differ-
ences (E° — E") and (E~ — E”) are often approximated by
the energies of the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
(LUMO), respectively.’*~>® This transforms eqs 2 into
IE = E — Egomo (33)

vac

—EA = Erymo — E° (3b)

vac

From Figure 4c it becomes apparent that a common E,,..
is established much closer to the molecule (within a few
angstroms) than infinity. As the origin of the potential-
energy scale can be freely chosen, E;,. = E,,. is com-
monly set to zero. Equations 3 then imply that a single
isolated molecule has one and only one well-defined /E ~
—Enomo and EA~ —E;yp0.
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3.3. Intrinsic Surface Dipole Layers in z-Conjugated
Materials. As the active components in organic
(opto)electronic devices are, in fact, molecular thin films
rather than single molecules, the line of thought intro-
duced in section 2 can be pursued to derive the electro-
statics of an ordered molecular monolayer from that of an
isolated molecule. We emphasize that the reasoning
below is equally valid for organic solids or thin films in
general, which typically consist of many layers. In this
case, the system discussed below is to be regarded as the
outermost layer terminating that organic solid or thin
film and molecules in consecutive layers are assumed to
exhibit the same packing and orientation. As an impor-
tant class of materials, the focus will first be on unsub-
stituted and planar conjugated molecules, for which
benzene served as a model (vide supra). Depending on
the preparation method, the growth conditions, and the
type of substrate as well as its pretreatment,” ’° two
limiting cases for the orientation of such molecules with
respect to the surface of an organic thin film are con-
ceivable: one where the molecular planes are parallel to
the surface, henceforth referred to as “lying”, and the
other with the molecular planes perpendicular to the
surface, denoted as “standing” in the following.

As outlined in the preceding subsection, an isolated
m-conjugated molecule can, in the context of electrostatics,
be regarded as the equivalent to a linear quadrupole of
point charges (compare Figures 4 and 1). The two oppos-
ing dipole disks in Figure 3¢ may portray the situation
even more accurately, assuming small diameters (i.e., the
approximate “diameter” of the molecule) and small
separation (i.e., approximate “thickness” of the molecule).
Assembling such molecules into a close-packed lying
monolayer then corresponds to increasing the radius of
the disks, the consequences of which are highlighted in
Figure 3c. Note that lateral inhomogeneities in the elec-
trostatic potential above such a layer (composed of
individual molecules) decay on the length scale of inter-
molecular distances (i.c., a few angstroms) and, thus, need
not be considered (Figure 2).>* The effect of the potential
trough (Figure 3c) on the energy levels within a layer of
lying molecules is schematically depicted in Figure 5a.
The nuclei together with the core- and o-electrons create
one part of the potential well for all electrons in the
molecules (left panel). The quadrupolar electron distribu-
tion of the m-electrons (Figure 4) creates an additional
potential trough of depth AFE, that is, a region of lower
potential energy centered on the molecular planes and
regions of higher potential energy on both sides of the
layer (center panel). The sum of these two contributions
can be thought of as the actual potential well “felt” by
electrons. Since the lateral extension of a molecular
monolayer can never be infinite in practice, the higher
potential on either side of the layer, E,,., decays toward
the vacuum level far from the sample, E,,., on the length
scale of the layer radius (see Figure 3c).**"!

From the definition of /E (eq 3a) it becomes apparent that,
in contrast to a single isolated molecule (Figure 4), an ejected
electron has to be removed to quite some distance from the
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Figure 5. (a) Potential well caused by the nuclei and the core- and
o-electrons in a layer of lying 7z-conjugated or aromatic planar molecules
is centered on the molecular plane (left panel). The s-electron clouds on
both sides of the layer created an additional potential trough (center
panel) of depth AE. These two together yield the total potential well felt by
the electrons in the layer (right panel). Also indicated is the local vacuum
level just outside the finite-size layer, E,,., the vacuum level infinitely far
away from the layer, E7,., and the corresponding ionization energies and
electron affinities, /E’ and EA’ and IE and EA, respectively. (b) Same for a
layer of standing molecules. Here, E,. directly outside the layer is smaller
than E;,., leading to the corresponding /E"" and EA".

molecular layer until it reaches the nominal E7,.. Further-
more, it has to overcome a potential barrier in the form of the
extended region of higher electrostatic potential above the
m-electron clouds next to the layer.”' Consequently, the
energy denoted as /E in Figure 5a is actually required to
remove an electron from the 2D molecular assembly. In the
present case of lying unsubstituted molecules, E,,. > E,.
and therefore /E' > [E. Similar rationale holds for EA.

Next, we carefully reexamine Figure 4¢ to realize that
close to the hydrogen-terminated “ends” of an isolated
unsubstituted molecule, a region of lower potential
energy can be found (cf. Figure 1b) owing to the positive
charge on the molecular plane and, to some extent, also to
the polarity of the H®"—C°~ bonds. Consequently, in a
close-packed layer of standing unsubstituted molecules,
this region of lower E,,. extends farther into space from
the surface and lateral inhomogeneities in the potential
again decay on the length scale of intermolecular
distances;>* this situation is sketched in Figure 5b. In
contrast to the case of lying molecules, E,,. directly above
a standing layer is now lower than E;,. and, introducing
the energy difference between this specific E,,. and the
HOMO and LUMO as IE" and EA", respectively, one
finds that JE” < IE and EA"” < EA.

The rigorous definition of IE and EA of course still
holds, even if it technically means promoting an electron
out of the layer to infinity (/E) or bringing an electron into
the layer from infinity (E£A4). Nevertheless, the question
arises, which of the /Es and EAs shown in Figure 5 are the
electronic material parameters that actually determine
the energy-level alignment between the molecular thin
film and other (in)organic materials in a functional
device. To address this question, the two cases of a
metallic substrate in contact with layers of either lying
or standing molecules are contrasted in Figure 6. To not
unnecessarily complicate the discussion, the potential
impact of metal/organic interface effects is commented
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on at the end of this section. Here, the electrostatic potential
energy is assumed to reach the value E;,. immediately
outside the metallic substrate, and no further modification
upon monolayer adsorption is regarded.

For a layer of lying molecules, the situation prior to
contact with such a substrate, that is, at a large distance, is
schematically depicted in the left panel of Figure 6a. As
established above, the electron potential energy (E,,.) is
higher directly outside the zz-systems that terminate both
surfaces of the molecular layer than far away from the
(finite-sized) layer and directly above the substrate
(E50) 34" As introduced in Figure 5a, the energy differ-
ences between the HOMO of the layer to E,,.and ES,.are
IE and IF', respectively. In the simplified scenario con-
sidered here (vide supra), the work function, @, of the
substrate is the difference between its Fermi level, Ef, and
E,,.. Prior to contact, the HOMO thus lies at an energy
A, = IE — ® below Ep.

Without further interfacial phenomena (vide infra), the
local vacuum levels directly outside the substrate and the
molecular layer, E;,. and E,,., line up on contact (right
panel in Figure 6a)—a situation commonly referred to as
vacuum-level alignment.** As E,,. > E,.. the potential
well of the lying molecules is thus shifted down in energy
with respect to Er, that is, A increases to A, = IE' — ®.
Importantly, while the energy difference between an
electron in the HOMO and an electron infinitely far away
from the entire system is still /E, it is clearly /E' that
defines the alignment of the HOMO with Ef; analogous
considerations hold for EA” and LUMO alignment. Note
that subsequent deposition of further layers (of lying
molecules) amounts to simply adding further symmetric
potential wells from the right with their local vacuum
levels, E,,., all aligned, which does not change the inter-
face energetics.

The left panel of Figure 6b shows the situation for a
(finite-sized) layer of standing molecules prior to contact
with a metallic substrate, that is, when the two compo-
nents are still separated by a large distance. As established
in Figure 5b, there is an extended spatial region of slightly
lower electron potential energy directly above the hydro-
gen-terminated surface of the molecular layer and the
energy difference between the HOMO and this E,,.is [E".
Upon contact, the vacuum levels directly outside the two
components, E,,. and Eo.., again line up,** leading to the
potential well of the standing layer being shifted slightly up in
energy with respect to Ex, which results in a decrease of A, to
AN'), = IE" — ®. Again, the energy levels of substrate and
molecular layer align as if the latter were characterized by the
double-primed quantities (Figure 5b), IE" in the case of the
HOMO. Deposition of further layers of standing molecules
amounts to adding further symmetric potential wells from
the right with their local vacuum levels, E,,,, all aligned, and
therefore, the interface energetics remain unchanged.

The two cases summarized in Figure 6a,b underline
that, for all practical purposes, a layer of lying conjugated
molecules (or polymers) has a higher effective /E and EA,
namely, /E' and EA’, than a layer of the same molecules
oriented with their planes perpendicular to the layer
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Figure 6. (a) Energy-level alignment between a finite-size layer of lying 7-
conjugated or aromatic planar molecules and a metallic surface when well
separated (left panel) and after contact (right panel). The Fermi level, Er,
and the work function, @, of the metal are indicated as well as the vacuum
level outside metallic substrate, E;,., and directly next to the molecular
layer, E, .. With respect to these reference energies, the molecules exhibit a
ionization energy of /E and IE, respectively. Also marked are A, and A},
as the energy differences between Erand the highest occupied molecular
orbital (HOMO) in both cases. (b) Same for a layer of standing molecules,
where E, . directly outside the layer defines the ionization energy /E" and
A"}, the energy difference between the HOMO and Ep after contact. (c)
Energy-level alignment between a layer of lying (left) and a layer of
standing (right) molecules at large separation (left panel) and after contact
(right panel), where an energy offset of AJE between the respective
HOMOs is observed.

surface, where IE” and EA" are the relevant quantities.
To further highlight the important consequences of these
findings, the interesting scenario can be constructed
where a layer of lying molecules is brought into contact
with a layer composed of identical molecular species
oriented in a standing manner. The energy-level diagram
for large separation of the two molecular layers is
sketched in the left panel of Figure 6¢c. The common
vacuum levels (E},,) far from the individual layers align.
With respect to this reference energy, both layers have, of
course, the same ionization energy and electron affinity,
IE and EA. Locally, however, the vacuum level E,,. is
higher than Ej,,. directly outside the lying layer and lower
just outside the standing layer, thus defining /E" and IE"
as introduced above (Figure 5). When the two molecular
layers are brought into contact (i.e., to within a few
angstroms) and no additional interfacial phenomena
occur, the local vacuum levels above each surface align
(right panel in Figure 6¢). Consequently, the potential
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well and the MOs of the lying layer are shifted down
in energy with respect to those of the standing layer
which, intriguingly, leads to an energy offset, A/E,
between the HOMO levels in the two layers. Reminiscent
of reports on inorganic semiconductors,’*’* an electronic
heterojunction is formed with two layers of the same
molecular species, that is, at a material homojunction.
Also in this case, it is clearly the energy differences
between the frontier MOs and E,,. directly outside the
respective layer, JE'” and EA'", that are the relevant
electronic material parameters for interfacial energy-level
alignment and not the nominal /E and EA values with
respect to Eo..

To summarize this subsection, the positions of the
frontier energy levels in a thin film of preferentially
oriented molecules relative to Ej,., the vacuum level
infinitely far from the system, might be the rigorous
definition of I/E and EA, but they are irrelevant in
practice. What does matter is the relative position of the
energy levels in two materials when these materials are in
intimate contact. Hence, for all practical purposes where
molecular thin films are integrated into functional devices
and are, therefore, in contact with (in)organic electrodes
or other materials, E,,. directly above the surface that
terminates the organic layer is the relevant reference
energy and not ES,.. Consequently, it is JE'”’ and EA'"
that characterize the relevant energy levels of organic
semiconductors.

3.4. Metal/Organic Interface Effects. It is important
to realize that the z-system dipole layer is an intrinsic
surface property of organic semiconductors and that,
therefore, the phenomena just described are entirely
decoupled from metal/organic or organic/organic inter-
face effects.** ¥ Depending on the specific situation
encountered in experiment (e.g., the metallic material or
surface contamination),?”’* such effects may or may not
occur in real-world samples, but if they do, they are
simply superimposed onto the orientational phenomena
discussed in the last subsection, that is, they occur in
addition.

For example, if the metallic electrode assumed above
were an atomically clean metal surface in ultrahigh
vacuum (UHYV), adsorption of either standing or lying
molecules would both reduce the metal surface dipole via
the “push-back”, “pillow”, or “cushion” effect arising
from Pauli repulsion between electrons in the molecules
and the electron cloud spilling out into the vacuum from
the metal surface.””~”® Consequently, the entire molecu-
lar potential well together with the respective frontier
orbitals would be rigidly shifted down in energy both in
the standing and in the lying case. Naturally, such a shift
would increase A, or A”;, as much as it would result in a
decrease of the work function of the entire system.
Importantly, however, the ionization energy (electron
affinity) of the organic layer, IE' (EA’) or IE" (EA"),
remains completely unaffected by such an interface dipole
which, more precisely, actually corresponds to a modifi-
cation of a surface property of the metal in this context.
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Likewise, should the HOMO or the LUMO of the
organic layer too closely approach the substrate Ep,
Fermi-level pinning®®”°~®* will surely occur. If, for
instance, the HOMO of a lying layer were already close
to Ep, then the HOMO of a layer where the same
molecules are standing would come to lie above E, which
is prevented by electron transfer from the organic layer to
the metal; the resulting dipole layer shifts the entire
potential well of the molecular layer down in energy to
ensure a minimum A/, thus reducing the work function
of the entire system but, again, leaving the IE"” and EA"” of
the standing layer itself unaltered.®’

Finally, should electronic interactions of the organic
with either the metal or other organic layers give rise to a
continuous density of states at the respective interface, % **
then the equilibration of the electron chemical potential
across the entire system might lead to additional interface
dipoles, again leaving the IE'”> and EA'? values intact.
Further effects, for example, the stabilization of the
ionization and affinity levels through screening by the
metal surface,” *® superimpose on the orientational
phenomena resulting from intrinsic molecular surface
dipoles as well.

4. Experimental Evidence

4.1. Notes on Experimental Methods. Prior to review-
ing experimental results that provide evidence for all three
cases shown in Figure 6, experimental techniques that are
commonly employed to derive interfacial energy-level
alignment need to be critically assessed. Importantly,
the preceding discussion allows the conclusion that any
experimental method that operates on isolated molecules,
for example, in gas phase or in solution, cannot yield the
ionization energies and/or electron affinities relevant for
the relative level alignment between organic thin films of
preferentially ordered molecules and other materials. As
outlined above, the reason is that the electron potential
energy around an isolated molecule decays to a common
vacuum level E,,. E.,. within a few angstroms
(Figure 4) and, therefore, only one single /E and one
EA can be determined with respect to this reference
energy. Even taking into account other solid-state effects
(e.g., electrostatic screening of an extra charge on a
molecule via polarization of its environment),”® % num-
bers obtained by such experiments might only serve as
estimates for the /E and EA values of amorphous molec-
ular layers. In general, however, thusly determined /Es
and EA4s must be expected to differ appreciably from the
actual ionization and affinity levels of a layer of prefer-
entially oriented molecules. In particular, layers of lying
or standing molecules exhibit the well-defined but dis-
tinctly different values of IE' and EA’ or IE” and EA",
respectively, neither of which equal /E and EA. Conse-
quently, quantitatively and even qualitatively wrong
interfacial energy-level alignment could be predicted
from experiments on isolated molecules. Most drastically,
from such measurements it is impossible to understand,
let alone predict, the situation outlined in Figure 6¢, that
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is, the energy offset between the frontier MOs of two
layers composed of identical molecules but with different
orientations. The energy of the local vacuum level, E,,.,
above the surface of a close-packed organic thin film of
preferentially oriented molecules arises from a collective
electrostatic effect, that is, the superposition of the
potentials created by the z-system dipoles u,, (Figure 4)
of all molecules within the layer, or the absence thereof.
Therefore, experiments must be performed on laterally
extended layers. Only then can one aspire to deduce the
energetic position of the ionization and affinity levels with
respect to E,,., which are the actually relevant parameters
for the interfacial energy-level alignment between two
materials.

For the occupied manifold of MOs, the HOMO in
particular, ultraviolet photoelectron spectroscopy (UPS)
is the method of choice,'’” as the measurement directly
yields the energy required to remove an electron from a
sample. Importantly, via the position of the secondary
electron cutoff, this technique also permits directly
extracting the local vacuum level, E,,., just above the
sample surface, which is precisely the reference energy
that determines the sought-after ionization energy.’'

4.2. Orientation-Dependent Ionization Energies of
Ordered Molecular Layers. After extensive conceptual
considerations, the stage is now set to review and interpret
actual experimental results on real-world samples. Start-
ing with pentacene (PEN), one of the most prominent
representatives for organic semiconductors, UPS data are
shown for both the lying and the standing cases in Figure 7a
(see inset for chemical structure). The origin of the energy
scale is the respective vacuum level, E,,., directly above
the sample, and therefore, the binding energy directly
translates into ionization energy. When sublimed
onto atomically flat and clean metal surfaces in UHV,
the (111) surface of a gold single crystal in this instance,
PEN—like most w-conjugated or aromatic planar mole-
cules—lies down flat in the first monolayer.'®® !> The
corresponding UPS spectrum (labeled “lying”) shows a
distinct peak which corresponds to the molecular
HOMO; the Fermi edge of the substrate, indicated as
Ep, is still visible through the first monolayer. Following
the convention in ref '°’, the low binding-energy onset of
the HOMO is chosen to determine the ionization energy
of IE' = 5.35eV.M"oN7 1y contrast, on silicon oxide, most
rod-like organic semiconductors are found to grow
“standing upright”, that is, with their long molecular axis
close to perpendicular to the surface. PEN is no exception
in this regard,**!"® 122 and the corresponding UPS spec-
trum (labeled “standing”) yields a significantly lower
IE" of 4.80 eV.%>!""-12% The substantial /E difference of
AIE = 0.55 eV between lying and standing orientations
clearly demonstrates the collective effect of the intramo-
lecular surface dipoles arising from the zz-electron systems
(see Figures 4—0).

A particularly intriguing case is shown in Figure 7b for
the organic semiconductor a,w-dihexylsexithiophene or
DHG6T (see inset for chemical structure). Sublimed onto
atomically clean Ag(111) surfaces in UHV, this molecule
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Figure 7. (a) Experimental UPS spectra of a lying monolayer of penta-
cene on the (111) surface of a gold single crystal (red)''® and a thin film of
standing pentacene on silicon oxide (green).''” (b) The experimental UPS
spectrum of a lying monolayer of a,w-dihexylsexithiophene on Ag(111) is
shown in red and that of the standing multilayer in green.'** The energy
reference is the vacuum level directly above the sample in each case and,
for the metal substrates, the position of the Fermi level is indicated by E.

was shown to grow flat-lying in the first monolayer,
whereas the second and all subsequent layers grow stand-
ing (almost) upright.®>'>37125 This peculiar growth
mode allows demonstrating all three situations shown in
Figure 6 on a single sample. The UPS spectrum of the first
(lying) monolayer is shown in the bottom trace; the first
three peaks are assigned to the HOMO, the HOMO-1,
and the HOMO-2 in order of increasing binding energy
(from right to left). Adhering to the convention chosen in
the original publication,'** JE' = 5.3 eV is taken as the
binding energy of the HOMO peak (not the onset) with
respect to E,,.. Upon deposition of more material onto
the same sample, the UPS signature associated with layers
of standing molecules gradually appears.'>® The final
spectrum shown in the upper trace is rigidly shifted to
lower binding energy, yielding a substantially lower /E”
of 4.7 eV.'** Consequently, at the interface between the
first lying layer and the second standing layer, an electro-
nic heterojunction with a sizable energy-level offset of
AIE = 0.6 eV is formed between two layers of the same
molecular species (DH6T), as predicted in Figure 6c¢. In
contrast to the case of pentacene, where layers of standing
molecules were measured on insulating silicon oxide, the
well-defined Fermi level of silver in the case of DH6T
permits extracting A, = 1.6 eV and A", = 1.0 eV (see
also Figure 6),'** the importance of which will be dis-
cussed in section 7. Notably, the sulfur 2p core levels were
seen to exhibit the same shift toward lower binding
energies,'”* thus confirming that indeed a// electrons in
the molecular adlayers experience the same purely elec-
trostatic effect of the intrinsic molecular surface dipole
layer collectively formed by the s-electron systems.

Note that the data presented here do by no means
reflect isolated occurrences. Numerous observations of
orientation-dependent /Es can be found in literature for a
variety of molecules on a wide range of substrates. Other
examples include o-sexithiophene (6T),"**'*7'% para-
sexiphenyl (6P),°” perylene,'* or copper(II) phthalocya-
nine (CuPc),"**"'* where AJE amounts to 0.4—0.8 eV,
0.3—0.6 eV, 0.3 eV, and 0.4 eV, respectively.
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5. Surface Engineering with Intramolecular Polar Bonds

The data presented above unambiguously illustrate that
the preferential orientation of molecules in an organic thin
film appreciably impacts its ionization and affinity levels
and, furthermore, also the relative alignment of these levels
at organic/organic and organic/inorganic interfaces. These
findings might suggest that controlling the molecular orien-
tation provides a means to deliberately adjust interfacial
energy-level alignments. In practice, however, not all orien-
tations can readily be realized on all substrates, as the
interrelation between film deposition methods/conditions
and resulting molecular orientation is not always straightfor-
ward. More importantly, even if arbitrary orientations could
be deliberately chosen for a given molecule/substrate com-
bination, other constraints often make some molecular
orientations preferable over others and what is gained by
optimizing the interfacial energy-level alignment might
be counteracted by concomitant detrimental factors. For
instance, the inherently anisotropic (opto)electronic properties
of most conjugated molecules often lead to equally aniso-
tropic materials properties in ordered organic solids such as,
for example, optical transition dipole moments or charge-
carrier mobility. As the latter is typically higher in the
direction perpendicular to the molecular planes (due to
better intermolecular sr-orbital overlap), it might be desir-
able to have this direction match that imposed by the
external electrode geometry.

In the systems discussed so far, the orientation dependence
of IE and EA was due to the presence or absence of the
molecular sr-electron system on the surface of an organic thin
film. As the delocalized s-system is an integral feature of all
organic semiconductors, this leaves little room for improve-
ment through synthetic strategies. However, our considera-
tions were restricted to unsubstituted molecules up to this
point, where the surfaces in layers of preferentially standing
molecules are terminated only by slightly positively charged
hydrogen atoms. Notably, the rich chemistry of s-conju-
gated or aromatic molecules and polymers allows modifying
these unsubstituted “ends” or “edges” by substitution with
functional groups that either carry an intrinsic dipole
moment themselves or withdraw/inject electrons from/into
the z-system on the molecular core. This strategy opens up
the possibility for electronic-structure engineering of organic
semiconductors by means of surface modification with
intramolecular polar bonds (IPBs).!'7-120:134

5.1. Back to Electrostatics. To consistently develop the
strategy just introduced, it is insightful to first discuss a
modified version of benzene (cf. Figure 4) in light of the
electrostatic principles summarized in section 2. Specifi-
cally, two opposing hydrogen atoms are now substituted
with fluorine, thus converting benzene into 1,4-diflu-
orobenzene. The highly electronegative fluorine atoms
draw electrons from the phenyl unit and, consequently,
carry a negative partial charge, which is compensated by a
positive partial charge in the benzene ring, as indicated in
Figure 8a. Electrostatically, the situation is again strik-
ingly similar to that depicted in Figure 1b, where a
quadrupolar arrangement of point charges in a line is
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Figure 8. (a) Chemical structure of 1,4-difluorobenzene indicating the
partial atomic charges and the related dipole moments, . (b) Plane
through the molecule chosen for (c), where the electrostatic potential
energy for electrons, as calculated by density-functional theory, is shown;
a common vacuum level, £, is established close to the isolated molecule.

realized by two dipoles pointing toward each other. Here,
these dipoles, u, arise from the polar Fo~—C°" bonds
and, in contrast to benzene (Figure 4), they now lie within
the plane of the molecule (Figure 8b), that is, its quadru-
pole moment is of different directionality. The 3D plot
of the DFT-calculated electron potential energy in the
molecular plane (Figure 8c) is almost indistinguishable
from Figure 4c, where the same quantity is plotted for a
plane perpendicular to that of the unsubstituted benzene
molecule. In contrast, however, regions of higher poten-
tial energy are now found next to the fluorine atoms, and
regions of lower potential are observed next to the
remaining hydrogens in ortho and meta positions.
Around the molecule, a common E,,. = E,,. is rapidly
established, which defines the ionization energy and the
electron affinity, /Erand EAp, respectively, of an isolated
1,4-difluorobenzene molecule.

At this point, we emphasize that (a) the dipoles caused
by the sz-system are, of course, still present but are
superseded by the stronger uy because the fluorine is
now the “most negative” part of the system and, thus,
determines the directionality of the molecular quadrupole
moment;'?> (b) that fluorine—and also the subscript
“F”—is to be understood as a placeholder for all moieties
containing or causing intramolecular polar bonds; and (c)
that such moieties need not directly interact with the
sr-electron system on the molecular core (vide infra).

Following the line of argument outlined in section 3, it
is now easy to proceed from the isolated molecule to
layers of preferentially oriented molecules. Clearly, the
situation is now reversed compared to the case of unsub-
stituted molecules. While there, the surface of lying
molecules is terminated by a layer of dipoles pointing
toward the inside, that is, with the negative end on the
outside, it is now the surface of standing molecules that is
terminated by (more) negative fluorine atoms that give
rise to a similar dipole layer. Consequently, the reverse
scenario is to be expected for the ionization energy and
the electron affinity of the end-fluorinated molecular
layer, that is, the values of the standing layer, IE"» and
EA" , should now be higher than those of the lying layer,
IE,F and EA/F.
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Figure 9. (a) Potential well of a layer of standing a-sexithiophene molecules (inset) as calculated by density-functional theory; the horizontal lines indicate
the calculated HOMO and LUMO levels which, together with the vacuum level outside the layer, E,,., define its ionization energy, /E', and its electron
affinity, EA’. (b) Calculated potential well of depth AE created by two layers of CHF3 with their strongly polar FO~—C°* bonds (dipole moment Ur)
pointing toward the outside. (c) Calculated potential well of the standing a-sexithiophene layer from (a) placed between the two CHFj layers from (b).
Chemically linking the molecular core to the —CF; groups by a n-pentane chain yields a new molecule (inset) with the calculated potential well shown in (d)

and dramatically increased /E' rand EA" .

5.2. Molecular Design. Both the validity of the concept
and the strength of the approach are best illustrated with a
computational experiment. Starting from an unsubsti-
tuted molecule, the DFT-calculated potential well across
a 2D-infinite monolayer of standing 6T molecules (see
inset) is shown in Figure 9a; the structure and the
theoretical methodology are identical to those used in
ref '**. Also indicated are the calculated HOMO and
LUMO levels (horizontal lines), the vacuum level (E,,.),
and the associated /E and EA".

According to Figure 3c, the spatial region between two
dipole layers with their dipole moments pointing toward
each other, that is, their negative ends on the outside, lies
at a potential energy lower than the vacuum level out-
side the structure. One way of chemically realizing such
opposing dipolar slabs is two layers of CHF; molecules
(trifluoromethane) with the strongly polar FO~—C°*
bonds pointing toward the outside. Indeed, the DFT-
calculated potential well of such a structure (Figure 9b)
exhibits the expected characteristics, and in the present
case, its depth amounts to AE = 1.2 eV. Placing the layer
of standing 6T molecules between the two dipolar CHF3
layers lowers its entire potential well (together with the
HOMO and LUMO levels) in energy relative to E,,.
outside the dipole layers by AE. The results of the DFT
calculation on this structure show that, to reach the
vacuum level, an electron that is to be removed from
the HOMO of the 6T layer now has to overcome an
additional potential barrier of magnitude AFE created by
the CHF; dipole layer on either side (Figure 9¢). Conse-
quently, the ionization energy and electron affinity of the
structure, IE"” + AE and EA” + AE, respectively, are now
1.2 eV higher than those found for the layer of standing

6T molecules alone (Figure 9a). To resolve this hypothetic
structure into one entirely chemically plausible, the
m-conjugated 6T core is now covalently linked to the
terminal CHF; molecules by a linear n-pentane chain on
both sides, that is, by a series of five nonconjugated
methylene (—CH,—) spacer units (see inset of Figure 9d
for chemical structure). As the surface dipole moments
are strictly located on the terminal —CF; units and,
furthermore, the electronic structure of 6T is virtually
unaffected by substituting the terminal hydrogen atoms
with alkyl chains, the MO energies are essentially equal to
those found in Figure 9¢c. The DFT-calculated ionization
and affinity levels for a standing layer formed by the new
end-fluorinated molecule, /E" and EA"r, are exactly
AE = 1.2 eV higher than those of the original 6T layer.
Importantly, and this highlights the collective nature of
the electrostatic effect of IPBs, the DFT-calculated IE
and EA differences between unsubstituted 6T and the new
fluorinated compound as isolated species in vacuum are
<0.1 eV. Consequently, experimental methods that
probe the electronic states of isolated molecules, such as
cyclic voltammetry or gas-phase UPS, would find essen-
tially no difference in the ionization and affinity levels of
the two molecules, that is, they would find /E ~ [E; and
EA ~ EAp, and could not, therefore, explain their poten-
tially different behavior in organic electronic devices. In
contrast, UPS measurements on thin films of standing
molecules are well capable of capturing the substantial
difference between IE” and IE" . These surprising find-
ings also underline that the observed effect is of purely
physical and not of chemical nature. The responsible
dipolar —CF; groups are electronically completely
decoupled from the s-electron system on the 6T core
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Figure 10. Experimental UPS spectra of perfluoropentacene (inset).
That of a lying monolayer on Au(111) is shown in green,'' that of
inclined molecules in the multilayer is shown in blue,''® and that of a film
of standing molecules on silicon oxide is shown in red.''” On the metal, the
Fermi level is marked with Ey. The center panels indicate the molecular
orientation in each case, and the right panels highlight the respective
orientation of the dipole moment, u, arising from the polar FO~—C°*
bonds relative to the surface and its projection onto the surface normal
(blue arrows in middle panel).

(including the HOMO and LUMO localized there) by the
insulating large band-gap alkyl segments. In other words,
from the physical phenomenon of electric dipole layers, we
have derived very concrete molecular design rules for
chemical synthesis, thus underlining the benefit of an inte-
grated multidisciplinary approach to organic electronics.
5.3. Experimental Evidence. The success of the strategy
outlined above can be conveniently demonstrated on the
example of the perfluorinated analogue to pentacene,
perfluoropentacene (PFP). This choice permits directly
contrasting PFP and PEN which are, in turn, closely
related to the model compounds 1,4-difluorobenzene
and benzene. PFP, like PEN, grows lying down flat in
the first monolayer when deposited onto atomically clean
metal surfaces under UHV conditions.''*!34136:137 The
bottom trace in Figure 10 shows the UPS spectrum of
such a lying monolayer on the (111) face of a gold single
crystal.''® The Fermi edge of the substrate is clearly
visible, and the first peak at A’;, = 0.85 below E is the
monolayer HOMO with its onset at a binding energy of
IE' ;- = 5.80eV.""" Upon further PFP deposition, a closed
thicker film can be prepared as evidenced by the disap-
pearance of the Fermi edge from the spectrum (center
panel in Figure 10). Therein, the molecules are still
lying with their long axes parallel to the substrate, but
the molecular planes are inclined to the surface (center
schematic in Figure 10). This is a consequence of
the intermolecular interactions which, in the absence of
molecule—substrate interactions in the multilayer, favor
the typical “herringbone” packing motif found in the bulk
crystal structure.'*87 %% As the entire periphery is fluorine
terminated in PFP, a surface dipole layer is formed by the
projections of ux onto the surface normal, which point
toward the substrate, that is, negative on the outside.
Consequently, the HOMO is lowered with respect to both
Ep and E,,., and the ionization energy of the organic
thin film increases to IEz“ = 6.00 eV.''® A similar behav-
ior, both in terms of growth mode and electronic structure,
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has been observed for PFP on Ag(111) surfaces.'** Like
PEN, PFP also grows with its long molecular axis almost
perpendicular to the layer surface on SiO, substrates. 2% #1142
A typical UPS spectrum of such a sample is shown in the
topmost trace of Figure 10."'7'?° Since both the projection
of ur onto the surface normal (top schematic in Figure 10)
and the molecular packing density (eq 1) are higher in such a
layer than in the case of the “tilted” molecules just discussed,
the ionization energy further increases to /E' » = 6.65¢V.'""

As expected from the underlying electrostatics, the
situation in PFP is reversed compared to PEN. There,
films of standing molecules were found to have a lower
ionization energy than films of lying molecules (by A/E =
0.55 eV) due to the dipole layer formed by the z-electron
clouds terminating the surface. In contrast, films of
standing PFP have a higher ionization energy than films
of lying molecules (by AIEr = 0.85 ¢V) owing to the
close-packed IPBs on the surface, which lead to an
additional potential step that an ejected electron has to
overcome.

To appreciate the practical significance of the effect just
demonstrated, let us consider that the ionization energies
of isolated PEN and PFP molecules in gas phase, IE =
6.6 eV'* and IE, = 7.5 eV'* differ by 0.9 eV; this to be
expected as the fluorine substituents directly interact with
the s-conjugated molecular core. Relying on this value,
one would predict a HOMO offset of similar magnitude
for an organic/organic interface between the two materi-
als. In sharp contrast, the results presented above reveal
that the HOMO offset in layered heterostructures of
standing PEN and PFP molecules should be on the order
of IE' - — IE" = 6.65 — 4.80 = 1.85 ¢V, that is, more
than twice the value (unjustifiably) deduced from mea-
surements on isolated molecules. And indeed, UPS
experiments on bilayer heterostructures confirm a HOMO
offset of ~1.8 eV.'* In the case of PFP, the physical effect of
dipole-layer formation at the IPB-terminated surface of
standing films (~0.9 eV) is of a magnitude comparable to
the chemical effect (~0.9 eV) of direct interaction between
fluorine substituents and the sr-electron system.

Lastly, we remark that PFP is certainly not the only
published example for the collective electrostatic action of
IPBs. Similar observations have been made for perfluori-
nated copper(Il) phthalocyanine (F;4CuPc), where the
IE' of layers of lying molecules was seen to be lower by
AIEr = 0.85 eV than the IE"; of layers of standing (or
rather “edge-on”) molecules."**”'** Recalling that the
opposite was the case for the nonfluorinated analogue,
CuPc, where the /E' of lying layers was higher by AIE =
0.4 eV than the IE” of standing layers,'*°~'3? the situation
there is indeed comparable to that of PFP and PEN.

5.3.1. Mixed Materials. From the apparent similarities
in the molecular and crystal structures of PFP and PEN,
the question arises whether, via codeposition of PEN and
PFP into mixed layers of standing molecules, the ioniza-
tion energy of the composite materials can be continu-
ously tuned between the limiting values of IE"” = 4.80 eV
and IE' = 6.65 eV by varying the mixing ratio.''” The
magnitude of the potential energy step caused by the IPBs
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Figure 11. (a) Top panel shows a contour plot of the analytically calculated electron potential energy for a row of dipoles.''” To represent macroscopic
phase separation between pentacene (PEN) and pefluoropentacene (PFP), the row consists of alternating segments of four downward pointing dipoles
(PFP) and four upward pointing dipoles (PEN). Clearly, a common vacuum level (E,,.) is not established within the distance to a different material in
contact with the phase separated PEN/PFP layer. Consequently, PEN and PFP patches individually align the respective E,,. with that outside the material
(bottom panel) leading to individual alignment of their frontier molecular orbitals (white dashed lines). (b) Scenario of molecular-level mixing. Top panel
shows the electron potential energy for a row of alternating dipoles.''” A common E, . is established within the distance to a different material in contact
with the mixed PEN/PFP layer. This common E,,. (bottom panel) aligns with that outside the material, leading to the laterally homogeneous alignment of

the common electronic structure in the mixed layer.

exposed on the surface of such a mixed film must decrease
as the dipoles are “diluted”, that is, as the dipole area-
density decreases (eq 1). To assess the feasibility of such
an approach, we remember that it is the energy difference
between the frontier electronic states in the mixed layer
and the vacuum level directly outside the layer that must
be varied in order to affect the energy-level alignment
relative to other materials in close contact. Second, one
has to bear in mind electrostatic principle (v) formulated
in section 2, which says that inhomogeneities in the
electrostatic potential outside a layer of discrete dipoles
decrease on the length scale of the distance between the
dipoles (Figure 2). Combining these two observations,
one concludes that phase separation into large patches of
standing PFP and standing PEN would be detrimental to
the desired effect; E,,. would assume different values just
outside either patch (top panel in Figure 11a) and, con-
sequently, both PEN and PFP domains would individu-
ally align their respective energy levels with that of the
substrate or of a subsequently deposited material (bottom
panel in Figure 1la)—nothing would be gained, and
instead of one organic semiconductor with intermediate
ionization energy, two organic semiconductors (PEN and
PFP) with largely different energy levels would, in fact, be
obtained.

However, if one were to achieve mixing of PEN and
PFP on the molecular level, the inhomogeneities in the
potential outside the layer would decay on the length
scale of intermolecular distances and a common E,,.
would already be established within a few angstroms
(Figure 11b). In this case, another material brought into
contact with such a molecularly mixed film (i.e., to within
a few angstroms) would no longer “see” the lateral

inhomogeneities caused by the dilute FO~—C°" dipoles
on the layer surface and could, therefore, be expected to
align to that common vacuum level (Figure 11b). In
a recent experimental study''” it was confirmed that
molecular mixing can indeed be achieved for PEN and
PFP and the desired effect was demonstrated by UPS
experiments; the ionization energy of mixed layers could
be continuously tuned between the limiting values of
IE" = 480¢eV and IE'r = 6.65¢V. Mixing, for example,
DOHT (Figure 7b) with its end-fluorinated analogue
(Figure 9d) or similar species allowing for mixed-crystal
growth'*16 could be expected to work equally well, thus
outlining another nonsynthetic approach to tuning the
relevant energy levels of organic semiconductors.

6. Intrinsic Surface Dipoles in Polymers

Throughout this Review, strong emphasis has been put
on small-molecule organic semiconductors, so far largely
neglecting the equally important class of conjugated
polymers. Of course, the concepts described above hold
for polymers as well. It is to be noted, however, that many
polymers applied in organic electronic devices are essen-
tially amorphous,®!3~17:21723:4042.147.148 54 therefore,
orientational effects arising from the collective electro-
static action of the inhomogeneous charge distribution on
individual chains or segments are not easily observed in
macroscopic thin-film properties. However, if a prefer-
ential orientation of the polymer backbones can be
achieved throughout the sample, the situation is again
analogous to that encountered in the small-molecule case.

Maybe the most prominent example for a polymer where
both a high degree of order and different orientations of the
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polymer chains can be realized is head-to-tail regioregular
poly(3-hexylthiophene); the chemical structure of this poly-
mer (P3HT) is shown in the upper left panel of Figure 12. Its
planar backbone together with the hexyl side chains promote
self-organization among the polymer chains,'” and highly
ordered domains (embedded in an amorphous matrix) are
frequently observed.'**~'%* The degree of crystallinity and the
morphology of P3HT films critically depend on the prepara-
tion conditions,”'>¢~'%7 its molecular weight,ls&mﬁ*171 and
the degree of regioregularity.'**!'”® Samples with a preferen-
tially “face-on” orientation (equivalent to a lying orientation
in the small-molecule case) and films with a preferentially
“edge-on” orientation of the polymer backbones in the
crystalline domains can be reproducibly fabricated.'> !>
However, the orientation of the polymer backbones in the
very surface layer of a P3HT film, that is, that in contact with
the substrate or other materials, is still not easily accessible in
experiment due to inevitable bulk contributions in the
measurements.' >~ 77

Circumventing these technical issues, both the occur-
rence and the importance of surface dipole layers in P3HT
have recently been reported in a purely theoretical
study.'® There, as a model for the surface polymer layer
of an ordered domain, a monolayer of P3HT has been
considered. Different orientations of the polymer chains
were realized by continuously increasing the angle, 6,
between the polymer backbone and the plane of the layer
(see inset in Figure 12) from the face-on configuration at
6 = 0° to the edge-on configuration at & = 90°. The results
of extensive DFT calculations on these structures are
summarized in Figure 12. For P3HT (green traces), a
decrease of both the ionization energy and the electron
affinity was observed with increasing 6. Similar to the small-
molecule case, the difference between the IF in the face-on
configuration and the /E" in the edge-on configuration was
found to be AIE ~ 0.4 eV and was attributed to the surface
dipole layer arising from the m-electron system on the
polymer backbones (compare Figure 4).'*° The theoreti-
cally obtained A/E compares well with the spread in
experimentally observed IE values (4.3—4.9 eV),'7’~!82
suggesting different preferential orientations of the polymer
chains to be the cause thereof. Notably, through electro-
static modeling, a numerical value for the surface dipole
moment could be extracted from the DFT data, yielding
U~ 1.1 D per thiophene ring.

Provided sufficiently well ordered films can be made, also
the concept of electronic-structure engineering via surface
modification with IPBs is applicable to polymers. To demon-
strate this, the polymer shown in the upper right panel of
Figure 12 was proposed in the same theoretical study.'*
Similar to the compound in Figure 9d, the methyl units at the
ends of the hexyl side chains are now fluorinated, thus
giving rise to strongly polar F°~—C°" bonds with their net
dipole moment, uz, pointing toward the polymer backbone
(i.e., negative on the outside). As anticipated (cf. Figure 10),
the situation is now reversed compared to unsubstituted
P3HT and, with increasing 6, a sizable increase of up to 1.8
eV is found for /Erand EAy. From an extended electrostatic
model that includes the contributions of both u,, and ur, a
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Figure 12. Calculated evolution of the valence-band maximum (VB,,,.)
and the conduction-band minimum (CB,,,;,) for polymer monolayers as a
function of the angle, 6, between the planes of the polymer backbones and
the plane of the layer (inset); values are reported relative to the vacuum
level outside the respective layers. Chemical structures are shown in the
upper panels.

value of ~2.5 D per —CF5 unit was found for the latter.'*
Notably, the ionization energies and electron affinities
of the two polymers are identical for the face-on orientation
(8 = 0°), where the m-electron clouds on the backbones
terminate the surface in both cases. This fact highlights
that the observed orientation dependence is of purely physi-
cal origin (collective electrostatic action of u, and ug,
respectively) and that direct chemical interaction of the
—CF; groups with the s-system on the polymer core, for
example, of electron withdrawing or inductive nature, need
not be invoked.

7. Implications for Devices

In order to discuss organic (opto)electronic devices in
the context of this Review, one has to distinguish between
amorphous and ordered organic thin films, both for
the small-molecule and the polymer case. In parti-
cular, amorphous organic layers are often found in
OLEDs™>!3 7174041147198 5 4 OPV(Cs. 2! 242 There, it is
important to consider whether the films are amorphous only
macroscopically, that is, ordered domains exist but are
oriented randomly throughout the sample, or whether the
films are truly amorphous on the molecular scale, that is, not
even short-range order exists in the sample. In the latter case,
as with the mixed layers discussed in subsection 5.3.1, lateral
inhomogeneities on the film surface (some molecules expose
the r-system on the surface, others their edges or ends) decay
on the length scale of intermolecular distances,”” and a
common vacuum level is established immediately above the
layer surface. Consequently, if a microscopically amorphous
thin film is brought into contact with another material, the
interfacial energy-level alignment will be homogeneous over
the entire interface. If, however, ordered domains (of a few
nanometers or larger) of differently oriented molecules/
polymers are present at the film surface, then the energy
difference between the frontier electronic states and the local
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Figure 13. (a) Schematic of a p-type organic field-effect transistor (lower panel) with a film of standing molecules as active organic layer and the relevant
energy levels under bias (upper panel); vertical lines indicate the source and drain Fermi levels, E, and solid slanted lines represent the HOMO and LUMO
of the organic semiconductor. Terminating the “ends” of the organic molecules with dipolar groups (positive on the outside) shifts the bands up in energy
(dashed slanted lines), thus further reducing the barrier for hole (h ") injection. Compounds 1—7 are examples for typical p-type molecules. (b) Same as (a)
for the n-type case. The surface dipole layer, u, that arises from the electron-withdrawing groups at the ends of the n-type molecules 1—7 (highlighted in red)
brings the LUMO down in energy with respect to £, thus lowering the barrier for electron (e™) injection.

vacuum level just outside the respective domain will vary
from domain to domain. Consequently, each patch will
individually and differently align its energy levels with that
of another material brought into close contact, and the level
alignment will be inhomogeneous at the interface. For
OLEDs this implies that, for example, the efficiency of
charge-blocking or -injection layers might vary locally at an
organic/organic interface or that the barriers for charge-
carrier injection from external electrodes might vary locally.
In principle, such effects might also contribute to the fre-
quently observed local degradation of such devices.'®* 188
For OPVCs, on the other hand, a locally different energy-
level alignment at the interface(s) between donor and accep-
tor components might result in a locally varying efficiency for
exciton dissociation and, thus, charge-carrier generation.
7.1. Organic Field-Effect Transistors. For OFETs, the
need for high charge-carrier mobility requires good inter-
molecular z-orbital overlap over comparatively large
distances, which makes a high degree of order, or even
better crystallinity, desirable. Naturally, best perfor-
mance is obtained when the direction of highest charge-
carrier mobility coincides with the source-drain direction
imposed by the device geometry. Indeed, in a planar
setup, a preferentially edge-on orientation of P3HT on
the gate dielectric was seen to be beneficial, while a
preferentially face-on orientation was found to be detri-
mental for transistor performance.'> 37158162 1p the
small-molecule case, the prototypical rod-shaped species
discussed repeatedly in this Review (i.e., PEN, 6T, and
DH6T) are known to form (poly)crystalline layers of
standing molecules on typical gate dielectrics (e.g., silicon

oxide),?> 819189 thys naturally aligning the direction of

strongest s-orbital overlap and highest charge-carrier
mobility in the desired way.

While these constraints on the molecular/polymer
orientation preclude tuning of the energy levels via
the dipole moments associated with the omnipresent
m-systems, the standing/edge-on orientation opens up
the possibility for adjusting the ionization and affinity
levels via IPBs at the molecular ends or edges that are
exposed at the surfaces of ordered thin films. In particu-
lar, we consider the top-contact device configuration here,
where source and drain electrodes are deposited on top of
the active organic layer, thus defining the channel region
(see Figure 13). Commenting on the unsubstituted case
first, it is to be noted that many molecules and polymers
such as, for example, PEN, 6T, DH6T, or P3HT (see
Figure 13a for more), work best as p-type organic semi-
conductors, that is, with a negative gate voltage
applied in an OFET and holes as the primary charge
carriers. 2321951627 167.17LI89=193 R ocalling that no organic
semiconductor is intrinsically p- or n-type and, in princi-
ple, both holes and electrons can be transported through
the material,!” this observation can be attributed to the
energy-level alignment in the device.'”> As sketched in
Figure 13a, the HOMO of so-called p-type materials is
typically closer to the Fermi level of source and drain
electrodes than the LUMO. Consequently, already a
relatively small negative gate voltage can push the
HOMO above Ep, leading to hole accumulation and,
thus, to mobile charge carriers in the channel. Moreover,
charge-injection from the source electrode into the
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organic is enhanced if the energy difference A", between
HOMO and Ef (the hole-injection barrier) is small.

With that in mind, we note that the standing/edge-on
orientation is favorable not only because the direction of
highest mobility coincides with the source-drain direction but
also because the HOMO is further up in energy than in the
lying/face-on case, thus further promoting lower threshold
voltages and reducing hole-injection barriers.'**'* As indi-
cated in the bottom schematic in Figure 13a,'*> decorating
the surface of such a standing/edge-on layer with IPBs that
have their dipole moment pointing away from the surface
(positive on the outside) would bring the HOMO even further
up and, thus, must be expected to further enhance p-type
transistor performance.

To reduce power consumption in organic electronic cir-
cuitry, it is desirable to not only rely on p-type transistors, but
rather to use complementary (CMOS) logic."****7 This
requires equally well performing n-type OFETs where,
through applying a positive gate voltage, electrons are
accumulated in the channel to act as primary charge carriers.
While a number of organic molecules that exhibit reasonable
performance as p-type materials have been identified to
date, the quest for comparable n-type materials is still
ongoing.>'#*1?31% A5 becomes apparent in the schematics
in Figure 13, the question of p- or n-type behavior is mostly
one of interfacial energy-level alignment.'®” For the situa-
tion sketched in Figure 13a, a considerably higher positive
threshold voltage would be required to pull the LUMO far
enough down in energy to actually inject electrons from
the drain electrode; and even then, these electrons
would have to overcome a substantial injection barrier of
N', = E;uyyo — Er. One strategy to improve the situation
would be to synthesize molecules/polymers with a parti-
cularly electron-poor s-conjugated or aromatic core, that
is, organic semiconductors with a particularly low-lying
LUMO. However, this may come at the cost of concomi-
tantly decreasing the environmental stability of such
materials, potentially leading to rapid degradation under
device operation in the presence of air and humidity.

Recently, a series of molecules has emerged that exhibit
both good n-type transistor performance and reasonable
environmental stability (see Figure 13b for some
examples). 387 140-193.197210 N ably, although different
ideas and design strategies were pursued for every com-
pound, they are all characterized by strongly electron-
withdrawing groups at their ends (highlighted in red).
Even more intriguing is the fact that their LUMO is often
not substantially lower in energy than that of their p-type
counterparts when determined for the isolated species;
cyclic voltammetry or quantum chemistry shows that,
frequently, it is only lower by a few tenths of an eV,
especially when the end-group substituents do not
strongly interact with the 7r-electron system.?**~2%° While
this, at least in part, can explain their environmental
stability, it seems too small a difference to revert their
behavior as transistor materials from p-type to n-type,
that s, to alter the situation from A", <A” to A, < A",

In view of the fact that also good n-type molecules grow in a
layered mode with their long molecular axes (almost) perpen-
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dicular to the surface of the gate dielectric,**!°>1%7210 the

effect of surface termination with IPBs can finally give a
satisfactory explanation for the observed transistor behavior
and thus unify the overarching design principle for n-type
materials. It has been shown in preceding sections of this
Review that the EA difference between two isolated molecules
can be significantly enhanced in thin films of standing mole-
cules. Given the comparable optical gaps of PEN and PFP,'*
the EA difference between the two molecules can be estimated
to increase from 0.8 to 1.7 eV and, in the computational
experiment shown in Figure 9, the E4 difference between 6T
(Figure 9a) and the end-fluorinated DH6T (Figure 9d) is
found to increase from 0.1 to 1.2 eV. So rather than in the
single-molecule properties, the key to understanding the n-type
behavior of the molecules shown in Figure 13b lies, once again,
in the collective electrostatic action of the dipoles at their ends.
In a close-packed layer, these form steps in the electron
potential energy (Figure 2) at both surfaces of the active
organic film. The ensuing potential well (Figure 3c) pulls the
spatial region between these two surface dipole layers, that is,
the entire molecular film, down in energy with respect to the
outside. In particular, the LUMO is thus shifted down in
energy with respect to the source and drain Fermi level, A", is
reduced, the (positive) threshold voltage is lowered, and
electron injection is facilitated (schematic in Figure 13b).
Following this rationale, also the end-fluorinated P3HT
(Figure 12) should be a good candidate for polymeric materi-
als that exhibit enhanced n-type transistor action'* provided
that highly ordered films with a predominantly edge-on
orientation can be realized and that additional factors detri-
mental to electron transport can be controlled.3>!*+19

8. OUTLOOK

Whenever highly ordered organic semiconductors are
employed, the molecular orientation with respect to a
relevant interface, for example, the donor/acceptor inter-
face in (discrete) heterojunction OPVCs or the organic/
inorganic interfaces in OFETs, appreciably affects the
energy-level alignment at that interface. If a standing/
edge-on orientation is both desired and achievable at such
an interface, then the insights reviewed here permit for-
mulating some guidelines for molecular design. As the
transport of both charges and optical excitations is
mediated by intermolecular 77— interactions, the con-
jugated or aromatic molecular core should be optimized
with regard to maximizing intermolecular electronic cou-
pling. As the latter critically depends on details in the
molecular packing, developing a thorough understanding
of the interrelation between molecular and crystal struc-
ture is both a much-needed requirement and a formidable
challenge to the community.*~* Importantly, under the
circumstances just mentioned, the introduction of intra-
molecular polar bonds somewhat alleviates the require-
ment of simultaneously having to keep the frontier
molecular orbitals at their optimal energies for a given
application. Once a desirable solid-state packing is
achieved, grafting polar side groups onto the molecular
ends or edges that are exposed at the relevant interface
permits shifting the energy levels of the molecular layer
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with respect to other materials in close contact. With the
dipole moment of such a group pointing toward the
molecular layer in question its MOs are shifted down in
energy, and conversely, with the dipole moment pointing
away from the molecular layer its MOs are shifted
upward. Furthermore, it might be desirable not to
directly attach such dipolar side groups to the molecular
core, but to tether them with an alkyl spacer, as this might
(a) promote layered growth of the molecules through
“phase separation” of s-conjugated/aromatic core and
alkyl segments,'#>146:189209=211 () prevent unwanted
changes to the electronic structure of the molecular core,
and (c) open up the possibility for mixing species with
different polar groups at the end of the alkyl side chains
without perturbing the packing of the conjugated molec-
ular cores (see also subsection 5.3.1).

9. Summary and Conclusions

To summarize, the surface termination of layers com-
prising preferentially oriented molecules or polymers
critically impacts their effective ionization energies and
electron affinities and, consequently, the energy-level
alignment at interfaces with other organic or inorganic
materials. The s-electron systems of aromatic or conju-
gated planar molecules and polymers collectively form a
surface dipole layer in thin films of predominantly lying/
face-on species, which is not present in thin films of
predominantly standing/edge-on species. Deduced from
fundamental electrostatic principles, the presence or
absence of this intrinsic surface dipole layer leads to a
pronounced dependence of the ionization energies and
electron affinities of an organic thin film on the orienta-
tion of the constituent molecules or polymer chains with
respect to its surface. Using ultraviolet photoelectron
spectroscopy on thin-film samples as a reliable experi-
mental tool to determine the energies of the occupied
electronic states with respect to the relevant reference
energy (i.e., the vacuum level directly outside the sample),
experimental evidence for the expected orientational
effect was provided.

For the case of preferentially standing or edge-on
orientation of the molecules (or polymer chains) in
organic thin films, substituting dipolar groups onto the
exposed “ends” or “edges” of the aromatic or s-conju-
gated core was shown to equally lead to the formation of a
surface dipole layer. Again, the presence or absence
thereof was shown to appreciably impact the energies of
the ionization and affinity levels in organic thin films,
both through experimental evidence and extensive first-
principles calculations. In analogy to the surface modifi-
cation of inorganic electrodes to modify their work
function,?'* % intramolecular polar bonds were intro-
duced as a means for the surface engineering of ordered
organic semiconductors.

The importance of intrinsic molecular surface dipole
layers on the energy-level alignment at ubiquitous organic/
organic and organic/inorganic interfaces in organic
(opto)electronic devices was discussed. Controlling the
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molecular orientation in the active organic layers of such
devices was shown to be a necessary prerequisite and an
important tool for tailoring the interfacial level alignment
to application-specific demands. In particular, the collec-
tive electrostatic effect of intramolecular polar bonds
was shown to not only improve but to even define device
characteristics in organic field-effect transistors. From a
thorough understanding of molecular-scale electrostatics,
valuable guidelines for molecular and materials design
could be derived, thus contributing to the continuous
feedback loop that drives progress in the inherently multi-
disciplinary field of organic electronics.
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