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Systematic local spectroscopy of the affinity levels, by means of a scanning tunneling microscope, in
highly ordered molecular semiconductor films of tetracene reveals strong energy level shifts by up to
~1.0 eV from molecule to molecule. This final state effect can be traced back to the site specificity of the
polarization energy in organic materials with complex unit cells, caused by a combination of different
molecular environments, the intrinsically anisotropic molecular polarizability, and the influence of the

substrate.

DOI: 10.1103/PhysRevLett.102.177405

Organic semiconductor materials attract considerable
attention, the reason being their relevance for electronic
and optoelectronic devices [1-3]. Because of their impor-
tance for device functions, the electronic properties of
molecules close to interfaces have been studied in particu-
lar [4]. For example, it has been shown that the chemical
bonding to a metal surface may change both the electronic
levels and geometric structure of organic semiconductor
molecules profoundly [5—9]. During charge transport, the
electronic states of a molecular material may also be
influenced by polarization screening, i.e., the stabilization
of a locally injected charge through the polarization of the
surrounding molecular environment [10,11]. While the
principles of polaron-formation are well understood, the
new aspect which we report here, namely, the site specific-
ity of the polarization energy in complex unit cells and at
surfaces of organic materials, was not experimentally
proven so far. In fact, up to now attempts to measure
directly the expected influence of local molecular environ-
ments on the polarization screening have failed [12,13], for
reasons which are currently not understood.

To clarify this issue, we systematically analyze the
molecular energy levels of a suitable model system, a
highly ordered but structurally complex organic semicon-
ductor film which we have investigated by local scanning
tunneling spectroscopy (STS) in situ at 8 K in a vacuum
better than 10~'% mbar. We indeed find a remarkable site
specificity of the polarization screening, in addition to the
well-known influence by metallic substrate [14,15]. This
influence reveals itself through a surprisingly large disper-
sity of the affinity level from molecule to molecule. Our
findings have implications for transport in (bulk) organic
semiconductors, because even chemically homogeneous
materials may under certain circumstances be considered
to consist of electronically distinct species (with an energy
level dispersity up to 0.5 eV), with profound consequences
for carrier transfer from molecule to molecule, since car-
riers may get trapped not only at defects but also at regular
lattice sites. The results also make clear why under certain
circumstances it may be difficult to observe the influence
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of intermolecular polarization screening in spectroscopic
experiments [12,13].

The experiments have been carried out on the 8 phase of
tetracene/Ag(111). Tetracene is a platelet molecule for
which high charge carrier mobilities have been demon-
strated [16,17]. It was evaporated from an effusion cell at
420 K onto the silver surface at 210 K, where—depending
on the preparation procedure—it may form two long-range
ordered phases (« and B) [18]. At a nominal coverage of
two monolayers (calibrated with respect to the compact
a-phase monolayer [18]) regions of both & and 8 phases
coexist on the surface (Fig. 1). The structure of the & phase
as derived from our STM images (flat-lying molecules, unit
cell vectors b, =82 A, b, =13.1 A, y = 93°) agrees
with the diffraction study reported previously [18]. The
intramolecular contrast at positive bias voltages [Fig. 1(a),
inset) resembles the geometry of lowest unoccupied mo-
lecular orbital (LUMO).

The B phase consists of two structural motifs, a long-
range domain lattice which is visible in Fig. 1 and the local
crystal structure discernible in Figs. 2(a) and 2(b). Fig-
ure 2(c) displays the structural model derived from the
STM data [19]. The B phase is an ideal object for studying
polarization screening in varying molecular environments,
since it contains seven structurally nonequivalent types of

FIG. 1. STM images of « and B phases of tetracene/Ag(111).
Tunneling  parameters: (a) [, =25 pA, Uy =19V,
(b) I, = 38 pA, Upjs = 2 V. Insets: Submolecular resolution
of the a phase (I, = 0.1 nA, Uy, = 1.5 V) and structure for-
mula of tetracene.
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FIG. 2 (color). STM images (tunneling current 47 pA) of S8
phase recorded at different voltages with molecule types marked:
(a) 1.0 V, (b) 2.0 V. Black circles are positions where spectra of
Fig. 3(b) have been measured. (c) Schematic side and top views
(upper and lower models, respectively) of the B-phase structure.
Molecules are colored as in (a) and (b) and labeled accordingly.
Gray molecules are not visible in STM images. Domains and
domain walls as defined in main text are indicated. The two
equivalent positions of D molecules in DW2 are also shown.

tetracene molecules, all of which are individually acces-
sible to STS.

It is clear that the local crystal structure of the 8 phase
resembles the bulk structure of tetracene with its character-
istic herringbone arrangement of molecules which are
tilted around their long axis with respect to each other.
The B phase is a two-layer structure [19]. The first layer
consists of A and B molecules. Since its overall area
density of 1.5 molecules/nm? is larger than for a compact
layer of flat molecules, we must conclude that either A or B
molecules are tilted out of the surface plane. A careful
analysis of the data shows that B molecules are more
strongly tilted (e.g., cf. the line shape of the LUMO spectra
discussed below). C molecules in the second layer are
oriented nearly parallel to the substrate because they ex-
hibit a similar footprint as molecules in the « phase and a
comparable submolecular structure.

The long-range domain lattice consists of alternating
domains for which the local crystal structure is rotated
by 180° around the surface normal. This implies the exis-
tence of two types of domain walls which are marked DW 1
and DW2 in Fig. 2(c). The domain wall spacing is approxi-
mately 7 nm. Across DW1 walls, we mainly observe an
offset between adjacent rows of C molecules. Moreover,
symmetry requires that B molecules in DW1 must have
their y axes [cf. Fig. 3(b), upper right inset] strictly parallel
to the surface normal; we label these special molecules B'.
DW?2 walls are decorated by molecular chains which are
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FIG. 3 (color). (a) STM image of DW2 with chain (I, =
30 pA, Upjps = 2.24 V). Molecules D, E, and D’ are marked.
Inset: Calculated tetracene LUMO. (b) Tunneling spectra of
different tetracene molecules: « phase (black); 8 phase: colors
as in Fig. 2. Lower left inset: 3D model of the tetracene chain
atop DW2 [dashed box in (a)]. Upper right inset: Molecular axes
of tetracene.

oriented along the [011] direction [Fig. 3(a)]. The nature
and origin of the chains, which consist of two types of
molecules, follow from the structure of the domains them-
selves: B molecules on either side of DW2 are tilted to-
wards each other. This reduces the space available for sec-
ond layer C molecules in DW2 (which we call D molecules
from now on), with the result that in DW2 these are pushed
slightly upwards [hence their brighter contrast in Figs. 2(a)
and 2(b)]. At the same time, depending on their tilt, D
molecules can either be part of the a or b domains. This
means that separate D molecules can switch between two
positions (and corresponding tilts) [Fig. 2(c)]. This bista-
bility can indeed be observed in Fig. 3(a) as a streaky
pattern in the STM image (lower part of the chain). If a
second molecule, the E molecule, binds next to it, the D
molecule is stabilized in one of the two configurations. It is
then called a D’ molecule. Apparently, the activation bar-
rier between the two possible orientations of the E-D’
dimer is larger, such that a switching action of the dimer
is never observed under present experimental conditions.
Altogether, the structure of the domain walls implies the
existence of four additional types of molecules: B’, D, D/,
and E, in addition to A, B, and C molecules in the domains.

We turn to the electronic properties of our model system
and demonstrate the site specificity of the polarization
energy in the B phase of tetracene. The most striking
observation is the energy dispersity of the LUMO, with
E,=08¢V, Eg=095eV, Ep=110eV, Ep =
1.42eV, Ep=168¢eV, E-=184eV, and Ep=
1.87 eV [20]. Since STS is sensitive to final state effects
[21], contributions of polarization screening must be
present in the spectra of Fig. 3(b). Tetracene has an aniso-
tropic polarizability, because the delocalized charge den-
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sity in the 7 orbitals is more easily displaced within the
molecular plane than perpendicular to it. An ab initio
calculation (GAUSSIAN 03, BPW91/cc-pVDZ) [22] yields
diagonal electronic polarizability tensor elements «,, =
7.47 X 107 Cm?/V, a,, =338 X107 Cm?/V,

.= 1.05X107% Cm?/V.

We will argue now that the site-specific screening of
injected charges by surrounding molecules (and by the
metal) is in fact the origin of the observed energy level
dispersity. To this end, let us first consider a hypothetical
tetracene dimer [Fig. 4(a)]. The two molecules of the pair
are structurally nonequivalent, because the left (right)
molecule, respectively, points its y axis (z axis) at its
partner molecule. The figure illustrates that under these
circumstances charges on either of these two molecules
will be screened to different extents, and thus different
affinity levels must be expected for the two molecules.
Generalizing this result, we observe that the two constitu-
tive elements of the situation in Fig. 4(a), namely, distinct
environments of neighboring molecules and the anisotropy
of the molecular polarizability, are also realized in the
crystal structure of the B phase of tetracene and can in-
deed—in conjunction with the substrate influence—ex-
plain the main features of the energy level sequence, as
the results of a microelectrostatic model calculation to be
discussed now show [Fig. 4(b)].
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FIG. 4 (color). (a) Hypothetical tetracene dimer (side view).
Sphere indicates injected electron, arrows the polarization re-
sponse of the other molecule. (b) LUMO energy spectrum of
tetracene B phase, model as described in text (top) and experi-
mental spectra of Fig. 3 (bottom). Spectra have been aligned at
the E molecule. (c),(d) B8 phase side view with electron injected
into E (¢) or D' (d). The thicknesses and lengths of the bars in
adjacent molecules scale with the induced dipoles.

In the microelectrostatic model calculation [10], a single
electron is first placed on a defined molecule within the
[B-phase structure, then the induced dipoles on the neigh-
boring molecules are evaluated and the electrostatic attrac-
tion between the initial charge and the induced dipoles is
calculated using simple analytic expressions for point
charges and point dipoles. This model is an accurate de-
scription of the STS experiment, because at typical cur-
rents the time lapse between successively injected
electrons is longer than the localization time of the elec-
tron, and hence single electrons are injected in our STS
experiment into specified molecules. The screening of the
metal is included at the level of image charge attraction
[14]. The microelectrostatic model calculation is based on
the structure in Fig. 2(0) with an assumed minimal metal-
molecule distance of 3 A, which is a reasonable estimate
[7]. We further presume that the lifetime of the injected
charge on all molecules is large enough for the neighboring
molecules to fully polarize. Since electronic polarization
occurs on the femtosecond scale [10], this is a safe
assumption.

Following the principles illustrated by Fig. 4(a), the
calculated sequence in Fig. 4(b) can be rationalized. Let
us first concentrate on molecules D, D', and E for which
the intermolecular screening is dominant. Figures 4(c) and
4(d) show schematic plots of the polarization induced in
adjacent molecules when a charge is injected into either a
D' or E molecule of the film. The comparison immediately
explains the inequality E; > Ep as an outcome of the
polarizability anisotropy: Efficient screening of the charge
on E would require the easy axis (a,, > «a,,) of the nearest
neighbors C, D', and B to point towards E [23]. However,
the y axes of these molecules and consequently their
induced dipoles (especially of C and D’ which are closest
to D) are tilted away from this direction. In contrast, the
easy axes of molecules E, B, and C point towards D’ and
thus screen charges on D’ effectively. Furthermore, we
note that £, < Ep, is correctly predicted; evidently this
indicates that the screening influence of E on D’ is de-
scribed realistically. We note that, in spite of yielding a
correct overall tendency, the model underestimates (over-
estimates) the screening of D, D' molecules (C molecules).
For D and D’ this could be a consequence of small devia-
tions of the correct structure from the one in Fig. 2(c),
while for C this indicates a limitation of the model: The
various screening contributions are split into pair interac-
tions and added up. This approximation apparently breaks
down for C molecules, for which in reality the screening by
the metal is substantially reduced by the interjacent A
molecules, yielding a larger LUMO energy in experiment.
Moreover, it must be remembered that our model takes
neither the inescapable intramolecular delocalization of
the injected and screening charges nor higher order polar-
ization effects into account. This would require a full self-
consistent ab initio calculation of electronic structure in the
presence of the injected charge.
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For molecules in the first monolayer of the 8 phase the
screening influence of the metal dominates. The sequence
E, < Ep < Ep follows naturally from the increasing dis-
tance (angle) of the respective molecule from (to) the
metal. Note that on the basis of the metal screening alone
the difference Ez — E, would be much larger (0.36 eV
instead of 0.15 eV in experiment), but the better intermo-
lecular screening of B molecules due to the polarizability
anisotropy brings Ep closer to E4. The observed line shape
of the A molecule reveals a molecule-substrate interaction
beyond image charge attraction: The broadening is com-
parable to the « phase and thus indicates wave function
overlap between the 7 system of the flat-lying molecule
and the metal, leading to hybridization and lifetime broad-
ening. In contrast, the spectra of all other molecules consist
of sharp resonances, broadened only by additional satellite
peaks due to vibronic progressions [24,25] at the high
energy side of the main peak, and regions of negative
differential conductance [5,6,26].

We briefly rule out alternative explanations of the ob-
served energy level dispersity: The LUMO energy shifts
cannot be caused by a Stark effect, because we do not
observe a dependence on the tip height, apart from a scatter
<30 meV over a tip approach range of the order 1 A. Also,
a decisive influence of local electric fields originating from
the charge distribution within molecule layers [27] can be
excluded because we do not observe systematic changes of
the energy level position with tip height. Since tetracene
molecules are quite rigid and do not distort from their gas
phase structure when condensing to form a bulk crystal
[28], we eliminate molecular distortions as causes of en-
ergy level shifts. Finally, we rule out a significant influence
of intermolecular charge delocalization on the screening in
the tetracene B phase, because in that case one would
expect the lowest LUMO energy for A and C molecules
which show the best 77 stacking.

In conclusion, electronic spectra of individual molecules
in the tetracene 8 phase on Ag(111) reveal that molecular
energy levels are not only subject to chemical shifts and
polarization screening induced by the substrate, but also to
site-specific polarization screening from neighboring
molecules. Our data demonstrate that polarization screen-
ing in molecular crystals, being the convolution of a single-
molecule property (anisotropic polarizability) with the
lattice structure of the film (many different environments
due to complex unit cells and/or surfaces or interfaces),
may lead to an electronic structure which varies strongly
from molecule to molecule. In a certain sense, the materi-
als thus can be considered as being made of electronically
distinct species, and this should evidently have profound
implications for their transport physics. The physical
mechanism suggested in Fig. 4 may also explain the nega-
tive outcome of the attempts to measure surface core-level
shifts for thin films of organic semiconductors [12,13]: If
the crystal structure of the films is such that the polariza-
tion screening of the photohole is mainly effected by
molecules located in a plane parallel to the surface, surface

core-level shifts are expected to be very small. In this
sense, the present data reconcile the conflicting evidence
with respect to polarization screening in Refs [11-13].
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