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The mechanisms that govern surface and interface energetics of
metals and conventional inorganic semiconductors have been
studied for decades. In contrast, fairly little is known about the
impact of surface termination on the electronic structure of organic
semiconductor surfaces and the energy level alignment at organic/
(in)organic heterojunctions. Recently, it was shown that an in-
homogeneous charge-distribution within individual z-conjugated
molecules impacts the ionization energy (IE) of and the charge
injection barriers into organic thin films." It was suggested that polar
end-group substitution of a molecule should permit predictably
adjusting the IE of ordered layers. Moreover, the proposed model
also predicts that the IE of mixed ordered molecular layers,
comprising two molecular species with different polar end-groups,
should assume a value in between those of layers comprising only
one compound.

In the present Communication, we experimentally demonstrate
both (1) IE tuning via molecular orientation and intramolecular polar
bonds and (2) IE tuning by appropriate mixing of two molecular
species. For that purpose, we use the prototypical organic semi-
conductors pentacene (PEN) and perfluoropentacene (PFP), which
exhibit high charge carrier mobilities in organic field-effect transis-
tors (OFETs) of up to 5.5 cm?/V +s for holes (PEN)? and 0.2 cm?/
Vs for electrons (PFP).> In thin films, both molecules have an
almost upright standing orientation on SiO, substrates,* ® a
common gate dielectric in OFETSs. In such PFP films the surface is
terminated by strongly polar bonds; the strongly electronegative
fluorine carries a negative partial charge [0 ] compared to the
backbone carbon atoms [0"] leading to a surface dipole moment
(1) pointing toward the molecular cores. In PEN, only a small
positive partial charge [6"] on the hydrogen atoms compared to
the conjugated backbone [0 ] exists. The latter thus leads to a
(small) surface dipole pointing in the opposite direction compared
to PFP.'® The existence of a (molecular orientation dependent)
surface dipole layer affects the IE,' since it causes a jump in the
electrostatic potential energy, hence shifting the vacuum level
(Evac).'07 "

(1) Our ultraviolet photoelectron spectroscopy (UPS) results for
PEN and PFP films (Figure 1) of nominally 3.2 nm thickness on
SiO, substrates (ca. 2 layers of standing molecules) demonstrate
the effect of layer termination in organic solids by polar intramo-
lecular bonds on their IE (see Figure 2a). Values of /ying molecular
layers of PEN and PFP on Au(111)"? are indicated for comparison
in Figure 1. Clearly, we observe highly orientation dependent IEs
for both molecules; however, with opposite trends between standing
and lying orientation: For PEN, the IE of the standing molecules
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Figure 1. UPS spectra of pure and mixed films of standing PEN and PFP
on SiO,. The vertical lines indicate the photoemission onsets, i.e., the IE
(values of lying PEN and PFP on Au(111)"* are given for comparison).

Figure 2. (a) Schematics of the pure film energetics; (b) the electrostatic
potential at the organic/SiO; interface for the (hypothetical) case of large-
scale phase separation, and (c) molecular-level mixing, where orange (green)
indicates regions of higher (lower) electron potential energy; the white area
between molecules and substrate indicates an intermediate value. (d)
Schematic of the mixed film energetics (for details see text).

(4.80 eV) is lower than that of lying molecules (5.35 eV),'? whereas
the layer of standing PFP exhibits a higher IE value (6.65 eV) than
that of lying molecules (5.80 eV).'? The oppositely oriented dipolar
surface terminations of PEN and PFP films (due to different
intramolecular dipolar bonds exposed at the surface) strongly impact
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Figure 3. (a) XRD data on films of pure and mixed (10:1, 3:1, 1:1 and
1:3) PEN and PFP; ¢, denotes the vertical momentum transfer; squares
indicate peaks originating from standing molecules; the star marks a second
molecular orientation in the mixed films. (b) FTIR spectra of the respective
samples; D1 and D2 denote two Davydov-split peaks of PFP (both C—F/
C—C in-plane vibrations), the circles mark C—H out-of-plane vibrations
of PEN that are not split.

the IE values in the anticipated way: The difference between the
lying/standing IE for PEN layers is AIEpey = —0.55 eV while for
PFP this difference is AlEpgp = +0.85 eV.

(2) The remarkably high IE difference between standing PEN
and PFP of 1.85 eV suggests that mixing the two molecules in
different ratios should allow a gradual shift of the thin film IE
between the values of pure PEN and PFP, thus “dialing” in the
overall IE of the organic semiconductor film. To demonstrate this
effect, two requirements must be met by the samples: (i) the
molecules in mixed films must still adopt a standing orientation
and (ii) the mixing of PEN and PFP must occur on the molecular
length-scale. Long-range phase separation, that is, adjacent patches
of pure PEN and PFP, would lead to individual vacuum level
alignment of the PEN and PFP patches with the SiO, substrate,
thus simply yielding a superposition of the respective UPS spectra,
as schematically shown in Figure 2a,b. Only if the lateral distance
between the two different molecular species is sufficiently small
(Figure 2c), that is, in the range of the molecule—substrate
adsorption distance (d on the order of 1 nm), a common electrostatic
potential is established on the length scale of d. This is then aligned
with the surface potential of the SiO, substrate.'* Only in this case
an overall IE .4 between the extreme cases of the pure films can
be observed (Figure 2c.d; for details see Supporting Information).

We realized crystalline mixed (on a molecular length-scale) PEN
and PFP thin films via vacuum codeposition of PEN and PFP on
SiO,. For the investigated mixing ratios, specular X-ray diffraction
(XRD) results (Figure 3a) show a peak series corresponding to
standing molecules with an increased lattice spacing compared to
the pure PEN and PFP thin film phases.> ® In addition, XRD
provides evidence for the presence of a differently oriented (almost
lying) mixed film phase with a lattice spacing independent of the
mixing ratio (denoted with a star in Figure 3a). This phase is
attributed to a 1:1 phase of PEN and PFP. However, atomic force
microscopy (AFM) investigations (see Supporting Information)
revealed that the surface area covered by this almost lying phase
is less than 15%, thus contributing very little to the UPS spectra
(which are acquired area-averaged over ca. 1 mm?). Fourier-
transform infrared spectroscopy (FTIR) proves the intercalation of
PEN and PFP on the molecular scale, because the Davydov-splitting
of lines D1 and D2 found in pure PFP films (D1 and D2 in Figure
3b) is removed in mixed films. (The Davydov-splitting is caused
by the presence of two translationally inequivalent molecules of

the same species per unit cell;'” see Supporting Information for
further details). In addition, preliminary studies show that also the
optical absorption spectra of mixed PEN:PFP films are not simple
superpositions of spectra of individual materials.'>

These mixed PEN:PFP thin films could thus be used to
experimentally confirm prediction 2: a gradual change of the IE
depending on the mixing ratio was observed (Figure 1). While the
IE is a macroscopic material property, the internal electronic
structure of the mixed organic semiconductor bulk is not directly
accessible (Figure 2d). Deviations from a strict linear dependence
of the IE on the PEN:PFP mixing ratio and comparably large error
bars (see Figure S3 in the Supporting Information) are attributed
to deviations from a uniform mixing ratio across the sample, which
is particularly important for samples with PFP majority.

In conclusion, we have shown that the surface termination of
ordered organic thin films with intramolecular polar bonds can be
used to tune their IE. The collective electrostatics of these oriented
bonds also explains the pronounced orientation dependence of the
IE. Furthermore, mixing of differently terminated molecules on a
molecular length scale allows continuously tuning the IE of thin
organic films between the limiting values of the two pure materials.
Our study shows that surface engineering of organic semiconductors
via adjusting the polarity of intramolecular bonds represents a viable
alternative to the surface modification of substrates to control the
energetics at organic/(in)organic interfaces.
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