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Heterostructures containing pentacene �Pn� and the semimetals Bi and Sb were grown using
molecular beam epitaxy. We used photoemission spectroscopy to measure the evolution of the
vacuum level, hole-injection barrier, interface dipole, and work function changes as a function of Pn
and semimetal coverage. The energy levels of the semimetal/Pn/semimetal sandwich structures
show symmetric final values. The Pn/semimetal interfaces are very abrupt and established after a
single monolayer ��15 Å�, whereas the semimetal/Pn interfaces extend over �100 Å. © 2010
American Institute of Physics. �doi:10.1063/1.3486166�

With characteristics making them strong candidates for
unique electronic devices, organic semiconductors �OSC� are
currently the focus of much research.1,2 Due to its high field-
effect mobility, pentacene �Pn� is one of the most promising
conjugated oligomers used as active material in organic
electronics.3 The characteristics of the interfaces between the
conducting layers and OSCs have a very strong influence on
the current-voltage characteristics. In these devices, the ma-
terial interfaces are of great importance for charge transport.
Because the interface properties have such a strong influence
on device characteristics, it is desirable to understand and
control the formation and quality of the various junctions
present in metal/organic structures.

In this paper, we present angle resolved photoemission
spectroscopy �ARPES� studies concerning the evolution and
buildup of Bi/Pn/Bi, Sb/Pn/Sb, and Pn /Si�111�-7�7 hetero-
structures. Photoemission spectroscopy was used to probe
the electronic properties of the interface formation, and to
monitor changes in work function �, ionization energy and
vacuum level �VL�, and to measure hole injection barriers
�HIBs� and interface dipole �ID� formations at the interfaces.
Interface studies4–6 have been reported for Pn/metal struc-
tures where the metal-organic bonds cause an initial planar
adsorption geometry,7 accompanied in many cases by a
change in morphology as films get thicker. An interesting
situation arises, however, when molecules are deposited on a
surface where the valence charge density is significantly re-
duced such as in semimetals.7 It has been shown that the
reduced valence charge density favors Pn molecules to grow
in a standing up fashion while still commensurate with the
substrate and no change in film morphology occurs with in-
creasing thicknesses.7–12 Over the past few years, crystalline
Pn films of high quality were grown on Bi substrates which
were used in a variety of experiments exploring some basic
electronic properties of Pn crystals.13–16

We report experiments performed on in situ grown het-
erostructures at the Synchrotron Radiation Center �SRC�,
University of Wisconsin-Madison. Film thicknesses were
calibrated using a quartz crystal microbalance. All films were

grown with the sample held at room temperature �RT� with
the exception of Pn deposition on Bi. In this case the Bi
substrate was held at 350 K which was reported to improve
crystallinity of the Pn film.12 Prior to Pn deposition single
crystal Bi films were grown on Si�111�-7�7 with details
found elsewhere.14 Growth of Pn on Sb substrates not at RT
was not explored. The photoemission experiments were per-
formed with a total energy resolution of �E�50 meV for
all experiments. A negative bias voltage was applied to the
sample in order to measure changes in the low energy sec-
ondary electron cutoff �SEC�. Referenced to the Fermi level,
with a binding energy of EB=0, the VLs can be determined
from the spectra by adding the photon energy to the negative
binding energy of the SEC. The change in VL, �VL, is equal
to the change in the SEC.

Figure 1 summarizes the evolution of the SEC for the
Pn/Bi interface for various Pn thicknesses �Pn. This shows
that the VL shifts rapidly for thicknesses up to �Pn�15 Å
after which very little shift is observed. The change in VL
has been attributed to the formation of an ID.17 This ID is
most likely caused by one of three things. First, a charge
transfer, second, a quantum dipole from the Pn into the metal
�a molecular dipole is not possible since Pn lacks a perma-

a�Electronic mail: hhochst@wisc.edu.

FIG. 1. �Color online� VL shift, �VL, as determined from the SECs. The
vertical line indicates the cutoff location for the Bi substrate determined by
the commonly accepted linear extrapolation method.
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nent dipole� and third, the electron cloud of the adsorbed Pn
molecules compresses the surface dipole of the substrate.18

The third case does not necessarily mean that an interfacial
dipole is created but rather a modification of the existing
surface dipole. Given the monolayer thickness of Pn on Bi of
�15 Å,9 the thickness dependence of the VL supports the
idea that the ID primarily involves the first organic mono-
layer.

The evolution of the VL of the Pn/Sb and
Pn /Si�111�-7�7 structures behaves similarly to that of Pn/
Bi�0001� with the VL shifting rapidly for the first �15 Å
and very little thereafter �see Figs. 2�a�–2�c��. The extent to
which the VL shifts depends on the Pn substrate with ID
=480 meV, 320 meV, and 280 meV for Si, Bi, and Sb sub-
strates, respectively. In contrast to Bi, Sb does not grow
epitaxially on Si�111�-7�7 which results in a rougher film
surface. The additional roughness increases the average
molecule/substrate distance and reduces the pushback
effect resulting in a smaller ID. Also seen in Figs. 2�a� and
2�b� is the exponential behavior with �VL�exp�−� /�eff�.
Fitting �VL for the various Pn films gives a �eff=5 Å for
both Bi�0001� and Sb substrates and a �eff=1 Å for
Si�111�-7�7 substrates. The notion that the Pn/inorganic in-

terfaces are abrupt without a mixing of the Pn molecules
with the substrate is supported by these �s having values less
than the Pn monolayer �ML� thickness �1 Pn ML is �15 Å�.
Further evidence of an abrupt interface was reported previ-
ously by measuring the attenuation of Bi 5d5/2 electrons as a
function of Pn coverage.12

The VL evolution of the semimetal/Pn interfaces is dras-
tically different compared to that of the Pn/semimetal sys-
tems as one can see in Figs. 2�c� and 2�d�. Virtually no
change in VL is observed for the first 10 Å of Bi and Sb
deposition. The constancy of the VL is in strong contrast to
other metal/Pn systems where large and immediate shifts are
observed.6,19,20 After an initial Bi or Sb coverage of �
�10 Å the VL begins to shift to higher energies, but much
more gradually than for the Pn/semimetal case. The VL again
has exponential behavior �after the initial 10 Å lag� and re-
sulting fits to the data give �eff=55 Å and 115 Å for Bi and
Sb overlayers, respectively. In the semimetal/Pn case, the �s
are much greater than the Bi and Sb monolayer thickness and
is most likely due to diffusion of the semimetal adatoms into
the Pn film. The VL very nearly reaches that of the pure Bi
and Sb surfaces resulting in Bi and Sb �s only �50 meV
smaller for the overlayer compared to those of the Bi or Sb
substrates. This small deviation can be attributed to nonepi-
taxial growth with a surface lacking the spill-out component
of the work function. A small amount of Pn may also float on
the semimetal overlayers �similar to what has been reported
for Ag, Au, and Cu �Ref. 21�� and serve to lower the �. The
resulting IDs for the semimetal/Pn systems are ID
=280 meV and 230 meV for Bi and Sb, respectively.

It is interesting that the energy levels of the Bi/Pn/Bi and
Sb/Pn/Sb heterostructures are so symmetric—equaling, or
just surpassing, the symmetry of Ca/Pn/Ca �Ref. 6� and Sm/
Pn/Sm �Ref. 20� heterostructures and in strong contrast to
Au/, Ag/, Co/, and Cu/Pn systems.6,19–21 The fact that the
Pn/Bi and Pn/Sb interfaces are electronically symmetric is
surprising since this type of symmetry is generally observed
with reactive metal/organic material interfaces as opposed to
noble metal/organic interfaces.22–24

In addition to tracking the evolution of the VL, the HIBs
for the Pn/inorganic interfaces were determined by linear
extrapolation of the highest occupied molecular orbital onset
to the background. The HIBs determined for
Pn /Bi, /Si�111�-7�7 and /Sb interfaces were found to be
HIB=1.06 eV, 0.80 eV and 0.61 eV, respectively. A sum-
mary of how the HIBs and IDs depend on metal work func-
tion is shown in Fig. 3 where they are also compared to
previously published values for Pn/metal
heterostructures.5,6,18,20,25–27 In the Schottky limit, the slope
of the HIBs should be SSchottky=−1. Both the HIBs and the
IDs have a linear dependence on the metal �, but the data do
not support a true Schottky system. The deviation from the
Schottky limit can be explained by the presence of a surface
ID. Furthermore, it has been theoretically predicted that the
ID also varies linearly with metal �.28 In systems where
there is a partial pinning of the Fermi level due to the pres-
ence of a surface dipole the equation �SHIB�+ �SID�=1 should
be valid and has indeed been reported for several organic/
metal systems.29 Fitting the data with the constraint that
�SHIB�+ �SID�=1 results in slopes of SHIB=−0.51�0.03 and
SID=−0.49�0.03 and the resulting fit is shown as black

FIG. 2. �Color online� The change in VL ��VL� for Pn/Bi heterostructures
�a� and Pn/Sb heterostructures �b�. The evolution of the VL displays expo-
nential behavior with the corresponding fit shown in black. The Pn/
semimetal interfaces are abrupt and develop in �10 Å as seen in �c�, and
contrast with the semimetal/Pn interfaces �d� which extend over �100 Å.
The VLs of the semimetal overlayers very nearly reach those of the semi-
metal substrates.
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lines in Fig. 3. Fitting the HIB and ID data separately does
not noticeably improve the quality of the fit nor does it alter
SHIB or SID.

In conclusion, the Pn/semimetal interfaces are atomi-
cally abrupt ��eff�5 Å� and there is no diffusion of the Pn
into the semimetal substrate. The semimetal/Pn interfaces,
however, extend over �100 Å and are most likely due to
diffusion of the semimetal into the Pn substrate. The Pn/
semimetal heterostructures are found to be highly symmetric
at both sides of the interface. The HIBs and IDs vary linearly
with metal � with a slope of �−0.5 as predicted by theory.28
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FIG. 3. �Color online� The HIB and ID of the Pn/Bi, /Sb, and /Si�111�-7
�7 heterostructures vs the “metal” work function �. Also shown are the
IDs and HIBs of other Pn/inorganic heterostructures �a� Ref. 20, �b� Ref. 6,
�c� Ref. 25, �d� Ref. 5, �e� Ref. 26, �f� Ref. 18, and �g� Ref. 27. Both the
HIBs and the IDs of the Pn/metal heterostructures have a linear dependence
on � and can be fit �black lines� such that �SID�+ �SHIB�=1, where SID and
SHIB are the slopes of the HIB and ID, respectively.
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