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We have investigated the nature of the interaction between samarium (Sm) and pentacene, and the energy
level alignment at the resulting interfaces. The valence electronic structure of in situ prepared samples, i.e.,
pentacene evaporated onto Sm surfaces and vice versa, was investigated with ultraviolet photoelectron
spectroscopy. Pentacene appears to physisorb on the metal surface. Sm also appears to interact weakly when
evaporated on the organic material, forming clusters at low coverage. Indications of a valence change of Sm
upon evolution from clusters to metallic film are found. The highest occupied molecular orbital of pentacene
is measured at 1.85 eV below the metal Fermi levelEF for both evaporation sequences. Estimating the energy
of the lowest unoccupied molecular orbital of pentacene using the transport gap, we obtain a barrier of only
0.35 eV for the injection of electrons from the metal into the organic material.

Introduction

Conjugated organic systems constitute one of the most
promising classes of materials for novel electronic and opto-
electronic applications.1-7 Pentacene in particular has attracted
considerable attention since it was shown to exhibit structural
and electronic properties that have been successfully used in
high-performance devices, i.e., field effect transistors.8-11 The
chemical and electrical properties of interfaces of organic
compounds determine to a large extent charge carrier injection
and device stability, and are thus exceedingly important for
device performance. Yet little information is presently available
in the literature on pentacene interfaces, in particular with metals
that could be used for carrier injection. We begin to address
this issue by investigating the interaction between pentacene
and a low work function metal. Numerous studies of interfaces
between conjugated organic materials and low work function
metals, such as alkali and alkaline-earth metals, have demon-
strated that strong chemical interactions can take place between
metal atoms and organic molecules.12-22 These reactions, which
are sometimes accompanied by substantial diffusion,23 are often
unwanted, as they change the expected interface properties.

Samarium (Sm) is chosen for the present study because of
its low work function (ca. 2.7 eV24), which is comparable to
the pentacene electron affinity (EA) (ca. 2.7 eV25). This makes
it a good candidate for forming an efficient electron injection
contact. Sm has also been found to interact weakly with another
conjugated organic molecule (p-sexiphenyl),26 in stark contrast
to the charge-transfer reactions occurring with metals of similar
low work function (Ca, alkali metals).20-22 We use ultraviolet
photoelectron spectroscopy (UPS) to investigate the valence
electronic structure of pentacene (i) as it is deposited onto the
metallic surface of Sm and (ii) as it changes upon deposition
of Sm atoms/clusters from the vapor phase. Samples are

prepared and measured under ultrahigh vacuum (UHV) condi-
tions, and the organic material and metal, respectively, are
evaporated in incremental small steps until the interface
formation process is complete, as judged by UPS.

Experimental Section

The photoemission experiments are done on the FLIPPER II
beamline in Hasylab at DESY27 in an ultrahigh vacuum (UHV)
system consisting of a preparation-evaporation chamber (base
pressure 2× 10-10 mbar) and an analysis chamber (base
pressure 1× 10-10 mbar). The evaporations of pentacene and
Sm are performed in situ, at pressures of about 5× 10-9 mbar
for pentacene and 2× 10-9 mbar for Sm. Pentacene (purchased
from Aldrich Chem. Co.) is evaporated from a resistively heated
pinhole source, while Sm is evaporated from a Knudsen-type
cell. In situ sputtered gold films on silicon oxide (prepared ex
situ) are used to determine the position of the Fermi level and
the resolution of the electron spectrometer (ca. 0.15 eV width
of the intensity drop from 80% to 20% on the Au Fermi edge).
Au/SiO2 also serves as substrate for the deposition of the Sm
films. The rates of deposition of the pentacene (bulk density
1.33 g/cm3 28) and Sm (bulk density 7.54 g/cm3) overlayers are
monitored with a quartz microbalance. No correction is made
for possible differences in sticking coefficient between the
microbalance and the actual sample. The materials are evapo-
rated in a stepwise manner, with very small initial coverages.
Following each incremental deposition, the samples are trans-
ferred under UHV to the analysis chamber. The secondary
electron cutoff is recorded with the sample biased negatively
with respect to the electron spectrometer. The energy positions
of the cutoff and of the top of the highest occupied molecular
orbital (HOMO) are determined by linear extrapolation to the
background. The vacuum level of the surface is obtained by
adding the photon energy to the cutoff energy.29 The ionization
energy (IE) of the sample (equal to the work function in the
case of the metallic surface) is therefore obtained at each stage
of the experiment as the difference between the incident photon
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energy and the total width of the energy distribution curve. We
estimate the error in energy determination to be smaller than
(0.1 eV. Photon energies of 22.2 and 40.2 eV are used in order
to vary the relative photoemission cross sections of pentacene
and Sm derived spectral features.

Results

Pentacene on Samarium.A 90 Å thick film of samarium is
deposited onto the Au/silicon oxide substrate. The photoemission
spectrum of this film (lowest curve in Figure 1a) resembles that
of metallic Sm.26 The features at 4.8 and 6.3 eV binding energies
(BE) are associated with bulk Sm, and the work function of
the metallic surface is 2.7 eV. Increasing amounts of pentacene
are subsequently deposited onto the Sm. The survey spectra of
the valence states and a closeup of the energy region near the
Fermi energyEF are shown in Figure 1a and Figure 1b,
respectively. All spectra are obtained with an incident photon
energy of 22.2 eV. The nominal thickness of the pentacene layer
is given on the right side of the figure. The survey spectra show
that small amounts of pentacene effectively attenuate the Sm
emission and that distinct emission features of the organic
material become evident from 5 Å coverage onward. The
closeup spectra of Figure 1b show that the first evaporation step
(0.3 Å) already produces a new photoemission feature at a BE
of ∼2.3 eV. As more pentacene is deposited, this feature grows
in intensity at constant BE, and finally is identified as the
emission from the pentacene HOMO.30 Conversely, the pho-
toemission features from the metallic Sm substrate are elimi-
nated for coverages of 30 Å and above, leaving the energy-gap
region of pentacene (above the HOMO) free of valence features.
The onset of the HOMO is found at 1.85 eV below EF. The
change in the sample work function, monitored by the shift of
the secondary electron cutoff, is shown as inset in Figure 1a.
For increasing pentacene coverage, the onset moves abruptly
toward higher kinetic energy and stabilizes (within experimental
error) ca. 0.35 eV above the initial value for a pentacene
thickness of 5 Å. The final sample work function is 3.05 eV,
and the ionization potential of pentacene is 4.9 eV. Virtually
identical experimental results are obtained for another deposition
sequence of pentacene on Sm with a photon energy of 40.2
eV.

Samarium on Pentacene.The starting substrate for the
deposition of Sm onto the organic compound is a 230 Å thick
pentacene film grown on Sm. The survey photoemission spectra

of this series are shown in Figure 2a, and the low BE region is
shown in greater detail in Figure 2b. Spectra were recorded with
a photon energy of 22.2 eV. Following the evaporation of only
0.1 Å Sm, the whole photoemission spectrum shifts rigidly
towardlower BE by 0.2 eV. No change in the line shape of the
pentacene emission peaks can be perceived, except for a weak
broad emission that appears in the energy gap of the organic
material (discernible from the pentacene HOMO onset and
ranging to ca. 0.3 eV below the Fermi level). Subsequent Sm
depositions lead to an attenuation of the pentacene emission
and an intensity increase in the new emission close toEF. The
line shape of the pentacene emission does not change noticeably
and all features appear to shift rigidly towardhigher BE, as
indicated by the lines drawn for the HOMO in Figure 2b. At a
Sm coverage of 6.4 Å, the HOMO can still be identified, and
is centered at 2.5 eV (compared to 2.2 eV for the pristine film
and 2.0 eV with 0.1 Å Sm). As the coverage increases, the center
of gravity of the new intragap emission moves closer toEF. At
14 Å Sm coverage the whole spectrum hardly resembles that
of pentacene. At 34 Å, a Fermi edge is clearly visible, and the
spectrum can be identified as that of Sm metal.

The movement of the secondary electron cutoff for this
deposition sequence is shown in the inset in Figure 2a. An initial
0.2 eV shift toward higher kinetic energy, equal to that of the
valence electronic region, is detected, followed by a progressive
decrease in kinetic energy. The work function is 3.05 eV for
the pristine pentacene film, 3.25 eV after the deposition of 0.1
Å Sm, and 2.8 eV for the metallic Sm film. A similar study
repeated on another sample using an incident photon energy of
40.2 eV led to equivalent results.

Discussion

Pentacene on Samarium.The photoemission feature that
appears to be the HOMO of pentacene in Figure 1b (at 2.3 eV
binding energy) has a constant BE throughout the deposition
sequence. Close inspection of deeper lying molecular orbitals
(from Figure 1a) shows that these levels do not shift, either.
The absence of bonding-related shifts is a strong indication of
a weak interaction between metal substrate and organic over-
layer. The formation of interfacial covalent bonds would result
in a substantial changes in the BE and line shape of molecular
orbitals (MOs),19,31-33 especially those of purelyπ-derived MOs
such as the HOMO. This type of interaction can therefore be
ruled out here. The low work function of Sm also leads us to

Figure 1. Survey (a) and nearEF region (b) photoemission spectra
for increasing pentacene coverage (θ) on Sm. Inset: kinetic energy
position of the secondary electron cutoff.

Figure 2. Survey (a) and nearEF region (b) photoemission spectra
for increasing Sm coverage (θ) on pentacene. Inset: kinetic energy
position of the secondary electron cutoff.
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expect an electron transfer from the metal to the pentacene, as
is the case for many low work function metal-conjugated
organic molecular systems.12-22 Such a charge transfer (often
referred to as “doping”) should result in a significant change in
the electronic structure of the molecule. This change is generally
observed as a destabilization of the HOMO and the appearance
of a new photoemission feature close toEF due to the filling of
the LUMO of the pristine molecule with electrons.34 In our
experiment, we observe a photoemission feature above the
HOMO, but it is attributed to the substrate only. In a separate
experiment35 we have deposited Rb onto pentacene films. As
expected for an alkali metal, charge transfer takes place, and
the photoemission spectrum changes dramatically from pristine
to doped pentacene. The absence of a similar change in the near
EF energy region and bonding shifts of deeper lying MOs in
the present experiment lead us to conclude that the interaction
of pentacene with the Sm is mainly physisorptive. Analogous
observations were made forp-sexiphenyl on Sm surfaces,26 for
which the attenuation and line shape change of the metal
substrate valence emission close toEF progress in a similar
manner.

The UPS data show the Fermi level of the metal 1.85 eV
above the HOMO onset of pentacene. This value is almost equal
to the optical energy gap of 1.88 eV,28 and it is very close to
the charge-transport gap of pentacene of 2.2 eV.25,28 The
common practice in the literature has been to add the optical
energy gap to the HOMO binding energy to estimate the electron
injection barrier, yielding in the present case a value close to
zero. However, the more accurate procedure is to use the charge-
transport gap, which results in an injection barrier for electrons
from Sm into pentacene of 0.35 eV, still an appreciably small
value.

From the evolution of the intensity of the pentacene-derived
photoemission features, some conclusions on the growth mode
of the organic molecules on Sm can be drawn. An almost
complete attenuation of the substrate emission above the HOMO
occurs between 5 and 10 Å of pentacene. For pentacene
molecules standing with their long molecular axis perpendicular
to the substrate surface, this range of coverage corresponds to
1/3 to 2/3 of one monolayer (the length of one pentacene
molecule is ca. 16 Å36). Since such a low coverage is
incompatible with the strong attenuation of the substrate signal,
we suggest that the molecules are oriented with their long
molecular axis parallel to the metal surface. The idea that a
complete monolayer is formed around a nominal coverage of 5
Å is supported by the fact that the increase in sample work
function also saturates near this film thickness (see inset in
Figure 1a). This finding is in line with reports on the orientation
of pentacene and related conjugated molecules on other clean
metal surfaces.37-40

Samarium on Pentacene.The spectral evolution for incre-
mental Sm deposition on pentacene is not a simple reversal of
that of the previous case. In particular, the initial shift of the
pentacene features to lower BE followed by a progressive shift
to higher BE for subsequent Sm depositions (Figure 2) do not
have a straightforward explanation. To obtain a better insight
into the mechanism(s) responsible for these shifts, we plot the
same spectra on a BE scale corrected for the changes in sample
work function, i.e., with respect to the vacuum level set at zero
(Figure 3). The position ofEF is indicated for each curve by a
vertical bar. Within experimental error, there is no shift of the
pentacene HOMO for all Sm coverages on this BE scale. The
Sm-related emission intensity increases and its spectral weight

moves toward smaller BE. After the initial shift of the sample
work function from 3.05 to 3.25 eV, it gradually shifts to lower
values, to reach its minimum of 2.70 eV at a nominal Sm
coverage of 14 Å. The last evaporation step results in a metallic
Sm film with a work function of 2.80 eV.

These experimental observations can be explained in the
following way. The fact that the binding energy of the pentacene
features remains constant with respect to the vacuum level as a
function of Sm deposition suggests that the molecules do not
undergo significant chemical changes. The interaction between
the organic material and the metal atoms is weak. We propose
that theEF movement, caused by Sm deposition, is due to states
induced by the adatoms. The first Sm evaporation produces
small clusters or islands of Sm atoms on the organic surface.
These aggregates of a few atoms are presumably semiconduct-
ing. Their electronic structure, i.e., the binding energy of
occupied and empty electronic states, is strongly, although not
monotonically, dependent on the number and geometry of their
constituent atoms.41-43 The position ofEF at the organic surface
following the first Sm deposition is therefore a consequence of
the introduction of a new density of occupied and unoccupied
states on the surface of the organic film. However, at present a
detailed explanation for this initial shift ofEF toward higher
BE in Figure 3 cannot be given, as the exact size distribution
and geometry of the clusters is unknown. Subsequent depositions
of Sm increase the average size of the aggregates and reduce
their energy gap. The BE of the highest occupied states of the
clusters is reduced,42 the movement ofEF is inverted (in Figure
3), and the pentacene features shift to higher BE (in Figure 2b).
The emission intensity from Sm close to the Fermi level
increases. At 14 Å coverage, no photoelectrons atEF are
detected, indicating that there are no large metallic Sm ag-
gregates on the surface. (We can rule out significant diffusion
of Sm into the pentacene bulk, as the attenuation of the
pentacene photoemission features at a nominal coverage of 3.2
Å (ca. 1 monolayer of Sm) is already very strong.) Provided
that Sm does not grow in a layer by layer mode on pentacene,
this is not totally surprising, as 14 Å Sm would correspond to
less than 4 close packed monolayers,24 allowing for the
formation of clusters with dimensions smaller than those
required to develop metallicity. With the radius of one Sm atom
being 1.8 Å,44 we can estimate the average number of atoms
per cluster at such a coverage to be smaller than 100. Only after
the final evaporation step is a true metallic Sm film formed.
Similar experimental observations have been reported for a
number of metals deposited on insulating or semiconducting
substrates.41,42,45-47

Figure 3. Photoemission spectra for increasing Sm coverage (θ) on
pentacene on a binding energy scale relative to the vacuum level, set
to zero. The position ofEF is indicated with a bar on each spectrum.
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The somewhat unexpected 0.1 eV increase in sample work
function from 14 to 34 Å might indicate a change in the Sm
valence when going from the Sm clusters to the metal. A similar
behavior of sample work function has been observed for the
growth of Sm on Ta.48 It is known that the valence of Sm in a
film differs for bulk (trivalent, 4f5(5d 6s)3) and surface (mixed
trivalent and divalent, 4f6(5d 6s)2),49,50and thus might differ as
well for clusters. Indeed, an increase in the ionization potential
(and work function of the metal) for Sm clusters is predicted
theoretically43 when going from a valence of 3 to a valence of
2. The difference in the work function of our final metal film
(2.80 eV) and the Sm film on Au (2.70 eV) is attributed to
different surface morphologies of the two films,51,52 which is
very likely because the “substrates” (pentacene vs gold) are very
different in nature as well.

Finally, we are able to draw a schematic energy level diagram
of the investigated metal/organic semiconductor/metal structure,
depicted in Figure 4. Given are the measured metal work
functions and the binding energy of the pentacene HOMO onset.
The value for the LUMO is calculated by adding the charge-
transfer gap28 to the HOMO binding energy. One can see that
on both sides of the sandwich structure the metal Fermi level
is 0.35 eV below the LUMO, making electron injection into
the organic material very favorable. The van der Waals type
interaction at the present interfaces does not allow for a strong
perturbation of the electronic states of the two materials. Thus,
basically a “vacuum level alignment” prevails, except that there
is a small interface dipole measured (ca. 0.3 eV; see Figure 4)
from the secondary electron cutoff in UPS. The origin of this
change in the sample vacuum level is most likely a consequence
of a change in the Sm metal surface dipole induced by the
molecular adsorbate.53,54 The difference in the vacuum level
offsets of 0.1 eV on the two sides is a consequence of the
different metal work functions.

Conclusions

Despite the low work function of samarium, we have
observed evidence for a weak interaction (physisorption)
between both Sm metal and Sm clusters and pentacene.
Independent of the deposition sequence, the energy level
alignment at these interfaces was found to be very favorable
for the injection of electrons from the metal into the organic
semiconductor. The pentacene HOMO is 1.85 eV below the Sm
Fermi level, leading to an electron injection barrier estimated
at 0.35 eV. The evolution of the photoemission line shape near
EF and the concomitant change in the sample work function
indicate that Sm grows in the form of clusters on the organic
surface. A change in the Sm atom valence state is proposed
when the overlayer evolves from clusters (trivalent) to metal
(divalent on the surface).
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