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Abstract. Synchrotron radiation (SR) pulses are used to eject electrons from a gold substrate covered
with organized organic thin films (OOTF) in order to investigate their transmission probability through
the OOTF as a function of the electron initial kinetic energy. By variation of the SR photon energy within
a few eV above the Au-4f binding energy levels we controlled the initial kinetic energy of the substrate
electrons. The observed oscillations in the transmission probability for porphyrin-based films as a function
of the kinetic energy is argued to be due to effects of band structure above the vacuum level in the well-
ordered molecular adsorbate. We also present valence photoemission spectra (PES) of different type OOTF
and demonstrate how their coverage of the substrate affects the PES.

PACS. 79.60.Dp Adsorbed layers and thin films – 73.20.At Surface states, band structure, electron density
of states – 73.61.Ph Polymers; organic compounds

1 Introduction

There is an increasing interest in measuring and under-
standing the conduction properties of supramolecular sys-
tems having nanoscale dimensions. The importance of the
subject stems from its relevance to the possible design and
production of molecular electronic devices [1]. It is also rel-
evant to studies of charge transfer in biological systems, as
well as for the understanding of high conductance through
organic layers as measured with scanning tunneling mi-
croscopy (STM) [2]. In addition, these types of measure-
ments may help to better model the interaction between
electrons with sub-excitation energies and dielectric con-
densed matter [3].

The particular advantage in using organized organic
thin films (OOTF) is the ability to deposit on surfaces
organic molecules with well defined orientation and pack-
ing [4,5]. Due to their nature, it is possible to modify the
film thickness in a controlled manner, layer after layer.
In addition, the conformation of the long organic chains,
necessary to form an OOTF, can also be altered. As we
demonstrated recently, the electron transmission proper-
ties of OOTF depend on this property [6].

Porphyrins because of their photo- and electro-physical
properties [7] are candidates in serving as light har-
vesting systems and in photo-electrical molecular elec-
tronic devices [8]. Therefore, the interaction between these
molecules and electrons is of particular interest.
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Electron transmission studies through OOTF can
serve for determining the electronic properties of the or-
ganic molecules. Such processes can be investigated in sev-
eral ways. A typical experiment of this type is electron
photoemission through adsorbed molecular layers. Here
the signal is the (angle and velocity resolved) transmit-
ted electron flux as a function of incident photon energy,
molecular film thickness, adsorbate and substrate types
and temperature. A closely related experiment is low en-
ergy electron transmission (LEET) [9] where a monochro-
matic electron beam hits an adsorbed molecular layer from
the vacuum side; the transmission is monitored via the
current generated in the conducting substrate. The same
experimental setup can be used to study reflection. Both
transmission and reflection are studied as functions of the
incident electron energy, substrate type and characteris-
tics of the molecular layer.

Both methods do not provide a full state-to-state elec-
tron energy information. Usually, one is able to define ei-
ther the initial energy and momentum of the electrons
before they are transmitted through the OOTF (LEET),
or to monitor the energy and momentum of the electrons
after they were transmitted through the OOTF (photoe-
mission studies).

In the present work we focus on a new experimen-
tal approach to investigate electron transmission (ET)
through porphyrin-based thin films by generating elec-
trons of well-defined “tunable” initial kinetic energies us-
ing synchrotron pulses. The energy of the electrons is
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monitored following their transmission through the film.
Hence, we demonstrate a novel experimental method in
which the electron energy is well defined before entering
the film and is fully analyzed following its transmission
through the film. The present work is also a first demon-
stration of the electronic band structure above the vacuum
level in metalloporphyrin monolayers.

In principle, resonances in electron transmission prob-
abilities through atomic or molecular media, above the
vacuum level, may be described either as diffraction of the
electron wavefunction from the periodic structure of the
film, or as transmission through resonance states, buried
in the continuum, belonging to each molecule/atom. These
vacuum resonances are actually the states of the anion,
namely the electron-neutral species. These states, due to
their large radius, interact with states located on neigh-
boring species, hence forming a band structure [10]. These
two descriptions appear to be of different origin on a super-
ficial level, but actually describe the same phenomenon.

Electronic band structure in thin layers of dielectric
materials has been observed earlier in layers of ordered
rare gas and other simple molecular layers. The electron
transmission [11], as well as the reflection [12] are strongly
correlated with the band structure of the corresponding
rare gas crystal. Similar behavior is expected for films of
saturated hydrocarbon chains of various lengths [13,14].
The polymer thin films used in past studies were not or-
dered and it was therefore difficult to establish the effect
of their organization on their electronic properties. In pre-
vious studies [15,16] we have demonstrated that such or-
ganic films are transparent to electrons of energy higher
than 0.8 eV (above the vacuum energy), and the results
were rationalized based on the electronic band structure
in the OOTF [17].

The present paper first focuses on the photoemis-
sion spectra (PES) of two types of porphyrin-film sys-
tems (shown in Fig. 1a), dimethyl ester protoporphyrin
IX iron chloride (DMPPFeCl) and tetraphenyl porphyrin
iron chloride (TPPFeCl), and for comparison, on the self-
assembled alkyl thiol monolayers of octadecyl mercap-
tane (OM) and hexyl mercaptane (HM) on gold, in order
to demonstrate the changes in the PES of the substrate
caused by the OOTF. In addition, we present data and
discuss the electron transmission (ET) through porphyrin-
based monolayer systems adsorbed on a gold substrate.

2 Experimental

2.1 Materials

The OOTF were prepared applying the self-assembly
method. Silicon slides (12 × 13 mm2) were coated with
a 100 nm thick gold film prepared by vacuum evapora-
tion. The gold films were treated with an ultraviolet ozone
cleaner for 10 minutes to remove organic contaminants fol-
lowed by immersion in ethanol for 20 minutes to eliminate
gold oxide from the surface [18]. The slides were then im-
mediately immersed in the adsorbate solution.
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Fig. 1. (a) The structure of the two types of porphyrins used in
the current study: TPPFe (left) and DMPPFe (right); (b) The
postulated structure and orientation of TPPFe-bifunctional
ligand complex bound to gold surface.

2.1.1 Preparation of alkyl thiol monolayers

Slides were immersed in 1 mM ethanol solution of
octadecyl mercaptane [CH3(CH2)17SH; OM] - (Merck, re-
crystallized) or 20 mM ethanol solution of hexyl mercap-
tane (HM) (Fluka) overnight. They were then taken out
and washed with ethanol and chloroform.

2.1.2 Preparation of ironporphyrin monolayers

The synthesis of the bifunctional disulfide diimidazole lig-
and has been described elsewhere [19]. It has also been
shown that the ironporphyrin molecule forms a complex
with the bifunctional ligand [20]. Based on 1H NMR data,
it has been suggested that the two imidazolyl residues
coordinate axially to the ironporphyrin while possessing
perpendicular orientation to each other. Organized mono-
layers of the ironporphyrin-ligand complex have been pre-
pared previously according to the procedure described be-
low [19], and their characterization was carried out using
ellipsometry, XPS and cyclic voltammetry.

Following the cleaning procedure outlined in the be-
ginning of this section, the gold coated silicon slides were
immersed in 2 mM chloroform solution of the ligand for
2–3 hours. They were then washed in chloroform and
rinsed in ethanol for 15 minutes. Complexation was
achieved by immersion of the slides in 5 mM chloroform
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solution of TPPFeCl (Aldrich) or DMPPFeCl [21] for 8
minutes and rinsing in chloroform for additional 5 min.
The thickness of alkyl thiol and ironporphyrin films was
measured by an ellipsometer (Rudolph Research Auto-
EL4) to verify monolayer quality (see Tab. 1). The two
types of ironporphyrins are shown in Figure 1a. Figure 1b
presents the postulated structure and orientation of the
TPPFe – bifunctional ligand complex bound to gold sur-
face.

2.2 Spectroscopy

2.2.1 Photoelectron Spectroscopy (PES)

The photoemission experiments were performed at the
Berliner Elektronenspeicherring für Synchrotronstrahlung
BESSY, Berlin. Synchrotron radiation (SR) was provided
by the BESSY undulator (periodicity 70 mm) in the multi
bunch mode at the TGM 6 monochromator. The photon
energy range of this beam line is 12 to 120 eV. For the
experiments presented here, the photon energy variation
was at constant undulator gap (45 mm).

The experimental setup has been presented in greater
detail elsewhere [22]. Briefly, the ultrahigh vacuum cham-
ber is equipped with a hemispherical electron energy
analyzer (EA 125; Omicron), combined retractable four-
grid LEED/AES optics, a quadrupole mass spectrome-
ter and rotatable sample manipulator. The base pressure
was 2 × 10−10 torr. The undulator light was incident on
the sample surface at 13◦ (focal size at the surface ca.
0.5× 0.5 mm2). Photoelectrons were detected by the elec-
tron energy analyzer to within ±8◦ acceptance angle nor-
mal to the sample surface and the signal was recorded by
counting electronics. For the current experiment the pass
energy of the analyzer was set to 6 eV (constant energy
mode) which corresponds to better than 150 meV kinetic-
energy resolution.

The PES were monitored at the beginning and at the
end of each series of measurements and indicated the sta-
bility of the organic films. No indication for charging of
the sample could be observed [23].

2.2.2 Electron transmission (ET) measurements

In previous studies, in order to investigate the transmis-
sion of low energy electrons through OOTF, we examined
the secondary electrons emitted from the metal substrate
[17]. These electrons are produced when UV radiation
is applied on the surface and when some of the initially
created photoelectrons undergo additional secondary pro-
cesses, who lead to emission of low energy electrons with
a wide energy distribution. In this case, it is possible to
measure the energy of the electrons after they are trans-
mitted through the OOTF, but their initial kinetic energy
is only crudely defined.

The key to study transmission of electrons with dis-
crete initial kinetic energies, rather than having to study
the broad secondary electron distribution, is to eject pho-
toelectrons from a well defined substrate state. In this

Table 1. Average film thickness calculated from ellipsometry
results.

Film type Average Thickness

Octadecyl mercaptane 17.1± 0.8 Å

DMPPFeCl 22.5± 0.3 Å

TPPFeCl 14± 3 Å

case, by varying the photon energy, the kinetic energies of
the electrons are tuned to have any desired value. In the
gold substrate, the two 4f states suit well to be the ini-
tial defined resonance and it is possible to produce highly
monoenergetic electrons since the emission bands are very
narrow and prominent (often used for energy calibration).
Furthermore, the fact that these two lines are separated
by 3.7 eV, allows to obtain two different initial kinetic en-
ergy values for each excitation photon energy . Since the
Au-4f5/2, 4f7/2 binding energies are 84.0 and 87.7 eV, re-
spectively, the excitation photon energy has been varied
between 95 and 105 eV in order to produce electrons with
kinetic energies < 20 eV which cover the region of interest.
In order to minimize discrimination effects of low-kinetic-
energy electrons the sample was biased at −10 V. Proper
intensity matching for different spectra and excitation en-
ergies has been performed to account for the variations of
photon density as well as ring current changes.

3 Results and discussion

Figure 2 presents the valence photoemission spectra (PES)
of the OM/Au monolayer system for different excitation
photon energies as labeled in the figures. The energy scale
is referenced to the gold substrate Fermi level EF (which
by definition corresponds to zero binding energy). For
comparison we also show the PES of the short chain sys-
tem HM (Fig. 2a). This comparison is useful for identify-
ing the substrate contributions to the spectra. The spec-
tra are all normalized to full scale. The reason for the
differences in S/N when the excitation energy is varied
are due to the monochromator properties; all the experi-
ments have been performed without adjusting the undula-
tor gap (see Sect. 2). Overall spectral features are in excel-
lent agreement with the data reported in the literature for
the same system [24,25]. Hence, for the following discus-
sion the peak assignment has been directly adopted from
these authors. Accordingly, features 1 and 2 in Figure 2
correspond to the C2p valence band and features 3 and 4
correspond to the C2s valence band. There is some con-
tribution from the Au-5d levels near 3.5 and 6 eV (peaks
a, b) which is seen to significantly vary as a function of
photon energy. The small shoulder near EF represents the
Au s and p levels. In Figures 2a and 2b the PES of 6 and
18 carbon chains were both obtained at 55 eV excitation.
For the short chain OOTF (Fig. 2a) only very low inten-
sity C2s and C2p features are obtained. Hence, Figure 2a
largely reflects the gold substrate PES [24]. In contrast,
the long chain OOTF exhibit significant carbon contribu-
tions (Figs. 2b to 2d).
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Fig. 2. Valence photoelectron spectra from alkylthiols mono-
layers on gold obtained for different excitation photon energies.
(a) 1ML HM/Au (6 carbons alkyl chain) at 55 eV, (b) 1ML
OM/Au (18 carbons alkyl chain) at 55 eV, (c) 1ML OM/Au
at 85 eV and (d) 1ML OM/Au at 105 eV. Features 1 and 2
correspond to C2p level emission, features 3 and 4 correspond
to the C2s levels, and labels a, b are the Au-5d contributions.
The small hump at zero binding energy is the gold Fermi edge.

The OM PES at 85 eV is characterized by significantly
increased Au-5d contributions because of the enhanced
escape depth of electrons near 80 eV kinetic energies [26].
Other than that no appreciable changes are observed in
the PES (Fig. 2c). At 105 eV the Au contribution de-
creases to a level even below the 55 eV case. This latter
finding is in agreement with the results reported in refer-
ences [24,25] and reflects the significantly larger ionization
cross section of the C2s and C2p levels than that of the
Au-5d levels for excitation energies near the Au Cooper
minimum. Useful for the purpose of this work is that with
Figure 2 we have at hand a quick in situ level-referencing
and thereby an immediate confirmation of the coverage
of the films being investigated. The relationship between
the PE features and the explicit geometrical structure of
alkanethiols has been discussed in detail in reference [25].
Furthermore, given the above level assignments the as-
signment of the PES obtained for the two porphyrin films
investigated here is straight forward.

Similarly to the thiols case (Fig. 2) we present in
Figures 3 and 4 the corresponding PES data for a mono-
layer of DMPPFeCl/Au and TPPFeCl/Au (see Sect. 2.1)
for the same photon energies, i.e. 55, 85, 105 eV. As ex-
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Fig. 3. Valence photoelectron spectra from ironporphyrin
(DMPPFeCl) monolayers on gold obtained for 55 eV (a), 85 eV
(b) and 105 eV (c) excitation photon energy, respectively. The
peak labeling is the same as in Figure 2. Label p corresponds
to the feature attributed to the porphyrin ring system.

pected the PES of both porphyrin systems do not show
much of a photon energy dependence just like the short
chain thiol data (Fig. 2a). The fact that the carbon fea-
tures are somewhat more intense for the DMPPFeCl film
as compared to the TPPFeCl system is due to possible
contributions from trapping of solvent or even partial ag-
gregation in the case of the DMPPFeCl. This is consistent
with the somewhat larger film thickness measured by el-
lipsometry for this film (see Tab. 1).

Nonetheless, the trend of enhanced Au contributions
at 85 eV and the decreased Au contributions at 105 eV is
also observed. The peak positions are the same as for the
thiols case, however, with one significant exception near
11 eV. This is best seen by comparing the DMPPFeCl and
alkylthiols PE spectra both at 105 eV (Figs. 3c and 2d) as
displayed in Figure 5. While there is a nearly monotonous
intensity decrease from 7 eV to 12 eV for the latter case
(Fig. 5b), which probably reflects some fingerprint char-
acter of the C2p region of alkylthiols, there appears an
additional prominent feature centered at 11 eV binding
energy for the porphyrin case (feature p in Figs. 3–5).
Obviously, this new peak may be safely attributed to
the presence of the porphyrin ring system. The above as-
signment is supported by comparison with the UPS data
for 5 nm thick ZnTPP/Au (zinctetraphenylporphyrin)
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Fig. 4. Valence photoelectron spectra from ironporphyrin
(TPPFeCl) monolayers on gold obtained for 55 eV (a), 85 eV
(b) and 105 eV (c) excitation photon energy, respectively. The
peak labeling is the same as in Figure 3.

reported in the literature [27] which, to our knowledge, is
the only available PES data on (metallo)porphyrins. Al-
though there is no perfect agreement in terms of relative
intensities with our data (Figs. 3, 4), the fact that there do
exist several strong peaks in the 7 to 12 eV region would be
in favor of this assignment. Observed spectral differences
are likely due to the different orientations of the porphyrin
ring relative to the metal surface for the different por-
phyrin adsorbate systems. While in the present case the
porphyrin ring is perpendicular to the substrate surface,
held in position via two weak nitrogen bonds as part of the
supporting carbon chains (see Sect. 2.1 and Fig. 1b), ad-
sorption of porphyrin directly on the surface would most
likely yield in the nearly substrate-parallel configuration.
It is also noted that the PES of thick ZnTPP film exhibits
strong ring-related features – ascribed to the nearly degen-
erate two p orbitals delocalized over the central macrocy-
cle – which appear right in the Au-5d region.

The effect of the band structure above the vacuum
level in porphyrin on the electron transmission probabil-
ity is studied using electrons of different initial kinetic
energies and is documented in Figure 6. Shown are the
background subtracted Au-4f5/2, 4f7/2 states (87.7 and
84.0 eV binding energy, respectively) as a function of
three different excitation photon energies, 95, 103, 105 eV
from 1ML TPPFeCl/Au. The displayed individual sec-
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Fig. 5. Comparison of the PES for 1ML DMPPFeCl/Au and
1ML alkylthiol (OM)/Au both obtained at 105 eV photon
energy.

tions of the PES are matched such that the respective
4f peaks are vertically aligned. The energy values given
here refer to the true initial electron kinetic energies
(i.e. Ek = hν-WF-BE) [28]. There is a pronounced change
observed in the (Au-4f5/2) / (Au-4f7/2) peak ratio which
is roughly 1.4 for 95 eV, 1.0 for 103 eV and 0.6 for 105 eV
excitation energies. This relative intensity variation is ar-
gued to be due to the changing electron transmission prob-
ability through the porphyrin film as the initial electron
kinetic energy varies. If there were no band structure ef-
fects involved one would expect a constant 4f peak ratio
near 0.7. Indeed, monotonic variation of the peak ratio as
a function of photon energy is expected and was reported
in the literature [29,30]. However, these significant fluctu-
ations in the branching ratio at such narrow energy range
indicate that the observed effect is due to the adsorbed
layer.

For a more quantitative analysis of the experimental
data we plot in Figure 7 all measured Au-4f peaks on
a common kinetic energy scale. Intensities have been cor-
rected for the actual ring beam current and the monochro-
mator function as well as for the degeneracy difference be-
tween the 4f5/2 and 4f7/2 peaks. The dashed curve is an
attempt to visually emphasize the oscillations of the Au-
4f peaks intensities induced by the band structure of the
film.

The decrease in the transmission observed at low ener-
gies (below 6 eV) is consistent with our previous results,
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Fig. 6. Au-4f5/2 and Au-4f7/2 photoemission from 1ML
TPPFeCl/Au (after subtracting the secondary emission back-
ground) for 95 eV (a), 103 eV (b) and 105 eV (c) excitation
photon energy, respectively. Shown are the PES as a function
of the effective kinetic energies of the electrons. The chang-
ing intensity ratio of the two levels, 4f5/2 to 4f7/2, reflects the
varying probability for electron transmission through OOTF
as a function of the electrons initial kinetic energy.

where the transmission probability of electrons transmit-
ted through films of cadmium arachidate was shown to
decrease for kinetic energies above ca. 1.0 eV [17]. At
present, there is no theoretical description available for
the band structure, that can be compared to the data pre-
sented and we refrain from discussing these results quanti-
tatively. However, strong electron transmission variations
have been calculated for a 4-argon-layers model system,
in accord with the experiment [17]. Certainly, more work,
both experimentally and theoretically, is required in or-
der to explain the above results. In particular a higher
resolution study is required, in which the kinetic energy
of the electrons excited from the Au-4f state will be tuned
with small energy increments and the ballistic transmis-
sion probability will be measured. Clearly, having avail-
able initial electrons of well-defined energy and momen-
tum as demonstrated here is a very promising tool to
investigate the ET in much more detail.

� � � � �� �� �� �� ��
���

���

���

���

���

���

���

7
UD
Q
V
P
LV
V
LR
Q
�3
UR
E
D
E
LOL
W\
��
Q
R
UP

D
OL]
H
G
�

.LQHWLF�(QHUJ\�>H9@

Fig. 7. Plot of the measured Au-4f5/2,7/2 (relative) peak in-
tensities as a function of the actual electrons kinetic energies
(as due to different excitation energies: (�) 95 eV, (•) 98 eV,
(N) 100 eV, (H) 103 eV and (�) 105 eV) obtained for 1ML
TPPFeCl/Au. The f5/2 to f7/2 relative intensities (at a given
photon energy) have been corrected for the degeneracy by the
factor 7/5. The fit serves to guide the eye. The observed oscilla-
tions reflect the changing probability for electron transmission
through OOTF as a function of the electrons initial kinetic
energy.

4 Conclusions

The study described here is the first attempt to carry out
a fully energy resolved electron transmission experiment
through OOTF. By applying a SR tunable source and
utilizing a narrow emission resonance of the substrate we
were able to obtain the ballistic transmission probability
of electrons through organic layers as a function of the
energy of the electrons. Applying this scheme we were able
to demonstrate the electronic band-like structure above
the vacuum level in a monolayer of a porphyrin.
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