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Abstract. A detailed investigation of the chemistry and electronic structure during the formation of the
interfaces between thin films of the archetypal organic molecular semiconductor copper phthalocyanine
(CuPc) and Ag or Sn deposited on it was performed using photoemission and near-edge X-ray absorption
spectroscopies with synchrotron light. Our study demonstrates the formation of sharp, abrupt interfaces,
a behavior which is of particular importance for applications in organic devices. Moreover, for Ag on CuPc
we demonstrate that this interface is free from any reaction, whereas there is slight interface reaction for
Sn/CuPc.

PACS. 61.10.Ht X-ray absorption spectroscopy: EXAFS, NEXAFS, XANES, etc. – 68.35.-p Solid surfaces
and solid-solid interfaces: Structure and energetics – 73.20.-r Electron states at surfaces and interfaces

1 Introduction

State-of-the-art technology based on organic semiconduc-
tors is envisaged to provide novel electronic devices, and
together with a relatively low cost of fabrication promises
to offer the next technological breakthrough in mobile and
foldable displays [1]. Moreover, latest research activities
reveal that peculiar optical and electronic properties of
organic semiconductors give rise to a new generation of
light-emitting devices: organic semiconductor lasers with
very stable performance with respect to usual inorganic
laser diodes, which opens wide perspectives for optical
communication and sensor applications [2]. In this respect,
prospective commerce as well as basic scientific interest in-
spire and motivate studies in the field of molecular organic
semiconductors.

Key elements in the architecture of micro- and nano-
electronic devices are organic-organic or organic-metal in-
terfaces. Therefore, to make further progress in the de-
velopment of such organic devices [3,4] one requires both
the understanding and the tailoring of the physical, chem-
ical and transport properties of the metal-OMTF (organic
molecular thin film) interfaces [5]. Moreover, development
and production technology of different organic based elec-
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tronic devices require the production of different types of
metal/organic thin film interfaces and contacts. The case
of deposition of organic semiconductors onto metals has
recently initiated considerable research activity and now
some progress has been achieved as regards basic interfa-
cial properties of such organic on metal contacts [5,6]. De-
spite its technological importance the opposite case, metal
deposition onto organic films, is comparatively much less
studied [5,7–9].

In recent years, we have focused on the investigation
of the evolution of the electronic structure of copper ph-
thalocyanine (CuPc) films at metal deposition and on in-
terface formation during this process. CuPc belongs to the
family of the phthalocyanines (archetypal organic molecu-
lar semiconductors), which play an important role among
other OMTF’s. Their potential technological applications
[10] are a good reason for researcher to pay attention to
these materials. Moreover, Pc’s demonstrate good com-
patibility with ultra high vacuum (UHV) and can be suc-
cessfully grown as thin, ultra-clean, well ordered films on
various substrates in standard ultra high vacuum spec-
trometers. These films then possess excellent and well
defined electronic properties [10] and can be studied in
situ under UHV conditions by means of modern tech-
niques. Studying the interface formation upon deposition
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of different metals on CuPc thin films, we have revealed
different types of metal-organic interfaces. In this commu-
nication we present the observation of sharp interfaces for
Ag/CuPc and Sn/CuPc systems.

2 Experimental

The preparation of the CuPc films, the Ag and Sn deposi-
tion and the soft X-ray photoemission (PE) spectroscopy
measurements were performed in the ultra high vacuum
electron spectrometers at high energy resolution dipole
beam lines: the BEAR line [11] of the synchrotron ELET-
TRA (Trieste) and the Russian-German line [12] of the
Berliner Speicherring für Synchrotronstrahlung (BESSY).
These beam lines provide continuous radiation with dis-
tribution over a wide photon energy (Eph) ranges (30–
1500 eV) and (30–1500 eV) correspondently. Besides, they
are especially suited for studies of fragile organic mate-
rials, which potentially could be damaged under X-ray
irradiation. The pressure in the experimental systems dur-
ing data acquisition was always in the range of (1.5–3)×
10−10 Torr.

As substrate for CuPc film deposition, we used the
(100) surface of a gold single crystal. The surface was pre-
pared by repeated sputtering and annealing cycles after
which a 5 × 20 surface reconstruction was observed us-
ing low energy electron diffraction, while no remaining
contamination was detected in the core level photoemis-
sion spectra. The CuPc films were grown by sublimation
of phthalocyanine powder at about 500 ◦C from an effu-
sion cell in a sample preparation chamber (base pressure
of 2.5× 10−10 Torr). The latter was directly connected to
the analyzer chambers. The deposition rate, monitored by
a quartz microbalance, was about 1–2 Å/min, while the
total thickness of the CuPc films was about 70 Å thick.
This thickness appears to be large enough to minimize
contributions from the gold substrate in the PE spectra,
and small enough to as much as possible avoid charging
effects.

Ag and Sn were deposited onto the CuPc films from re-
sistively heated tungsten baskets without detectable pres-
sure increase during deposition. The deposition rates con-
trolled by a quartz thickness monitor were 0.5–1 Å/min.
In addition, the total amount of metal accumulation at
each step of deposition was evaluated from a comparison
of the relative intensities of the Ag 3d, Sn 3d, and C 1s or
N 1s core level signals. The sensitivity factors of the core-
levels for the corresponding photon energies were taken
from tabulated cross-sections and the throughput of the
analyzer [13].

The PE measurements: valence band and Sn 4d core
level taken at Eph = 110 eV, and Sn 3d, Ag 3d, C 1s, N 1s,
Au 4f7/2 core-levels taken at Eph = 600 eV were carried
following each metal deposition step. The total instrumen-
tal resolution in PE studies (full width at half maximum,
FWHM) also accounting for the thermal broadening was
about 130 meV for the VB and Sn 4d core levels, and
about 240 meV for Sn 3d, Ag 3d, C 1s, N 1s and Au 4f7/2

(Ekin ∼ 502 eV) core levels. The Fermi level (EF ) posi-
tion in the spectra was determined after each move of the
monochromator by measuring the Fermi edge and/or the
Au 4f7/2 electron emission from a gold foil in electrical
contact with the CuPc film.

The near-edge X-ray absorption spectra (NEXAFS)
were recorded at the ELETTRA synchrotron radiation fa-
cility using soft-X-ray light emitted by the BEAR dipole
beam line in the total electron yield mode and normal-
ized to the incident photon flux. The resolution for the
NEXAFS measurements is determined exclusively by the
performance of the beam line and was varied from 80 meV
to 90 meV FWHM when going from C 1s (∼283 eV) to
the N 1s (∼400 eV) thresholds respectively, and was about
100 meV for the Cu 2p threshold (∼930 eV). The acquired
spectra were energy calibrated using the photoionization
spectra of Ar and N2 gases [14]. In the NEXAFS experi-
ments the photon incidence angle was selected to be 35◦
relative to the sample surface normal. We have chosen
this angle to explore simultaneously both: the 1s − π∗
and 1s− σ∗ transitions. The pressure in the experimental
systems during data acquisition was always better than
1.5 × 10−10 Torr.

Other experimental details, concerning UHV electron
spectrometers, Au(100) substrate preparation with follow-
ing verification of surface reconstruction and cleanness,
CuPc film deposition on the gold substrate, its character-
ization including evaluation of the organic film thickness,
etc can be found elsewhere (see e.g. Ref. [15]).

3 Results and discussion

In order to evaluate the degree of Ag and Sn chemical re-
activity with CuPc thin films we will compare our present
results with those for K and In deposition, which were
studied recently [15,16]. For these two systems we have
observed strong diffusion of the metal atoms deeply into
the CuPc films and a concomitant formation of electronic
states within the energy gap of CuPc. These are due to
charge transfer and a chemical reaction between the inter-
calated metal atoms and the organic molecules.

The bottom curves of both panels of Figure 1 present
the top of the valence band (TVB) spectra of pristine
CuPc thin films. The Figure additionally shows the TVB
spectra evolution with silver (left panel) and tin (right
panel) deposition and demonstrates, that Ag and Sn reveal
significantly less chemical reactivity with CuPc thin films.

From these figures it is evident that the shape of the
HOMO (highest occupied molecular orbital) peak, which
is located at smallest binding energies, practically does
not change, we only observe a small shift to higher en-
ergies for smallest metal coverage. Upon increasing metal
deposition the energy positions essentially stay constant.
Furthermore, there is no sign of the formation of addi-
tional electronic states within the gap of CuPc. Thus,
from these measurements we already can conclude, that
Ag/CuPc and Sn/CuPc interfaces are abrupt. The ob-
served energy shifts most likely are due to the formation
of a short range interface dipole at these contacts.
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Fig. 1. Top of the valence band measured using photoemission spectroscopy, as a function of Ag (left panel) and Sn (right
panel) deposition on CuPc films at room temperature. The nominal coverage of the metal layers is indicated.

Fig. 2. Ag 3d (left panel) and Sn 3d (right panel) core level photoemission and as a function of Ag (Sn) deposition on CuPc
films at room temperature. The nominal coverage of the metal layers is indicated.

Our core level photoemission studies corroborate these
conclusions. While for K and In deposition onto CuPc the
core level photoemission data reveal charge transfer from
these metal atoms intercalated into CuPc film and strong
chemical interactions, Figure 2 (left panel) demonstrates
that from the first stage of Ag deposition onto CuPc films
the Ag 3d core level emission appears at a binding energy
consistent with metallic silver and exhibits a narrow spin-
orbit doublet. No indication of the presence of other Ag
3d core-level components is observed in accordance with
the formation of a non-reactive and abrupt Ag/CuPc in-
terface.

For tin deposition onto CuPc films, the Sn 3d core lev-
els as depicted in Figure 2 (right panel) show essentially
the same behavior. The only differences one can observe is
the very small additional shoulder at about 1.6 eV above
the Sn 3d feature and an energy shift as a function of Sn
thickness. The former indicates that a small fraction of

Sn atoms weakly reacts with organics molecules, but the
majority remains unaffected. From the intensity of the ad-
ditional shoulder we can estimate that about 1/3 of the Sn
atoms in the first monolayer react with CuPc molecules.
This slight interface reaction will be discussed further be-
low in the context of the core level data from the CuPc
molecules. We attribute the energy shift to the formation
of Sn islands for small coverages and the appearance of
closed Sn layers for thicker metal overlayers only.

In Figure 3 we present the C 1s core level photoemis-
sion data (left panel) as well as the corresponding C 1s
NEXAFS data (right panel) as a function of Ag deposition
on CuPc. The C 1s core level data in the left panel ex-
hibit a characteristic fine structure with maxima at 284.8,
286.24 and 288.2 eV. This fine structure is a direct conse-
quence of the inequivalent carbon sites in a CuPc molecule
and satellites related to C 1s emission. Also, it is well doc-
umented and discussed in the literature [17,18] and will
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Fig. 3. Left panel: C 1s core level photoemission data as a function of Ag deposition on CuPc films at room temperature. The
nominal coverage of the Ag overlayer is indicated. Right panel: NEXAFS data taken at the C 1s absorption edge for the same
sample.

Fig. 4. NEXAFS data taken at the N 1s (left panel) and at Cu 2p (right panel) absorption edges as a function of Ag deposition
on CuPc films. The nominal coverage of the Ag overlayers is indicated.

therefore not be considered further in this contribution.
Figure 3 demonstrates that there is no change of the C
1s core level spectral shape, independent of the Ag cover-
age. For initial silver deposition, we observe a small shift
in energy, which is related to the interface dipole as men-
tioned above, later on also the energy positions remain
constant. Thus this measurement confirms the conclusion
above, that the Ag/CuPc interface is sharp and without
any sign of chemical reaction.

This is further corroborated by the NEXAFS signal of
CuPc molecular thin films as a function of silver deposi-
tion. It is common to describe X-ray absorption in closed-
shell molecules within an orbital approximation as one-
electron transitions from a core level into the unoccupied
molecular orbitals that are derived from the same con-
tributing atom where the electron excitation occurs. Thus,
for the molecules under consideration NEXAFS spectra
contain information about the site and element specific
density of unoccupied electronic states. The latter gives

the chance not only to obtain information on chemical in-
teraction between CuPc molecule and intercalated metal
atoms in general, but to specify the atoms of the molecule
involved in the interaction if any. Therefore the NEXAFS
data of CuPc molecular thin films were obtained for all
types of contributing atoms (C 1s, N 1s and Cu 2p edges).
In addition, the soft X-ray absorption spectra are more
bulk sensitive than the photoemission response, because
they were recorded in the total electron yield mode, where
the majority of the signal comes from the secondary elec-
trons.

The NEXAFS spectra of CuPc as a function of Ag
deposition are presented as follows: in the right panel of
Figure 3 — at the C 1s absorption edge between 280 eV
and 300 eV photon energy; in the left panel of Figure 4 —
at the N 1s absorption edge between 390 eV and 420 eV;
and in right panel of Figure 4 — at the Cu 2p3/2 absorp-
tion edge between 926 eV and 945 eV. The lowest spectra
in all 3 panels are recorded from a pristine CuPc film.
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Fig. 5. Left panel: C 1s core level photoemission data as a function of Sn deposition on CuPc films at room temperature. The
nominal coverage of the Sn overlayer is indicated. Right panel: N 1s core level photoemission data for the same samples.

Recently [19] the electronic structure of the unoccupied
electronic states of pristine copper phthalocyanine was
fully described. In this investigation the combined ex-
perimental and theoretical study allowed to identify the
contributions from different parts of the pristine CuPc
molecule to the unoccupied DOS and the measured spec-
tra. Therefore we will not describe all details of the NEX-
AFS spectra of pristine CuPc here. We rather concentrate
on the analysis of potential changes in the NEXAFS spec-
tra of CuPc upon silver deposition. It is clearly seen from
our experimental measurements, that none of the series
of the NEXAFS spectra, recorded as a function of Ag de-
position onto CuPc thin films at the C 1s, N 1s and Cu
2p absorption edges shows any spectral shape variation.
Therefore we can conclude, that Ag atoms do not interact
neither with carbon atoms of benzene or pyrrole rings nor
with nitrogen atoms of pyrrole rings or with those linked
to the central Cu atom and they do not interact with Cu
as well. Consequently, the CuPc molecules are not affected
by the formation of the Ag contact on top, and there is
no diffusion of Ag into the CuPc film.

The situation changes going to Sn/CuPc as indicated
in Figure 2 (right panel) above and in Figure 5, where we
show both C 1s (left panel) and N 1s (right panel) core
level photoemission data as a function of Sn coverage on
CuPc. While both data sets reveal no spectral changes
for the first steps of Sn addition, there is a shift of the
spectral features to lower binding energy and broadening
for larger Sn overlayer thicknesses. Taking into account
the mean free path of the photoelectrons in Sn, which is
of the order of this thickness, the data in Figure 5 for
larger Sn thickness stem from the CuPc molecules very
close to the metal/organic interface. This means that the
molecules at the interface experience a different chemical
environment, most likely due to some chemical reaction
restricted to a thin interfacial region. We therefore infer
that the Sn/CuPc interface also is abrupt, but that there
is some interaction only within the first monolayer of Sn
with CuPc molecules at the very top of the CuPc film.

4 Summary

Recently, there have been a few photoemission studies
concerning Ag or Sn deposition onto various organic semi-
conducting thin films, or the deposition of metals onto ph-
thalocyanine films. In the majority of cases, such interfaces
are characterized by a diffusion of the metal atoms into the
organic layers and by a chemical reaction between the two
contact materials [20–28]. Our results clearly demonstrate
that it is possible to achieve well defined, abrupt and non-
reactive contacts by deposition of metals with a moderate
work function onto phthalocyanine organic semiconduc-
tors. This is an important information in regard of electron
injection contacts where the metal work function should
not be too high in order to avoid large injection barri-
ers. In the case of Sn, we presented the first observation
of the formation of an abrupt interface with an organic
semiconductor, while for deposition of silver onto CuPc,
our data corroborate those obtained previously by valence
band photoemission studies [27].
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