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molecules on B-Si(111)-+/3 x +/3 R30°
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The molecular arrangement and the interfacial electronic properties of cobalt phthalocyanine (CoPc) on
the deactivated B-Si(111)-+/3 x +/3R30° surface are analyzed using scanning tunneling microscopy and
spectroscopy as well as photoemission studies. Our data demonstrate that for low coverages of CoPc the
molecules lie flat with the p, orbital of the Si surface atom forming a hybrid state with the d> orbital of
the transition metal. This hybridization is observed in a broadening of the corresponding Si 2p core level
photoemission spectra and in an additional contribution to the valence band spectra. Furthermore, this additional
hybridization state is detected in the tunneling spectra. For higher CoPc coverages, the CoPc molecules are tilted
with respect to the Si surface forming highly ordered organic molecular films. The spectroscopic data of the

thick film demonstrates that the electronic properties resemble those of pure CoPc.
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I. INTRODUCTION

The formation of self-assembled monolayers of organic
molecular materials on solid surfaces is an important subject,
both from the viewpoint of fundamental science and in regard
of applications. In particular, the understanding of various
phenomena and processes that can occur at the interfaces
between organic films and solid substrates is crucial for the
performance of devices based on organic materials. Thus,
research on organic thin films has intensified in recent years
because of their possible applications in advanced optical and
electronic devices.

Transition metal phthalocyanines (TMPc) represent a
family of organic semiconductors, which are based on a
m-conjugated macrocycle ring. The structure is shown in
Fig. 1(a) for the case of Co as transition metal. TMPc are
widely investigated and have been used already in organic
light-emitting diodes [1], organic photovoltaic cells [1-3],
organic field-effect transistors [4], and organic spintronic
devices [5,6]. The performance of TMPc in such devices
is strongly affected by interface interactions, which can be
adjusted both in strength and in nature by choosing specific
substrates. TMPc have a planar structure with a D4, symmetry.
The five transition metal 3d orbitals transform as ay, (d.2), by,
(d_y2), €g (dys, dy;), and bog (dyy). For cobalt phthalocyanine
(CoPc) with a d” configuration and S = 1/2, the ground state
is b‘l) ga{ gegb% o Due to its partially filled d.. orbital, CoPc is an
interesting candidate for interface research.

At this time, many studies of CoPc on metal surfaces exist,
for example, CoPc on Ag(111) [7-9], on Cu(111) [10], and on
Au [11-13]. However, the combination of transition metal ph-
thalocyanines with the existing microelectronics technology,
being predominantly silicon based, has the potential of novel
applications in semiconductor devices. Moreover, in contrast
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to metals, semiconductor substrates offer the possibility to
tune the molecule-substrate interaction by a passivation of the
surface.

A prominent example in this case is the B-Si(111)-v/3 x
V3 R30° (Si:B) surface [14-16]. A model of this surface is
depicted in Fig. 1(b). The incorporation of B atoms in the
subsurface layer leads to a removal of the dangling bonds of
the Si(111) surface [17,18]. This results in an empty p, orbital
of the Si adatom and a chemical deactivation of the surface.
Recently, it was shown that an interface between CoPc and
Si:B is characterized by an interface charge transfer [19]. This
is in contrast to ZnPc on Si:B, for which no charge transfer
occurs due to the fully filled d orbitals of the Zn atoms [20].

In this contribution we study the molecular arrangement
and the electronic properties of CoPc on the deactivated Si:B
surface in detail by means of scanning tunneling microscopy
(STM) as well as spectroscopy (STS). Our data clearly
demonstrate that submonolayers of CoPc lie flat on the surface
and that a selective orbital hybridization occurs. Furthermore,
our photoemission spectroscopy (PES) data support the model
of the formation of a local hybrid state between the partially
filled d. orbital of the CoPc molecule and the empty p,
orbital of the Si adatom. For high CoPc coverages, in contrast,
CoPc molecules are tilted with respect to the Si:B surface, es-
tablishing exceedingly ordered molecular arrangements. The
spectroscopic data clearly show that several monolayers of
CoPc feature identical electronic properties as pure CoPc.

II. EXPERIMENT

Heavily p-doped Si(111) wafers (B doped, <0.002 2 cm)
obtained from Crystec GmbH, Berlin, were used as substrates.
They were in situ annealed repeatedly at 1200 °C to remove
the surface contamination, followed by an annealing step at
900 °C for 30 min to induce the subsurface B segregation. This
process results in an atomically smooth and passivated Si:B
surface. The samples were heated by direct current and their
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FIG. 1. (a) Structure of the cobalt phthalocyanine molecule
(CoPc, CoC3,NgH;¢) with the central atom (C02+) being surrounded
by the ligand (ngNngg ). (b) Schematic side view of a B-Si(111)-
V3 x ~/3R30° surface (Si:B). Additionally, the notation for the

corresponding components in the Si 2p core level spectra are marked
by S; to S5 and bulk.

temperature was monitored using an infrared pyrometer with
an accuracy of £20°C.

CoPc molecules were deposited in sifu by thermal evap-
oration onto the Si:B substrate kept at room temperature.
The growth rate was controlled by using a quartz-crystal
microbalance calibrated by determining the coverage from
STM images measured for low CoPc coverages. A coverage
of 1 monolayer (ML) is defined as an area completely covered
by flat-lying CoPc molecules, i.e., a density of 4 x 103
molecules/cm?.

The STM experiments were performed in situ at room
temperature using a noncommercial STM setup with a Nano-
nis SPM control system. The base pressure was lower
than 5 x 10! mbar during the measurements. The tun-
neling tips were prepared by electrochemical etching of W
wires and further cleaned in situ by electron bombardment.
All STM images were acquired using the constant current
mode.

STS spectra were taken at distinct points of the surface with
the feedback loop turned off. Besides I-V spectra, d1/dV -V
spectra were measured simultaneously using a software lock-
in amplifier. For this purpose, the tunneling voltage was
modulated with a frequency of 1 kHz and an amplitude of
Vinod = 50 mV. Since the measured dI/dV signal is rather
small for small tunneling voltages, the normalized derivative
(dI/dV)/(I]V) was calculated, which should reasonably well
represent the local density of states (LDOS) [21,22]. In order
to prevent a division by zero within the energy gap, the
normalization was performed similar to Ref. [23] replacing
(I/V) by /(I? + ¢2)/V?, with ¢ being a small constant just

above the noise level [24].

The photoelectron spectroscopy experiments have been
carried out in normal emission geometry using a separate ul-
trahigh vacuum system, which is equipped with a PHOIBOS-
100 electron-energy analyzer (SPECS). Photons were pro-
vided by the UE112 PGM-1 beamline at BESSY II.

III. RESULTS AND DISCUSSION

In order to analyze the geometric arrangement of the CoPc
molecules on the Si:B surface we start with an overview
empty states STM image of 0.2 ML CoPc deposited onto a
clean Si:B surface, shown in Fig. 2(a). In this case the CoPc
molecules lie flat on the surface, so that the molecular planes
are parallel to the Si surface. In Fig. 2(b) a detailed empty
states STM image of a single flat-lying CoPc molecule is
shown. The four benzene rings appear as bright protrusions,
while the Co atom appears even brighter due to the orbital-
mediated tunneling [19,25]. The adsorption site of the CoPc
molecule is determined from a detailed analysis of the STM
data: All molecules in the image in Fig. 2(a) [also visible in
the magnified image in Fig. 2(b)] are located with respect
to the surrounding Si:B lattice in a way that their center is
found at the position of the Si adatom. Thus, the central Co
atom lies directly above the Si adatom, which is depicted
schematically in Fig. 2(c). Only in this molecular arrangement
a strong interaction is possible, resulting in a hybridization of
the singly occupied d,. orbital of the CoPc molecules and the
empty p, orbital of the Si adatom [19,26].

A closer inspection of Fig. 2(b) reveals that the orientation
of the molecule is characterized by two molecule sides aligned
along the (112) directions. Due to the fourfold symmetry of
the molecules and the threefold symmetry of the substrate, this
results in three different rotational configurations, as indicated
in Fig. 2(a) by the differently colored squares.

For higher CoPc coverages, as shown in Fig. 3(a), domains
with a tilted molecular configuration emerge on a long scale
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FIG. 2. (a) Overview empty states STM image of a passivated
Si:B substrate with a CoPc coverage of 0.2 ML (sample voltage
Vs = +1.8 V, tunneling current It = 50 pA). The different molecular
orientations are indicated by colored squares. (b) Empty states STM
image of a single flat-lying CoPc molecule (Vs =+2.0 V, It =
20 pA). (c) Schematic diagram of a single flat-lying CoPc molecule
on Si:B (side view). The central Co atom lies directly above the Si:B
adatom.
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FIG. 3. (a) Overview empty states STM image of a Si:B surface
with a CoPc coverage of 3.2 ML (Vs =+2.5 V, It =20 pA).
(b) Detailed empty states STM image of the typical tilted packing
of CoPc molecules within a domain (Vs = +2.5 V, It = 10 pA).
The red bars indicate the signal from the two upper benzene rings
of individual molecules. (c¢) Schematic diagram of the molecular
arrangement of tilted CoPc molecules lying on further CoPc layers
on the deactivated Si:B surface.

range. This becomes evident in the detailed empty states
STM image in Fig. 3(b), showing ordered chains of tilted
CoPc molecules within a single domain. Here the typical
parallel packing can be seen. In this tilted configuration,
only the two upper benzene rings are observed for each
CoPc molecule, appearing as bright protrusions. In contrast
to the flat-lying configuration, the Co atom is not visible
any more. A schematic diagram of the arrangement of tilted
CoPc molecules on the deactivated Si:B surface is shown in
Fig. 3(c).

In order to determine the apparent heights and the tilt
angles of the molecules, height contours are presented in
Fig. 4 for different CoPc coverages. For the ordered CoPc
multilayer [Fig. 4(c)], the single molecular step amounts to
0.6 nm. Considering a width of a single CoPc molecule of
1.2 nm, similar to Ref. [27], a tilt angle of about 30° is
determined. The same result is obtained for the monolayer
[right side of the height profile in Fig. 4(b)], where again a step
height of 0.6 nm from the substrate to the monolayer surface
is found. In contrast to these thicker films, the CoPc submono-
layer coverage, characterized by flat-lying molecules, only ap-
pears with heights around 0.25 nm, as shown in Fig. 4(a) and
on the left side of the height profile of Fig. 4(b). Such ordered
and tilted CoPc monolayer and multilayer films on Si:B are
drastically different compared to the close-packed flat-lying
CoPc molecules on many metals [13,28,29], while a tilted
arrangement was also observed in the case of semiconductors
or insulators [30-34].

In order to gain more insight into the nature of the
molecule-substrate interaction and the charge transfer mech-
anisms, the Si 2p core level PES spectra of the clean Si:B
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FIG. 4. Height profiles taken along the blue lines for different
CoPc coverages (a) 0.2 ML CoPc (Vs = +2.5 V, It =50 pA),
(b) 1.4 ML CoPc (Vs = +2.5V, Iy = 20 pA), and (c) 3.2 ML CoPc
Vs = 4+2.5V, It = 10 pA).

surface and of 0.2 ML CoPc on Si:B are depicted in Fig. 5.
The spectra are all taken with a photon energy of hv = 130 eV.

For a quantitative analysis, the spectra were fitted using
doublets with a spin-orbit splitting of 0.6 eV, an intensity ratio
of 2:1, and Voigt line profiles for considering both lifetime and

0.2 ML CoPc

Si:B

Normalized Intensity (arb. units)

* A :
st nm==" A

100.0 99.5 99.0 98.5
Binding Energy (eV)

FIG. 5. Si 2p core level photoemission spectra of the clean Si:B
surface and of a CoPc submonolayer on the Si:B surface, recorded at
a photon energy of hv = 130 eV. The spectra are decomposed into
one bulk and three surface related components (Si, S», and S3).
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instrumental broadening. Additionally, both a constant and a
Shirley-type background were used. Because of the photon
energy of hv = 130 eV, the spectra are sufficiently surface
sensitive. We note that due to the high surface sensitivity it
was not possible to measure meaningfully the Si 2p spectra of
the 3.2 ML thick CoPc film.

The spectrum of the bare and clean Si:B surface consists
of one bulk component at lower binding energy and of three
surface related components, labeled S;, S>, and S3, which
are assigned to different surface lattice sites of the Si:B
reconstruction, in agreement with other studies [35]. The
used notation for the corresponding components in the Si
2p core level spectra are marked in Fig. 1(b). The dominant
component S, is related to the Si adatoms as well as to the
atoms bonding to these adatoms, which cannot be separated
energetically.

After deposition of 0.2 ML CoPc, the Si 2p spectrum
can again be described by one bulk component and by three
surface related components. All components are shifted by
about 0.1 eV to lower binding energies as compared to the
Si:B surface due to a change in band bending. Moreover,
a clear change in the Gaussian width is observable for all
surface related components. This broadening is an evidence
that the chemical environment of the surface components has
changed. The strongest change is observed for the adatom
component S,. This broadening supports the above assump-
tion from the STM data that the p, orbital of the Si adatom
forms a hybrid state with the d.. orbital of the Co atom
[19,26].

The corresponding C 1s core level spectra for all measured
film thicknesses (not shown here) consists of two different
main features followed by two satellite features, confirming
other reports on the C s excitation [36]. No changes are
observed for all studied film thicknesses, in contrast to the
Si 2p spectra. Consequently, the hybridization only affects
the central Co atom of the molecule, while the ligand is not
involved in this molecule-interface interaction. This finding is
in contrast to, e.g., the doping of phthalocyanine films with
K, for which the C 1s PES profile is characterized by the
appearance of an additional core level component [37].

For a further analysis of the electronic properties, the
corresponding STS measurements were performed for the
different CoPc coverages on the Si:B surface (see Fig. 6).
Here the normalized differential conductivity spectra of the
clean Si:B surface (gray), of the molecules at a 0.2 ML thick
CoPc layer (red), and of a 3.2 ML thick CoPc film (black) are
shown.

In the Si:B spectrum, an apparent band gap region of about
1.1 V with negligible conductivity is visible, corresponding
to the value of the fundamental bulk band gap of Si. The
gap region is bordered by the signal from of the valence
and conduction band at negative and positive sample bias,
respectively. At positive bias starting from about +0.5 V, a
very low conductivity signal is detectable (noisy appearance
of the gray curve between +0.5 V and +0.9 V). This is
assigned to states from defective regions of the Si:B surface,
which appear in the spectrum due to an averaging over various
surface positions. Furthermore, a strong peak at +1.1 V on
the conduction band side is observed corresponding to the
formation of an unoccupied band of surface states [20,38,39].

Energy rel. to E, (eV)
Y 0 )
——Si:B
—— 0.2 ML CoPc
——3.2 ML CoPc

d1/d V)I(ITV)

=)

Sample bias (V)

FIG. 6. STS results of the normalized differential conductivity of
the bare Si:B substrate and with different CoPc coverages.

The spectrum of a 3.2 ML thick CoPc film adsorbed on
the Si:B surface is depicted as a black line in Fig. 6. The
spectrum is mainly characterized by a wide region with-
out any conductivity, neighbored by two pronounced peaks,
which are assigned to the highest occupied molecular orbital
(HOMO, at —1.0 eV) and the lowest unoccupied molecular
orbital (LUMO, at +0.8 eV). This assignment results in an
energy gap of 1.8 eV, in agreement with the one measured in
Ref. [40].

In contrast to the thick CoPc film, the LDOS spectrum of
a 0.2 ML thick CoPc film, measured with the STM tip being
located above the central part of the CoPc molecule (red line),
shows a very different appearance: The CoPc molecule is in
direct contact with the Si:B surface, resulting in a changed
LDOS. A new peak appears at —0.4 V at the valence band
side. This occupied state is induced by a charge transfer
between the Co atom and the Si:B surface resulting in a
reduced electron density at the Co atom, similar to CoPc
on noble metal surfaces [12,41]. From DFT calculations it
is expected that a selective orbital hybridization occurs [26].
Thus, the spectral feature at lowest binding energy (—0.4 V)
is related to an electronic state caused by a selective orbital
hybridization between the half occupied d,. orbital of the
CoPc molecule and the empty p, orbital of the Si adatom
[19,26].

The STS data indicate that the interaction between the
CoPc molecules and the Si:B substrate is strong and leads to
additional electronic states such as the state at —0.4 eV. Thus
the related changes in the LDOS should also be detectable
in the PES valence band measurements. In Fig. 7 the PES
valence band spectra of the different CoPc coverages on the
Si:B surface are shown.

Figure 7(a) shows the spectral profiles between the Fermi
energy corresponding to a binding energy of 0 eV and a
binding energy of about 5 eV. The gray spectrum again
represents the clean Si:B surface and agrees well with the STS
data: Both show a peak at about 1.0 eV and a shoulder at about
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FIG. 7. (a) Valence band spectra of CoPc adsorbed on a Si:B
surface with increasing film thickness, taken with a photon energy
of hv = 62 eV. (b) A close up view of the low binding energy range
showing the result of the subtraction of the Si-related background
from the spectrum of 0.2 ML CoPc as a light blue line (see text).

0.4 eV below the Fermi energy, as also found in Refs. [42,43].
In contrast, the spectral onset of the 3.2 ML thick CoPc
film (black line) is shifted to higher binding energies, and
the surface states of the clean Si:B surface are not visible
any more. For the 3.2 ML thick CoPc layer the spectrum
is composed of three different states. This is in very good
agreement with previous photoemission measurements for
CoPc on Au [12,44]. The peak at about 1.1 eV is also present
in the respective STS spectrum (see Fig. 6) and assigned to
the HOMO. According to results of CoPc on Au, the second
state at around 2 eV is assigned to a hybrid orbital between the
ligand and Co 3d states, while the broader maximum around
4 eV is assigned to a mixture of several states in this energy
range [12,44]. This behavior demonstrates again that for the
thick film the electronic properties resemble those of pure

CoPc, as it can be expected from the packed bundles observed
in the STM images in Fig. 3.

For the 0.2 ML thick CoPc film the photoemission profile
(red line) differs drastically from the other ones. Since the
CoPc molecules are quite flat (1 atom thick) and only a
fraction of the surface is covered, the detected electrons in
PES originate mainly from the underlying and uncovered Si:B
surface. In order to obtain the pure signal originating from the
molecules and their interface with the Si:B surface, a fraction
of the bare Si:B spectrum was subtracted from the measured
one with 0.2 ML CoPc. This was done by subtracting the
spectrum of the clean Si:B surface after the 0.2 ML spectrum
was normalized with respect to different states from the clean
Si:B surface. The result of this subtraction is depicted in
Fig. 7(b) by the light blue line. This spectrum shows a first
maximum at a binding energy of 0.4 eV followed by a second
peak at about 1.4 eV, being in nice agreement with the STS
data (Fig. 6).

IV. SUMMARY

To summarize, the scanning tunneling microscopy and
spectroscopy as well as the photoemission results show that
for the submonolayer of CoPc on the clean Si:B surface a
charge transfer occurs between the substrate and the central
Co atom of the flat-lying molecules. Our data demonstrate
that this charge transfer does not affect the ligand of the
molecule. We assign this behavior to a hybrid state between
the Co and Si orbitals. For higher CoPc coverages on Si:B
surfaces a reordering of the film structure towards ordered
molecular domains with a tilted configuration occurs, result-
ing in a strongly reduced interaction with the substrate, but in
electronic properties as known for pure CoPc.
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