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Scanning tunneling microscopy �STM� experiments and density-functional theory �DFT� calculations are
combined to unravel the complex shifts and splittings of molecular orbitals �MOs� for the prototype system of
a single �-conjugated molecule bonded to a semiconductor surface. Intramolecular resolution in STM images
of 3,4,9,10-perylene tetracarboxylic dianhydride �PTCDA� on Si�111�-�7�7� cannot be understood as result-
ing from a simple rigid shift of the MOs of the free molecule. DFT calculations and simulations of STM
images with realistic tips show large splittings of the original MOs that contribute in a complex way to the
tunnel current and are understood under symmetry and charge-transfer arguments. The system is characterized
by a strong, partially ionic covalent bonding involving the carboxyl groups of the PTCDA and the Si dangling
bonds.
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The adsorption and electronic structure of �-conjugated
molecules on solid surfaces have been the subject of inten-
sive studies in the last few years both for fundamental and
applied reasons.1 The combination of scanning probe micros-
copy experiments with first-principles calculations have re-
vealed its power regarding issues as chemisorption, charge
transfer, electronic level alignments, molecular-orbital �MO�
modifications or electronic transport through single
molecules.2–10 PTCDA �3,4,9,10-perylene tetracarboxylic di-
anhydride� has been considered a prototype molecule for
these kind of studies on metal surfaces.11 For semiconduc-
tors, however, PTCDA has been studied mainly on passi-
vated surfaces as H terminated Si�111�,12 Se or S terminated
GaAs�001�,13 or metal induced reconstructions of Si�111�.14

Although the study of adsorption of other organic molecules
on pristine semiconductor surfaces has known also a fast
development in the last decade,15–20 surprisingly enough
there are scarce and early studies dealing with the analysis of
adsorption of PTCDA on nonpassivated Si�111�-�7�7�
surfaces.21

In this work, we present a combined experimental scan-
ning tunneling microscopy �STM� and first-principles calcu-
lations analysis of the adsorption and electronic structure of
PTCDA on Si�111�-�7�7�. The intramolecular resolution
observed on experimental images cannot be understood un-
der arguments related to simple energy shifts of the MOs of
the free molecules applicable for much less reactive metal
surfaces.11,22,23 On the contrary, it is shown here that they are
the result of more complex splittings and shifts and a com-
plete understanding of the STM images cannot be attained
unless first-principles computations of the interacting system
as well as STM simulations with realistic tips are performed.

The experiments were carried out in an ultrahigh vacuum
system equipped with a homebuilt STM. PTCDA was depos-
ited at room temperature �RT� on clean reconstructed
Si�111�-�7�7�. Electronic structure calculations and simu-
lated STM images were carried out within density-functional
theory �DFT� in the local-density approximation24 using the
SIESTA method.25,26 The tunneling current between the tip

and the sample was computed with a new efficient method.27

Both, experimental and simulated data were displayed using
the WSXM software.28

Figure 1�a� shows a STM image corresponding to the ini-
tial stage of adsorption of PTCDA on the Si�111�-�7�7�
surface at RT. The adsorbates are imaged as bright protru-
sions, randomly distributed on the surface. Some of them
have similar shape and orientation: they are those adsorbed
on the corner hole of the Si�111�-�7�7� reconstruction. On
these features, careful STM imaging can lead to intramolecu-
lar resolution that depends on the applied bias voltage. Typi-
cally, while for large positive voltages the molecule is char-
acterized by two lateral oval-like shapes �Fig. 1�a��, a
modified internal structure, consisting of five parallel stripes
is imaged when decreasing the voltage �Figs. 1�b� and 1�c��.
This five-stripe pattern is obtained either for low positive
voltages or for a wide range of negative voltages. By com-
paring the distance between the outer stripes and their length
with the PTCDA dimensions, it may be inferred that the long
axis of the molecule is oriented perpendicular to the stripes
and aligned parallel to the dimer line of the �7�7�, i.e., the

�011̄� direction. From these experimental findings, simple
geometrical considerations indicate that the molecular ad-
sorption of a PTCDA molecule on the corner hole, through
bonding with four silicon corner adatoms, might be favored.
This is outlined in the schematic �7�7� reconstruction in
Fig. 1�d�. The distance between the Si adatoms along the

�011̄� direction equals approximately the length of the
PTCDA long axis while the separation between the closest
two corner adatoms is only slightly larger than the short side
of the molecule.

Further information related to PTCDA adsorption can be
extracted from STM images. A direct comparison with the
MOs of a free PTCDA �Fig. 2� shows that the lowest unoc-
cupied molecular orbital �LUMO�+1 resembles the five-
stripe pattern resolved in Fig. 1�b�. This finding confirms the
previous assumption regarding the PTCDA long axis and its
orientation with respect to the substrate, and also suggests a
planar adsorption configuration. In terms of electronic struc-
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ture, the observation of the LUMO+1 at energies near and
below EF is unusual. At most, it could be explained by a
considerable charge transfer that completely fills the LUMO
and partially the LUMO+1. Even so, the interpretation is not
straightforward. For instance, the small energy difference
�0.05 eV� between the LUMO+1 and LUMO+2 in the free
PTCDA should be reflected in the STM images as a combi-
nation of both. Another additional question concerns the evo-
lution of the five-stripe shape to a lobe shape for large posi-
tive voltages, this spatial distribution having no similarities
with any of the calculated orbitals for the free molecule.

In order to clarify these issues and to get further insight
into the bonding and charge-transfer mechanism, first-
principles calculations of the interacting
PTCDA /Si�111�-�7�7� system have been performed.
Norm-conserving pseudopotentials29 are used in place of
ionic core charges while a double-� plus polarization basis
set represents the valence electrons. Total energies were
computed with a 100 Ry plane-wave cutoff and using the
� k point. Atomic forces were converged to better than
0.02 eV /Å. The silicon substrate was modeled using a re-
peated slab geometry with four layers of silicon; of these the
lowest layer was kept fixed and saturated with hydrogen.
Additionally, the PTCDA molecule was placed above the
corner hole of the �7�7� substrate in a planar configuration,
according to the STM results. After geometry optimization of
the system, it is found that PTCDA has a stable configuration
on the corner hole site and that it binds through the corner
oxygen atoms of the molecule to the four silicon adatoms
belonging to adjacent unit cells �Fig. 1�d��. The Si adatoms
involved in the bonding suffer a subtle distortion in order to
minimize the distance to the molecule. Structural relaxations

are also found for PTCDA, these being mostly localized on
the original CvO groups involved in the bonding �their
bond length increases �+7.5%�. Small or minor changes are
also seen for the surrounding CuC ��+4.2%� and CuO
��−1.7%� bonds.

Relevant information about the electronic structure is
given by the projected density of states �PDOS� of the inter-
acting PTCDA/Si�111� onto the MOs of the isolated mol-
ecule. The PDOS spectra �Fig. 3� show that the LUMO and
LUMO+1, originally unoccupied, are significantly shifted
below their original energy positions. The former is com-
pletely filled, whereas the latter crosses the Fermi level, be-
ing therefore partially filled. These results support the inter-
pretation of the five-stripe pattern observed in STM images
of occupied states as related to the unperturbed LUMO+1.
The calculated spectra also present a rigid shift in energy
mainly for occupied states. The energy differences between
the MOs of the adsorbed molecule match well those corre-
sponding to the free PTCDA. For positive energies, however,
the energy difference between the LUMO+1 and LUMO
+2 increases to �0.25 eV. Besides the mentioned shifts,
considerable splittings of some of the MOs are observed in
the spectra. In particular, the highest occupied molecular or-
bital �HOMO� contribution is evident in a wide energy range,
between −3.0 and −2.0 eV, yet also unexpectedly present in
unoccupied states, as a low but significant intensity peak
around +0.3 eV. The LUMO+2 components are found at
+0.3 and +1.0 eV.

Generally, large energy splittings may occur when the in-
teracting orbitals belong to the same symmetry and when an
efficient overlap exists between them. Hence, MOs undergo-
ing splittings should interact with the substrate orbitals of
matching symmetry and be localized around similar energy
regions. Figure 4�a� displays the calculated DOS of silicon
projected onto the atomic orbitals of the corner adatoms in-
volved in the bonding. As it is well known, there exists a
maximum near the Fermi energy related to the dangling-
bond �DB� states of adatoms. Only two of these wave func-
tions, corresponding to 0.0 and +0.02 eV �Figs. 4�b� and
4�c��, share the symmetry with that of the HOMO and
LUMO+2 �Fig. 2�. The existence of these silicon states with
high DOS and identical symmetry as those MOs supports an
efficient overlap, explaining thus the large splitting of the
HOMO and LUMO+2, which ultimately leads to the appear-

FIG. 1. �Color online� �a� STM image �11�14 nm2, V=
+1.5 V, and I=0.27 nA� of the Si�111�-�7�7� surface after expo-
sure to PTCDA. The arrows point to single molecules adsorbed on
the corner hole site. ��b� and �c�� Intramolecular resolution observed
on the same 4.2�4.6 nm2 area under different conditions: �b� V
=+0.4 V, I=0.3 nA and �c� V=−1.5 V, I=0.26 nA. �d� Sche-
matic view of PTCDA on Si�111�-�7�7�.

FIG. 2. �Color online� Wave functions ���2 for the HOMO,
LUMO, LUMO+1, and LUMO+2 of a free PTCDA molecule in
blue/red �dark gray/gray� according to sign���. Their energy differ-
ences are shown above the arrows in electron volt.
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FIG. 3. PDOS of the PTCDA /Si�111�-�7�7� system onto the
HOMO �dark gray�, LUMO �gray�, LUMO+1 �light gray�, and
LUMO+2 �white�, calculated for the isolated molecule in the ad-
sorbed configuration, using a broadening of 0.1 eV.
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ance of HOMO character just above the Fermi energy. Simi-
larly, the HOMO becomes largely broadened near �
−2.5 eV through interactions with the several symmetry-
compatible states on the silicon adatoms in that energy re-
gion.

STM images were first simulated using the Tersoff and
Hamann approximation30 �see Fig. 5�. While the image for
the local density of states �LDOS� integrated from EF to
−1.0 eV fairly reproduces the five-stripe pattern observed in
occupied states, the intramolecular features obtained in
LDOS images integrated from EF to +0.5 eV have neither
the symmetry nor the shape resolved in the experimental
STM images recorded at low positive voltage. This discrep-
ancy motivated more involved calculations, including a real-
istic STM tip formed by ten Si atoms in a �111� pyramidal
arrangement. Experimentally, atomic resolution in STM im-
ages was often obtained after intentional slight tip-sample
contacts, which may led to Si termination of the original W
tips. More details can be found in Ref. 27.

A series of topographic STM images measured at differ-
ent voltages are displayed in Fig. 6 �top� together with the

corresponding simulated ones �bottom�. A fairly good agree-
ment is found over a wide range of energies and tip-sample
distances, where the simulations reproduce the shape, sym-
metry, and apparent size of single molecule features, both for
unoccupied and occupied states. Thus, the theoretical image
at a large positive bias �+1.45 V� reproduces well the in-
tramolecular features resolved in the STM image, character-
ized by the oval-like shape separated by a depression. For
voltages close to the Fermi energy, the simulated image re-
produces the five parallel stripes pattern characteristic of ex-
perimental images. In the simulation at −1.0 V, the intramo-
lecular features can also be described by several parallel
stripes, reproducing the molecular shape resolved in the ex-
perimental STM image acquired at −1.5 V. This good agree-
ment suggests that tip states represent an important factor to
reproduce and interpret experimental images.

The complexity of the observed molecular features is it-
self interesting. In this kind of systems it is not very common
to obtain such significant variations with respect to the MOs
of the free molecule, particularly for energies close to EF. A
charge-transfer process from substrate to molecule usually
results in partially filling of the LUMO, which would pre-
dominantly contribute to the tunneling current, up to large
positive and negative biases. In our case, a series of compet-
ing factors, such as a strong charge transfer, positioning of
LUMO+1 at EF, almost degenerate LUMO+1 and LUMO
+2, and the large splittings of orbitals, give rise to a non-
trivial appearance of MOs in STM images, which is never-
theless reproduced by inclusion of realistic tips.

A final issue we have addressed is related to the bonding
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FIG. 7. �Color online� Electron density �� in units of
electrons /bohr3. �a� Top view of a PTCDA molecule upon the cor-
ner hole position at the Si�111�-�7�7� surface. Isodensity surfaces
at �0.01 are rendered in blue/red. �b� Color map for a plane cross-
ing the SiuOuC bonds.

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0
Energy (eV)

0
5
10
15
20
25

PD
O
S
(s
ta
te
s/
eV
)

0

1

2

3

4
0.1 eV
0.01 eV

(a)

(b) (c)

FIG. 4. �Color online� �a� PDOS of the Si�111� surface on the Si
adatoms involved in the bonding, using broadenings of 0.1 and 0.01
eV. ��b� and �c�� Spatial charge distribution of the states localized at
0.0 eV and +0.02 eV, respectively. Blue/red colors stand for the
sign of the wave function. The schematic view is centered on the
corner hole of the silicon reconstruction.

FIG. 5. Calculated STM images for occupied and unoccupied
states in the Tersoff-Hamann approximation, i.e., the LDOS inte-
grated from the Fermi level to �a� −1.0 eV and �b� +0.5 eV,
respectively.

FIG. 6. �Color online� Comparison of experimental �top� and
simulated �bottom� constant-current STM images of a PTCDA mol-
ecule adsorbed on Si�111�-�7�7� for different bias voltages. Set
point: 0.13 nA; images size: 3.2�3.2 nm2.
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mechanism. The induced charge distribution �� is visualized
in Fig. 7�a�, as the difference in electron density between the
total system and the adsorbate and substrate. The plot shows
a net negative charge localized mainly at the oxygen atoms
involved in the bonding, and the absence of charge around
the silicon atoms, thereby confirming the charge transfer
from the partially occupied DBs into the oxygen atoms of the
CvO groups. This is also evident from the color map of the
SiuOuC plane shown in Fig. 7�b� and is consistent with
the formation of a partially ionic covalent SiuO bond.

In summary we present a combined experimental STM
and theoretical DFT study on the adsorption of a single

PTCDA molecule on the Si�111�-�7�7� substrate. The
strong molecule-substrate coupling results in an intricate
broadening, shift and splitting of MOs, contributing in a
complex way to the tunnel current. Comprehensive
electronic-structure calculations and detailed simulations of
STM images turn out to be essential in understanding the
interaction mechanisms existing at the interface of a complex
molecule-semiconductor system.
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