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PTCDI molecules were evaporated onto a Ag/Si(111)
√

3×
√

3 surface and studied using scanning tun-
neling microscopy (STM) and angular resolved ultraviolet photoelectron spectroscopy (ARUPS). High
resolution STM images are used to identify the delicate molecule/molecule and molecule/substrate
interactions and the shapes of the molecular orbitals. The results show that the substrate/molecule
interaction strongly modifies the electronic configuration of the molecules as their orbital shapes are
quite different at 1 and 2 monolayer (ML) coverage. Simple models of molecular HOMO/LUMO
levels and intermolecular hydrogen-bondings have been made for 1 and 2 ML PTCDI coverages
to explain the STM images. Changes due to the interaction with the substrate are also found in
ARUPS as extra states above the regular HOMO level at 1 ML PTCDI coverage. The ARUPS data
also show that the electronic structure of the substrate remains unchanged after the deposition of
molecules as the dispersion of the substrate related bands is unchanged. The changes in electronic
structure of the molecules are discussed based on a HOMO/LUMO split. Published by AIP Publishing.
https://doi.org/10.1063/1.5053606

I. INTRODUCTION

Organic semiconductors and the application of these elec-
tronic devices have attracted great attention from the sci-
entific community over the last decades. These efforts have
resulted in several promising applications such as light emit-
ting diodes,1 field effect transistors,1,2 solar cells,1,3 photode-
tectors,3 and organic lasers.4 Many of these devices involve
organic thin films, hence their electronic properties and per-
formance are highly dependent on the quality of the films.
The structure and quality of the films are strongly influ-
enced by the structural order of the first monolayers (MLs)
of the films. The interface between organic and inorganic
materials is therefore of special interest. The formation of
the interface involves interactions between molecules within
the molecular film and interactions between the film and the
substrate. A detailed understanding of these delicate inter-
actions may therefore be used to optimize organic-inorganic
devices.

The perylene derivative 3,4,9,10-perylene tetracarboxylic
dianhydride (PTCDA) has been used as a model molecule
to study the growth of organic films on a variety of sub-
strates.5 The intermolecular interactions in PTCDA films
are governed by hydrogen(H)-bondings between the oxy-
gen atoms in the carboxylic anhydride endgroup and the H
atoms on the sides of the perylene core. To further under-
stand these intermolecular interactions and their importance
in thin film formation, one could consider similar molecules
but with a different endgroup. This should give rise to differ-
ent possibilities to form intermolecular H-bondings. A good
candidate in this respect is 3,4,9,10-perylene tetracarboxylic
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diimide (PTCDI). The only difference from PTCDA is
that the bridging oxygen atom in the carboxylic anhydride
group is substituted with N-H in PTCDI. The strongest
intermolecular interaction for PTCDI is the N–H· · ·O H-
bonding between the endgroups of neighbouring molecules.
Three phases of PTCDI have so far been found experimen-
tally, namely, brick wall,6,7 domino,7 and canted phases.6–11

These three phases all involve the aforementioned N–H· · ·O
H-bondings but are also further stabilized by extra O· · ·H,
H-bondings. Understanding the interplay between surface
periodicity, strength of intermolecular, and substrate/molecule
interactions is therefore of great importance for utilizing
this family of molecules to create ordered layers or even
nanostructures such as 1D rows or supermolecular surface
assemblies.12,13

We have previously studied PTCDI on Ag/Si(111)-√
3 ×
√

3 using scanning tunneling microscopy/spectroscopy
(STM/STS)11 and photoemission.14 This surface is a metal-
induced reconstruction that is weakly interacting, and there-
fore a suitable substrate for growing self-assembled organic
films. The surface is composed of Si- and Ag-trimers and has
a hexagonal structure described by the inequivalent triangle
model, which has a semiconducting characterization.15 On this
surface, the molecules arrange themselves according to the
aforementioned canted structure: Molecules grow in rows and
are tilted slightly different in every other row. The growth of
the first monolayer involves a superstructure which can be seen
in STM as rows of darker molecules. This superstructure has
a 3
√

39 ×
√

21 periodicity relative to the Ag/Si(111)-
√

3 ×
√

3
and includes 5 regular molecular unit cells. The photoemis-
sion study showed extra features at coverages up to 1 ML in
C, O, and N 1s core-level spectra. These extra features are
located at lower binding energies relative to the main fea-
tures of each spectrum. The near edge X-ray absorption fine
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structure (NEXAFS) spectra of the C, O, and N K-edges show
that the first transitions to the LUMO are less intense for
coverages below 1 ML, and the ultraviolet photoelectron spec-
troscopy (UPS) spectra below 1 ML present extra features
between the normal HOMO and the Fermi level.

These changes were explained by the interaction between
the molecules and the substrate resulting in two types of
molecules. The two types of molecules have their own HOMO
and LUMO pairs but shifted in energy positions. In the previ-
ous study, there was also a discrepancy when comparing UPS
and STS spectra: At 1 ML coverage, the UPS spectra have
a state at 1 eV below the Fermi level, which did not appear
in the STS spectra. In this paper, we have studied PTCDI on
Ag/Si(111)-

√
3×
√

3 using high resolution STM images to fig-
ure out the molecular configurations and deeply investigated
the molecule-molecule interactions. We also used high reso-
lution angular resolved ultraviolet photoelectron spectroscopy
(ARUPS) to investigate the electronic structure between the
HOMO and the Fermi level to find out the origin of the states
at 1 and 2 ML PTCDI coverages.

II. EXPERIMENTAL DETAILS

The STM study was performed with an Omicron STM
system at Karlstad University using a W/Ir tip. The ARUPS
studies were performed at beamline I416,17 at the MAX-lab
synchrotron facility located in Lund, Sweden. The valence
band data were measured with energy and angular resolu-
tion of 50 meV and ±0.3◦, respectively. The samples used
were Shiraki-etched18 Si(111), Sb-doped to a resistivity of
1-10 Ωcm. The oxide of the sample was removed by step-
wise resistant heating up to 940 ◦C, resulting in a high quality
Si(111)-7×7 surface. The Ag/Si(111)-

√
3×
√

3 reconstruction
was created by evaporating 1 ML Ag onto the substrate and
annealing it at 600 ◦C for 2 min. In both STM and photoe-
mission experiments, low energy electron diffraction (LEED)
investigations of the surface showed a sharp

√
3 ×
√

3 diffrac-
tion pattern. PTCDI was then evaporated using a Knudsen cell
held at 275 ◦C while the sample was kept at room temperature
(RT). STM images were recorded at several PTCDI coverages
ranging from sub- up to 5 ML, while the valence band spectra
were recorded on a clean substrate, 1 ML and 2 ML PTCDI
coverages. All measurements were done with the sample at RT,
and all STM bias voltages in the paper were sample-biased.

III. RESULTS AND DISCUSSION

As shown in the previous studies, PTCDI grows in well-
ordered layers on the Ag/Si(111)-

√
3 ×
√

3 surface.9,11 The
only phase that was found is the canted structure. One exam-
ple of such a structure in a PTCDI island recorded at two
different tunneling biases is presented in Fig. 1. The unit cell
of the canted structure contains two molecules and is marked
with a small rectangle in both images in Fig. 1. Figure 1(a)
is a filled-state image recorded at −1.0 V, while Fig. 1(b) is
an empty-state image recorded at 1.0 V. In both images, a
clear intensity difference between different molecules is evi-
dent as some molecular contrasts in brightness are opposite

FIG. 1. A 1 ML PTCDI island recorded at different biases of (a) −1.0 V and
(b) 1.0 V. In each image, two defects have been marked with circles. The left
is a vacancy while the right one is a molecule. The unit cell of the canted
structure and the super structure is also marked with rectangles in each image.
Each image is 20 × 10 nm2 and recorded using I = 0.3 nA.

in the filled and the empty-state. Rows of molecules that are
less intense form a superstructure with a 3

√
39 ×

√
21 period-

icity. This superstructure is marked with longer rectangles in
Fig. 1. The superstructure shows that the canted structure has a
commensurate relation to the substrate which implies that the
PTCDI molecules interact weakly with the substrate and form
long-range orderings. In both Figs. 1(a) and 1(b), the unit cell
for the superstructure has been drawn on the same molecules
as can be verified by using the two defects marked with cir-
cles in both images. The superstructure is clearly observable in
both biases as rows of less intense molecules, but interestingly,
the molecules that appear less intense are different in the two
images. In Fig. 1(a), the corner molecules of the superstructure
are brighter while they appear darker in 1(b). This variation
in intensity among molecules at different tunneling biases
shows that molecules in the film have different electronic
structures.

A set of high resolution filled-state images of molecules in
a 1 ML island at three different tunneling biases are shown in
Figs. 2(a)–2(c). Using these images, it is possible to determine
how the orientation and location of the orbital lobes change
with tunneling biases. The lobes that are observed in each
STM image have been drawn onto stick and ball models of the
PTCDI molecule. These configurations are presented under
each respective STM image in Fig. 2. In all three cases, four
of the lobes are located at the hydrogen atoms at the edges
of the molecules. The other lobes are located at the perylene
core of the molecule distributed along the main axis. However,
such appearances of the molecule are unexpected considering
that in single molecular density functional theory (DFT) cal-
culations the HOMO is found to have 4 pairs of 8 lobes which
are oriented perpendicular to the molecular axis.19 In addition,
the shapes of the molecular orbitals are found to be different at
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FIG. 2. High resolution filled-state STM images recorded at 1 ML PTCDI coverage at I = 0.3 nA and biases: (a) U = −0.5 V, (b) U = −1.0 V, and (c) U = −2.0 V.
In each STM image, two molecules have been marked with large ovals. Features found beside molecules are marked with smaller circles in (b) and (c). Stick
and ball models of (a)–(c), respectively, are shown in (d)–(f), and orbital lobes found in the STM images have been drawn on the molecular models. Lobes on
the molecules are drawn in blue, while lobes between molecules have been drawn in red.

different biases. At −0.5 V in Fig. 2(a), the 10 orbital lobes are
circular in shape and located in such a way that each molecule
has two rings of lobes. At −1.0 V bias, the lobes have changed
their shapes so they are more elongated along the molecular
axis and some of them have even shifted in the position along
the length of the molecule. Finally at−2.0 V, the lobes are again
more circular but interestingly there is a clear difference in the
intensity of the lobes within one molecule. Five of the lobes
are very strong and pronounced while the other five are much
weaker, especially the three along the center of the molecule
are extremely weak.

The general shape of the orbitals of individual molecules
does not tell the entire story. This become apparent when look-
ing at molecules in different rows, which have slightly different
positions of their lobes and some lobes are more intense than
other. Starting with the−0.5 V image in Fig. 2(a), it is clear that
each molecule has one lobe that is more intense than the other.
Furthermore, one of the two rings in the center most molecule
(of the unit cell) appears to be broken; i.e., one of the lobes sur-
rounding the hydrogen atoms does not connect with the lobes
at the end of the molecule. To fully understand these configu-
rations, the interactions between molecules must be taken into
account. The interactions are most easily understood by study-
ing the stick and ball model in Fig. 2(d), where six molecules
in three different rows are shown with the orbitals found in the
STM. In the upper and lower rows, the lobes of each molecule
form two complete rings, with the lower left lobe being brighter
than the rest. The molecules in the center row also have a bright
lobe at their lower left part, but interestingly one of the two
rings appears to be broken because one lobe has moved. This
lobe seems to be closer to the oxygen atom of a molecule in

an adjacent row. This difference between molecules in differ-
ent rows is therefore caused by the interactions between the
molecules.

Studying the −1.0 V bias image in Fig. 2(b) in the same
manner reveals further information about the interactions. At
this tunneling bias, there are three extra lobes around each
molecule that can be observed by STM, and these are marked
with smaller rings in Fig. 2(b). Two of the lobes are located
where the N–H· · ·O H-bondings are expected to reside. The
third lobe is near the location where one of the oxygen atoms,
which is not involved in the intra-row interaction, is approach-
ing two of the hydrogen atoms of a neighbouring molecule in
an adjacent row. Thus the third lobe should be assigned to a
H· · ·O H-bonding between molecules in adjacent rows. This
last interaction is the same as the one found at −0.5 V tunnel-
ing bias in Fig. 2(a) where one ring of the central molecule
was broken. All the lobes have also been illustrated in the
stick and ball model of the unit cell in Fig. 2(e). Because only
one extra lobe can be observed between molecules in adjacent
rows, this causes an asymmetric behavior of molecules in the
unit cell. The H· · ·O H-bonding between molecules in adja-
cent rows is also found in the −2.0 V bias image in Fig. 2(c).
As shown in Fig. 2(f), it is also clear that the lobes related to the
hydrogen that approaches the O atom forming the H· · ·O H-
bonding are brighter compared to the other lobes. An electron
density plot of the canted structure was presented in a detailed
DFT study of various possible structures of PTCDI.7 It showed
extra densities between molecules that fit well with the results
here: Two extra features between molecules along the row and
one extra feature on one side of each molecule.7 Now these
delicate interactions have been clearly observed in STM as
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those extra lobes shown in Fig. 2. Similar intermolecular lobes
have also been found in STM between PTCDI molecules on
HOPG.8

In Fig. 3, two empty-state images are presented in the
same way as the filled-state images in Fig. 2. The first empty-
state image is recorded at 0.5 V and is presented in Fig. 3(a)
and again two molecules in different rows are marked with cir-
cles. In Fig. 3(c), a model containing 6 molecules is presented
with the molecular lobes found in STM drawn on them. At
the positive sample bias, it is only possible to figure out 8
lobes per molecule which have been marked with blue lobes
in Fig. 3(c). These lobes are spread more along the long axis
of the molecule but less across the short axis compared to
the filled-state images. The four lobes at the center are more
intense and appear to be positioned over four of the rings in the
perylene core. The two pairs of weaker lobes at the ends of the
molecule are located at the carbon atoms in the imide groups.
In contrast to the filled-state images, there are no clear lobes
surrounding the hydrogen atoms in the empty-state image.
However, at one side of the molecules in one type of the row
there is a long elongated bright stripe. This stripe is roughly

as long as a molecule, and looking closely it is possible to see
that this stripe is placed over the four hydrogen atoms of one
molecule and two corner parts of its two closest neighbours
in the next row. These stripes are marked with yellow ovals in
Fig. 3(c). The hydrogen atoms are not clearly represented as
specific lobes but are instead seen as a wide stripe involving
many hydrogen atoms. Because of this, it is much harder to
find more detailed information about the intermolecular inter-
actions in the empty-state image. What can be said though is
that the asymmetric configuration, which is found in the filled-
state images due to the interaction between hydrogen atoms in
one molecule and the oxygen in another, can also be seen in
the empty-state image, as the stripe is only being present on
one side of the molecules. An image recorded at 1.5 V bias is
presented in Fig. 3(b). The molecular orbital is more similar
to the filled-state images here but the molecule still appears
to be smaller across the short axis. Seven lobes are found on
each molecule. Four of them are positioned on the carbons that
bond with the hydrogen atoms, while the other three are sitting
on the rings along the core of the molecule. At this bias, it is
also possible to find lobes between molecules in the same row.

FIG. 3. (a) High resolution empty-state STM images recorded at 1 ML PTCDI coverage at I = 0.3 nA and bias of U = 0.5 V. Two molecules in different rows
have been marked with circles. (b) Stick and ball model of the molecules with the lobes found in the STM image drawn on the molecules.
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These are marked with small rings in Fig. 3(c) and red ellipses
in 3(d). Also, in the rows where the molecules are marked with
a non-dashed ellipse in Fig. 3(b) there is a very bright lobe close
to the center of the molecule, but offset a bit from its center
axis.

It is also interesting to investigate the molecular inter-
action in the 2 ML film. The structure of the second ML
does not have the same superstructure as the first layer and
the film is in general more homogeneous. However, at certain
tip conditions can a different superstructure with a periodic-
ity of (2

√
21× (12/5)

√
39) be observed. High resolution STM

images with unit cells in the second ML are presented in Fig. 4.
The empty-state image in Fig. 4(a) shows that molecules in
different rows have different configurations: One type is dom-
inated by four very bright lobes located around four pairs of
hydrogen atoms. The other type shows a strong asymmetric
behavior with two bright lobes around two pairs of hydrogen
atoms, while two weaker lobes on the opposite side and three
small lobes along the perylene core can also be observed. In
the filled-state image in Fig. 4(b), the molecular orbitals are
quite similar between adjacent rows, but a clear asymmetry in
the intensity of the lobes across the molecular axis is observed.

It is also interesting to note that the intensity of the lobes of the
middle molecule inside the unit cell is inverted in filled and
empty-states: The lobes that are situated on the lower part of the
molecules in Fig. 4(a) are comparatively brighter, while they
are darker in Fig. 4(b). The asymmetry in intensity that can be
observed in Fig. 4 fits very well with the type of interaction that
was discussed in Fig. 2. Because only one side of the molecule
is interacting with molecules in the adjacent row through a
H· · ·O H-bonding, one could expect a slight difference in the
charge distribution across the molecule. Furthermore, com-
paring the shape of the filled-state orbital in Fig. 4(b) with
the ones in Fig. 2, it is also clear that the interaction with the
substrate alters the shapes of the molecular orbitals. The filled-
state orbital at 2 ML is very similar to what has been found in
single molecular DFT calculations: eight lobes in four pairs,
distributed along the molecular axis so there are four lobes on
each side of the molecular central axis.19

In order to investigate the electronic structures of the
PTCDI films, high resolution photoemission has also been car-
ried out. The ARUPS spectra of the clean substrate, with 1 ML
and 2 ML PTCDI films recorded at two different angular inter-
vals are presented in Figs. 5 and 6. Figure 5 shows the valence

FIG. 4. High resolution STM images recorded at 2 ML PTCDI coverage at I = 0.3 nA and biases: (a) U = 0.5 V and (b) U = −2.0 V. In each image, two molecules
have been marked with solid ovals. Under each image, the observed lobes have been marked on a stick and ball model of the PTCDI molecule.
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FIG. 5. ARUPS valence band images recorded at −21◦ emission angle in the Γ − M direction, with a photon energy of 40 eV and at PTCDI coverage of
(a) 0 ML, (b) 1 ML, and (c) 2 ML. Substrate related states are marked with solid lines in (a) and (b), while states related to the PTCDI molecules are marked
with dashed lines in (b) and (c). The insets in (a) and (b) show the regions marked with the dashed line in higher contrast.

band images recorded in the Γ−M direction and with angular
interval centered at −21◦ emission angle. This is close to the
Γ point of the second

√
3 ×
√

3 surface Brillouin zone, which
is located at −20.1◦. The clean surface valence band image,
without any molecules is shown in Fig. 5(a), and in it three
distinct states are observed and denoted as S1, S2, and S3. At
the Γ point, S1 sits at an energy position of −0.3 eV relative to
the Fermi level, while S2 and S3 almost merge at the Γ point at
an energy position of−1.0 eV relative to the Fermi level. These
three states are well-known features of the Ag/Si(111)-

√
3×
√

3
surface.20–22 The inset in Fig. 5(a) shows the area around the
S1 state with higher contrast. In the inset, a state that reaches
up to the S1 state has been marked with a white line, which
is the upper edge of the bulk valence band. The valence band
image in Fig. 5(b) was recorded after 1 ML of PTCDI had been
deposited onto the substrate. After the deposition, the states S2

and S3 are still visible albeit weaker and it is still possible to
pinpoint the upper edge of the bulk valance band as illustrated
in the inset. All states have been shifted about 0.14 eV toward

the Fermi level. As a result, the upper edge of the bulk band is
almost touching the Fermi level and the state S1 is not found
anymore. Except for the shift in energies, there is no change to
the clean surface related bands. However, a new state related to
the molecules is found at −2.5 eV and is marked with a dashed
line in Fig. 5(b) and denoted as H. Figure 5(c) shows the spec-
tra recorded after another ML of PTCDI was deposited onto
the substrate. At 2 ML PTCDI coverage, the surface related
states are no longer visible, and the only state that is observed
is the H state that has shifted slightly to −2.4 eV.

The clean surface related bands are fairly strong around
the second Γ point and states related to the molecules are there-
fore hard to study in the −21◦ valence band images in Fig. 5.
For this reason, valence band images recorded with the angular
interval centered at 30◦ emission angle are presented in Fig. 6,
again for (a) clean substrate, (b) 1 ML-, and (c) 2 ML PTCDI
coverage. The clean substrate spectrum in Fig. 6(a) shows the
S2 and S3 states away from the Γ point dispersed at an energy
of about −1 eV below the Fermi level. After deposition of

FIG. 6. ARUPS valence band images recorded at 30◦ emission angle in the Γ − M direction, with a photon energy of 40 eV and at PTCDI coverage of
(a) 0 ML, (b) 1 ML, and (c) 2 ML. Substrate related states are marked with solid lines in (a) and (b), while states related to the PTCDI molecules are marked
with dashed lines in (b) and (c).
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1 ML PTCDI, the shift toward the Fermi level for the surface
related states and the appearance of the molecule-related state
H can be seen in Fig. 6(b). But there are also two other states
that are not visible in Fig. 5(b). These two states are located
at −0.3, −1.5 eV with respect to the Fermi level and are ten-
tatively denoted as L′, H′, respectively. The states related to
the molecules are marked with dashed lines in Fig. 6(b). In the
valence band image recorded at 2 ML PTCDI coverage pre-
sented in Fig. 6(c), the clean surface related states are no longer
visible and only the state H is found at an energy position of
−2.4 eV below the Fermi level.

In the previous studies, the states close to the Fermi level
were preliminary investigated using STS11 and angular inte-
grated UPS.14 In both studies, the states L′ and H states were
found at similar energy positions of around −0.3 and −2.5 eV
relative to the Fermi level at 1 ML PTCDI coverage. The main
problem was the H′ state that was found at −1.2 eV in the STS
study and at −1.5 eV in the UPS study. In the UPS study, there
is also a state located at about−1 eV at 1 ML PTCDI coverage.
This state was found at the same energy position in the clean
substrate and was therefore considered to be a substrate related
feature, which might be visible through the first PTCDI layer.
It was therefore proposed that the H′ state at −1.2 eV in the
STS study was a mix of the surface related state at −1 eV and
the H′ state found at −1.5 eV in UPS.

Using the angular resolved valence band images in Figs. 5
and 6, it is now very clear that the states around −1 eV are
pure clean surface related states as they keep their dispersions
at 1 ML PTCDI coverage. The intermixing of the substrate
related states and H′ in STS is thus more plausible consid-
ering that the substrate related states are stronger at normal
emission compared to the states related to the molecules. On
the other hand, the substrate related features marked in solid
lines in Figs. 5(a) and 5(b) are basically unchanged when the
molecules are evaporated onto the substrate. This indicates that
the substrate/molecule interaction indeed is weak and hence,
the underlying

√
3 ×
√

3 reconstruction is unaltered by the
molecules and keeps its electronic structure. Furthermore, the
shift of the surface related states toward the Fermi level, is
consistent with the shift which was found for the Si 2p core
level in the photoemission study.14

The state denoted as H at around −2.4 eV has previously
been found to be the regular HOMO of the PTCDI molecules.19

Obviously the interaction with the substrate yields the extra
states H′ and L′. These three filled-states together with the
empty-state, L, located at 1.0 eV in STS, are the frontier
orbitals at 1 ML PTCDI coverage. Here it is interesting to
investigate the electronic structures found in the high resolu-
tion STM images with these four states in mind. The regular
HOMO state found at−2.4 eV by ARUPS has been best probed
by the−2.0 V filled-state image in which each molecule has 10
lobes where half of them were drastically weaker than the rest.
The −1.0 V filled-state image where extra lobes were found
between molecules besides the 10 lobes of each molecule is
thus most likely imaging the tail of the H′ state located at
around −1.5 eV by ARUPS. The filled-state image recorded
at −0.5 V where each molecule has two rings of lobes must
then be the L′ state found close to the Fermi level by ARUPS.
The very noisy STM image in Fig. 2(a) indicates that the L′

state may not be well-defined for all the molecules. The state
with 8 lobes that was probed in the 0.5 V empty-state image
in Fig. 3(a) must originate from the LUMO (L) state, or the
tail of it, which was found in the STS study. In a theoretical
simulation, there are 8 big lobes in HOMO, while 10 lobes are
found in LUMO.19 Thus 8 lobes in LUMO could be a result
from the half positively charged lobes. This could explain why
all the molecules in Fig. 3(a) appear narrower than the normal
one. The asymmetric behaviors of 10 lobes in Fig. 3(b) can
also be explained in a similar manner.

The formation of the H′ and L′ states at 1 ML PTCDI
coverage has previously been assigned as the results from a
HOMO-LUMO split of the molecular orbitals,11 similarly to
what was observed for the herringbone phase of PTCDA on
Ag/Si(111)-

√
3 ×
√

3.23 The HOMO-LUMO split in the case
of PTCDI was explained to be due to two different adsorption
sites for the molecules. This results in these two types having
different electronic structures and consequently different fron-
tier orbitals. One type has the states H and L′ as its HOMO
and LUMO, while the other type has H′ as its HOMO and a
LUMO that was found in STS to sit at 1.0 eV above the Fermi
level. This means that there are two types of molecules with
similar gaps (H/L′ and H′/L), i.e., in one of the configurations
the LUMO level has been filled and pulled below the Fermi
level. In the previous study, the interaction was also investi-
gated using NEXAFS where it was concluded that due to the
filling of the LUMO the first transitions to the LUMO are heav-
ily suppressed at PTCDI coverages up to 1 ML.14 The changes
in NEXAFS spectra and extra states in the valence band close
to the Fermi level are similar to what was observed for 1 ML
coverage of PTCDA on Ag(111)24 and Ag(110).24,25 In those
studies, it was also suggested that the changes were due to the
LUMO of the molecules being filled or partially filled due to
charge donation from the substrate to the molecules. On the
other hand, in the core levels for oxygen, carbon, and nitrogen
extra features were found on the low binding energy side of
the imide related feature for each element at PTCDI cover-
ages up to 1 ML.14 These extra features are present because
the imide group of some molecules receives more charge and
is shifted toward lower binding energy compared to the other
molecules.

Looking back at the morphology of the first PTCDI layer,
it is possible to distinguish candidates for these two different
electron configurations using the superstructure. The super-
structure is seen in STM images as rows of darker molecules
as those presented in Figs. 1(a) and 1(b). As mentioned above
with the two reference points in Fig. 1, one can immediately
find that some molecules show exact opposite behavior in con-
trast. That is, different molecules sitting at the corners of the
unit cell switch from dark to bright at two biases when filled
and empty-states in the two electron configurations are probed.
To be more specific, the−1.0 V may detect the partial H′ and L′

states, while 1.0 V detects the L state. The contrast discussed
above might originates from the L′ and L states. The inverted
brightness thus implies that the H/L′ and H′/L are located at
two types of molecules.

To conclude this part, the changes in the electronic struc-
tures with biases fit well with various states found using STS.
These observations are thus consistent with the previously



164707-8 Emanuelsson, Johansson, and Zhang J. Chem. Phys. 149, 164707 (2018)

proposed model for HOMO/LUMO split, which are further
strengthened by ARUPS results.

IV. CONCLUSIONS

The delicate interactions of PTCDI molecules on
Ag/Si(111)-

√
3 ×
√

3 have been studied using high resolu-
tion STM and ARUPS. Different molecular orbital orientations
were investigated based on bias-dependent STM images. The
intermolecular interactions were found as extra lobes between
molecules. Simple models for HOMO and LUMO, together
with intermolecular hydrogen-bondings, have been suggested
to explain these STM observations. The interaction with the
substrate drastically changes the electronic structure of the
molecules as the configurations of the molecular orbitals are
significantly modified at 1 monolayer compared to ones at
higher coverages. This change of the electronic structure is
also observed in ARUPS as extra states are found at 1 mono-
layer coverage. These states observed in the ARUPS spectra
are consistent with the STM images. The appearers of extra
states are caused by the HOMO/LUMO split. Due to the split,
different molecules have different electronic structures, which
is in agreement with bias-dependent STM images.
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