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ARTICLE INFO ABSTRACT

Keywords: 3,4,9,10-perylene tetracarboxylic diimide molecules were evaporated onto a Sn/ Si(111)-2</3 x 2+/3 surface and
PTCDI studied using photoelectron spectroscopy and near edge X-ray absorption fine structure (NEXAFS). We found
UPS evidences of a strong interaction between the PTCDI molecules and the substrate. The interactions cause changes
EII?:?(AFS in the Sn 4d, C 1s, and N 1s core level spectra. These interactions also cause a complete absence of transitions to

Electronic structure
Metal/semiconductor surface

the lowest unoccupied molecular orbital (LUMO) in the NEXAFS spectra, in combination with a new state be-
tween the regular highest occupied molecular orbital (HOMO) and the Fermi level at low coverages. These

changes are explained to be due to the charge transfer from the top Sn atoms to the PTCDI molecules, resulting in
a split of the HOMO, and lowering of the LUMO levels. The interactions are shown to heavily involve the
carbonyl carbon and partly nitrogen atoms of the imide group.

1. Introduction

The last few decades, thin films of organic semiconductors have
received growing attention from the scientific community since they
show promising properties for use in electronic devices. The perfor-
mance of these devices are strongly dependent on the structure and
quality of the thin films. The interface between the substrate and the
molecular film is of special interest since it influences the growth of the
entire film. To understand the interface it is important to characterize
the molecule/substrate interactions and the intermolecular interac-
tions, and their relative strength, since they determine the morphology
and electronic structure of the interface.

Previously, the perylene derivative 3,4,9,10-perylene tetra-
carboxylic dianhydrid (PTCDA) has been used as a model molecule for
self-assembled molecular films. To further understand the interactions
involved in the growth of large 77-conjugated molecules on substrates, it
is important to study similar molecules as PTCDA but with different
endgroups. One such molecule, 3,4,9,10-perylene tetracarboxylic dii-
mide (PTCDI), has recently attracted attention since it can be functio-
nalized through its endgroups to tune its properties [1]. A ball and stick
model of the PTCDI molecule is presented in Fig. 1 where different
carbon atoms have been numbered as C1-C7 for later convenience. The
electronic structure of thin PTCDI films has previosuly been studied
using ultraviolet photoelectron spectroscopy (UPS), X-ray photoelec-
tron spectroscopy (XPS) and near edge X-ray absorption fine structure
(NEXAFS) on Si(111) [2], Ni(111) [2], Au(111) [3,4], Ag(111) [4], Cu
(111) [4], TiO, [5,6] and Ag/Si(111)-v/3 x /3 [7].

* Corresponding author.
E-mail address: hanmin.zhang@kau.se (H.M. Zhang).
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The Sn/Si(111)-2V/3 x 2+/3 surface, henceforth Sn-2+/3, is a metal-
induced reconstruction formed at a Sn coverage above 1 monolayer
(ML) [8-11]. There is to this date no consensus about the exact atomic
configuration of the surface. Scanning probe microscopy studies and
photoelectron spectroscopy studies suggest that the surface has a
double layer of Sn atoms, a top layer consisting of two inequivalent Sn-
pairs and a bottom layer consisting of 8-10 Sn atoms [8-12]. The
simpler Sn/Si(111)- surface contains dangling bonds which causes a
strong chemical reaction that causes the PTCDA to stand up on the
surface, which does not allow for ordered growth at low coverages [13].
The extra layer of Sn atoms in the Sn-2+/3 surface passivates the dan-
gling bonds and allows for the formation of interesting ordered struc-
tures at low coverages.

In a previous work, we studied PTCDI on Sn/Si(111)-2/3 x 23
using scanning tunneling microscopy (STM) and low energy electron
diffraction (LEED). At low coverages single molecules could be found
on the substrate, indicating a strong substrate/molecule interaction.
The molecules also formed 1D rows which became more dominant with
increasing coverages up to about 0.5 ML. Meanwhile, parallel rows with
a 4+/3 distance between them formed patches of a commensurate
4./3 x 2+/3 reconstruction. At coverages close to 1 ML the PTCDI mo-
lecules were found to form several 2D structures and above 1 ML
coverage the molecular growth was characterized as island growth
[14]. In this paper we have studied the same system, PTCDI on Sn/Si
(111)-24/3 x 2+/3, using UPS, XPS and NEXAFS to further investigate
the electronic structures and clarify the interactions involved in this
interface.
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Fig. 1. The PTCDI molecule with different carbon atoms numbered from 1 to 7.

2. Experimental details

The experiment was performed at beamline 1311 at the MAX-lab
synchrotron radiation facility in Lund, Sweden [15]. The endstation
was equipped with a Scienta SES200 electron analyzer. The photo-
electron spectra were recorded using measurement parameters that
gave energy resolutions about ~20 meV for the valence band, Si 2p and
Sn 4d spectra, ~75 meV for C 1s, and ~100 meV for O 1s and N 1s. The
photon energies used for these spectra were 60 eV for the valance band,
140 eV for Si 2p, 80 eV for Sn 4d, 350 eV for C 1s and 600 eV for both O
1s and N 1s. Auger electron yield (AEY) NEXAFS spectra were measured
using the SES200 as an electron detector, at the C, O and N adsorption
edges. The samples used were Shiraki-etched [16] Si(111), B-doped to a
resistivity of 0.7-1.5 Qcm. The oxide was removed by stepwise resistive
heating up to 940 °C. The Sn/ Si(111)-24/3 x 2+/3 reconstruction was
created in two steps. In the first step a /3 X /3 surface was created by
evaporating 0.3 ML Sn onto the Si(111) substrate followed by annealing
at 600°C. In the second step the 2./3 x 2+/3 surface was created by
evaporating 1.1 ML extra Sn onto the surface followed by annealing at
300 °C, which resulted in a sharp 2+/3 x 2+/3 LEED pattern. The surface
quality was also checked using core level spectra. 1 ML Sn is defined as
the coverage at which there is one Sn atom for each lattice point of Si
(111) while 1 ML PTCDI is defined as the coverage at which the surface
is covered by the canted phase of PTCDI. PTCDI was evaporated using a
Knudsen cell held at 300 °C, while the substrates were held at room
temperature (RT). Several PTCDI coverages from 0.5 ML to 5.0 ML were
studied and all data presented here were measured at RT. In the
peakfits, the backgrounds for Sn 4d, C 1s, O 1s and N 1s were reduced
with a Shirley function. A Voigt type core level profile was used for the
various components. The Lorentzian width was fixed to 175 meV for Sn
4d and 100 meV for O-, N-, and C 1s while the Gaussian widths were
fitted in each case.

3. Results
3.1. Si 2p and Sn 4d core level spectra

There was no apparent change in the lineshape or energy position of
the peaks in the Si 2p core level spectra (aviable as supplementary
material) when PTCDI was deposited onto the surface.

The Sn 4d spectra for different PTCDI coverages are presented in
Fig. 2. The clean substrate spectrum shows two distinct spin orbit peaks,
each having a shoulder on the high binding energy (BE) side. When
PTCDI was evaporated onto the Sn-2+/3 surface a new, distinct shoulder
shows up on the higher BE side of the substrate related peaks, at about
25.8 eV. To investigate these changes in more detail the spectra have
been analyzed by fitting of components and the presented results have
had an integrated Shirley background removed. The peak-fit para-
meters are presented in Table 1.

The spectra were fitted using spin—orbit split components with a
split of 1.05 eV and branching ratio of 0.75. The spectrum recorded at
the clean substrate shown in Fig. 2a) was fitted using two components a
and b, located at BE 24.04 and 24.37 eV, respectively. After deposition
of PTCDI a third component c is required to fit the new surface. At 0.5
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ML PTCDI coverage the component c is located at 0.67 eV higher BE
with respect to component a and has a relative intensity of 19.64%. The
component a loses 38.27% and b gains 18.00% respectively compared
to the clean Sn-2+/3 surface. The BE positions of the components a and b
do not change significantly after the PTCDI deposition, only component
b shifts about 0.16 eV towards lower BE when the first 0.5 ML were
deposited. With further PTCDI deposition there are minor changes in
the spectra compared to the one at 0.5 ML coverage. At 2.5 ML the
components a, b and ¢ have relative intensities of 41.77, 36.21 and
23.02% respectively.

3.2. C 1s core level spectra

C 1s spectra recorded at different PTCDI coverages are presented in
Fig. 3, where each spectrum has been fitted and an integrated Shirley
background has been removed from them. The multilayer spectrum in
Fig. 3d) involves two main features, the strongest of which sits at a BE
position of about 285.0 eV while the smaller one is located at 288.5 eV.
The larger and smaller features have previously been assigned to car-
bons from the perylene core and the imide endgroup, respectively [4].
The spectrum also contains a number of shakeups on the higher BE side
of the main feature. At low coverages however, the situation is sig-
nificantly different as seen in the spectrum recorded at a PTCDI cov-
erage of 0.5 ML, presented in Fig. 3a). The feature related to the per-
ylene core sits at lower BE and the imide related feature (d) is less
intense while the shakeup (e) between the larger and the smaller fea-
ture is much more intense, compared to the 5.0 ML spectrum.

To study these changes in more detail, the spectra were analyzed by
fitting of components. The 5.0 ML spectrum can be fitted with seven
components labeled as a-g. The perylene related feature was fitted using
three components a-c as in previous work [4,7,17], where a corre-
sponds to C-H (C1 and C2 in Fig. 1), b to C-C (C3, C5 and C6) and c to
C-C=0 (C4). The carbon in the imide group (C7) was fitted with the
component d. The shakeup features were fitted with components e-g,
respectively. The 5.0 ML spectrum was regarded as a reference and it
was verified that the fitting of it indeed gave the components (a,b,c) the
ratios (8,8,4) according to the stoichiometry of the perylene core of
PTCDI. Also, the b-component was allowed to have slightly higher
Gaussian width than the other main components, since C1 and C2 have
been calculated to be separated in BE by 0.2eV [5]. For the lower
coverages the eighth component h was necessary in order to obtain
acceptable results from the fitting analysis. This component is situated
between the perylene related feature and its shakeup, e. The fitting
parameters for the peakfits of the C 1s spectra are presented in Table 2.

The peakfit shows that the components of the perylene core indeed
shift towards higher BE with increasing PTCDI coverages. Component a
shifts the most by 0.55eV while b and c shift about 0.25 and 0.2eV
respectively. The intensity of components d and e also have an inter-
esting behaviour with respect to coverages. The imide related compo-
nent d, only has a relative intensity of 2% at 0.5 ML, which increases to
8% at 5.0 ML. On the other hand, component e which usually is asso-
ciated with a shakeup is more intense at low coverages and has a re-
lative intensity of 9% at 0.5 ML, which decreases to about 3.4% at 5.0
ML. Except the changes in relative intensity the components d and e are
fairly stable in BE positions. Component d shifts 0.14 and e shifts
0.07 eV towards lower BE with increasing PTCDI coverages, respec-
tively. Except the already mentioned changes with PTCDI coverages
there is also a component h that is only found at low coverages located
at a BE of about 295.9 eV. This component has a relative intensity of
7.2% at 0.5 ML and loses intensity very quickly with increasing PTCDI
coverages. At 1.5 ML it only has about 2.5% and above that coverage
the component is barely needed to get satisfactory results from the
fitting as seen in Table 2.
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Fig. 2. Peakfits of Sn 4d core level spectra for four thicknesses of PTCDI on Sn/Si(111)-24/3 X 2+/3. The measured data with Shirley background removed is plotted
with grey dots. The result from the peakfit is plotted as a solid black line. Each fitted component is labelled as a—c and plotted with a filled, solid line. The residual is

plotted as a solid red line.

3.3. O and N 1s core level spectra

O 1s spectra recorded at different PTCDI coverages are presented in
Fig. 4. The spectra only contain two features. The main feature is re-
lated to the oxygen atoms in the imide group and the second one is a
shakeup associated with the main feature. The main and shakeup fea-
tures have been fitted with the two components a and b, respectively
and the fitting parameters for the O 1s spectra are presented in Table 3.
At 0.5 ML PTCDI coverage the main and second component are at BE of
531.4 and 533.6 eV respectively. The oxygen O 1s spectra exhibit very
small changes with respect to PTCDI coverages, i.e. the main feature
shifts 0.2 eV towards higher BE from 0.5 to 2.5 ML coverage while the
shakeup is at the same BE at all coverages. The relative intensity of the
two features also changes slightly with coverages. At 0.5 ML the sha-
keup has a relative intensity of 11.6%, which increases to 19.1% at 5.0
ML.

N 1s spectra recorded at different PTCDI coverages are presented in
Fig. 5. Each spectrum has been fitted and an integrated Shirley back-
ground has been removed from them. All spectra involve three features,
the strongest of which, the main feature, has a BE of about 400.5eV.
Besides, there is a relatively strong feature at the low BE side of the
main feature. This extra feature is positioned about 2 eV below the main

Table 1

feature in BE. In addition, there is also a relatively weak feature at
about 2 eV higher binding energy than the main feature, and this is a
shakeup of the main feature [4]. The main, extra and shakeup features
have been fitted with the three components a—c, respectively and the
fitting parameters for the N 1s spectra are presented in Table 4.

The fitting shows that the main feature shifts 0.11 eV towards lower
BE with increasing PTCDI coverages, and this shift is more or less sa-
turated at 1.5 ML coverage. The extra feature on the other hand shifts
more, about 0.43 eV and towards higher BE with increasing coverages.
The extra feature is relatively strong at 0.5 ML with an relative intensity
of 17.4% and it decreases with increasing coverages to 9.7% at 2.5 ML
coverage. This change in component b is accompanied by the inverse
behaviour in component a, which increases from 77.6% at 0.5 ML to
84.6% at 2.5 ML coverage. Then, from 2.5 to 5.0 ML the tendency that
was exhibited up to 2.5 ML is reversed and the relative intensity of
component b increases to 18.8% while component a decreases to
74.1%.

3.4. NEXAFS

The C K-edge NEXAFS spectra recorded using different incidence
angles (available as supplementary material) showed a strong

Fitting parameters for the components used in the Sn 4d peakfit shown in Fig. 4. The table contains binding energy Eg (eV), relative integrated intensity I.; and the
FWHM (W) of the Gaussian (eV). The Lorentzian width (FWHM), spin—orbit splitting and branch ratio were set to 0.175 eV, 1.05eV and 0.75 respectively.

Substrate 0.5 ML 1.5 ML 2.5 ML
Ep Let We Ep Lret Wg Ep Let We Ep Tret Wg
a 24.04 83.94% 0.31 24.01 45.67% 0.31 24.01 41.38% 0.31 23.99 40.77% 0.31
b 24.37 16.06% 0.30 24.21 34.66% 0.30 24.23 36.10% 0.30 24.21 36.21% 0.30
c - - - 24.68 19.65% 0.59 24.68 22.52% 0.59 24.66 23.02% 0.59
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Fig. 3. Peakfits of C 1s core level spectra for four thicknesses of PTCDI on Sn/Si(111)-2+/3 x 2+/3. The measured data with Shirley background removed is plotted
with black dots. The result from the peakfit is plotted as a solid black line. Each fitted component is labelled as a-h and plotted with a solid line. The residual is

plotted as a solid red line.

dependence on the incidence angles. The strong 7* resonances at gra-
cing incidence are heavily suppressed at normal incidence, indicating a
flat adsorption geometry for the molecules. C K-edge spectra recorded
at different PTCDI coverages at incidence angle 70° are presented in
Fig. 6. In the spectra there are three groups of sharp features between
283 and 289 eV, which are 7*-derived resonances [2]. These features
have been marked with dashed lines in Fig. 6 and are denoted as A-C.

Group A has previously been described as transitions from the
perylene core (C1-C6) to the LUMO (lowest unoccupied molecular or-
bital) and group B as transistions from the same carbon atoms to higher
unoccupied orbitals [2]. The three peaks in group C are transitions from
the carbons in the imide group to various unoccupied states; The first
peak is assigned to transitions to LUMO, the second to LUMO+ 1. The
last peak is a transition to even higher unoccupied orbitals. Comparing
the spectra at different PTCDI coverages in Fig. 6 it is clear that several
resonances are weaker at low coverages. The features in group A and B
are all weaker in the 0.5 ML spectrum. The first resonance in the group
A is basically gone at 0.5 ML and becomes of equal strength to the

Table 2

second resonance in the same group at a coverage of 5.0 ML. The fea-
tures in group C clearly shift their positions to higher photon energies
with increased coverages.

In Fig. 7 the O K-edge spectra recorded at different coverages with
an incidence angle of 70° are presented. The spectra contain two main
features at photon energies of 531 and 532.1 eV, which have been de-
noted as a and b. The feature a and b are 7*-derived resonances to
LUMO and LUMO + 1 respectively [2]. The first resonance in the O K-
edge spectra shows a strong dependence on the PTCDI coverages as the
feature a is not present at 0.5 ML coverage and becomes stronger than
component b after 2.5 ML has been deposited.

The N K-edge spectra (aviable as supplementary material) only
contain one 7*-derived resonance which is located at a photon energy
of 400.7 eV. This resonance is to LUMO + 1 since transitions to LUMO is
symmetry forbidden [2]. The N K-edge spectra do not show any sig-
nificant change with PTCDI coverages.

Fitting parameters for the components used in the C 1s peakfit shown in Fig. 3. The table contains binding energy E (eV), relative integrated intensity I; and the

FWHM (W) of the Gaussian (eV).

0.5 ML 1.5 ML 2.5 ML 5.0 ML
Ep Lt We Ep Lret We Ep Lt We Ep Lret We

a 284.90 30.02% 0.69 285.38 32.87% 0.69 285.47 31.33% 0.69 285.46 32.22% 0.69
b 284.54 31.27% 0.91 284.65 30.87% 0.94 284.86 31.04% 0.91 284.80 33.45% 0.91
c 284.53 14.67% 0.68 284.89 18.19% 0.68 285.13 15.32% 0.68 284.71 16.50% 0.68
d 288.53 2.23% 0.90 288.38 6.42% 0.71 288.41 7.80% 0.71 288.39 8.08% 0.71
e 287.13 9.00% 0.85 287.09 4.94% 0.86 287.14 2.46% 0.73 287.06 3.39% 1.13
f 289.83 1.71% 1.34 289.69 3.53% 1.64 289.34 3.03% 1.24 289.65 3.07% 1.21
g 291.77 3.87% 6.90 291.19 3.18% 7.28 290.83 8.45% 1.22 291.16 1.65% 2.78
h 285.89 7.23% 1.28 285.95 2.46% 0.89 285.54 0.05% 1.16 - - -
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Fig. 4. Peakfits of O 1s core level spectra for four thicknesses of PTCDI on Sn/Si(111)-2+/3 x 2+/3. The measured data with Shirley background removed is plotted
with red dots. The result from the peakfit is plotted as a solid black line. Each fitted component is labelled as a and b, plotted with a filled, solid line. The residual is

plotted as a solid red line.

3.5. Valence band UPS

The UPS spectra recorded on the clean substrate and different
PTCDI coverages using a photon energy of 60 eV are presented in Fig. 8.
All spectra recorded when molecules are on the substrate, have a fea-
ture at about 2.3 eV, which is close to where the HOMO levels for
PTCDI have previously been found [7,18]. At 0.5 and 1.5 ML coverages
there is also a state at 1.1 eV below the Fermi level which is denoted as
HOMO'’ in Fig. 8.

4. Discussion

Various spectra show changes at submonolayer coverages, in-
dicating an interaction between the Sn-2./3 surface and the PTCDI
molecules. One of the exceptions is Si 2p, in which the lineshapes and
the BE positions of the core level peaks do not change when PTCDI was
evaporated onto the substrate. This is somewhat expected as the Si(111)
substrate is covered by a bilayer of Sn-atoms, and the interaction with
the molecules should only involve the Sn-atoms. The stability of the BE
positions of the Si 2p peaks does however show that no band bending
occurs when the molecules are deposited onto the Sn-2+/3 surface.

The other substrate related core level, Sn 4d, is quite interesting as it
shows significant changes when PTCDI was evaporated. The spectrum

Table 3

for the clean substrates involves two components. The minor compo-
nent b is regarded to be due to two top Sn atoms with a charge deficit
while the majority component a is regarded to be due to the remaining
two top Sn atoms in combination with the Sn atoms in the first layer
[10,19]. In the fitting analysis it was found that the a/b intensity ratio
for the clean substrate is about 5.2. According to the 12 Sn-atom model
[11] with 8 Sn-atoms in the first layer and 4 Sn-atoms in the two top
inequivalent pairs, the ratio should then be (8 + 2)/2 = 5, which fits
well with our results.

The molecule/substrate interaction results in several changes in the
Sn 4d core levels, as can be seen in the 0.5 ML spectrum in Fig. 2b).
There is a new component ¢ and at the same time the component a loses
a lot of its relative intensity while b increases in intensity, compared to
the one in the clean substrate. With further PTCDI depositions the si-
tuation does not change much, which would suggest that the changes
observed in the Sn 4d spectra are saturated just after the first monolayer
coverage.

It is evident that Sn donates charge to PTCDI as the extra component
c sits at a higher BE and the increase of component b at the cost of a
reduction in component a, which sits at the lowest BE. The relative
intensity of component c saturates close to 25%, which corresponds to 3
Sn atoms. This would suggest that 3 Sn atoms donate charge to PTCDI
and consequently are shifted to higher BE and form the component c. It

Fitting parameters for the components used in the O 1s peakfit shown in Fig. 4. The table contains binding energy Ey (eV), relative integrated intensity I, and the

FWHM (W) of the Gaussian (eV).

0.5 ML 1.5 ML 2.5 ML 5.0 ML
Ep Lret We Ep Lrel We Ep Lt We Ep Lret We
a 531.41 88.44% 1.28 531.49 82.38% 1.28 531.62 82.86% 1.16 531.60 80.02% 1.18
b 533.59 11.56% 1.93 533.55 17.62% 1.93 533.53 17.14% 1.56 533.59 19.98% 1.65
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Fig. 5. Peakfits of N 1s core level spectra for four thicknesses of PTCDI on Sn/Si(111)-2+/3 X 2+/3. The measured data with Shirley background removed is plotted
with blue dots. The result from the peakfit is plotted as a solid black line. Each fitted component is labelled as a—c and plotted with a filled, solid line. The residual is

plotted as a solid red line.

is reasonable that it is the top Sn-atoms that interact with the molecules
and hence 3/4 (75%) of the top Sn atoms are involved in the interac-
tion. To understand the charge relaxation that results in the further
reduction of a and increase of component b one would have to consider
a more complex charge redistribution among the Sn atoms underneath.
If the charge transfer to PTCDI happens from the top Sn atoms, it is
possible that this also induces a charge redistribution among the Sn
atoms in the first layer towards higher BE, which would explain the
reduction of a and the increase of b.

The general behaviour of Sn-atoms losing charge in the interaction
with PTCDI corresponds well with the results for C 1s core levels.
Features involved in the C 1s core level spectra receiving charge in the
molecule/substrate interaction move towards lower BE at low PTCDI
coverages. The most drastic change in Fig. 3, is the strong depression of
the imide related component d accompanied by the increase in intensity
of the perylene-core related shakeup e. Comparing the relative in-
tensities for these components at 0.5 and 5.0 ML it is clear that d loses
about the same amount as e gains at low coverages. Considering the
inverted behaviour of these two components, it is reasonable to assume
that the imide related carbon receives charge in the interaction with the
substrate and consequently shifts 1.4 eV to the energy position close to
the shakeup e. Considering that component e is a mix of a shakeup and a

Table 4

partially shifted d component, it is generally hard to make any quan-
titative assertions using its relative intensity. Component d, on the other
hand, has about 1/4 of its relative intensity at 0.5 ML compared to 5.0
ML. This would suggest that 75% of the carbons in the imide group
receive charge from the Sn atoms in the interaction with the substrate.

At low coverages there is also a component h that is not needed at
higher coverages, positioned at the high BE side of the main peak. This
component has a relative intensity of 7.23% at 0.5 ML coverage and
decreases in intensity quickly to the point where the component is
barely needed to get a good fit at coverages above 1.5 ML. This would
suggest that component h also is a component related to a molecule/
substrate interaction. In earlier studies, this feature was found for
submonolayer coverage of PTCDA on Sn-2./3, where it was suggested
that it might be related to a shakeup feature from the perylene core
[19]. On the other hand it was not found for PTCDI on Ag/Si(111)-
V3 x /3 [20], henceforth Ag-J/3, which would suggest that it could be
due to an interaction between the perylene core of the molecules and
the Sn-2./3 substrate.

Considering the BE position of h, it is reasonable that it is derived
from the perylene core, rather than the imide group. Also, the differ-
ence in total relative intensity of components a—c at 0.5 ML (75.96%)
and 5.0 ML (82.17%) is 6.2% which fits quite well with the 7.23% for

Fitting parameters for the components used in the N 1s peakfit shown in Fig. 5. The table contains binding energy Ey (eV), relative integrated intensity I, and the

FWHM (W) of the Gaussian (eV).

0.5 ML 1.5 ML 2.5 ML 5.0 ML
Ep Lt We Ep Lret We Ep Let We Ep Tret Wg
a 400.59 77.64 % 1.25 400.45 78.14% 1.13 400.48 84.57% 1.09 400.48 74.06% 1.08
b 398.55 17.39 % 1.14 398.76 15.85% 1.29 398.89 9.67% 1.33 398.98 18.77% 1.19
c 402.27 4.97 % 1.52 402.19 6.01% 1.58 402.24 5.76% 1.77 402.41 7.17% 2.12
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Fig. 6. C K-edge NEXAFS spectra of PTCDI on Sn/Si(111)-2+/3 x 2+/3 recorded
at 70° incidence angle. The insert shows the incidence angle relative the sample
normal.
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Fig. 7. O K-edge NEXAFS spectra of PTCDI on Sn/Si(111)-24/3 x 2+/3 recorded
at 70° incidence angle. The insert shows the incidence angle relative the sample
normal.

component h at 0.5 ML PTCDI coverage. This would suggest that 2
carbon atoms per perylene core may be involved in this interaction. If
component h is due to a part of the perylene core that is involved in the
interaction it would mean that this particular part donates charge, as h
is positioned at higher BE than the main peak. At a first glance, this does
not fit with the behaviour of the Sn core levels of being shifted to higher
BE positions. However, the Sn 4d component b does have a 0.16 eV shift
towards lower BE when 0.5 ML PTCDI was evaporated onto the sub-
strate. But considering the rather complex charge redistribution among
the Sn atoms, it is impossible to conclude that the shift of the b com-
ponent in Sn 4d is due to the interaction which would result in the C 1s
component h.
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Fig. 8. Valence band spectra of PTCDI on Sn/Si(111)-2/3 x 24/3 recorded in
normal emission, using a photon energy of 60 eV.

On the other hand, the interaction with the substrate shifts the
perylene-core related main features towards lower BE, especially
component a that shifts about 0.5 eV between 0.5 and 1.5 ML coverage.
This would suggest that also the perylene core, mainly the carbon bond
with hydrogen, receives charge in the interaction with the Sn-2+/3
surface. Interestingly, the shift towards higher BE of the components in
the perylene core does not saturate until a coverage of 2.5 ML. This is
very similar to what is seen in the O 1s spectra, where the main peak
shifts about 0.2 eV towards higher BE from 0.5 to 2.5 ML PTCDI cov-
erage. Considering that the changes to the Sn 4d core levels are satu-
rated between 0.5 and 1.5 ML, the shifts in the C 1s and O 1s core levels
above 1.5 should therefore be attributed to intermolecular interactions
rather than substrate/molecule interactions. It has been shown that
PTCDI grows in island mode above 1 ML on Sn-2+/3, and that molecules
grow according to the canted structure within the layer of the islands
[14]. For this reason, the intermolecular interactions are most likely
C-H "0 and N-H'O hydrogen bondings within each layer together
with 7-7 interactions between the layers [19].

The aforementioned shift for the main peak is the only change to the
O 1s spectra, i. e. no large shifts or new components are found at low
coverages. This is unexpected at first glance, considering the strong
interaction between the substrate and the imide group which is re-
vealed in the C 1s core levels, and the fact that an extra component in O
1s was found at submonolayer PTCDI coverages on the more weekly
interacting substrate Ag-/3 [20]. However, the intensity shift from C 1s
component d to e at low coverages has previously been observed for
PTCDI on both Ag(111) and Cu(111). In neither of those cases could an
extra component be found in the O 1s spectra but an extra component
was found on the low BE side of the main peak in N 1s [4]. This is again
similar to the situation found here for PTCDI on Sn-2+/3, where the low
BE component b is fairly strong at 0.5 ML coverage and loses relative
intensity up to a coverage of 2.5 ML.

The changes in the N 1s core levels is especially interesting when
comparing the results from the recent STM study of PTCDI on Sn-2/3
[14]. Up to coverages of about 0.5 ML, single molecules or rows of
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molecules were found on the surface. The interaction between mole-
cules in the most common rows were O'*'H-C hydrogen-bondings. This
is in stark contrast to what is more commonly found, namely structures
involving O ""H-N hydrogen-bondings [21]. This makes this system
unique considering that any interaction at coverages below 0.5 ML
which involves the nitrogen atoms must be with the surface itself, not
other molecules. It can therefore be definitely concluded that some of
the nitrogen atoms do receive charge from the surface. In addition,
O*"H-C hydrogen bonding could cause the higher BE shift of the two
neighboring carbon atoms, which may result in the component h.

The changes in the N 1s core level spectra need more discussions. At
coverages between 0.5 and 1.0 ML, 2D structures started to form and
several of these involve the O *"H-N hydrogen-bondings. Also, above 1
ML new molecules that are adsorbed onto the surface can not interact
with the substrate. These two factors together do explain why the low
BE feature in the N 1s spectra is weakened with increasing PTCDI
coverages. The increase of component b from 2.5 to 5.0 ML spectra is
however unexpected. This change could in principle be due to inter-
molecular interactions between molecules in different layers, similarly
to what was found for in the C and O 1s spectra at higher coverages, but
this has not been found previously for high coverages of PTCDI on Au
(111) or Ag~/3 [4,7].

Since the increase of the N 1s component b at high coverage cannot
be due to molecule-substrate interaction, the difference in film mor-
phology on the Ag-/3 and Sn-2+/3 substrates must be considered. The
STM studies of PTCDI on Ag-/3 and Sn-2./3 showed that the growth
modes on the two surfaces are very different. On Ag-/3 the growth
mode is layer-by-layer while island growth after the first ML is found on
Sn-2+/3 [7,20]. A morphology with high islands with a fairly small top
area will have a significant amount of molecules sitting on the edges of
the islands. These edge molecules will have missing intra layer inter-
actions, i.e. they no longer participate in the typical N-H *"O intra layer
interaction. The molecules that are towards the edge will therefore have
a different chemical environment and are likely to have a different inter
layer interaction. For these reasons, we tentatively attribute the low BE
N 1s component at high coverage as a charge effect due to the N'""H
bonding between different layers, which is enhanced by the special
island growth mode.

The molecule/substrate interaction also affects the HOMO and
LUMO levels, as seen in the UPS and NEXAFS spectra. All valence band
spectra have a feature 2.3 eV below the Fermi level. This state is close to
where the regular molecular HOMO for PTCDI has been found pre-
viously [7,18], and is also assigned as the HOMO on this surface. In-
terestingly, in the 0.5 ML spectrum there is another clear state above
the HOMO level, denoted as HOMO’ in Fig. 8, which is located at 1.1 eV
below the Fermi level. The existence of the extra HOMO’ state at low
PTCDI coverages is accompanied by a complete removal of transitions
to the first LUMO level in NEXAFS. This can be seen in the C K-edge
spectra, but is most clearly seen in the O K-edge spectra where the first
transition a is entirely gone at 0.5 ML coverage. At 1.5 ML the feature a
is clearly visible, but its intensity is similar to that of feature b and with
increasing PTCDI coverages a becomes the dominant feature.

Here it is interesting to compare the Sn-2+/3 surface to the Ag—\/?
surface. In the case of PTCDI on Ag-/3 the transitions to LUMO were
severely weakened, but still visible at low coverages. Also, valence band
spectra and scanning tunneling spectroscopy found four states around
the Fermi level: One close to the regular HOMO level of PTCDI at 2.5 eV
below the Fermi level (H), another filled state at 1.5 eV below the Fermi
level (H”), a third filled state were found 0.3 eV below the Fermi level
(L) and one empty state close to the regular LUMO level of PTCDI at
1 eV above the Fermi level (L). These states were then explained by a
split of the HOMO and LUMO levels in combination with charge
transfer: The HOMO-LUMO gap of the molecules is lowered due to the
molecules interacting with the electric field from the Ag-J/3 surface.
Further, there are two types of molecules on the Ag-/3 surface due to
molecules attaching to different adsorption sites. These two have
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different electronic configurations and hence different HOMO and
LUMO levels. One type of molecules weakly receieve charge in the in-
teraction and shift the energies level of the molecules to the point where
its LUMO is filled and the frontier orbitals of this type is therefore H and
L’. The frontier orbitals of the other type is H’ and L. The existence of
these two types of molecules could also be seen in STM where they had
different contrast at certain biases [7,20,22].

For PTCDI on the Sn-2+/3 surface there is a very different situation.
In the STM investigation of this system, all molecules were found in the
same adsorption geometries and the molecules did not have different
contrast at any tunneling bias, so there was no clear evidence of two
types of molecules. It was also found that the LUMO is located ap-
proximately 1.0 eV above the Fermi level [14]. Also, the core level data
implies strong charge transfer from Sn, which directly involves the
imide carbon and nitrogen, but not the oxygen atoms. On the Ag—/3
surface, all imide related features have an extra feature on the low BE
side in carbon, oxygen and nitrogen core levels at low coverages. Fur-
ther, the lack of transitions to the first LUMO level is found here for
PTCDI on Sn-2+/3. This, in combination with the existence of only one
extra state in the valence band at low coverages, would suggest a
splitting of the HOMO level, resulting in HOMO’, and a lowering of the
LUMO but again it is of a completely different nature than that for
PTCDI on Ag-/3 where two extra states were found below the Fermi
level.

A stronger interaction with the imide related carbon atoms and only
one molecule configuration for the interaction on Sn-2+/3 would also
explain one big difference in the C 1s spectra when comparing with Ag-
V3, namely the switch in intensity of component d and e. For PTCDI on
Ag-/3 a partial shift from d to the position of component e was found
where the two components had similar relative intensity at low cov-
erages, which again was explained as only one of the type of molecules
receiving charge [7]. Here on Sn-2+/3 there is a more complete shift
from d to e, but d still has about 25% of its relative intensity at low
coverages compared to high. However, assuming that component e in
the 0.5 ML spectrum mainly is the component d that has been shifted to
lower BE one must also remember that this component has its own
shakeup (f at higher coverages). The shakeup should be positioned
about 1.3eV above the imide related component. This means that
component d at 0.5 ML to a large part should be considered as a sha-
keup component and consequently the shift from d to e as complete.

The changes due to the molecule/substrate interaction in the C 1s
and O 1s spectra found in this work for PTCDI on Sn-2v/3 are very
similar to those for PTCDA on the same substrate [19]. This was to be
expected considering that PTCDA [23,24] and PTCDI [14] had very
similar adsorption geometries on Sn-2+/3. However, PTCDA was found
to have a stronger tendency to form 1D rows at low coverages and also
formed larger patches of 443 x 2+/3 reconstruction. This would imply
that PTCDA is slightly more mobile on the surface compared to PTCDI.
At a first glance the C and O 1s core level spectra do not appear to
support this. The two series of spectra show very similar behaviours for
PTCDI and PTCDA on this substrate. Looking carefully, the three
oxygen atoms in the carboxylic anhydride group are more electro-
negative than the two oxygen and the N-H in the imide counterpart,
and hence the carbon atoms in the endgroup of PTCDA have slightly
larger positive partial charge than the ones in PTCDI. Therefore the
interaction found for both PTCDI and PTCDA on Sn-2+/3, namely charge
transfer from the substrate to carbon atoms in the endgroups, would be
stronger for PTCDA rather than PTCDI. However, the N 1s core level
spectra show that the nitrogen atoms are also involved in the interac-
tion with the substrate, and the combination of charge transfer to the
carbon and the nitrogen atoms in the endgroup of PTCDI could result in
a overall stronger interaction with the substrate compared to PTCDA.
Also, comparing the energy position of the extra state close to the Fermi
level in the valence band spectra for the two molecules, they are located
at 1.1 and 0.8 eV below the Fermi level for PTCDI and PTCDA respec-
tively. The deeper position of this state for PTCDI indeed indicates a
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stronger interaction between PTCDI compared to PTCDA and the Sn-
2+/3 surface.

5. Conclusions

The electronic structure of PTCDI on Sn/Si(111)-2v/3 X 2+/3 has
been studied using high resolution XPS, UPS and NEXAFS. The results
show a strong molecule/surface interaction which causes changes to the
Sn 4d, C 1s and N 1s core level spectra. Also the HOMO and LUMO are
modified as shown by VB and NEXAFS spectra. The interaction involves
a charge transfer from the surface Sn atoms to the PTCDI molecules and
in particular a significant charge donation to the imide carbon and
partially to nitrogen atoms. This charge donation results in a splitting of
the HOMO level and lowering of the LUMO level. This is seen in
NEXAFS as missing resonance features and in the VB as an extra filled
state (HOMO’) at 1.1eV. Thus our high resolution XPS, UPS, and
NEXAFS data are in good agreement with the recent STM results.
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