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M
olecular electronics offers an alter-
native to conventional silicon elec-
tronics where individual or groups

of molecules can be used as the functional
building blocks of electronic devices. For
a reliable functioning of such devices, it is
necessary, on one hand, to decouple the
electronic structure of the molecules from
that of the substrate.1 This can be achieved
by using insulating surfaces as substrates,
such as alkali halides.2,3 On the other hand,
control of the structural and electronic prop-
erties of the molecular layer, such as the
surface electrostatic potential or dipoles, is
required.4�6 Of special interest is the initial
stage of formation of thin films and their
stability, i.e., their dewetting properties.7 The
main techniques used for characterizing
molecules on surfaces, such as photo-
emission and scanning tunneling micro-
scopy, rely on the interaction of electrons

with the surfaces. Thus, most studies have
been limited to conductive surfaces. The
development of scanning force microscopy
has allowed identifying the structural prop-
erties of molecules on insulators.8 Moreover,
Kelvin probe force microscopy (KPFM) has
the capability of detecting surface potential
variations down tonanometer resolution.9,10

In KPFM, a scanning force microscope is
used to measure the electrostatic forces on
the sample surface. For metals, these forces
originate from work function differences
between the tip and the sample. Applying
an appropriate voltage to the sample or to
the tip, the electrostatic forces can be mini-
mized and the contact potential difference
(CPD) determined. If the sample is covered
by a thin overlayer of another material, the
work function can change, e.g., due to elec-
tron transfer and structural relaxation at the
interface. Only recently has KPFM started to
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ABSTRACT In the field of molecular electronics, thin films of molecules

adsorbed on insulating surfaces are used as the functional building blocks of

electronic devices. Control of the structural and electronic properties of the thin

films is required for reliably operating devices. Here, noncontact atomic force and

Kelvin probe force microscopies have been used to investigate the growth and

electrostatic landscape of pentacene on KBr(001) and KCl(001) surfaces. We have

found that, together with molecular islands of upright standing pentacene, a new phase of tilted molecules appears near step edges on KBr. Local contact

potential differences (LCPD) have been studied with both Kelvin experiments and density functional theory calculations. Our images reveal that differently

oriented molecules display different LCPD and that their value is independent of the number of molecular layers. These results point to the formation of an

interface dipole, which may be explained by a partial charge transfer from the pentacene to the surface. Moreover, the monitoring of the evolution of the

pentacene islands shows that they are strongly affected by dewetting: Multilayers build up at the expense of monolayers, and in the Kelvin images,

previously unknown line defects appear, which reveal the epitaxial growth of pentacene crystals.

KEYWORDS: pentacene . epitaxial growth . dewetting . alkali halide . Kelvin probe force microscopy .
noncontact atomic force microscopy . density functional theory calculations
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be applied to insulating materials11 and molecules
deposited on bulk insulators.12�14 On semiconducting
or insulating materials, not only work function and
ionization energy differences can cause such electro-
static forces but also localized charge, e.g., from charge
transfer or interface dipoles. Electrochemical equilibri-
um is reached when the Fermi level between the tip,
the sample, and its back electrode is aligned. In the
case of wide band gap insulators, such as alkali halide
crystals, this equilibrium is reached only after long
times such that the bulk Fermi level may not be well-
defined.15,16 Thus, the contact potential can vary from
measurement to measurement.12,16 Hence, it is more
appropriate to focus on the variation of the contact
potential difference along the surface (LCPD) rather
than on its absolute value.16

In thiswork, we have investigated the geometric and
electrostatic structure of pentacene islands onKBr(001)
and KCl(001) surfaces by dynamic force microscopy
and Kelvin probe force microscopy. Pentacene, among
other organic molecules, has shown to be a promising
p-type organic semiconductor that can be used to
produce organic thin film transistors.17 Our results
reveal that besides the well-known phases of upright
standing molecules, a phase of tilted pentacene is
formed on some KBr samples. We also have found that
differently oriented phases of the molecules cause
different interface dipole or charge densities on the
surface, which is discussed using density functional
theory (DFT) calculations. The dewetting of the penta-
cene islands results in a change of the morphology of
the islands, and mutilayers grow at the expense of
monolayer islands. KPFM images reflect characteristic
line defects on the islands. In monolayer islands, we
ascribe them to domain boundaries, whereas in multi-
layer they indicate the growth direction of an epitaxial
crystallization.

RESULTS AND DISCUSSION

Figures 1 and 2 show the KBr and KCl (001) surfaces
after molecular deposition at room temperature. The
majority of the islands display an apparent height
of 1.65 ( 0.10 nm; see linecuts in Figures 1e and 2c.
This length corresponds approximately to the length of
a molecule, pointing to an upright standing configura-
tion of pentacene (type 1 islands). The heightmeasure-
ments were cross-calibrated with the apparent height
of substrate steps (0.33 nm for KBr(001) and 0.31 nm
for KCl(001)) and determined from measurements
where the electrostatic forces were compensated by
using KPFM.18 The islands grow across substrate step
edges by shifting themolecular layer vertically without
additional deformations detectable at this scale.
Previous works devoted to the growth of pentacene

on alkali halides with X-ray diffraction, high-resolution
electron diffraction, and AFM observed similar
islands.19�22 Our group has previously published

high-resolution NC-AFM images of pentacene on KCl-
(001).22 Layers and islands of nearly upright standing
molecules on the KBr(001)19 and KCl(001) surfaces19�21

have been reported in mainly two phases: the thin
film23,24 and the bulk phases.25�27 While molecules in
the thin film phase are oriented nearly perpendicular
to the substrate, in the bulk phase they show a tilting
angle of approximately 75�, thus displaying a slightly
smaller height.28,29

Together with the islands of upright standing mol-
ecules, in some KBr samples a second type of island
with a height of 0.45( 0.05 nmhasbeen found (type 2),
e.g., Figure 1c and e. Owing to their reduced height, we
assume that the pentacene molecules in these type 2
islands are arranged in a flat-lying or tilted fashion.
On single-crystalline metal surfaces, such as Ag(111),
Au(111), Cu(110), or HOPG, phases of flat-lying mol-
ecules are well known.30�34 On HOPG this flat config-
uration is present only for submonolayer growth.33

On KBr(001) and KCl(001) no strong interaction of
the molecules with the surface is expected. Thus, we

Figure 1. (a�d) Topography and corresponding Kelvin
probe images of pentacene islands on KBr(001). (a and b)
LCPDbetween themolecular islands, the alkali halide surface,
and the substrate step edges are noticeable. γ = 0.08 fN

√
m.

(c and d) Three different types of islands are distinguished.
Type 1 is the same kind as the island in image (a) and (b).
Type 2 and 3 display lower step heights. γ = 0.31 fN

√
m. (e)

Line profile of the linecut in (c) that determines the topo-
graphic height of type 1 and 2 islands. (f) Histogram of the
LCPD values in (d). The substrate orientation is indicated in
the insets of (a) and (c).
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believe that the adsorbed molecules are arranged in a
tilted fashion, probably forming rows of parallel mol-
ecules due to π�π stacking, as suggested in the model
in Figure 1e. This configuration is consistent with the
measured apparent height of 0.45 nm and a tilting
angle of approximately 30�, which agrees with the one
found in the crystal structure of the bulk and thin film
phases.24�26 Type 2 islands do not grow over step
edges but are confined on a terrace. They appear to
extend aligned along the step edges. Presumably, they
grow from the step edges of the terraces that are not
exactly oriented along the Æ100æ directions, which are
the preferred orientations of the step edges on the
(001) surfaces. Indeed, this type of island is observed
only for the case in which the substrate has a large
amount of higher indexed surface steps. This seems to
be plausible, since it has been reported that molecular
layers form special structures by confinement through
substrate step edges.35 The influence of the geome-
trical and electronic structure, e.g., charge, of the higher
indexed step edges should also be considered as an
important determining factor.
A third kind of island with a stripe-like shape is

additionally observed in the samples in which type 2
islands are present; two of them are marked with
number 3 in Figure 1c. These islands display a similar
apparent height to type 2 pentacene, making their
classification ambiguous. In order to understand the
nature of the different islands, Kelvin measurements
have been analyzed.
KPFM images in Figure 1b and d and Figure 2b show

that the type 1 and 2 molecular islands as well as the
substrate step edges display a significant LCPD com-
pared to the terraces. The strong Kelvin contrast at step
edges has already been discussed in the literature:11,36

Monovalent alkali halide type ionic crystals contain a
small but noticeable amount of positively charged
bivalent impurities such as Mg2þ or Ca2þ. These im-
purities are distributed evenly in the bulk crystal. The
counterparts that maintain the charge neutrality are
mostly anion vacancies, which gather at step edges at
the surface, where their coordination is reduced. Thus,
the step edges are negatively charged compared to
the terraces, which corresponds to positive contrast in
KPFM images following the description given by Barth
et al.11,13,36 On the contrary, type 1 and 2 pentacene
islands appear darker than the terraces,meaning either
that they are positively charged compared to the
substrate or that a dipole moment is induced within
the molecular layer or at the molecule�substrate
interface, which points upward, i.e., with a positive
partial charge at the top of the pentacene layer and a
negative partial charge close to the surface.
After analyzing the measured KPFM values we ob-

tain that, on average, upright standing molecular
islands on KBr (type 1) have an LCPD with respect to
the crystal surface of approximately �0.45 ( 0.10 V,
whereas the tilted ones (type 2) show an LCPD of
�1.08 ( 0.10 V; see Figure 1f. On KCl, the LCPD
between the upright standing molecules and the
substrate is �0.95 ( 0.10 V; see Figure 2d. The magni-
tude of these LCPD is comparable to previous results of
the adsorption of molecules on bulk insulators, e.g.,
PTCDA on NaCl(001)12 or triphenylene derivatives on
KBr(001).13 Type 3 islands, however, do not show any
significant contact potential difference with respect to
the substrate, apart from a bright contrast at their
edges, as in the case of the alkali halide surface step
egdes. Consequently, we ascribe such stripe-like pro-
trusions to KBr islands produced by slightly overheat-
ing during preparation. The KPFM measurements
permit us to unambiguously distinguish between
differently oriented molecules, since they give rise to
different LCPD values. This has also been observed for
other molecules on metal4,37 and insulating surfaces.13

It is important to understand where dipoles or
charges are formed in order to find the origin of the
different values of the LCPD. It is worth noticing that
in the pentacene islands grown on KCl and KBr there is
no difference between the LCPD measured on mono-
layers or on multilayers (see Figures 1c and 4). This
means that the dominant process causing the change
in LCPD occurs either at the first molecular layer due to
an adsorption-induced polarization or at the interface
between the pentacene and the alkali halide sub-
strate owing to an interface dipole. Previous studies
of pentacene on amorphous SiO2 surfaces show differ-
ences in the LCPD between different layers, indicating
a different behavior than in our system.38 In the case of
thin layers of insulating materials on metals, however,
the LCPD was independent of the number of insulator
layers, similar to our results.39 Moreover, electric force

Figure 2. (a and b) Topography and corresponding Kelvin
probe image of a pentacene island on KCl(001). γ = 0.24
fN
√
m. Also on KCl strong LCPD between the molecular

islands, the alkali halide surface, and the substrate step
edges are noticeable. (c) Line profile of the linecut in (a). (d)
Histogram of the LCPD values in (b).
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microscopy reports also ascribe the large contact
potential differences between pentacene and SiO2 to
the formation of an interface dipole.40

To explore the possible origins of the LCPD, density
functional theory calculations have been performed.
First, the local charge distribution in unperturbed
pentacene layers has been considered. As the simplest
way of modeling the LCPD values, we have plotted the
electrostatic potential on an isodensity surface (see
Supporting Information for details). For type 1 islands,
mainly the hydrogen atoms are probed by the tip,
while for type 2 islands the aromatic π-system is
exposed partly . In the latter case, a larger negative
electrostatic potential due to theπ-electrons should be
observed. But this effect is opposite of the one found
experimentally. Thus, the unperturbed local charge
distributions in pentacene layers can be ruled out as
responsible for the observed LCPD.
From the experimentally obtained LCPD values the

interface dipole per molecule can be calculated using
the Helmholtz equation:

μmol ¼ � ε0ΔUCPDAmol (1)

whereAmol is the surface area occupiedbyonemolecule.
For type 1 islands we obtain μmol = 9.53 � 10�31 C m,
assuming that the molecules are completely perpendi-
cular to the surface, and Amol = ab/2 = 0.239 nm2 (a =
0.790 nm and b = 0.606 nm25,26). The tilted molecules
(type 2) have a polarization of μmol2 = 9.27� 10�30 C m;
considering pentacene as a flat molecule, Amol = cb =
0.970 nm2 (c = 1.601 nm25,26). Thus, the induced dipole
moment in one pentacene molecule of type 2 islands
is 1 order of magnitude larger than for the type 1.
We mentioned above that there are divalent impu-

rities in the alkali halide's bulk and that negative
charges are located at kink sites in order to compen-
sate these charges.11 Still, over the terraces this positive
charge is not perfectly compensated and an electro-
static field is formed at the sample surface. This electric
field can induce an interface dipole moment in the
pentacene layer. The direction of the dipole moment
induced by a positive background charge is consistent
with the LCPD of the pentacene islands with respect
to the alkali halide terraces. To estimate the induced
dipole moments, the polarizability of a pentacene
molecule has been calculated with time-dependent
DFT (TDDFT). The polarizability of pentacene is strongly
anisotropic, and its component perpendicular to the
surface is twice as large for molecules in type 1 islands
as for those in type 2 islands (see Supporting Informa-
tion for details). Thus, one would expect type 1 islands
to show a larger absolute LCPD than type 2 islands,
which is not the case. Moreover, the adsorption-
induced polarization should become larger for multi-
layers of pentacene, which is not observed experimen-
tally. Hence, an adsorption-induced polarization
cannot explain the measured LCPD.

This leaves an interface dipole between the mol-
ecules and the surface as the remaining explanation for
the observed LCPD. The apparent positive charge of
the pentacene islands compared to the surface is
consistent with a partial transfer of electrons from
the pentacene molecules to the surface, which is in
line with the low ionization potential of pentacene.
Using the dipole moments per molecule determined
from the LCPD and assuming a separation of 0.5 nm
between the partial positive charge in the pentacene
molecule and a partial negative countercharge at the
surface, this would require the transfer of a partial
charge of 0.012 e per pentacene molecule in type 1
islands and of 0.118 e per pentacenemolecule in type 2
islands. Considering that in type 2 islands this charge
can be distributed over the whole π-system, while in
type 1 islands it has to be localized close to the surface,
these values appear reasonable. Such a charge transfer
at the molecule�surface interface is also consistent
with the observation that the LCPD is unchanged for
multilayers. Verifying this explanation of the LCPDwith
DFT calculations would require modeling both the
molecular layers and the alkali halide surface, which
we did not attempt here.
The stability of the pentacene layer is an important

issue for practical applications; therefore we have
investigated the evolution and changes of the molec-
ular islands' morphology on the time scale of hours
to days. We observe that the pentacene adsorbed
on the alkali halide (001) surfaces suffers from after-
deposition dewetting. Dewetting is known to be driven
by strain in the molecular layer, whichmay be released
by changing its internal structure.7 These changes lead
to three different visible effects: (1) The substructure
of monolayer islands gets more pronounced; (2) the
island edges and the area near the edges break and
holes appear; (3) multilayers build up at the expense of
monolayers.
When scanning with low cantilever amplitudes, a

substructure becomes visible on themolecular islands.
This substructure gets more pronounced with time,
especially for the islands grown on the KCl(001) surface.
Figure 3 shows islands several days after deposition.
The substructure consists of many line-shaped features
organized in some kind of domains with different
orientations; see Figure 3a�c. In each domain the sub-
structure lines point to similar directions, which are not
randomly oriented but seem to show some preferred
angles, as indicated by the given angles in Figure 3.
The morphology of the island edges is also affected

by dewetting: the borders fray and holes break, as it
can be seen in the images of Figure 3. The holes do not
break randomly, but their position is correlated with
the position of surface defects. Different surface de-
fects have been found on the alkali halide surfaces
owing to small differences in the preparation con-
ditions. Typically alkali halides show wedge-shaped
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terraces with sharp edges, while slight overheating of
the substrate results in round terraces and small islands
on top of them. Figure 3 illustrates the role of the
different defects: On surfaces with round step edges
and KCl islands, such as in Figure 3a and b, the holes
break preferably above the small islands. On samples
with clean, wedge-shaped terraces holes appear only at
the sharp edgeof the terrace, as indicated in Figure 3c. In
Figure 3b the initial shape of the molecular island is still
recognizable: the islands were aligned with the Æ100æ
directions of the KCl substrate. On such islands, holes
typically elongate along the directions of the substruc-
ture of the pentacene islands. Owing to these holes, the
island's shapemodifies into a fractal-like geometry. Such
a change of the island morphology toward dendritic
structures has alsobeenobserved for pentaceneonSiO2

in thermally activated dewetting experiments.41

The third change in the topography is the formation
of multilayers. In Figure 3c we can see how a second
layer grows while the lower layer decreases in size (i.e.,
the hole increases in size). In Figure 4a and c dewetted
islands with multilayer structure are presented (see
Supporting Information for details). The transforma-
tion of monolayers into higher-layered islands is a
common way of dewetting of molecules on alkali
halide surfaces7 and has already been observed on
pentacene adsorbed on other insulating surfaces.42

The dewettingbehavior of type 2 pentacene islands is
rather different than that of type 1 islands. Their borders
do not change much, their topography and Kelvin
contrast do not vary, neither do they form multilayers.
Some of the small islands surrounded by type 1 islands
disappear or are “absorbed” by the growth of the
multilayer, as we can see in Figure 4. Besides this,
the isolated islands become enlarged along the high-
indexed step edges at which they grow and remain
more or less stable in time, as shown in Figure 5. See
Supporting Information for details.

Further insight into the dewetting process is gained
by analyzing the Kelvin probe data. Figure 4 displays
the simultaneously obtained topographic and KPFM
data of dewetted molecular islands on KBr and KCl.
In Figure 4a and b, type 1 and type 2 islands of the
differently oriented molecules reported above are
clearly distinguished. In addition, a new feature is
observed in the surface potential of the multilayer
island that is not correlated with any visible topo-
graphic change on the surface, at least not in the
surface of the upper layer: a dark line crosses the island.
A similar line is observed in Figure 4d.
On monolayer islands much weaker dark lines are

observed in the KPFM images, and a few examples are
indicated by arrows in Figure 1b and d and Figure 2b.
These weak dark lines are distributed on the islands
and in some cases run parallel to the axis of the islands;
for example, in Figure 2 one line runs along the main

Figure 5. (a and b) Topography and corresponding Kelvin
probe image of the dewetting of pentacene type 2 islands
on KBr(001) after 3 days. γ = 0.08 fN

√
m.

Figure 3. Dewetting of pentacene islands on (a and b)
KCl(001) after 5 and 8 days, respectively. (c) KBr(001) moni-
tored over several days. The borders of the islands fray and
holes appear, mainly where defects such as step edges
or small substrate islands are present. (a) γ = 0.15 fN

√
m.

(b) γ = 0.09 fN
√
m. (c) γ = 0.04 fN

√
m.

Figure 4. Topography and corresponding Kelvin probe
image of the dewetting of pentacene islands on (a and b)
KBr(001) after 2 days. γ= 0.05 fN

√
m. (c and d) KCl(001) after

4 days. γ= 0.56 fN
√
m. Surprisingly, there are no differences

in the LCPDofmultilayers andmonolayers. A dark line at the
center of the multilayer island is revealed in the Kelvin
probe images.
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axis, andmany others run perpendicular to it. However,
inmultilayers the dark line in themiddle of the island is
the predominant feature. For the sake of clarifying its
role, a thorough analysis of such lines has been done
on all acquired data on dewetted multilayer islands.
Taking into account a margin of error owing to drift in
our scans, the results show that the dark lines always
run along the middle axis of the island and that they
follow preferred orientations. The angles of such or-
ientations with respect to the [100] axis correspond to
33� and 45� for pentacene islands on KBr, and 0�, 33�,
and 45� on KCl, and their equivalent directions. Exam-
ples are given in Figure 4b and d. These angles also
coincide with the ones followed by the substructure
lines observed in the topography (shown in Figure 3).
The dark lines of multilayers islands therefore indi-

cate the epitaxial relationship between the forming
pentacene microcrystals and the substrate. Further-
more, in Figure 4c, the alignment on the second-layer
(and higher) islands is identical, evidencing that they
mimic the structure of the underlying island; that is,
the higher layers of pentacene grow epitaxially with
respect to the first one.43 Typically pentacene crystals
grow with a rhomboid shape with two perpendicular
axes.43 These axes have been associated with the
herringbone structure characteristic on pentacene
crystals and its polymorphs.43 The fact that the island's
orientation follows preferred directions indicates
an epitaxial growth of pentacene on the KBr and KCl
(001) surfaces. The angles 0� and 90� may correspond
to nucleation controlled at step edges in which the
growth direction is given by the orientation of the step
edge. Angles of 33�may correspond to a point-on-line
epitaxy of the pentacenemolecular crystal with respect
to the alkali halide surface, confirming the observa-
tion of Kiyomura et al.19,20 Finally, 45�may correspond
to nucleation along one of the major crystallographic
surface directions. See Supporting Information for
details.
Throughout this paper, we have discussed that

the Kelvin contrast arises from the interface of alkali
halide�molecules owing to the formation of an inter-
face dipole. The LCPD value of the dark lines is larger
than the one of type 1 islands but lower than that of
type 2 islands. According to the earlier analysis, the
LCPD originates from a partial charge transfer from
the pentacene molecules to the surface. Since the
charge is differently distributed for distinct molecular
orientations, different LCPD are observed for distinct

molecular phases. This suggests a different arrange-
ment of the pentacene molecules along the dark lines.
Additionally, charge accumulation due to trapped
charges can occur in such areas, since the presence
of mobile charge carriers has been demonstrated.44

Consequently, we can explain the weak dark lines in
the monolayer islands as domain boundaries, where
the molecules may be differently oriented. This is
consistent with the appearance of a substructure in
the topography and with the previous observation of
domain boundaries in molecularly resolved images.22

On newly formed multilayer islands, the strong dark
lines along their middle axis, however, are not ex-
pected to be correlated with a domain boundary. Their
origin is therefore not straightforward to explain.
We tentatively ascribe them to nucleation seeds of
the new crystal, where different pentacene orienta-
tions, interactions with the substrate surface, or charge
accumulation occurs. This would explain their relation
with the epitaxial growth of the microcrystals.

CONCLUSIONS

We have investigated the growth and dewetting
properties of pentacene on alkali halide surfaces. We
have found that together with islands of upright
standing molecules a new phase of lying-tilted penta-
cene appears on KBr samples with a large amount of
high indexed surface steps, probably due to confine-
ment. All molecular islands display strong LCPD com-
pared to the substrate owing to a partial transfer of
electrons from the molecules to the insulating surface.
The charge is differently distributed for distinct molec-
ular orientations, leading to different LCPD values.
Insight into the crystallization process is gained

by observing the temporal evolution of the islands.
Induced by dewetting, the molecules rearrange, mod-
ifying the islands' topography, including a transforma-
tion of the two-dimensional monolayers into three-
dimensional microstructures. The analysis of the data
unveils an epitaxial growth of the pentacene on alkali
halide surfaces. The new multilayer islands display
a new feature in the KPFM images: a dark line that
runs along their middle axis. We relate such a line to
the epitaxial growth of the pentacene crystal and
tentatively explain its contrast by accumulated charge.
Summarizing, the monitoring of the crystallization

process of pentacene with NC-AFM and KPFM reveals
that not only the geometrical arrangement of the mol-
ecules is influenced but also the electronic properties.

METHODS

Experimental Details. The sample preparation and measure-
ments were carried out in an ultra-high-vacuum chamber with a

base pressure of less than 3� 10�10 mbar. Atomically clean KBr

and KCl (001) surfaces were obtained by cleaving single crystals

in air, immediately introducing the crystals to the vacuum
chamber, and heating them to about 400 K for 1 h. The
pentacene molecules were thermally deposited onto the sub-
strates after degassing the molecular source for several hours
at temperatures slightly below the sublimation temperature
(508 K). Samples were then transferred to an Omicron scanning
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force microscope (Omicron NanoTechnology GmbH, Germany)
equippedwith Nanosensors cantilevers (Neuchatel, Switzerland)
and a Nanonis phase-locked loop electronics (SPECS, Switzerland).
All measurements were carried out in the noncontact mode,
where the tip is oscillated at an amplitude of a few nanometers,
kept constant by a feed-back loop at resonance. The resonance
frequency of the cantilever is measured as it reduces when the
tip is approached to the sample surface under the influence of
the interaction of tip and surface. Topographical imaging is
carried out at constant frequency shift using cantilevers with
a force constant of 40 N/m and a free resonance frequency of
170 kHz. For Kelvin probe measurements performed in parallel
to the topographymeasurements, the voltage applied to the tip
was oscillated with a frequency of 2 kHz and an amplitude of 3 V
(frequency-modulation-mode of KPFM). For these measure-
ments, cantilevers with a platinum�iridium-coated tip, a force
constant of 3 N/m, and a free resonance frequency of 75 kHz
were used. For characterizing the NC-AFM images the normal-
ized frequency shift has been used: γ = ΔfkA3/2/f0. In order to
fulfill the description given by Barth et al.,11 i.e., negative charge
shows positive contrast, the contrast of the KPFM images has
been inverted.

Computational Details. DFT calculations were performed with
the AmsterdamDensity Functional (ADF) programpackage.45,46

The BLYP exchange�correlation functional47,48 was used in
conjunction with the TZ2P Slater-type basis set.49
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