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ABSTRACT

ions or
electrons

Colloidal gold nanoparticles represent technological building blocks which are easy to fabricate while keeping full control of their shape and dimensions.

Here, we report on a simple two-step maskless process to assemble gold nanoparticles from a water colloidal solution at specific sites of a silicon surface.

First, the silicon substrate covered by native oxide is exposed to a charged particle beam (ions or electrons) and then immersed in a HF-modified solution of

colloidal nanoparticles. The irradiation of the native oxide layer by a low-fluence charged particle beam causes changes in the type of surface-terminating

groups, while the large fluences induce even more profound modification of surface composition. Hence, by a proper selection of the initial substrate

termination, solution pH, and beam fluence, either positive or negative deposition of the colloidal nanoparticles can be achieved.

KEYWORDS: nanoparticle adhesion - nanofabrication - dual beam - FIB - silicon - gold - self-assembly - selective growth -

guided growth - surface potential

old nanoparticle arrays are utilized

in vapor—Iliquid—solid growth of

nanowires,"? where the interface
between the liquid eutectic droplet and
the substrate acts as a preferential nucleation
site, resulting in vertical nanowire growth with
the eutectic droplet on top of nanowires.® In a
reversed process, called metal-assisted chem-
ical etching, selective etchants are used to
remove the material just below the nano-
particle, thus forming nanopores or nano-
column arrays.*> Obviously, nanoparticle
dimensions (which directly determine the
nanowire/nanopore diameter) and position
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on the substrate are critical for further pro-
cessing and utilization. Additionally, metal-
lic nanoparticles are an intensively studied
subject in the field of plasmonics.®” For
example, a linear chain of nanoparticles
(e.g., gold or silver) acts as a plasmonic wave-
guide®'® where the subwavelength light
transmission is dependent on the nanoparti-
cle size and interparticle distance. Moreover,
such a linear chain can be utilized as a contact
electrode."”

Although the metallic particles of differ-
ent sizes are commercially available in col-
loidal solution, a significant issue is to place
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them onto a desired substrate site-selectively. Two
main approaches have been developed until now:
chemical recognition and electrostatic force attraction
of nanoparticles. Considering the chemical recognition
technique, the gold nanoparticles are usually bound to
thiolated DNA patterned by the means of electron
beam lithography."'>~"> The latter method utilizes
the fact that the colloidal particles bear a negative or
positive charge due to the presence of carboxylate or
amine end groups in the nanoparticle organic shell. To
bind the particles to specific substrate sites, the surface
should be electrically charged either by a positively
charged polymer layer'® 22 or by a direct injection
of an electrical charge into a charge-trapping layer
(electret).Z~%

For certain applications the presence of an interfa-
cial layer between the metal nanoparticle and the
substrate is detrimental. In nanowire growth, the thin
polymer layer residues may cause different nanowire
growth orientation and hinder the crystalline growth.?®
In another example, the plasmonic resonant frequency
of metal nanoparticles is strongly affected by the close
dielectric surroundings,®® and hence, the processing
layer would shift the surface plasmon resonances from
the desired ones. Therefore, an intensive effort has
been made to find a technique in which the interfacial
layer would be avoided. Direct patterning of insulating
substrates by charged particle beams was demon-
strated employing both ion and electron beams. 3033
However, the reported resolution is on a micrometer
scale, and inherently, the techniques presented so far
cannot be applied to pattern semi- or conductive
samples. Additionally, the ambiguous insight into the
patterning principles by particle beams is still prevail-
ing. Too much attention has been paid to the charge
polarity (ions or electrons) of the beams used for in-
itiation of the guided growth of the charged colloidal
particles. Here we demonstrate that the application of
both ions and electrons can lead to similar results in the
formation of patterns capable of attracting (positive
deposition) or repelling (negative deposition) nega-
tively charged Au colloidal particles. In contrast to
generally accepted explanation, we show that the
incoming beams alter the surface chemistry rather
than provide subsurface charging. The technique can
thus be also applied to semi- or conductive substrates
using 2 orders of magnitude lower fluences (~10'—
10" cm™) than conventional ion beam etching or
deposition (=10 cm ), allowing the placement of a
single isolated nanoparticle with precision of several
nanometers.

Our two-step process provides both positive and
negative deposition of patterns of gold nanoparticles.
The key factor in the selective particle—substrate
interaction is an interplay between the integral mod-
ifications of surface-terminating groups by changing
the pH of the colloidal solution and the local changes of
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the end groups at specific sample sites by their ex-
posure to focused ion or electron beams. To demon-
strate the technique, we have chosen a simple system
consisting of silicon substrates covered with native
oxide and negatively charged 20 nm spherical gold
nanoparticles (without any additional electret or poly-
mer layers). First, we will discuss the adhesion of gold
nanoparticles on a silicon substrate surface without
beam patterning. Then we will show how the beam
irradiation affects the nanoparticle adhesion and finally
give examples of guided positive or negative deposi-
tion of the nanoparticles from a colloidal solution to
specific sites of patterned samples.

Adhesion on a Bare Substrate. In Figure 1a, the zeta
(surface) potential of two distinct silicon substrates
with native oxide dipped in the colloidal solutions
having different pH is schematically shown. The as-
received 20 nm gold colloidal solution has a pH of 5.5,
which is above the isoelectric point of any silicon
wafer.3* The adhesion of gold nanoparticles from the
as-received solution is therefore efficiently prevented
(image lin Figure 1a) due to the repulsion between the
two negatively charged surfaces (—COO™ termination
of Au colloidal nanoparticles and —O~ termination of
the native oxide). To attract colloidal nanoparticles,
the solution has to be acidified below the isoelectric
point, turning the surface potential of the substrate to
positive values.3>~3” The acidification of the colloidal
solution results also in partial neutralization of —COO™
termination (formation of —COOH) of Au colloidal
nanoparticles, and hence, careless increasing of the
HF concentration would be detrimental to the stability
of the colloidal solution (aggregation of the nanopar-
ticles due to van der Waals forces).

Both studied substrates are covered with the native
oxide of similar thickness (proved by XPS); however,
due to distinct final wafer fabrication procedures (see
Methods), the surfaces are terminated in a different
way. The first sample, denoted as sample A, is initially
more hydrophobic due to the additional presence
of —H*® and Si—O—CH, end groups (see Supporting In-
formation, Figure S1), and sample B is hydrophilic due
to a majority of Si—OH end groups.®® These end groups
determine the surface potential because they can be
ionized via protonation (formation of —OH," at low
pH)*>737 or deprotonation (formation of —O ™~ at higher
pH)*” events in solutions with different pH. The analysis
of the oxygen peak in XPS spectra of both samples
reveals the distinct character of surface termination.
The O 1s and the oxide-related component of the Si 2p
peaks are shifted toward higher binding energies in
the case of sample B (see Figure 1b,c). The shift is
associated with the higher concentration of positively
charged species (—OH, ™) on the surface of sample B.>
The difference in sample properties is demonstrated by
the experiments on deposition of 20 nm gold nano-
particles (see Figure 1a). As the isoelectric point is
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Figure 1. Adhesion on bare Si substrates. (a) Schematic representation of the surface potential of silicon wafers with two
distinct isoelectric points. The images below show the Au nanoparticles' coverage on the sample surface after its 2 h
immersion in as-received colloidal solution (sample B, image I) and in the 3 mM HF-modified colloidal solution (sample A,
image lI, and sample B, image Ill). Image IV shows sample A after its 2 h immersion in the 12 mM HF-modified colloidal
solution. Scale bars, 200 nm. (b) O 1s peak in XPS spectra of pristine samples. A shift of ~0.4 eV toward higher binding energy
with respect to sample A is observed for sample B. (c) Similar shift is also observed for the oxide-related component of the Si

2p peak for sample B.

above pH 2.5 and 4 for samples A and B, respectively, to
deposit the colloidal nanoparticles on sample A (i.e., to
change the polarity of the surface potential), the pH of
the as-received colloidal solution (originally pH 5.5) has
to be lowered more than for the sample B (12 mM HF
concentration; see Figure 1a). Higher concentration of
HF causes dissolution of the initial surface termination
(—H and —CH, terminating groups) due to the pro-
nounced oxide etching (Supporting Information, Fig-
ure S1). Since the surface is being simultaneously
slightly reoxidized during etching due to the presence
of dissolved oxygen in solution, a thin oxide layer is still
present, however, this time terminated by the —OH
and —OH, " groups.3® The exchange of the surface end
groups is accompanied by turning sample A hydro-
philic, similarly to the sample B, and the positive sur-
face potential allows the deposition of negatively
charged nanoparticles (see image IV in Figure 1a).
The difference in isoelectric points of the two sub-
strates facilitates the positive and negative deposition,
as will be shown below.

Adhesion on lon-Beam-Modified Surfaces. To observe the
effect of the exposure of both types of substrates to
charged particle beams, their local modification by a
Ga' focused ion beam (FIB) was carried out. An array of
3 x 3 um? squares was prepared using different doses
of 5 keV ions and subsequently immersed in the 3 mM
HF-modified colloidal solution. The results of the nano-
particle deposition are shown in Figure 2a—d. In agree-
ment with the data presented in Figure 1, the nano-
particles adhered to an ion-untreated surface only in
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the case of sample B (Figure 2b,d, outside the exposed
square). However, the area irradiated by a low ion
fluence (1 x 10" cm~2) shows even higher nanopar-
ticle concentration than the surrounding surface of this
sample (see the nanoparticle concentration data in
Figure 2e). In the case of sample A, the nanoparticles
adhered properly to the area irradiated by the low
fluence of the ion beam only (Figure 2a). The XPS
analysis has shown that the O 1s peak for sample A is
slightly shifted toward higher binding energy after FIB
irradiation (see Figure 2g). With the ion fluence increas-
ing above 1 x 10'* cm™2, the density of the deposited
nanoparticles on irradiated areas decreases and the
nanoparticle adhesion is completely suppressed for
fluences higher than 8 x 10" and 1 x 10" cm ™2 for
samples A and B, respectively (Figure 2¢,d). In Figure 2c,
there is an apparent rim around the patterned square
on sample A with an enhanced nanoparticle adhesion,
which is caused by irradiation of the area surrounding
the desired pattern by lower fluences of ions in the
beam tail of the nongaussian beam.*® The XPS data
show a build up of a contamination layer after the
prolonged exposure (see Supporting Information, Fig-
ure S2) and, also, a shift of the O 1s peak back to the
lower binding energy. A detailed analysis of the SEM
images is shown in Figure 2e, where the dependence
of the nanoparticle concentration (as calculated from
the SEM images, see Methods) on the ion fluence is
presented. The horizontal line marks the concentration
of the particles on an unexposed surface of sample B.In
addition, we also show the data taken on sample B
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Figure 2. Depositon of gold nanoparticles from the colloidal solution on the beam-exposed areas. (a—d) KFM images (left) of
patterned substrates after ion irradiation and SEM images (right) after subsequent immersion in the 3 mM HF-modified Au
colloidal solution: sample A (a,c) and sample B (b,d). Patterning was done by 5 keV ions with a fluence of 1 x 10" cm 2 (a,b)
and 3 x 10"° cm~2 (c,d). The dimensions of the square patterns are 3 x 3,14m2 (as marked by the dashed red line in (a)). Due to
low magnification of the images, the individual nanoparticles cannot be resolved, but their presence is indicated by the
brighter areas (gray). () Au nanoparticle surface concentration (as counted from SEM images) as a function of ion fluence. The
horizontal line represents their concentration on the unexposed sample B (for sample A, this concentration is zero). (f) Contact
potential difference (measured by KFM) as a function of ion fluence for 5 keV Ga™ ions. The vertical dashed lines mark the
sputtering onsets for 5 keV (5 x 10'® cm 2) and 30 keV (1 x 10'® cm2) ions. (g) O 1s peak measured by XPS on sample A
irradiated by FIB. A shift toward higher binding energy is observed for 1 x 10" cm™2 fluence, corresponding to the
concentration maximum in (e). For a larger fluence (4 x 10'* cm™2), a shift toward lower binding energy is detected. O 1s
peaks associated with the pristine samples A (filled circles) and B (open circles) are shown for comparison. (h) SEM image of
the patterned sample A (fluence 8 x 10" cm™?) after its immersion in the 12 mM HF-modified Au colloidal solution. Negative
deposition is observed. Scale bars, 1 um.

after patterning by 30 keV ions. In this case, the ion The data presented in Figure 2 demonstrate that
fluence necessary to suppress nanoparticle adhesion both positive (Figure 2a) and negative (Figure 2d)
on sample B is more than 1 order of magnitude higher deposition can be achieved by a proper choice of initial
than for 5 keV. substrate termination and ion fluence. Additionally,
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Figure 3. Demonstration of negative and positive deposition and precision placement tests. (a) Examples of negative
deposition of 20 nm gold nanoparticles on sample B. After patterning by 5 keV Ga' ion beam with a high fluence (4 x
10"° em™2), the sample was immersed in the 3 mM HF-modified Au colloidal solution. The nanoparticles do not adhere to the
areas irradiated by the ion beam (hatched in red). Scale bars, 500 nm. (b) Regular arrays of 20 nm gold nanoparticles on
sample A patterned by the 30 keV ion beam (each spot exposed to the dose equivalent to ~2300 ions) and immersed into the
3 mM HF-modified Au colloidal solution (positive deposition). Ticks below the images mark the desired pattern periodicity,

including the pitch.

altering the pH of the colloidal solution provides an
alternative pathway for the positive/negative deposi-
tion on sample A. Such an experiment is shown in
Figure 2h. Using the colloidal solution with a lower pH
(12 mM HF-modified) and larger ion fluence (8 x
10" cm™), an inverse deposition to that presented
in Figure 2a on the same type of the sample is
achieved.

The inspection of ion-beam-patterned areas carried
out by Kelvin probe microscopy (KPM) before immer-
sion of the samples into the colloidal solution revealed
an increase in the contact potential difference (CPD)
with the increasing ion fluence for both samples first
(Figure 2f). Then, after reaching a certain maximum, the
CPD starts to decrease with the ion fluence in case of
sample B (Figure 2b,d, left, and Figure 2f). An identical
measurement on sample A revealed only a dip in the
CPD—ion fluence curve followed by a final increase to
its maximal value at the highest fluences (Figure 2a,c,
left, and Figure 2f). This behavior coincides with a
pioneering work by Stevens-Kalceff and Kruss,*® who
also observed an overall CPD increase after irradiation
by FIB up to certain ion fluences.

For low ion fluences, the measured CPD data
correlate with the adhesion behavior of colloidal nano-
particles on both samples because, with the increasing
local surface potential (being related to CPD),*' the
adhesion of negatively charged colloidal nanoparticles
increases and thus their concentration on the sample
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grows. The decrease of the CPD with the ion fluence
coincides with the decrease of nanoparticle concen-
tration on sample B. However, in the case of sample A,
the data of these two quantities do not correlate at
higher ion fluences at all, as the nanoparticle adhesion
is suppressed but the CPD gets even higher. This effect
is most likely connected to the more profound con-
tamination of surfaces at higher ion fluences.

In Figure 3a, an example of the negative selective
deposition of 20 nm gold nanoparticles is presented.
The nanoparticles adhere only to the areas not ex-
posed to FIB (sample B, 5 keV Ga™ beam, fluence 4 x
10" cm™2). In this way, the patterns of various shapes
filled in with randomly arranged colloids have been
achieved. However, the formation of sharp borders of
these patterns turned out to be difficult. This uncer-
tainty is caused by the low-intensity beam tail, result-
ing in undesired irradiation of the internal areas of the
patterns adjacent to the borders (the effect being most
visible in Figure 2¢,h). This effect can be minimized by
increasing the primary ion beam energy (which results
in a narrower beam column at the surface and subsur-
face layers), but it has to be compensated by the appli-
cation of higher ion fluences (as indicated in Figure 2e).
The capability of the technique to create an array of
regularly spaced 20 nm Au nanoparticles is demonstrated
in Figure 3b. First, rectangular arrays of localized irra-
diated spots with different pitches (distance between the
spots) were patterned on sample A by FIB. The sample
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was immersed into the 3 mM HF-modified Au colloidal
solution afterward. The most reliable and reproducible
results of this positive selective deposition method
were obtained for the pitch =120 nm and 30 keV
Ga™ beam. When the pitch is reduced, various proxi-
mity effects have been observed, mainly the adhesion
of more nanoparticles per a single spot, decreasing
placement precision, and loss of strict 2D periodicity.
The low-intensity ion beam tail again plays a significant
role since with the decreasing pitch the areas between
the desired nanoparticle positions get more and more
exposed to the ions. With the development of the
focused ion beam technique, it is reasonable to expect
the decrease of the pitch well below 100 nm. We also
expect to achieve an improved placement precision
using the focused electron beam.

DISCUSSION

The origin of the increase of the contact potential
difference measured by KFM on areas irradiated by the
ion beam is usually explained by the positive charging
of subsurface layers due to ion implantation and
secondary electron emission. It has been suggested
that the charging can occur due to the formation of an
amorphous zone below the ion beam impact site.*>~4*
Such an amorphized region exhibits a decreased
charge carrier mobility and concentration**~*¢ due to
the formation of defects acting as deep traps for
charge carriers.*>*” To test this hypothesis, we exposed
the samples also to an electron beam. In this case, the
amorphized zone is not formed and charge could be
potentially stored only at the native oxide/silicon inter-
face. However, we have observed behavior similar to
the ion-beam-irradiated samples. For low fluences, the
contact difference potential grows with the increasing
fluence, then it decreases and becomes negative for
very large fluences (see Figure S3 in Supporting
Information). To investigate the role of an amorphous
layer on charge trapping, similar experiments have
been carried out on the samples covered by prede-
posited amorphous silicon films with different thick-
nesses (Figure S4 in Supporting Information). Although
this film could potentially act as a charge storage
layer,*® these experiments show that the adhesion of
nanoparticles does not depend on its thickness or the
particle fluence and energy. Therefore, one can con-
clude that the charging caused by the charged particle
beam does not play a major role here. The additional
experiments show that the surface potential decay is
extremely slow (Figure S5 in Supporting Information)
and the CPD modification is detectable even a year after
the exposure, which should not be the case of sample
charging induced by the charged particle beam.

Taking into account the presented experiments, it is
evident that the surface chemistry of the silicon sub-
strate and especially of native oxide is a key issue to be
addressed. Both ion and electron beams induce an
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increase in surface potential of the substrate for low
fluences. Although the ion fluence is too low for
noticeable sputtering of substrate atomes, it is sufficient
to modify the atomic and molecular surface termina-
tion. In addition, the ion bombardment is likely to
induce surface roughness and thus to increase the
number of surface adsorption sites. The character of
irradiated surface-terminating species is dependent on
the pH of the colloidal solution. Although the hydrogen
and methoxy termination on the surface of the pristine
sample A is preserved in the 3 mM HF-modified solu-
tion, on the areas exposed to ions and electrons, it is
replaced by —OH and —OH, " termination, thus pro-
moting adhesion of the nanoparticles. On the surface
of sample B, the amount of positively charged termi-
nating groups is increased for low fluences on the
exposed areas, as well. The same results can be ob-
tained using an electron beam.

For larger ion fluences, the surface is significantly
damaged and the number of implanted Ga ions in-
creases. However, no Ga has been detected by XPS
(detection limit ~0.1%) even after partial oxide re-
moval by sample immersion in the 12 mM HF-modified
solution (see Supporting Information, Figure S2).
Hence, the isoelectric point of the silicon surface does
not decrease due to the presence of Ga, but it is most
probably caused by a different effect. Comparing
the XPS spectra of the areas irradiated by low and
large fluences, the major difference is a significant
increase of adsorbates on the surface (mainly fluorine;
see Figure S2), which is undoubtedly caused by the
beam-assisted deposition (resulting from decomposi-
tion of adsorbed hydro- and fluorocarbons on the
surface). We also note that fluorine and also carbon
are known to increase hydrophobicity of the silicon
surface.*® Hence, the prevention of the deposition of
colloidal nanoparticles can be attributed to the pre-
sence of a deposited contamination layer. The deposi-
tion induced by electron and ion beams becomes more
effective with the decreasing primary beam energy,*®
due to the fact that the decomposition cross sections
for many molecules, including hydro- and fluorocar-
bons, have a maximum for particle energy around
100 eV.>**" This statement holds for both ions and elec-
trons and explains why the ion and electron fluences
required for negative deposition increase with the
primary beam energy (Figure 2e). lons are, however,
more efficient than electrons, especially at low fluences
where the surface sputtering is negligible.

The proposed link between the surface termination
and hydrophilic/hydrophobic properties of the surface
explains also the nature of the CPD increase after beam
irradiation. The increase of CPD with relative humidity
was previously observed on SiO, substrates and attrib-
uted to the net positive charge or dipole formation on
the surface with the increasing water layer thickness.”’
In our experiments, the hydrophilic —OH-terminated
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areas (pristine sample B or low-fluence-exposed areas
of samples A and B) show a CPD increase due to water
adsorbed from ambient atmosphere, and in contrast,
more hydrophobic —H- and —CHs-terminated areas
(sample A and high-fluence-exposed areas of samples
A and B) show a CPD decrease. The nature of the CPD
increase for fluences above 8 x 10" cm ™2 (Figure 2f) is
still under debate and will be a subject of further
investigation.

CONCLUSIONS

In summary, we have proved that the surface chem-
istry of the native silicon oxide modified by charged
beams is responsible for the selective deposition of
gold colloidal nanoparticles. By varying pH of the
colloidal solution and fluence of the charged beam
irradiating the sample surface, the control over adsorp-
tion of colloidal nanoparticles is achieved. Precise
tuning of these parameters results in the deposition
on both exposed or unexposed areas (positive or nega-
tive lithography, respectively). As an example of the
positive deposition, we have demonstrated a simple
maskless two-step process for the selective assembly
of single gold nanoparticles with a 20 nm diameter
with the pattern pitch parameter down to 140 nm onto
silicon substrates covered with a native oxide layer.

METHODS

Wafer Fabrication Steps. Sample A (Siltronix, Si(111), resitivity
0.01 Q-cm) was dried in hot isopropyl alcohol after the last SC1
bath, resulting in —H and —CH, termination of the native silicon
oxide. In comparison with sample B, the presence of these
surface groups increases the hydrophobicity of the surface. The
last fabrication step in the case of sample B (ON semiconductor,
Si(100), resistivity 6—9 €2-cm) was rinsing in ultraclean water.
Hence, the grown native oxide is —OH-terminated and hydro-
philic. To exclude other possible explanations, we have also
used Si(111) with a resistivity of 0.03 Q-cm, treated in a similar
way to sample B. Gold nanoparticle adhesion experiments have
shown that the surface crystallographic orientation or doping
level of the substrate does not play a significant role and that
the surface termination is crucially dependent on the final
fabrication step only.

Charged Particle Beam Patterning. The sample exposures were
done using the FEI Helios Nanolab dual beam microscope. Each
pixel of the test square patterns was exposed to the beam only
once (single-loop scanning), and the beam overlap was set to a
conventional value of 50%. The Ga* ion beam current was kept
small (3.9 pAfor 5 keV, 10 pA for 30 keV) to reduce the beam size
to 20 and 10 nm, respectively, increasing thus the pattern
resolution. The exposures were done at pressures below 2 x
107 Pa; this is crucial for minimizing beam spreading, especially
for low-energy ion beams (<5 keV). The exposures to electron
beams with energies below 1 keV were done in a retarding field
arrangement by applying high voltage to the sample, resulting
in reduced landing energy of electrons.

Nanoparticle Concentration Evaluation. To calculate the particle
concentration on the surface, high-resolution SEM images were
acquired on different parts of the samples. Each data point in
Figure 2e was calculated from a sample area covered with
several thousands of nanoparticles to get reasonable statistics.

Additional Experiments: XPS and KFM. Both XPS and KFM ana-
lyses of patterned samples were carried out within several
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In the case of the negative deposition, random assem-
blies of gold nanoparticles within the patterns outlined
by areas irradiated by a high-fluence charged particle
beam were prepared. Even though the placement of a
single isolated nanoparticle can be done with a preci-
sion of several nanometers, the existing proximity
effects result in misplacing particles being part of
arrays if the pitch smaller than 120 nm is used. These
effects can be lowered using a better defined beam
(preferentially electrons). Moreover, the exposure of
patterned samples to ambient atmosphere could be
replaced by an in situ exposure to specific gaseous
precursors inside the microscope chamber. In this
way, a better control over the adsorbed species and,
thus potentially, the patterning resolution should be
achieved.

Since no electret/resist layer has been involved in
our approach, the presented method is suitable for
fabrication of functional nanostructures where precise
control over the position, concentration, and, addition-
ally, nanoparticle/substrate interface is required. In this
way, the gold catalyst for nanowire growth could be
placed to a desired position directly on a Si substrate,
as well as an array of gold nanoparticles for plasmonic
applications, where the properties of substrate dielectric
materials essentially affect their resonance frequencies.

minutes after removing the samples from the dual beam
microscope. For the XPS analysis, the samples were introduced
into an ultrahigh vacuum system equipped with a conventional
X-ray source (Al Ka, 1486.6 eV) and hemispherical analyzer (both
Omicron). To increase surface sensitivity, the electron exit angle
was set to 11° with respect to the surface plane. The recorded
peaks were fitted with the Voigt functions. The contact potential
differences were measured by a SPM setup (NT-MDT) in the KFM
mode using Au-covered silicon cantilevers (NSG 10 Au — NT-
MDT) under ambient atmosphere conditions (relative humidity
45—-55%) at room temperature (22 °C).
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