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ABSTRACT: We study two types of water/alcohol-soluble
aliphatic amines, polyethylenimine (PEI) and polyethyleni-
mine-ethoxylated (PEIE), for their suitability as electron
injection layers in solution-processed blue fluorescent organic
light-emitting diodes (OLEDs). X-ray photoelectron spectros-
copy is used to determine the nominal thickness of the polymer
layers while ultraviolet photoelectron spectroscopy is carried
out to determine the induced work-function change of the
silver cathode. The determined work-function shifts are as high
as 1.5 eV for PEI and 1.3 eV for PEIE. Furthermore, atomic
force microscopy images reveal that homogeneous PEI and PEIE layers are present at nominal thicknesses of about 11 nm.
Finally, we solution prepare blue emitting polymer-based OLEDs using PEI/PEIE in combination with Ag as cathode layers.
Luminous efficiency reaches 3 and 2.2 cd A−1, whereas maximum luminance values are as high as 8000 and 3000 cd m−2 for PEI
and PEIE injection layers, respectively. The prepared devices show a comparable performance to Ca/Ag OLEDs and an
improved shelf lifetime.
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■ INTRODUCTION

Large-area solid-state lighting and TFT displays based on fully
printed organic light-emitting diodes (OLEDs) require the
development of stable and efficient solution-processable
cathode materials. One obstacle for the production of OLEDs
by high throughput printing techniques is the current use of
either alkali salts or low-work-function alkaline earth metals like
calcium or barium as cathode materials. These materials are
highly reactive, and thus they cannot be easily solution-
processed but have to be evaporated. Furthermore, humidity
oxidizes these cathode layers, limiting the lifetime of
OLEDs.1−5 In addition, it has been shown that already
submonolayers of Ca and Ba quench the photoluminance of
organic emitter materials.6−9

One promising approach for solution processable cathode
layers is the use of air-stable metals like aluminum or silver in
combination with water/alcohol-soluble electron injection
layers. Its solubility in highly polar solvents enables these
materials to be used in multilayer device architectures, as

commonly used emitting materials for OLEDs are not soluble
in highly polar solvents. In this context, different salts as well as
organic polymers with polar side chains have attracted attention
over the course of the last few years. Solution-processed cesium
carbonate and cesium stearate have been shown to be an
efficient electron injection layer for OLEDs if used in
combination with Al.10−13 However, Al cannot be solution-
processed but needs to be evaporated.
Several research groups have demonstrated that conjugated

polymers can be effectively used as electron injection layers in
OLEDs. In this respect, amino- or ammonium-conjugated
polymers have received a lot of attention during the last few
years.14−19 Amino-conjugated polymers usually require the
addition of small amounts of acetic acid to dissolve them in
polar solvents. To remove the acetic acid, these materials need
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to be dried in vacuum, making the OLED preparation more
laborious.20 In contrast, ammonium-conjugated polymers are
instrinsically soluble in highly polar solvents, but usually suffer
from ion migration because of their cationic nature. This can
negatively affect the turn-on times of OLEDs.14,15 Therefore,
nonionic water/alcohol-soluble polymers, which can be used as
electron injection materials, are more desirable.
Aliphatic amines, such as polyethylenimine (PEI) and

polyethylenimine-ethoxylated (PEIE), fulfill these require-
ments. It was demonstrated that 10 nm of PEI and PEIE
lower the work function of a variety of conducting substrates
through the formation of interface dipoles by about 1 eV.21−23

In 2008, Xiong et al. demonstrated efficient bottom-emissive
evaporated OLEDs using PEIE in combination with ITO as
cathode layer.24 Zhou et al. built efficient OLEDs with PEIE-
coated aluminum as cathode material, where all functional
layers besides PEIE were evaporated.21 Recently, Kim et al.
prepared highly efficient inverted OLEDs by using PEI and
ZnO as cathode material.25 However, only PEI and the emitting
layer were solution-processed. Furthermore, it was recently
shown that annealed PEI and PEIE (PEI(E)) layers are
insoluble in organic solvents.26 This could offer the possibility
of fully solution processed OLEDs by using PEI(E) in
combination with a printed metal electrode.
In this work, we present efficient solution-processed blue

fluorescent OLEDs using PEI(E) as electron injection layer and
investigate the correlation between OLED performance and
cathode properties. In contrast to previous work by other
research groups, three out of four functional layers are solution
processed with only the Ag cathode contact being evaporated.
As Ag can be printed by various printing techniques, the used
stack is very close to real world printing applications.27−30 In
the first instance, we examine the influence of the PEI(E)
thickness on the WF of evaporated Ag layers. X-ray
photoelectron spectroscopy (XPS) is used to estimate the
thickness of the prepared polymer layers and values between 2
and 12 nm are found. The resulting work-function shifts of the
Ag substrates are measured by Ultraviolet photoelectron
spectroscopy (UPS). These are as high as 1.5 eV for PEI and
1.3 eV for PEIE. Furthermore, the determined work functions
show a strong thickness dependency for small PEI(E)
thicknesses and a saturation for larger thicknesses. AFM images
indicate that the existence of these two regimes is related to the
polymer coverage of the Ag surface. In the case of small
thicknesses, the Ag surface is only partially covered, whereas it
is fully covered for larger thicknesses.
Subsequently, we solution-prepare blue fluorescent OLEDs

and vary the nominal thickness of the PEI(E) layers. Optimal
PEI and PEIE thicknesses yield a maximum luminance of about
4× and 1.5× the maximum value observed for our Ca reference
OLEDs. Finally, we show that OLEDs using PEI(E) as electron
injection layer exhibit improved shelf lifetimes compared to Ca-
OLEDs.

■ RESULTS AND DISCUSSIONS
Characterization of PEI(E) Films on top of Ag. To

produce PEI(E) layers with different thicknesses, we dissolved
both polymers in 2-methoxyethanol with various concen-
trations and spin-coated the solutions on top of silver samples.
X-ray photoelectron spectroscopy (XPS) was used to measure
the thickness of the polymer layers as it was too low to be
reliably measured by a profilometer. Panels a and b in Figure 1
show XPS measurements of the silver 3d signal of the PEI and

PEIE samples, respectively. As it can be seen, the 3d peak of the
silver layer is damped by the overlying polymer layer. This can
be used to estimate the nominal thickness of the PEI(E) layers
as

λ= ⎜ ⎟⎛
⎝

⎞
⎠d

I
I

1n 0

(1)

under the assumption that a closed polymer layer is present.31

Here, I and I0 are the integrated intensities of the Ag 3d signals
of the Ag/PEI(E) and pure Ag samples, respectively. The

Figure 1. XP-spectra of silver samples with spin-coated layers of (a)
PEI and (b) PEIE on top. (c) Nominal thickness of PEI and PEIE
plotted against the concentration of spin-coated solutions. The
determined thickness values follow a linear relation with respect to
the polymer concentration.
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inelastic mean free path of the Ag 3d photoelectrons within the
PEI(E) layer, λ, can be calculated according to the formula by
Gries.32

Measured nominal thicknesses increase for both PEI and
PEIE with increasing polymer concentration at constant spin-
coating parameters. In the case of PEI, the determined values
are between 3.4 nm for a concentration of 0.15 wt % and 11.5
nm for a concentration of 0.6 wt %. For PEIE, nominal
thicknesses are between 2 nm for a concentration of 0.06 wt %
and 10.5 nm for a concentration of 0.45 wt %. In Figure 1c, the
determined nominal thicknesses are plotted against the
corresponding concentration. It can be seen that the
determined values follow a linear relation with respect to the
polymer concentration.
The same samples were characterized by ultraviolet photo-

electron spectroscopy (UPS) in order to determine their work
function Φ (Figure 2, the corresponding secondary electron

edge spectra can be seen in Figure S1 in the Supporting
Information). For a 1.7 nm thick layer of PEI we measure a
decrease of the work function of silver by ΔΦ = 1.15 eV from
about 4.65 eV to a value of about 3.5 eV. Increasing the PEI
thickness to 3.4 and 5.4 nm leads to an even larger reduction of
the work function by about ΔΦ = 1.35 eV and ΔΦ = 1.5 eV to
values of 3.3 and 3.15 eV. At this thickness, the work function
saturates and a further increase in nominal polymer thickness to
6.3 and 11.5 nm does not lead to a further reduction of the
work function. In the case of PEIE, the same behavior was
observed. Whereas for a nominal thickness of 2 nm a reduction
of the work function by ΔΦ = 1 eV was determined, a PEIE
layer of 3.4 nm reduced the work function by ΔΦ = 1.25 eV to
a value of about 3.4 eV. At this point, the work function starts
to saturate and a further increase in nominal polymer thickness
up to a maximal value of 10.5 nm leads just to a marginal
decrease with a minimal value of about 3.35 eV.
The work-function reduction induced by PEI(E) has been

attributed to the formation of interface dipoles because of the
polymers’ polar side chains (see inset of Figure 2) and a charge
transfer between substrate and PEI(E).21 However, the exact
working mechanism is still the subject of ongoing research.
Kang et al. recently proposed a process of electrostatic self-
assembly between protonated PEI(E) amine groups and ITO
oxygen atoms to explain the WF reduction induced by
PEI(E).33 However, this process relies on the existence of
oxygen on the substrate surface. In our work, PEI(E) was
applied onto a clean Ag surface, with only a small amount of
adsorbed oxygen present at the surface (see Figure S2 in the
Supporting Information). Moreover, XP-spectra of our PEI(E)
layers on Ag show a symmetric N 1s core level (see Figure S3
in the Supporting Information). This indicates that all nitrogen
atoms have the same oxidation state and thus no protonated
amine groups are present in our samples. These findings
suggest that the WF reduction of Ag cannot be explained by the
mechanism proposed by Kang et al.

Figure 2. Work function of silver samples covered with PEI/PEIE
layers of different thicknesses measured by UPS. Polymer layer
thicknesses were estimated by XPS (see Figure 1).

Figure 3. AFM images of (a) Ag, Ag/PEI with nominal polymer thicknesses of (b) 1.7, (c) 3.4, and (d) 11.5 nm and Ag/PEIE with nominal polymer
thicknesses of (e) 2.0, (f) 3.8, and (g) 10.5 nm.
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The thickness dependency of the work function at lower
nominal thicknesses and saturation at larger nominal
thicknesses can be explained by the surface coverage of the
samples. Figure 3 shows AFM topography images of Ag and
Ag/PEI(E) samples with different nominal polymer thick-
nesses. In Figure 3a, the grain like topography of a pure silver
sample is presented. When a 0.9 nm thick PEI layer is spin-
coated on top (Figure 3b), flake or island like structures with a
size of about 1 μm develop. As the PEI thickness is increased to
2.7 nm (Figure 3c), these structures are growing and the
underlying silver features are not visible anymore. Finally,
Figure 3d shows the topography of an Ag/PEI sample with a
nominal thickness of 11 nm. Here, the topography is very
smooth with a roughness (root-mean-square) of <1 nm
compared to values between 2.5 and 3.2 nm for the other
three samples, suggesting that a homogeneous PEI layer has
formed. In case of PEIE, the situation is very similar (Figures
3e−g). With increasing nominal polymer thickness, surface
coverage of the underlying silver layer is increasing until a
homogeneous PEIE layer is present at a nominal thickness of
12.2 nm.
The AFM findings are in good agreement with the observed

work functions in Figure 2. As it was published elsewhere, the
reduction of the Ag work function is due to an interaction
between the metal and the polymer.21 Thus, the maximum shift
in work function is expected when the polymer layer on top of
silver is closed as a further increase in nominal thickness does
not have any influence on the metal/polymer contact area
anymore. A PEI layer with a nominal thickness of 2.7 nm covers
the underlying silver layer almost completely. Therefore, the
work function starts to saturate at this thickness (Figure 2). In
the case of PEIE, the saturation regime of the measured work
functions starts between 4 and 6 nm. Consequently, the

underlying silver layer is mostly covered at this thickness
(Figure 3f).

Performance of PEI(E) OLEDs. To evaluate the suitability
of PEI and PEIE as electron injection layers in light-emitting
devices, we prepared blue fluorescent OLEDs. Therefore, a 40
nm thick PEDOT:PSS layer was spin-coated on top of ITO
covered glass substrates. Then, a 70 nm thick layer of the light-
emitting polymer (SPB-02T) was spin-coated followed by an
electron injection layer. As electron injection layer, spin-coated
films of PEI and PEIE were used and their performances were
compared to evaporated films of calcium. Finally, 100 nm of
silver was evaporated as cathode material.
In Figure 4, the OLED stack and the luminance−current−

voltage (LIV) characteristics, turn-on voltage (VON) and
luminous efficiency of the fabricated OLEDs are shown.
OLEDs using PEI(E) in combination with silver as cathode
material exhibit comparable luminance levels to reference
devices using Ca as cathode layer (Figure 4a, b). However, the
performance of PEI(E)-OLEDs depends on the nominal
polymer thickness. The nominal thickness of the PEI(E) layers
on top of the organic emitter was estimated with the help of
Figure 1c
OLEDs using a PEI layer with a nominal thickness of 2.7 nm

showed the best performance of all OLEDs prepared in this
work and exhibited a maximum luminance of almost 8000 cd
m−2 at 8 V. By decreasing the nominal PEI thickness to values
below 2.7 nm, it is still possible to prepare efficient devices.
However, the reproducibility of these OLEDs is rather low.
Increasing the nominal PEI thickness from 2.7 to 7.3 nm, leads
to a decrease in both the current density and luminance by a
factor of ∼2 over the whole voltage range. By further increasing
the nominal PEI thickness to 11.0 nm, both the current density
and luminance decrease by another factor of about 4. This

Figure 4. (a, b) LIV characteristics of the prepared OLEDs. (c) OLED stack. (d, e) Luminous efficiency and turn-on voltage of the OLEDs. For each
data point, at least four devices were prepared and averaged.
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thickness dependency of OLED performance can be ascribed to
the insulating nature of PEI. A higher PEI thickness limits the
current density and luminance of the OLEDs.
When comparing the LIV characteristics of PEI- and Ca-

OLEDs, a qualitatively different behavior is obvious. Reference
devices using Ca as cathode layer show higher luminance values
at voltages below 4.5 V and thus exhibit lower turn-on voltages.
At voltage levels above 4.5 V the situation changes and PEI-
OLEDs start to outperform reference devices. At 8 V the
maximum luminance of PEI-OLEDs is around 8000 cd m−2,
which is almost four times the maximum value observed for
reference OLEDs. The reason for this behavior is probably
related to the different nature of the cathode/semiconductor
contact. For Ca, an almost ohmic contact can be expected,
whereas in the case of PEI, a tunneling contact between Ag and
the semiconductor should be formed.
Figure 4b shows the LIV characteristics of OLEDs using

PEIE as electron injection layers. Particularly for voltages below
6 V, a thickness dependency of OLED performance is also
observed for these OLEDs. OLEDs using PEIE with a nominal
thickness of 3.7 nm exhibit the best performance. Increasing the
nominal polymer thickness, leads to an increase in VON. For
voltages above 6.5 V, however, all three PEIE concentrations
deliver nearly the same luminance values. At 8 V, PEIE-OLEDs
show a luminance of about 3000 cd m−2, which is 50% more
than the maximum luminance of our reference OLEDs.
In Figure 4d, the maximum luminous efficiencies of the

prepared OLEDs, averaged over at least 4 different devices, are
plotted against the respective nominal thicknesses of the
PEI(E) layers. Starting from a pure silver cathode, the luminous
efficiency rises from 0.06 to ∼3 cd A−1, when the nominal PEI
thickness is increased to ∼1 nm. This is 33% more than the
maximum luminous efficiency measured for our reference
OLEDs, which is ∼2.25 cd A−1. Further increasing the PEI
thickness up to 11.5 nm moderately lowers the observed
luminous efficiency to ∼1.8 cd A−1. This effect can again be
explained by the insulating nature of the PEI layer.
In the case of PEIE, a similar behavior was observed.

Increasing the nominal thickness up to 4 nm leads to a rise in
luminous efficiency to a value of ∼2.2 cd A−1, which equals the
efficiency of our reference devices. However, luminous
efficiencies saturate at this point and increasing the PEIE
thickness up to 11 nm has no influence anymore. This behavior
can be correlated to the Ag/PEIE work functions presented in
Figure 2. Starting from a pure silver sample, the measured Ag/
PEIE work functions first decrease with increasing nominal
polymer thickness and eventually saturate at thicknesses of
more than 4 nm.
In Figure 4e, VON of the prepared OLEDs is plotted against

the thickness of the PEI(E) layers. Here, VON is defined as the
voltage at which a luminance of 1 cd m−2 is achieved. OLEDs
using pure silver as cathode layer exhibit a turn-on voltage of
∼8 V. Using a 0.3 nm thick PEI layer in addition to silver leads
to a decrease of VON to 4.2 V. By increasing the nominal PEI
thickness to 1 nm, VON can be further reduced to a minimum
value of 3.8 V. This decrease of the measured turn-on voltages
with increasing nominal PEI thickness can be attributed to an
increasing polymer coverage and thus a decreasing cathode
work function. However, the situation changes for layers with a
nominal thickness of more than 1 nm. Then, VON rises with
increasing nominal thickness until eventually a VON of 5.5 V is
observed for samples with an 11 nm thick PEI layer. This

thickness dependent increase in VON can be ascribed to the
insulating nature of thicker PEI films.
In the case of PEIE, the qualitative behavior is very similar.

Increasing the nominal thickness up to 4 nm leads to a decrease
in VON to a minimal value of 4.3 V. For larger nominal PEIE
thicknesses, VON rises and a turn-on voltage of about 4.7 V is
observed at ∼12 nm. These results can be understood in
context of the cathode work functions presented in Figure 2. It
was observed that the Ag/PEIE work function first decreases
with increasing nominal PEIE thickness and eventually
saturates. As the saturation regime starts at a thickness of ∼4
nm, the lowest turn-on voltage is expected at this point. Larger
PEIE thicknesses have no positive influence on the cathode
work function anymore but just enlarge the thickness of the
insulating polymer layer. This leads to the observed rise in VON.
Reference OLEDs exhibit the lowest turn-on voltages of all
OLEDs measured in this work with values of about 3.2 V. This
is attributed to the low work function of Ca which is <3 eV.

Shelf Lifetime of PEI(E) OLEDs. Since aqueous solutions
of PEI and PEIE are stable in air for more than a year,21 OLEDs
using these polymers instead of Ca as electron injection layer
should exhibit strongly improved shelf lifetimes. In order to
examine this, OLEDs with Ca, 3.4 nm PEI and 3.8 nm PEIE,
respectively, were solution prepared, encapsulated and stored in
ambient conditions for up to 4 weeks. Figure 5 shows

photographs of the fabricated OLEDs under operation when
they were freshly prepared, 2 weeks and 4 weeks after
preparation. Right after preparation, the light emission of all
three OLEDs is very homogeneous. Slight differences in color
are due to the auto white balance and exposure settings of the
camera that was used for taking the pictures.
In the case of Ca-OLEDs, there are dark spots visible 2 weeks

after preparation. Furthermore, the emission area is reduced
from the edge of the device. Altogether, these defects account
for 27% of the pixel’s total area. Both types of defects are
probably due to calcium being oxidized by water residues from
the PEDOT:PSS layer and oxygen which diffuses through the
adhesive of the encapsulation foil (topmost part). In case of the
PEI- and PEIE-OLEDs, there are considerably less defects
visible. Dark spots are hardly present and the size of the light-
emitting area equals 97% and 99.5% of its original size for PEI

Figure 5. Photographs of OLED pixels, using different electron
injection layers, under operation. Before pictures were taken, OLEDs
had been stored in ambient atmosphere for different amounts of time.
PEI- and PEIE-OLEDs exhibit almost no dark spots 2 weeks after
preparation.
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and PEIE, respectively. However, the light emission is not as
homogeneous as on the first photographs. This could arise
from a degradation of either PEI(E) or the light-emitting
polymer.
Four weeks after preparation, the area of the Ca-OLED that

is still emitting light decreased to 53% of its original size. PEI-
and PEIE-OLEDs are also considerably degraded 4 weeks after
preparation. The pixels show dark spots and the emission areas
of the OLEDs are reduced from the edge of the encapsulation
foil (bottom part for PEI-OLED and top part for PEIE-OLED).
This indicates that PEI and PEIE are degraded by oxygen that
diffuses through the adhesive of the encapsulation foil. The size
of the light-emitting area of these OLEDs equals 76 and 92% of
its original size for PEI and PEIE, respectively. These results
confirm that the shelf lifetime of OLEDs can be enhanced by
the use of polymeric electron injection layers.

■ CONCLUSION
PEI and PEIE were used as electron injection layers in solution-
processed OLEDs in combination with Ag as stable cathode.
The performance of the OLEDs was correlated to the nominal
thickness of the PEI(E) layers and the induced work-function
shift of the silver electrode. Therefore, PEI and PEIE were spin-
coated on top of silver substrates and the resulting films were
characterized by photoelectron spectroscopy. XPS was used to
estimate the nominal thickness of the polymer layers and values
between 1.7 and 12.2 nm were found. UPS measurements
confirmed that these layers reduced the work function of the
underlying silver layer. A strong thickness dependency of the
resulting work function was observed for nominal polymer
thicknesses below 5 nm. Above 5 nm, the measured work
functions started to saturate and were thickness independent at
higher thicknesses. Maximum work-function shifts were ΔΦ =
1.5 eV for PEI and ΔΦ = 1.3 eV for PEIE. AFM images
revealed that the two observed work-function regimes can be
explained by the coverage of the samples. For small nominal
thicknesses, PEI and PEIE form islands and cover the
underlying silver substrates only partially. These island grow
in size as the nominal thickness is increased, and an almost
homogeneous PEI(E) layer is present at nominal thicknesses of
more than 10 nm. Furthermore, we spin-coated blue
fluorescent OLEDs using PEI(E) with various nominal
thicknesses as electron injection layer. In the case of PEI, an
optimal polymer thickness between 1 and 4 nm was
determined, whereas for PEIE, OLEDs with polymer
thicknesses between 4 and 12 nm performed comparable.
OLEDs using PEI as electron injection layer exhibited a
luminous efficiency and maximum luminance of up to 3.0 cd
A−1 and ∼8000 cd m−2 and hence outperformed our Ca
reference OLEDs. PEIE-OLEDs performed comparable to our
reference devices with luminous efficiencies of ∼2.2 cd A−1 and
a maximum luminance of almost 3000 cd m−2. Finally, we
observed that OLEDs using PEI and PEIE as electron injection
layer exhibit improved shelf lifetimes compared to reference
devices using Ca.

■ EXPERIMENTAL SECTION
Sample Preparation. PEI and PEIE solutions were prepared by

dissolving the polymers in 2-methoxyethanol. Ag/PEI(E) samples
were prepared as follows: glass substrates were subsequently cleaned in
Acetone and Isopropanol under sonification for 15 min, respectively.
Afterward, 100 nm of silver was evaporated in an vacuum system with
a base pressure of 2 × 10−7 mbar. PEI and PEIE solutions were spin-

coated in a glovebox directly connected to the evaporation chamber,
so that the samples did not get in contact with air. Spin-coating
parameters were ω = 5000 rpm, a = 1000 rpm/s, and t = 60 s. After
spin-coating, the samples were annealed on a hot plate at 120 °C for
10 min.

OLEDs were prepared as follows: glass substrates covered by 140
nm of ITO were subsequently cleaned in Acetone and Isopropanol
under sonication for 15 min, respectively, and treated by O2 plasma for
5 min. Afterward, PEDOT:PSS solution, acquired from Heraeus, was
filtered with a 0.45 μm PVDF filter, spin-coated in ambient conditions
and annealed on a hot plate at 130 °C for 15 min. Spin-coating
parameters were ω = 2500 rpm, a = 1000 rpm/s and t = 30 s so that a
layer of about 40 nm was obtained. SPB-02T (light emitting polymer),
acquired from Merck KGaA, was dissolved in Mesitylene with a
concentration of 10 g/L and spin-coated in ambient conditions. Spin-
coating parameters were ω = 1800 rpm, a = 1000 rpm/s and t = 30 s
and delivered a layer thickness of approximately 70 nm. Afterward, the
samples were annealed on a hot plate located inside a glovebox at 120
°C for 30 min. In case of the reference OLEDs, 10 nm of Ca followed
by 100 nm of Ag were evaporated as cathode layer in a vacuum system
with a base pressure of 1 × 10−7 mbar. In case of the OLEDs using
PEI(E) as electron injection layer, PEI(E) was spin-coated under a
nitrogen atmosphere with ω = 5000 rpm, a = 1000 rpm/s, and t = 60
s. Afterward, the samples were annealed in a vacuum oven at 120 °C
for 15 min. Finally, 100 nm of silver were evaporated as cathode. All
OLEDs were encapsulated by barrier foil, acquired from 3M.

Photoelectron Spectroscopy Measurements. The photo-
electron spectroscopy characterization was performed using a PHI
VersaProbe II scanning XPS microprobe located at the InnovationLab
in Heidelberg. The spectrometer is equipped with a monochromatized
Al−Kα X-ray source, an Omicron HIS 13 helium discharge lamp, and a
concentric hemispherical analyzer. Detail spectra of the core level lines
were recorded with a pass energy of 11.75 eV, for the secondary
electron edges 0.58 eV were chosen. The spectra and secondary
electron edges are referenced in binding energy with respect to the
Fermi edge and the core level lines of in situ cleaned Au, Ag, and Cu
metal foils.

Atomic Force Microscopy Images. AFM images were recorded
with a DME DS 95 Dualscope AFM in ambient conditions. We
measured in AFM tapping mode using highly doped silicon cantilevers
from NanoWorld (Arrow NCR). These cantilevers have resonance
frequencies of about 285 kHz and tip radii of less than 10 nm.
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