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Stacked organic optoelectronic devices make use of electrode materials with different work functions,
leading to efficient large area light emission. In contrast, lateral electrode arrangements offer the possi-
bility to be shaped as resonant optical antennas, radiating light from subwavelength volumes. However,
tailoring electronic interface properties of laterally arranged electrodes with nanoscale gaps - to e.g. opti-
mize charge-carrier injection - is rather challenging, yet crucial for further development of highly efficient
nanolight sources. Here, we demonstrate site-selective functionalization of laterally arranged micro- and
nanoelectrodes by means of different self-assembled monolayers. Upon applying an electric potential
across nanoscale gaps, surface-bound molecules are removed selectively from specific electrodes by oxi-
dative desorption. Kelvin-probe force microscopy as well as photoluminescence measurements are
employed to verify the success of our approach. Moreover, we obtain asymmetric current—voltage
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characteristics for metal—organic devices in which just one of the electrodes is coated with 1-octadeca-
nethiol; further demonstrating the potential to tune interface properties of nanoscale objects. Our tech-
nigue paves the way for laterally arranged optoelectronic devices based on selectively engineered nano-

rsc.li/nanoscale scale interfaces and in principle enables molecular assembly with defined orientation in metallic nano-gaps.
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Introduction

Self-assembled monolayers (SAMs) are extensively studied to
introduce functionality by chemically tailoring the electronic
properties of surfaces." In case of gold surfaces, thiol-termi-
nated alkanes and polyethylene glycols (PEGs) are among the
most common SAM frameworks. While neat alkanethiols have
emerged as a model system forming highly-ordered hydro-
phobic monolayers,” PEGs offer a less-ordered but hydrophilic
pendant.’ Owing to their chemical variability, SAMs offer a ver-
satile approach to add new and advanced surface functional-
ities to nano- and microstructures with possible applications
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ranging from biochemistry* to organic electronics.” In this
context it has been shown that modifying metal electrodes
with SAMs in organic light emitting diodes (OLEDs) and field-
effect transistors (OFETs) is a promising strategy to reliably
tune crucial properties, e.g. the Schottky-barrier height for
charge carrier injection at metal-organic contact interfaces by
adjusting the work function of the former and the morphology
of the latter.””” In the simplest, symmetric case both electrodes
are covered by the identical SAM, but introducing asymmetry
is a common method to further improve device performance
by selectively promoting injection of either electrons or holes
at the respective contact. In addition, the broad range of func-
tionality offered by SAMs paves the road for advanced device
concepts based on molecular switches® and machines.”*°

As the minimum droplet size in SAM deposition from
liquid phase exceeds the dimensions of up-to-date’s nano- and
microelectrodes by far, new preparation techniques have to be
implemented in order to achieve asymmetric functionalization
on such small dimensions. On a comparatively large scale of
several hundred micrometers, protective masks'' microcontact
and ink jet printing® have been employed for lateral patterning
of SAMs. Significantly higher resolution is attained by dip-pen
lithography or nanografting, yet tip-dependent artifacts limit
this method to flat substrates.'” Lithographic techniques
based on the partial removal of SAM molecules include elec-
tron beam' and ultraviolet photolithography,"* but neither
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has been used to fabricate functional devices. In another
approach, molecules are desorbed from laser-excited plasmo-
nic nanostructures via hot-electron mediated gold-sulfur clea-
vage.”” While in principle allowing for functionalization at
sub-particle resolution, the need for plasmonic resonances
and homogeneous illumination limits this technique to small
areas of specific device geometries. In addition, a sophisti-
cated laser setup is required.

As most optoelectronic devices are inherently electrically
connected, the electrochemical desorption in a cyclic voltam-
metry (CV) cell offers a simple and direct way to remove SAMs
from gold surfaces."®° Oxidative as well as reductive desorp-
tion have been investigated, but the latter is more frequently
used and benefits from its straightforward reaction, involving
one electron per thiol molecule. This method has since been
extended to coat substrates with different SAMs and scaled
down to electrode distances below the optical diffraction limit
as verified by Kelvin probe force microscopy (KPFM).*"** In
pursuit of even smaller electronic and optoelectronic devices,
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however, there exists a great demand for techniques that selec-
tively address individual electrodes of nanoscale extensions
and spacings of only a few tens of nanometers, while preser-
ving the delicate nature of these nanostructures. Confirming
the success of such functionalization with the required nano-
meter resolution constitutes a major challenge.

Here, we demonstrate an easy-to-use technique for nano-
scale site-selective functionalization of arbitrarily shaped later-
ally arranged nanoelectrodes with different types of SAMs. As
substrates we use standard microelectrodes as well as electri-
cally-connected  optical nanoantennas of  different
geometries.”>** Both are fabricated from chemically grown
mono-crystalline (111) gold platelets, which serve as a platform
for advanced nanoscale optoelectronic devices, via focused ion
beam milling.”>*® Our SAM adsorption procedure is sketched
in Fig. 1. We do not use sophisticated electronic or optical
setups, instead our technique is based on oxidative desorption
of alkyl and PEG thiols in a droplet of electrolyte. In contrast
to the usually employed reduction where thiol anchoring

SH

Selective Removal

Fig. 1

Illustration of site-selective functionalization. First, the sample (with different micro- and nanoelectrodes) is completely covered with 1-octa-

decanethiol (C18-SH). Then, a droplet of KOH/n-butanol is applied and molecules are removed from the biased electrode via oxidative desorption. A
different SAM, e.g. a chromophore containing PEG (C-PEG), is deposited on the liberated electrode, while the C18-SH SAM still covering the oppo-
site electrode acts as a blocking layer. Alternatively, an organic semiconductor, here zinc phthalocyanine, is evaporated onto the asymmetric
antenna arrangement to study interface modifications introduced by C18-SH.
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groups are removed as thiolates, the oxidative removal leads to
sulfinates and sulfonates according to the following reactions:

AUSR + 2H,0 — Au(0) + RSO, +3e” +4H* (1)

AuSR + 3H,0 — Au(0) + RSO3~ + 5¢~ + 6H" (2)

As the oxidized species have a considerably reduced affinity
to gold surfaces, the method is less prone to issues and arti-
facts arising from readsorbed molecules.””>° This is the key
feature for nano-sized objects, as already a few readsorbed
molecules might have a strong impact on the overall surface
properties. By utilizing the steric hindrance imposed by long-
chain alkanethiols, such as 1-octadecanethiol (C18-SH), a
second SAM based e.g. on a chromophore containing PEG
(C-PEG) is deposited on the stripped/uncovered electrode. In
order to verify the successful site-selective functionalization,
we map the surface coverage by KPFM and photoluminescence
measurements. In addition, we demonstrate that the electronic
properties of metal-organic interfaces can be tuned on the
nanoscale by assembling a functionalized hybrid antenna struc-
ture covered by the prototypical organic semiconductor zinc
phthalocyanine (ZnPc). Our technique enables the fabrication
of nano-optoelectronic devices with advanced functionalities
and oriented molecular assemblies, aiming for the overall goal
to integrate molecular machinery into metallic nanoelectrodes.

Results and discussion

In Fig. 2a, the asymmetric functionalization of a plasmonic
nanoantenna by site-selective removal of a chemisorbed SAM
is illustrated. A representative SEM image is shown in Fig. 2b
comprising a pair of electrically connected arms separated by
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Fig. 2 Oxidative desorption at the nanoscale. (a) Schematic of molecule
removal from one arm of an electrically-connected nanoantenna upon
applying +1.4 V in KOH/n-butanol. (b) SEM image of an exemplary plas-
monic nanoantenna with a gap of 30 nm. Scale bar 50 nm. (c) and (d)
KPFM images of a plasmonic nanoantenna (c) after deposition of C18-
SH and (d) after selectively removing the SAM from the left arm. Scale
bars 100 nm. The fast scan direction is bottom to top. (e) Cross-section
along the red line in (d) showing an effective surface potential (SP)
difference of 25 mV between the two antenna arms.
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a 30 nm gap, whose wiring allows us to apply a voltage
between both nanoelectrodes. In a first step, C18-SH, known
as a reference for densely packed SAM formation,” is deposited
onto the gold surface from ethanolic solution. For the selective
electrochemical removal of the SAM, 0.1 mM solution of pot-
assium hydroxide (KOH) in n-butanol is drop-casted on the
sample and a DC voltage of +1.4 V is applied to the left
antenna electrode for 30 s. As a result, the gold-thiol bonds on
this electrode are broken'® and the released molecules are
rinsed off with ethanol, while the SAM covering the opposite
antenna electrode remains intact and firmly bound. As des-
orbed molecules may remain close to the surface,'®?” the
rinsing step is crucial and the solvent should be adjusted to fit
the SAM’s polarity and solubility. The applied voltage can be
cycled to improve overall removal of molecules; however, the
associated risk of gold surface oxidation may lead to inferior
adsorption of a second SAM.

In order to verify the site-selective functionalization at the
nanoscale, we look for the modification of the surface dipole
upon adsorption of the SAM. This change is dominated by the
effective interface dipole moment of the monolayer (with negli-
gible contribution from the gold-sulfur interaction) which is
determined by the strength and orientation of the molecules’
dipole moment and the SAM density. An altered surface dipole
will lead to a shift of the vacuum energy level and, thus, an
increase or decrease of the gold-SAM electrode work function,
depending on the direction of the SAM dipole moment. For
example, CH;-terminated alkanethiols reduce the work func-
tion (compared to a pure gold (111) surface) as their dipole
points towards the surface, while their CF;-terminated ana-
logues lead to the opposite effect.”*° > We are able to observe
and to qualify this effect with KPFM, which maps the effective
surface potential (SP) - a measure correlated to the work func-
tion difference of sample and probe tip.>' This allows us to
measure variations induced by different molecular coverage.

KPFM images of an antenna before and after site-selective
desorption of molecules is shown in Fig. 2¢ and d. Both
antenna arms have the same effective SP after deposition of a
homogeneous C18-SH SAM (see Fig. 2c). Upon selective
removal from the left antenna arm, KPFM reveals a clear con-
trast (see Fig. 2d). In this case a nominal SP difference of
25 mV between the two electrodes can be observed (see
Fig. 2e). This indicates that only the right antenna electrode
and its connector are still covered by an intact SAM. We note
that the measured shift is far below values measured by ultra-
violet-photoelectron spectroscopy in vacuum.*® This is attribu-
ted to the following experimental challenges: (I) the large size
of the platinum-iridium KPFM probe tip limits spatial resolu-
tion and measurable SP contrast. The 50 nm diameter of the
tip is larger than the antenna gap, and thus the tip collects
signal from both antenna electrodes while scanning across the
gap. (II) Imaging is carried out under ambient conditions;
hence, a water layer forms on the uncovered gold surface and
induces a dipole moment, which is parallel to the SAM dipole
on the covered gold surface.** (III) The antenna surface is not
perfectly flat after focused ion beam milling, which leads to
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distortion of the SAM in respect of packing and alignment.
While the last two points cannot be discriminated in our
current setup, we account for probe related artifacts by cali-
bration. A set of known voltages is applied across the electro-
des during KPFM and, thereby, we obtain a corrected SP con-
trast of 200 mV for asymmetric functionalization with C18-SH
(see ESIt). We believe this to be the upper limit for measuring
SP contrast in this experiment due to the influence of water
adsorption and non-perfect surface topographies.

As our method allowed for simple and selective removal of
C18-SH SAMs from micro- and nanoscopic electrodes, we were
eager to investigate its applicability towards more complex
molecules. The highly hydrophilic C-PEG which combines the
well-studied PEG chains with a chromophore was chosen as a
suitable candidate for this purpose (see Fig. 1).>> A dodeca-
ethyleneglycol chain with a protected terminal thiol group is
intended to act as an anchor to the gold (111) surface. The
long chain ensures sufficient emitter-metal distance and mini-
mizes quenching once the molecules are immobilized upright
standing on the gold.?® The dye can be excited at 532 nm and
has a broad emission in the red spectral regime. By using
C-PEG, we obtain an optical feedback on larger microelec-
trodes via fluorescence and can demonstrate that most mole-
cules are removed from the surface upon oxidative desorption.

In order to immobilize C-PEG on the gold surface, it is dis-
solved in methanol and the masked thiols are deprotected by
adding a droplet of 5.4 M NaOMe solution. Next, the substrate
is immersed in the solution for 20 minutes resulting in a
homogeneous light-emitting SAM in the subsequent PL
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studies. In Fig. 3a, the direct removal of C-PEG is demon-
strated for a substrate with two microscopic electrodes milled
into a mono-crystalline gold (111) platelet. C-PEG desorption
from the top electrode is carried out as described above for
C18-SH, but 0.1 mM KOH in water is used to ensure the solubi-
lity of C-PEG. Next, we record a hyperspectral photo-
luminescence (PL) map showing almost no light emission
from that electrode surface, verifying that the C-PEG SAM is
indeed removed, while PL is still observed from the opposite
electrode. Some molecules remain at the edges of the stripped
electrode owing to the large amount of surface defects. In
addition, we observe a small unintended desorption from the
other gold electrode surface. This is attributed to unstable
SAM formation of the PEG chains and hence, solvents with
high affinity for the molecules, e.g. dimethyl sulfoxide and
water can easily wash the SAM away (even without applied
voltage). Still, this method is suitable for the removal of hydro-
philic molecules; even at the nanoscale as shown in the ESL.f
In order to protect C-PEG against any other solvent, we
modified the procedure: First, C18-SH is deposited onto the
substrate and selectively removed from one of the electrodes.
Next, we add C-PEG as described above. Consequently, C18-SH
acts as a blocking layer and our target molecule mainly binds
to the uncovered electrode. As depicted in Fig. 3b, this method
results in a high-quality, unperturbed SAM with homogeneous
light emission on the bottom electrode of a second sample.
The other electrode, instead, is still covered with C18-SH, and
thus almost no emission from the flat surface is observed.
Spectra directly extracted from the hyperspectral PL maps
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Fig. 3 Site-selective functionalization with light-emitting SAM. (a) and (b), Left: SEM images of two microelectrodes. Right: Hyperspectral PL maps
of the same electrodes after selective functionalization. Each pixel contains a spectrum, which is integrated to give the total PL counts. Scale bars
2 pm. (a) Direct desorption of C-PEG. After molecule deposition, a DC voltage of +1.4 V is applied to the top electrode, while the other electrodes
are grounded. (b) C18-SH is first deposited as a blocking layer and selectively removed by applying +1.4 V to the bottom electrode. Subsequently,
C-PEG is deposited and binds to the bottom electrode. (c) Measured spectra recorded by averaging all pixels in the colored rectangles of (a) and (b).
The inset shows a zoom into the spectra (black dashed rectangle). (d) and (e) Normalized KPFM images of the marked area in (b; white rectangle)
taken (d) after site-selective desorption of C18-SH and (e) after subsequent deposition of C-PEG on the liberated electrode. The surface coverage is
denoted. Scale bars 1 ym.
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allow for further comparison between the two approaches for
site-selective functionalization (see Fig. 3c). Minimal light
emission from the surface covered with C18-SH is detected
(green) as a result of competitive SAM formation. However,
emission from the surface without blocking layer (red) is much
stronger and significantly exceeds the one obtained in Fig. 3a,
indicating that direct removal leads to partial desorption of
the C-PEG SAM at the opposite electrode. To further verify the
homogeneous coverage of surfaces with C18-SH and C-PEG, we
record KPFM maps of an exemplary stripe-electrode. The
image in Fig. 3d is taken after removing the blocking layer and
displays the expected uniform contrast between covered and
uncovered electrode surfaces. This contrast is reversed upon
formation of the subsequent C-PEG SAM (see Fig. 3e) owing to
its strong dipole moment. We can deduce that the latter is
oriented parallel to the dipole moment of C18-SH and has a
larger absolute value, thus leading to a stronger SP shift.***"3?

According to these results we conclude that (I) a significant
portion of alkanethiol molecules is removed upon oxidative de-
sorption; (II) the use of a blocking layer is beneficial, and
therefore the preferred method for asymmetric functionali-
zation by unstable SAMs, which can easily be desorbed from
the surface (e.g. C-PEG); (III) the very low electrolyte concen-
tration does not noticeably oxidize the surface as this would
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hamper the formation of an additional SAM and (IV) an unin-
tended SAM removal via reductive desorption is not observed.
Next, we demonstrate the feasibility to selectively modify
metal-organic interfaces in a nanoscale device. A schematic of
the structure and an exemplary SEM image are depicted in
Fig. 4a. We employ a stack arrangement similar to that in
organic light emitting antennas (OLEAs)** and functionalize
only one of the electrodes by C18-SH. Finally, we vacuum
deposit a 30 nm thick layer of the organic semiconductor zinc
phthalocyanine (ZnPc; green) on top of the antenna configur-
ation. ZnPc grains around and atop the antenna are visible in
the SEM image. The resulting energy diagram for the antenna
electrodes with and without C18-SH is illustrated in Fig. 4b.
Note, ZnPc deposited on clean gold (111) surfaces, e.g. the
stripped antenna electrode, is characterized by preferential
hole injection due to the smaller injection barrier.>* As men-
tioned before, the presence of the alkanethiol SAM shifts the
vacuum energy at the Au-SAM-ZnPc boundary and conse-
quently lowers HOMO and LUMO levels of ZnPc relative to the
metal work function. In contrast, the stripped (uncovered) elec-
trode experiences only a small shift of the vacuum energy due
to a weaker interface dipole at the Au-ZnPc boundary. Hence,
the antenna electrodes exhibit selectively modified injection
barriers for electrons and holes. The change in morphology of
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Fig. 4 Tuning the gold-organic interface. (a) Schematic of metal-organic nanoantenna with asymmetric functionalization. After C18-SH is
removed from one electrode, ZnPc (green) is evaporated. Inset: SEM image of a finalized antenna structure. The bottom arm is covered with C18-
SH. The granular texture of the film is caused by ZnPc domains formed upon deposition. Scale bar 300 nm. (b) Energy diagram of the two electrodes
with and without C18-SH SAM. ZnPc evaporated on clean gold exhibits a smaller injection barrier for holes than for electrons. The interface dipole
introduced by the SAM shifts the vacuum energy level Ey,. and lowers the HOMO and LUMO levels relative to the metal work function Wj,, (ident-
ified by the Fermi energy Ef). As a consequence, injection barriers for electrons (W,) and holes (W,,) are selectively modified. Note, the Au-ZnPc
boundary also exhibits a small interface dipole. (c) Absolute current as a function of applied voltage for five different devices (with similar dimen-
sions). (d) Zoom-in to the region above the dashed line in (c). The higher currents obtained for positive voltages indicate the asymmetric injection
behavior of the selectively functionalized antenna contacts. In all measurements, the SAM-functionalized electrode is grounded.
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ZnPc grown on top of a SAM covered electrode versus that on a
pure gold surface can further influence charge carrier injec-
tion.> We investigate the effect of asymmetric functionalization
by recording current-voltage characteristics of several devices.
In these measurements, functionalized electrodes are
grounded and the voltage is applied to the stripped antenna
arm (c¢f Fig. 4a). As shown in Fig. 4c and d, all five devices
exhibit asymmetric IV-curves, ie. higher currents at positive
voltages, which is in line with a reduced injection barrier for
electrons and an increased injection barrier for holes at the
SAM-functionalized antenna electrode. Small current vari-
ations for different antennas are attributed to slight variations
at the metal-organic boundaries. On the other hand, antennas
featuring SAMs on both electrodes have symmetric IV-curves
(see ESIt). Hence, this experiment is a further proof that we
can selectively cover specific nanoscale electrodes and thereby
tune the electronic and presumably also structural interface
properties of more advanced nanodevices.

Conclusions

In summary, we demonstrated an easy-to-use and straight-
forward technique for site-selective functionalization of
micro- and nanoelectrodes with ultra-small dimensions, such
as optical antennas. Instead of relying on complicated optical
setups, our technique is based on simple oxidative desorp-
tion making use of the low probability for readsorption.
Surfaces are covered with C18-SH as well as fluorescent
C-PEG and asymmetric functionalization is carried out either
by direct removal of the previously chemisorbed SAM or by
using C18-SH as a blocking layer. The latter is especially ben-
eficial for SAMs which are unstable upon exposure to a
highly affine solvent. KPFM and photoluminescence measure-
ments confirm that a significant portion of molecules is des-
orbed without strongly oxidizing the gold surface.
Additionally, we apply our method to selectively modify inter-
face properties of metal-organic nanoantennas, further
demonstrating the potential for future nano-optoelectronic
devices. By using SAMs with tailored dipole moments and
even photoswitchable units,®?*%%° the precise engineering of
structural as well as electronic interface properties of nano-
scale objects seems feasible in the future. This might pave
the road not only towards functional (opto-)electronic nano-
devices, but also to the integration of artificial molecular
machinery between metallic nanoelectrodes. Once immobi-
lized with a clearly defined orientation, such molecules can
perform defined and directed motions controlled by the
nanoelectrodes.*”

Experimental
Materials and methods

Sample preparation. Au/Cr electrode structures (70 nm/5 nm
thickness) are fabricated via optical lithography and electron
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beam physical vapor deposition. Mono-crystalline gold plate-
lets are chemically grown on glass cover slips (#1, Gerhard
Menzel GmbH), transferred to the electrodes, and structured
by FIB milling (Helios Nanolab, FEI Company; acceleration
voltage of 30 kV).>*?**?® In order to remove gold debris after
milling, an etching solution of I, : KI: H,O =1 mg : 4 mg :
40 ml is applied for 20 s and washed away with purified water
and ethanol.?” Before molecules are deposited, all samples are
rinsed in isopropanol.

SAMs of octadecanethiol are prepared by adding 12 mg of
molecules (01858, Sigma-Aldrich) to 15 mL of absolute
ethanol. After the mixture is sonicated for ten minutes, the
sample is immersed in the solution and the container is back-
filled with nitrogen. The typical incubation time is 24 hours.
Eventually, the sample is taken out of the solution, rinsed with
absolute ethanol (to remove excess molecules) and dried with
a stream of nitrogen.

SAMs of C-PEG are prepared by adding a few grains of mole-
cules to 2 mL of methanol. The solution is sonicated until all
molecules are dissolved. In order to deprotect the thiol group,
one droplet of sodium methoxide (5.4 m, Acros Organics) is
added and the sample is immersed immediately for
20 minutes. Afterwards, the sample is rinsed with purified
water and dried with a stream of nitrogen.

ZnPc is evaporated at a rate of 10-15 Angstrom per minute
(controlled via quartz crystal oscillator) in a high-vacuum
multi-chamber system that operates at a base pressure of 10~°
mbar.

Electrical Setup. Desorption of molecules as well as current-
voltage measurements are carried out using the same source
measure unit (Keithley 2636B, Keithley Instruments Inc.).
Electrodes are contacted by micromanipulators (DPP220,
FormFactor) that are equipped with Copper-beryllium probe
needles (MM-7H, Micromanipulator).

Kelvin probe force microscopy measurements. Maps are
recorded using a Horiba AIST-NT CombiScope-1000 SPM
equipped with PPP-NCHPt conductive probes (Nanosensors;
PT/Ir coating, frequency = 330 kHz, radius < 25 nm).
Scanning is done in tapping mode with scan rates of
0.2-0.4 Hz with a lift height of 30 nm. All measurements
are carried out under ambient conditions at room
temperature.

Photoluminescence measurements. Optical measurements
are conducted with an inverted confocal microscope. Light
from a 532 nm laser diode (AIST-NT ROUO006) is reflected by a
dichroic mirror (Thorlabs Di01-R532) and focused on the top-
side of the sample using a 50x air objective (Olympus
MPlanFLN; NA = 0.8). Photoluminescence is recorded by the
same objective, filtered (Semrock LP03-532RS-25) and ana-
lyzed by a spectrometer (Horiba iHR 320, 150 lines mm™") in
combination with an electron-multiplied charge-coupled
device (Andor Newton 970P EMCCD). In order to acquire
hyperspectral maps, the sample stage is scanned relative to the
laser spot and a spectrum is measured at each pixel. The inte-
gration time per pixel is 20 ms and the laser power in front of
the objective is 500 pW.

This journal is © The Royal Society of Chemistry 2023
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