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Abstract

Two-dimensional semiconducting materials have become the central component of various
nanoelectronic devices and sensors. For sensors operating in liquid, it is crucial to efficiently
block the electron transfer that occurs between the electrodes contacting the 2D material and
the interfering redox species. This reduces current leakages and preserves a good signal-to-
noise ratio. Here, we present a simple electrochemical method for passivating the electrodes
contacting a monolayer of MoS2, a representative of transition metal dichalcogenide
semiconductors. The method is based on blocking the electrode surface by a thin and compact
layer of electronically non-conductive poly(phenylene oxide), PPO, formed by electrochemical
polymerization of phenol. Since the phenol polymerization occurs in the potential window
where MoS: is electrochemically inactive, the PPO deposition is area-selective, limited to the
electrode surface. The deposited PPO film is characterized by electrochemical, XPS, SEM, and
AFM techniques. The applicability of this method is demonstrated by coating the electrodes of
a MoS»-based FET coupled with a nanopore. The highly selective deposition, the simple
approach, and the compatibility with MoS2 makes this method a good strategy for efficient

insulation of micro- and nanoelectrodes contacting 2D semiconductor-based devices.
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1. Introduction

2D semiconducting materials, such as transition metal dichalcogenides (TMDCs)™ and
their heterostructures, are quickly emerging as the central component of a variety of
nanoelectronic devices.[>81 One class of such devices can be used as (bio)sensors for electrical
or electrochemical detection of (bio)molecules in a liquid.l’~2#! For this purpose, the 2D material
is contacted by electrodes and exposed to a solution containing specific molecules that influence
the electrical properties of the material. In solution, an electron transfer can occur between the
electrode contacts and the interfering redox-active species. Therefore, it is crucial to passivate
the electrodes and ensure that the signal originates solely from the sensing material. The most
efficient way to eliminate such electron transfer is to coat the electrodes with a non-porous
insulating barrier, which completely prevents the solution from coming into contact with the
electrodes.[*?%81 This coating has to provide good insulating properties, strong adhesion to the
electrode surface and stability under the device’s operating conditions. Furthermore, the method
by which the coating is deposited needs to be compatible with the 2D material itself, as well as
the microfabrication steps involved in device fabrication. This is especially important for
devices that require the 2D material to remain free of contamination at the atomic level. One
example of such a device is a field-effect transistor (FET) coupled with a nanometer-sized hole
(nanopore-FET) for label-free single-molecule detection.l-1 |n these devices, the 2D material
is suspended over an aperture and should stay free of additional layers and contamination to
allow the creation of a nanopore and to provide the best possible spatial resolution for
sensing.[?4

Thin-films prepared by conventional deposition techniques, such as chemical vapor
deposition (CVD), atomic layer deposition (ALD), sputtering, evaporation and other methods
typically used in the microfabrication industry, are adapted for semiconducting devices
operating in dry condition. Consequently, they suffer from various limitations, such as poor

(electro)chemical stability that results in structural changes!?? and dissolution!?>24 (Figure Sla
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and b), high porosity!?!, and delamination (Figure Sic) due to poor adhesion[?®l., This results in
an incomplete insulation rendering the devices inoperative. A special problem is the
incompatibility of the different processing steps at the microscale: micro- and nanoscale
patterning frequently require the usage of a photoresist mask, which leaves polymer residues
on the coated 2D material. This can significantly affect the performance of the devices, and in
some cases make them completely unusable. Furthermore, the mask can melt at the high
temperatures used in some processes, for example, ALD deposition, limiting the pattern
resolution (Figure S1d and e) and preventing the layer from depositing on the electrodes.?7]

In this work, we use a completely different approach in blocking the electrochemical
reactions on the electrodes contacting a 2D TMDC semiconducting material, based on the
electrochemical deposition of a polymer.[?22%1 By applying a voltage to the electrode in a
solution containing certain polymer precursors (monomers), a variety of electrically non-
conductive, polymer films of controllable thickness can be deposited on the electrode surface.
This method is a simple and area selective deposition technique that works even at the
nanoscale, where conventional photolithography processes fail. While being permeable to small
molecules of gases and solvents, these polymer films are still compact and dense enough to
efficiently prevent the access of electroactive species to the electrode surface. Since the polymer
is non-conductive, the probability of an electron tunneling through the polymer barrier
decreases exponentially with the distance between the electrode and the electroactive
species.®% Therefore, even relatively thin films (< 100 nm) can suppress the electron transfer
by several orders of magnitude.

To ensure that the deposition does not take place on the semiconducting material, does
not damage it or negatively affect its properties, it is crucial to choose the appropriate coating
strategy, precursors, and experimental conditions. In this paper, we focus on molybdenum
disulfide (MoS2) as a semiconducting material, which is the most investigated TMDC

semiconductor crystal. A monolayer of MoS: (hexagonal 1H-MoS: phase) has a direct bandgap
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of 1.9 eV3:32 which enables a high current ON / OFF ratio making it a promising candidate
for field-effect transistors.>*® Structural defects, such as sulfur vacancies, cause MoS: to
behave like an n-type semiconductor.3*3%1 The potential range in which the MoS; crystal is
electrochemically stable is between -1.2 V and 1.3 V towards the Ag | AgCI electrode.r®®! Since
the rate of electron transfer between the n-type semiconductor and the species in solution is
extremely slow at positive potentials® %, this anodic window before the threshold potential
for material oxidation could be utilized for the selective coating of electrodes contacting MoS..
One of the polymers which can be electrochemically deposited in this anodic region, and shows
excellent insulating properties, is poly(phenylene oxide) (PPO).[*!I The deposition process is
self-limiting, meaning that electropolymerization is terminated once the electrode surface is
fully blocked, which results in reproducible coatings of less than 20 nm in thickness.[*1]

Here, we investigate the applicability of PPO polymer electrodeposition as a method for the
passivation of electrodes contacting MoS2 monolayer. To avoid possible oxidation and damage
of the MoS2 monolayer at the contact with the electrodes, we perform the electrodeposition at
mild conditions with a minimal number of cycles. Firstly, we analyze the deposited PPO thin-
film. The blocking properties of the PPO film were characterized electrochemically, the
chemical composition was analyzed by X-ray photoelectron spectroscopy (XPS), and the
surface morphology was inspected by scanning electron microscopy (SEM) and atomic force
microscopy (AFM). Secondly, we investigate the compatibility of the method with electrodes
in contact with high-quality single-crystal MoS: layers. To demonstrate the applicability of this
method at the nanoscale, we utilize it for coating the electrodes that are in contact with MoS:
nanoribbons of a nanopore - FET sensing device. We inspect the cleanliness of the 2D material

at the atomic level using high-resolution transmission electron microscope (HR-TEM).

2. Results and Discussion
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2.1 PPO Thin-Film Deposition

The electrochemical deposition of the PPO layer and its properties were initially studied
on macroscopic electrodes (platinum disc electrode (PtE) and a glassy carbon disc electrode
(GCE) with A = 0.317 cm?), in order to obtain results with better statistical relevance (i.e.
averaged over a larger area of electrode surface).

The schematic of the setup is shown in Figure la. PPO deposition was done by cyclic
voltammetry in acetonitrile solution containing phenol and tetramethylammonium hydroxide.
During the anodic oxidation of phenol, phenoxy radicals are generated, which then quickly

polymerize into PPO.[?81 A diffusion path length, |, of the formed radicals can be calculated by

I =+/D x T, where D is the diffusion coefficient and z is the half-life. Since D of the phenol is
on the order of 10° cm?s [“4, and 7 of the produced monomer radicals is on the order of
microseconds!*®, their diffusion path length is also extremely short (< 100 nm), which results
in a thin reaction layer around the electrode making the deposition highly selective. Figure 1b
shows the corresponding cyclic voltammogram on PtE. In the first polarization cycle, an anodic
wave appears in the range between 100 — 800 mV vs. saturated calomel electrode (SCE), which
corresponds to irreversible oxidation of phenol. The created PPO layer is electrically non-
conductivel®® and quickly blocks the electrode surface, resulting in an anodic current decay. As
previously reported“!], the current is greatly suppressed after the first cycle. After the second
cycle, the oxidation peak vanishes completely (Figure 1b, inset), which indicates the complete
blockage of the electrode surface with non-conductive PPO.

Previous publications on PPO coating performed additionally steps to improve and stabilize the
PPO film. In our case, these methods were not possible because of the damage they could do to
the electrodes or to the underlying semiconducting material. For example, long-lasting
cyclization in water up to relatively high voltagest*3#647 can result in oxidation[?4¢1 and

detachment of the electrodes (Figure S2a), as well as the semiconducting material®l, Therefore,
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we restricted the electrodeposition to a maximal voltage of 1.2 V vs. SCE up to which MoS: is
electrochemically stable.®® Moreover, we performed the deposition in acetonitrile, which
additionally suppresses the oxidation of both the M0S284% and the electrodes. To enhance the
polymer cross-linking and improve the stability of the thin-films, some research-groups
performed thermal annealing of the coatings at up to a few hundreds of degrees.[?44¢1 However,
we also avoid any kind of heat treatment since it can completely delaminate the coating at the

micro- and nanoscale (Figure S2b and c).

2.2 PPO Thin-Film Characterization

The PPO film on PtE was characterized by CV in an aqueous solution of redox probes
typically used in electrochemistry: ferrocyanide/ferricyanide ([Fe(CN)s]*'*) as an inner-sphere
and hexaammineruthenium (111) [Ru(NH3)s]**, as an outer-sphere redox probe, respectively.
The corresponding cyclic voltammograms after the coating were compared to the ones obtained
on the bare PtE and are presented in Figure 1c and Figure S3a. After the coating, the cathodic
and anodic peak current is decreased for at least one order of magnitude. The cyclic
voltammograms became sigmoidal (Figure S3a and c), which can originate from two possible
sources. One possibility is that the diffusion transport of the redox species through the PPO film
is significantly slower than the diffusion through the solution. The second is the formation of
pinholes, i.e. holes smaller than a few micrometers, in the polymer structure during the
deposition. If the pinholes are separated from each other by a distance that is much larger than
the pinhole diameter, the voltammetric current becomes controlled by radial mass transport,
which results in a sigmoidal characteristic.®¥ Since we have not observed pinholes in our
microscopy characterization (see below), the reason for the sigmoidal voltammograms of the
coated electrodes must be the slower diffusion transport through the film. Similar behavior was

also observed on the GCE (Figure S3b and c).



WILEY-VCH

Voltage sweeps performed in 0.1 M KNO3s without the redox couple, show the blocking
characteristics of the PPO film in the medium without redox-active species present (Figure 1d).
The electrolytic decomposition of water, i.e. the processes of hydrogen and oxygen evolution,
is pushed further toward the cathodic and anodic region, respectively, by approx. 300 mV
compared to bare Pt. In comparison with bare Pt, PPO coated Pt does not exhibit an anodic
wave at potentials greater than 400 mV that originates from the formation of surface Pt oxides.
The potential window in which the coating is usable generally depends on the type of sensing
device and its passivation requirements (we discuss this in more detail in the Electrode
passivation requirements section). However, for most applications, the coating can be used
within the potential window where the Faradaic current is almost completely blocked,
approximately 2.3 V wide, and limited by electrolytic decomposition of water.

We tested, as well, the short-term stability of the PPO coating during the redox reaction
of the [Fe(CN)s]*"* (Figure S4). The experiments were performed under hydrodynamic and
steady state conditions during 2 h and 22 h, respectively. No change in PPO blocking properties
was observed, which shows an excellent electrochemical stability and is in agreement with
previous reports.[284l

The XPS results confirm that the Pt surface is almost completely covered with PPO (the
spectra and more details can be found in Supplementary Information, Figure S5, Table S1 and
S2). The fitting of the O 1s signal reveals that the PPO layer consists of two types of phenyl-
(Ph) based units: -O-Ph-O- and —-Ph-OH (Figure 2a), where the molar fraction of -Ph-OH units
is approximately 20%. The absence of Cl and N signal suggests that perchlorate and
tetramethylammonium ions, respectively, did not incorporate into the polymer structure. This
indicates that the polymer is uncharged. The electrodeposition of a charged polymer would
result in simultaneous integration of the oppositely charged ions into the polymer. Since

perchlorate and tetramethylammonium ions are the only ions that might get incorporated during



WILEY-VCH

the deposition, the absence of both of their signals indicates that the PPO layer is neutrally
charged.

The SEM micrographs (Figure S6a and b) of several um? area show a uniform mass
contrast of PPO film deposited on Pt, which indicates that the film is homogeneous and of
uniform thickness at this scale. This was additionally confirmed by SEM micrographs of the
film deposited on the graphite surface (more details can be found in Supplementary Information
and Figure S6c and d).

The AFM imaging was performed on a PPO film deposited on highly oriented pyrolytic
graphite (HOPG) since the surface roughness of the underlying Pt substrates was relatively
large compared to the roughness of the PPO film. As visible from Figure 2b and c, the non-
uniformity of the PPO coating layer becomes more pronounced at the sub-micrometer scale.
Additional micrographs of the PPO coating on Pt and HOPG substrates can be found in Figure

S7 and S8, respectively.

2.3 Compatibility with 2D MoS:

In this part, we investigate the compatibility of the method with MoS, semiconducting
material. In all fabricated devices we use high-quality single-crystal mono- or bilayers grown
by chemical vapor deposition (CVD). Ideally, the coating should not interfere or deposit on the
MoS. material. Since the PPO deposition occurs during the anodic process at highly positive
potentials, we expect that MoS», as the n-type semiconductor, should stay inactive in these

conditions.

2.3.1 Supported MoS> devices

The schematic of the set-up is shown in Figure 3a. The device consists of several pairs
of electrodes (Figure 3b) where each pair is contacting one single-crystal MoS; layer (Figure
3c). The gap between the electrodes was designed to be significantly larger than the diffusion

path length of the phenoxy radicals to prevent them to diffuse and polymerize at the other
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electrode. Figure 3d shows an AFM image of one of the contacted crystals before the coating
of the electrode. Connecting the left electrode as the working electrode during coating results
in the deposition of the PPO layer. This is immediately visible from the AFM images, which
show an increase in the height profile (Figure 3e) of 11.3 £ 0.9 nm consistent with the thickness
obtained in previous reports.[*! A 3D AFM micrograph of the same area is shown in Figure 3f.
The cross-sections taken before and after the electrode coating reveal that the height of the
MoS: did not change (Figure 3e and Figure S9), indicating that there is no PPO deposition on
MoS:.

To confirm that the contact between the MoS: and the electrode was not oxidized or
damaged during the deposition of PPO on the Pt electrode overlaying MoS., we measure I-V
characteristics in a two-terminal configuration in dry conditions before and after the coating
(Table S3 and Figure S10). Before the coating, the conductance of the MoS: is on the order of
a few pS, since the conductance in thin MoS: (less than 5 layers) is highly dominated by the
contact resistance.[®*531 To confirm that the devices are operational, the devices were annealed
in-situ in vacuum. This significantly reduced the Schottky barrier and contact resistance!>54,
resulting in a dramatic rise of the conductance of approximately four orders of magnitude. After
coating the electrodes, the MoS> conductance was measured again. The coated devices, as well
as the control group (uncoated devices exposed to the same conditions), showed largely the
same conductance (Table S3). The values are comparable to the initial values obtained in air
before the coating, which confirmed that the contacts remained intact and the MoS: crystal was

still conductive.

2.3.2 Suspended MoS; devices

After confirming that the contacts to the MoS> are unaffected by the coating method,
we set out to test the applicability of our method to a MoS» based biosensing device designed

for single-molecule detection. Figure 4a and b show the schematic representation and an optical
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micrograph of the device, respectively. Three nanoribbons of MoS, and corresponding metal
contacts are fabricated on top of a 20 nm thick SiNx membrane. The ribbon located in the
middle of the device is placed on top of an 80 nm large aperture, making it effectively
freestanding. A nanopore can then be drilled into this freestanding part to deliver molecules to
the sensor.[2%

The thin SiNx membrane, as well as the freestanding MoS., allow the inspection of the
coating method at the atomic scale by using the high-resolution transmission electron
microscopy (HR-TEM) technique. To reduce the chances of damage and contamination of the
2D material during imaging, we performed the imaging at a reduced acceleration voltage of 80
kV.[55561 We inspected the MoS: ribbons after the coating process was completed. One of the
ribbons was used as a control, keeping the contacting electrodes uncoated. On both, the out-of-
focus (Figure 4c) and the focused close-up (Figure 4d) images, the MoS: ribbons connected to
the coated electrodes show similar contrast as the control ribbon. This confirms that the PPO
deposition did not occur on MoS: during the electrode coating, which is consistent with the
AFM results (Figure 3e and Figure S9). The inspection of the freestanding MoS: region reveals
atomically clean parts after the electrode coating (Figure 4e and f). The contamination visible
on the suspended part is most likely not caused by the electrochemical deposition, primarily
because of the inhomogeneous distribution. Typically this contamination is associated with
poly(methyl methacrylate) (PMMA) residues used in the device fabrication.[**l Another
possibility is the contamination caused by the interaction of the electron beam with the resist
residues, PPO coating, or residual phenylene oxide oligomers that were not completely washed
away. However, the existence of clean regions after the coating process (Figure 4f) further
supports the observation that electrochemical deposition does not take place on MoS;. There
are two main reasons why the PPO deposition does not occur on the MoS:: the semiconducting
nature of MoS: (in this case n-type semiconductor), and the non-efficient charge injection into

the 2D material due to the high contact resistance at the electrode — 2D material interface. It has
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been observed that in n-type MoS: the heterogeneous electron transfer (HET) rate decreases
with more positive potentials.*®**% For redox couples that have relatively positive redox
potentials, such as Fe3*?*, the HET readily occurs only in the cathodic direction (reduction),
while the anodic reaction (oxidation) gets partially or completely blocked.*”] The reason for
this blockage is that during the anodic polarization of the MoS2 the number of available charge
carriers in the material (electrons), is reduced, which results in lower exchange currents. High
contact resistance, which is a general problem in device fabrication, also plays a role by limiting
the charge carrier injection and subsequently the electron transport through the 2D
material.[2>%"] This might also be the reason why we have not observed any deposition at the
sites which could potentially become electrochemically active, particularly, the edges and
defective sites where molybdenum atoms are exposed to the solution.37:3840581 However,
lowering the contact resistance by locally transforming 1H phase to the metallic 1T phase!®,
or increasing the density of defectsl®”, might in some cases enhance the activity of the basal

planel®2 and affect the average HET rate.

2.4 Electrode passivation requirements

In contrast to conventional electrochemical measurements with a three-electrode
system, in devices with two electrode contacts, the anodic (oxidation) and cathodic (reduction)
processes are highly dependent on each other. The measured current will be limited by the
electrode with the electrochemical process that results in the lowest exchange current, which
depends on the electron transfer rate and electrode area exposed to the solution. Therefore,
when designing a sensor, an important parameter is the exposed area of the contact electrodes.
Reducing the exposed area also reduces the amount of “leakage”, i. e. current through the
solution exchanged between the two electrodes. By defining an upper limit for the acceptable
fraction of the current leakage, x, compared to the signal measured, we can estimate the

maximal electrode area, A, allowed to be exposed to the solution: = x -V * Gyos2 /7 - (1 — x)]
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, Where Gwmos? is the MoS; conductance and j is the current leakage density at the voltage V. To
estimate the current leakage density between two PPO coated electrodes in the typical
biosensing operating conditions, we performed an I-V scan in a two-electrode configuration in
a presence the redox-active probe, [Fe(CN)s]*"*". To ensure that the measured current originates
exclusively from the leakage through the solution, we used a device without MoS: as a control.
With the PPO coating, the current is almost completely blocked (Figure 5) and we get a current
leakage density of approximately 20 pA / cm? at 500 mV. Calculating with a leakage fraction
of 10% and a very conservative MoS, conductance value of 100 pS, for a device that operates
up to 500 mV, an area of 25 um? on each electrode could be exposed to the solution. Since the
true signal depends on the conductance of MoS:. material, the current leakage fraction can also
be tuned by adjusting the geometry and the aspect ratio of the nanoribbon, and by minimizing

the contact resistancel®”.

3. Conclusion

The passivation of electrode contacts is crucial for the performance of electrical and
electrochemical sensing devices operating in liquid. The main reason is that the Faradaic current
resulting from the electron transfer between the electrodes and the redox-active species can
mask the true signal of the sensing material.

We have shown that the electrochemical deposition of the PPO polymer is suitable for
passivating electrodes in contact with a MoS2 2D semiconductor. The electropolymerization of
the PPO polymer results in the deposition of a thin-film with an almost complete electron
transfer blockage in the potential window of approximately 2.3 V. The deposition process
occurs at mild conditions, with a minimal number of cycles, and in the potential window where
MoS: is inert. This results in a highly selective deposition, controllable and compatible with

MoS: and the electrode material.
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Our method avoids the problems that typical deposition techniques can suffer from, including
the contamination with photoresist mask residues, which can significantly affect the
performance of the devices. In our approach, a mask is not needed: each electrode can be
individually addressed and coated separately by connecting it as the working electrode.

The recent progress on wafer-scale CVD growth of high-quality 2D semiconducting materials
and their heterostructures is going to enable large-scale production of (bio)sensing devices of
various architectures. Further miniaturization of electrodes and sensing material to the
nanoscale will enable (bio)sensors-on-chip integration which will bring high-throughput, and
therefore, more accurate detection of different analytes. This requires fabrication processes
reliable at the nanoscale and compatible with 2D semiconductors. To the best of our knowledge,
this is the first report on a highly selective electrodeposition method for coating the electrodes
that are in contact with 2D TMDC semiconductors, like MoS:.

This approach can be further extended to other types of polymers and electrodes, as well as
other 2D semiconducting materials. In principle, any polymer with satisfying current blocking
properties and that electropolymerizes in the potential window where the semiconductor is
inactive is a good candidate for the application. Analogously, any semiconducting material that
is electrochemically inactive in the conditions in which the electrodeposition occurs, is
compatible with this method. This opens a broad spectrum of different combinations of
polymers and 2D semiconducting materials. Furthermore, since the HET rate in 2D
semiconductors can be nicely regulated by applying different back gate potentials®3®4, the FET
devices with incorporated back gate could use this advantage to keep the 2D semiconductor in
the OFF state during the coating of the electrode contacts. We believe that our demonstration
of the method on the devices build on single-crystal MoS2 monolayers will be useful for future
(bio)sensing devices, especially FET, which are based on 2D TMDCs for label-free detection

and rely on an electronic readout. The highly selective insulation, the simple approach, and the
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compatibility with MoS: and potentially with other TMDCs, makes this method a good strategy
for efficient insulation of micro- and nanoelectrodes of 2D semiconductor-based devices.

4. Experimental Section

All the reagents and solvents used were analytical grade and purchased from Sigma — Aldrich,
Merck, Darmstadt, Germany. PtE and GCE electrodes: Platinum disc electrode (PtE) (d = 0.635
cm, BASinc, West Lafayette, USA) and glassy carbon disc electrode (GCE) (d = 0.635 cm,
BASinc, West Lafayette, USA) were used. After polishing with 0.3 um Al>O3, the electrodes
were rinsed and sonicated in acetone, isopropanol, and deionized water. PtE was activated by
cyclic polarization from 1550 mV to -300 mV vs. saturated calomel electrode (SCE) Hg |
Hg.Cl. | KCI (3.5 M) (BASinc, West Lafayette, USA) in 0.1 M perchloric acid at a scan rate

of 100 mV /s.

Substrates for XPS, SEM and AFM characterization: Pt (60 nm in thickness) with 5 nm Ti
adhesion layer was evaporated onto silicon substrates (360 um silicon Si/ 60 nm silicon dioxide
(SiO2)/ 20 nm silicon nitride (SiNx)). Graphite and Highly Oriented Pyrolytic Graphite (HOPG
ZYH/1mm, MikroMasch, Watsonville, USA) crystals were micromechanically exfoliated by

the scotch tape-based method and transferred onto Pt evaporated on a silicon substrate.

MoS: transfer: MoS> 2D monocrystals were obtained by CVD growth on sapphire and
characterized as previously reported.[%® The thickness was additionally confirmed by optical
contrast and AFM measurements. Monocrystals were transferred onto the target substrate by

our custom wet transfer method described elsewhere.[*!

Supported MoS: devices: All fabrication steps were done on a 360 um silicon wafer containing

60 nm SiO and 20 nm SiNy layers. Electrodes were patterned on the SiNx by a combination

14
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of photolithography (large dimensions) and e-beam lithography (EBL, small dimensions) and
metal evaporation. Low contact resistance between the electrode and the MoS:> has been shown
to be crucial for the performance of devices and, as such, has been widely studied.5 In general,
it is challenging to achieve a low resistance contact on 1H-MoS> phase. For contacting MoS:
we use 70 nm gold (Au), the most commonly used® %671 material for that purpose, in
combination with 5 nm titanium (Ti) as an adhesion layer. Ti is a metal with a low work-
function, which can covalently bind to MoS; at the interface to reduce the contact resistance®-
701 On the top of the Au we evaporate an additional layer of 5 nm Pt. Prior to PPO deposition,
the devices were rinsed with acetone and isopropanol, and carefully blown dried with nitrogen.
Each device was fixed to a custom made PCB board, the electrodes were wire-bonded to the

PCB contacts, which were then connected as a working electrode in a three-electrode setup.

Suspended MoS: devices: Prior to MoS; transfer, we created 30 pm x 30 um SiNx membrane
with an aperture (80 nm in diameter) by using electron beam lithography (EBL), reactive ion
etching (RIE) and wet etching in a hot potassium hydroxide solution (30% w/w). The protocol
for this process is available elsewhere. After the MoS: transfer and cleaning, EBL was used
to pattern electrodes (5 nm Ti/ 70 nm Au /5 nm Pt) on top of the MoS.. After patterning these
contacts, the MoS2 monolayer is etched into nanoribbons (2 pm x 500 nm) using EBL and RIE
(O2 plasma). In all EBL steps a 3-step alignment scheme was used to achieve the necessary
precision between individual lithographic steps. Prior to PPO deposition, the devices were
rinsed with acetone and isopropanol, and carefully blown dried with nitrogen. Each device was
fixed to a PCB board, the electrodes were wire-bonded to the PCB contacts, which were then
connected as a working electrode in a three-electrode setup. The number of tested devices is

indicated in the section Number of Devices in the Supplementary Information.

PPO deposition: PPO deposition was done by cyclic voltammetry (CV) in a solution of phenol

(50 mM), tetramethylammonium hydroxide pentahydrate, TMAH*5H,O (50 mM), and
15
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tetrabutylammonium perchlorate, TBAP (100 mM) in acetonitrile. The working electrode was
polarized during 10 cycles from -200 mV to 1250 mV vs. SCE at 50 mV s™. In all measurements,
the counter electrode was a platinum wire (Sigma-Aldrich, Merck, Darmstadt, Germany) while
SCE combined with a salt bridge was used as a reference. The measurements were acquired
with PalmSens2 (Palm Instruments BV, Houten, Netherlands) potentiostat. After deposition,
the electrodes and the devices were thoroughly rinsed with acetonitrile to remove the adsorbed

phenol and TMAH, and gently dried with a nitrogen flow.

Electrochemical characterization on PtE and GCE: Cyclic voltammograms were recorded in
0.1 M KNO3z water solution with and without the redox-active probe. Redox-active probes used
were: hexaammineruthenium (I11) chloride, [Ru(NH3)s]Cls (1 mM), and equimolar solution
potassium ferrocyanide/ferricyanide, Kas[Fe(CN)e] / K3[Fe(CN)¢] (1 mM and 5 mM)

respectively. The scan rate was 50 mV s,

X-Ray Photoelectron Spectroscopy (XPS). Measurements were carried out using a PHI
VersaProbe Il scanning XPS microprobe (Physical Instruments AG, Germany). The analysis
was performed using a monochromatic Al Ka X-ray source of 24.8 W power with a beam size
of 100 um. The spherical capacitor analyzer was set at 45° take-off angle with respect to the
sample surface. The pass energy was 46.95 eV yielding a full width at half maximum of 0.91
eV for the Ag 3d 5/2 peak. Curve fitting was performed using the XPSPEAK 4.1 software
(https://xpspeak.software.informer.com/4.1/). The corresponding chemical structure was drawn

in MolView, an open-source web-application (http://molview.org/).

Scanning Electron Microscopy: All SEM images were acquired using an ultra-high resolution
field emission gun SEM, Zeiss Merlin (Carl Zeiss Microscopy GmbH, Germany), at

acceleration voltages of either 500 V, 1 kV, and 3 kV.
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Atomic Force Microscopy: The devices and substrates were imaged using microcantilevers (70
kHz, 2 N m, Olympus) and an AFM Asylum Cypher (Oxford Instruments — Asylum Research,

Santa Barbara, USA) operating in tapping (AC) mode.

Transmission Electron Microscopy: The devices were imaged by a transmission electron

microscope (FEI Talos, Hillsboro, Oregon, USA) at an acceleration voltage of 80 kV.

Current-voltage measurements in dry conditions: The conductance measurements of contacted
MoS, monocrystals were performed in a two-terminal configuration in air at RT. The
measurements were repeated in vacuum (base pressure 10°® mbar) at RT after the annealing
treatment of devices. Annealing was done at 140°C in vacuum for 24 h. After PPO deposition
on the electrode contacts, the conductance was measured again in air and at RT. Annealing was

not performed to avoid damaging the coating as mentioned previously (Figure S2b and ¢)
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Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1. (a) Schematic of the three-electrode setup used for PPO deposition. The objects are
not to scale. (b) Cyclic voltammogram of the PPO deposition on a Pt disc electrode (PtE). The
arrow indicates the direction of the voltage sweep. The inset shows an enlarged voltammogram
of the 2-10 deposition cycle. The deposition was performed in a solution of 50 mM phenol, 50
mM TMAH*5H,0 and 0.1 M TBAP in acetonitrile. (c) Cyclic voltammogram of PtE recorded
in 1 mM [Fe(CN)g]*”* and 0.1 M KNOs in water before and after PPO deposition. (d)
Voltammogram of PtE recorded in 0.1 M KNO3. The scan was done starting from 0 V toward

the cathodic and anodic region. The scan rate was 50 mV s in all measurements.
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Figure 2. (a) A segment of the PPO structure showing different types of structural units of the
PPO layer obtained from XPS analysis. Ph, phenyl group. (b) 3D AFM micrograph of a 350

nm x 350 nm area on bare HOPG. (c) The same area as in (b) after PPO deposition. The scale

bar is common for both AFM images.
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Figure 3. (a) Schematic of the coating setup. The objects are not to scale. (b) An optical
micrograph of evaporated Pt electrodes that are contacting MoS:. (c) A close-up view of MoS:
single-layer crystals before (top) and after (bottom) the electrode evaporation and coating. The
dashed line indicates the contacted monocrystals, while the solid line denotes the position of
the electrodes. Optically, a coated electrode appears slightly darker than the pristine electrode.
(d) An AFM image of one of the MoS; crystals contacted by two evaporated electrodes. The
white dashed line indicates the edges of the uncovered part of MoS: flake, while the black
dashed line indicates the parts below the electrodes. The gap between the electrodes is 3.8 um.
The image was taken before the coating. (€) An AFM image of the area indicated in (d) by a
light-blue square (bottom). The cross-section (top) was taken before and after the coating at the
place represented by the red solid line (bottom). (f) A 3D representation of the AFM data from

the same area as in e (bottom). The scale bar is common for all AFM images.
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Figure 4 (a) A cross-section schematic of the device. The objects are not to scale. (b) An optical

image of a device with a MoS2 monocrystal (indicated with a dashed line) transferred over an
aperture in a SiNx membrane (light blue square). The MoS, monocrystal is etched into three
ribbons which are then contacted by three pairs of electrodes. (¢) A TEM micrograph of the
same device after PPO coating. The image is out of focus to emphasize the MoS: ribbons that,
in this condition, appear slightly darker than the rest of the SiNx surface. Electrodes contacting
the upper and the middle ribbon were coated with PPO. The white dashed lines indicate the
edges of the nanoribbons connected to the coated electrodes. The black dashed line indicates
the edges of the nanoribbon connected to uncoated electrodes. The PPO coating cannot be seen
during TEM imaging since the metallic electrodes are impenetrable for the electron beam. (d)
A TEM micrograph of the region denoted by purple square in (c). The arrow indicates the 80
nm-diameter aperture in the center of the ribbon where MoS: is suspended. (¢) HR-TEM image
of the freestanding MoS: part. (f) Zoom-in into a clean area indicated by orange square in (e),

revealing the lattice of the freestanding MoS..
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Figure 5. Two-electrode system. Current density vs. potential difference applied between the
electrodes recorded in 5 mM [Fe(CN)s]*"*, with 0.1 M KNO3 as a supporting electrolyte,
before and after PPO deposition. The scan rate was 50 mV s*. The arrow indicates the scan

direction.
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