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Enhanced charge transport across molecule–
nanoparticle–molecule sandwiches†‡

P. Zhou, ab X. Qiao, b D. C. Milan, b S. J. Higgins, b A. Vezzoli *b and
R. J. Nichols *b

The electrical properties of large area molecular devices consisting of gold nanoparticles (GNPs)

sandwiched between a double layer of alkanedithiol linkers have been examined. These devices have

been fabricated by a facile bottom-up assembly in which an alkanedithiol monolayer is first self-

assembled on an underlying gold substrate followed by nanoparticle adsorption and then finally

assembly of the top alkanedithiol layer. These devices are then sandwiched between the bottom gold

substrates and a top eGaIn probe contact and current–voltage (I–V) curves recorded. Devices have been

fabricated with 1,5-pentanedithiol, 1,6-hexanedithiol, 1,8-octanedithiol and 1,10-decanedithiol linkers. In

all cases the electrical conductance of the double SAM junctions with GNPs is higher than the

corresponding and much thinner single alkanedithiol SAM. Competing models for this enhanced

conductance are discussed and it is suggested to have a topological origin arising from how the devices

assemble or structure during the fabrication, which gives more efficient cross device electron transport

pathways without the GNPs producing short circuits.

Introduction

Metal nanoparticles have featured strongly in molecular and
nano-electronics and electrochemistry, where their ability to
store and control the flow of charge has been exploited.
Composite hybrid films of self-assembled monolayers and gold
nanoparticles have been considered for many applications
such as electronics devices, information storage, analysis,
plasmonic devices and electronic skin.1,2 In molecular and
nano-electronics nanoparticles of sufficiently small size can
be assembled in devices where the flow of charge across a
tunnelling junction is restricted due to strong electrostatic
repulsions, inhibiting nanoparticle charging unless a sufficient
bias is applied to the device. This then results in characteristic
non-linear current–voltage behaviour referred to as Coulomb
blockades and staircases, which can be controlled by the
nanoparticle size, the junction electrical (RC) characteristics
and the temperature.3,4 It has even been possible to study the
electrical characteristics of ultra-small metal clusters within
single molecular wires containing a discrete number of metal

atoms defined by atomically-precise synthesis.5–7 Metal nano-
particles have also featured widely in electrochemistry, where
both their catalytic and electron transfer characteristics have
been exploited.8 Very interesting electron transfer characteris-
tics have been observed for gold nanoparticles assembled on-
top of insulating self-assembled monolayers (ML) built on
conductive electrodes. The nanoparticles decorating the top
of these otherwise insulating SAMs can be very good conduits
for electron transfer to soluble (freely diffusing) redox systems
in solution. Here, electron transfer to the solution redox species
is blocked by the SAM, but the nanoparticle acts as a charge
reservoir (similar to the electron sink9 concept used in cluster
chemistry) that allows facile electrode - nanoparticle charge
transfer, followed by a rate-determining ET step to the redox
system. Further studies then showed that the ET enhancement
takes place in the local surroundings of the metal
nanoparticle,10 that redox systems covalently bonded to the
nanoparticle participate in the same 2-step mechanism,11,12

and that there is a subtle interplay between the size of the
nanoparticle and the length of the insulating molecule
assembled in a monolayer that can result either in enhanced
or hindered ET.13–16 Chazalviel and Allongue developed an
elegant model to explain electron transfer at the electrode–
SAM–NP–electrolyte interface being a result of the electrode
potential drop almost completely manifesting itself at the NP–
electrolyte interface up to a certain SAM thickness, thereby
giving length-independent ET rates to the redox system to this
SAM thickness.15
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Given the remarkable electrical and electrochemical char-
acteristics of individual nanoparticles it is not surprising that
there has also been interest in nanoparticles assembled into
large area two- and three-dimensional films on electrodes.
Applications have been found in optics, electrochemistry, sub-
strates for surface enhanced Raman scattering (SERS)17 and
sensing.18 Composite organic-nanoparticle film materials may
in the future offer applications in molecular and organic
electronics through integration into solid-state devices. A
defined and convenient bottom-up fabrication approach is to
sandwich metal nanoparticles between a double SAM layer,
with one SAM layer below and one above the intermediary
nanoparticle layer. This can also be extended to build up
multilayers using efficient stepwise device growth methods.19

Seo et al. have fabricated double SAM devices with gold
nanoparticles sitting in between layers of cobalt(II) bis-
terpyridine SAMs.20 Such devices were found to be surprisingly
conductive given their molecular length. The authors con-
cluded that charge flow through these devices is by sequential
tunnelling conduction through the highest occupied molecular
orbitals (HOMOs) of the Co(II) bis-terpyridine SAMs, with the
gold NPs in the middle of the double layer junction affecting
the HOMO levels position and thereby promoting fast electron
transfer. This is clearly a complex junction assembled with the
combination of redox active molecular wires with accessible
HOMO levels interconnected by gold nanoparticle linkers, but
the enhanced transport properties do show the potential of
such assemblies in molecular electronics. These collected
results highlight the promise that such ‘‘sandwich’’ systems
have for solid-state devices. Intrigued by these opportunities it
was decided to investigate the electrical properties of double
SAM – nanoparticle assemblies linked instead by electrically
benign alkanedithiol SAMs. These archetypical molecular lin-
kers have larger HOMO–LUMO gaps and are simple tunnelling
bridges, thereby providing more straightforward electrical cir-
cuit elements for evaluating the influence of the sandwiched
gold nanoparticles on the device electrical response. With this
aim in mind, these structures were fabricated into metal–
molecule–nanoparticle–molecule–oxide–metal large-area mole-
cular junctions using a stepwise method (Fig. 1) and their
charge transport behaviour probed with the eGaIn soft contact
method.21

Results and discussion

The devices were grown stepwise (Fig. 1), to form Au electrode –
alkanedithiol – gold NP – alkanedithiol structures. The first
structures studied involved 1,6-hexanedithiol, but the electrical
properties of devices with 1,5-pentanedithiol, 1,8-octanedithiol
and 1,10-decanedithiol double SAM layers using the same
fabrication protocols are described later. After depositing a
monolayer of 1,6-hexanedithiol on a gold-on-glass slide (16 h
adsorption from 1 mM ethanolic solution), the slide was
incubated overnight (B12 h) in a solution of 8� 2 nm diameter
uncapped Au nanoparticles freshly prepared in toluene,22 to

ensure a high-coverage layer was assembled on the surface of the
monolayer. After this, a further monolayer of 1,6-hexanedithiol was
adsorbed on the nanoparticles (16 h adsorption from 1 mM
ethanolic solution), to yield the sandwich structure. Cyclic voltam-
metry and AFM nanolithographic techniques23 were used to
characterise each step of the device growth. After deposition of
the first molecular layer, the electrochemical response towards the
ferrocene/ferrocenium redox couple was completely blocked
(Fig. 2a), in good agreement with the literature.

AFM carving experiments were then performed, where an
adsorbate on a hard substrate is shaved away by scanning with
a relatively high force applied to the cantilever. After carving a
100 � 100 nm square (Fig. 2b), measurement of the resulting
profile gave a monolayer thickness of 0.73 nm (Fig. 2c), com-
mensurate with a 1,6-hexanedithiol monolayer lying on the
substrate at a tilt angle of 30–351.24 After incubation in the
nanoparticle solution the electrochemical response was rein-
stated only to be blocked again when a further layer of insulat-
ing alkanedithiol was assembled on top (Fig. 2a). The effective
charge transfer seen in the electrochemistry of the Au–ML–GNP
film in contrast to Au–ML and Au–ML–GNP–ML is a hallmark
of nanoparticle-enhanced ET as discussed in the introduction.
AFM experiments on the second and third stage of device
growth were less conclusive, as the cantilever-tip assembly is
known to disturb the nanoparticles position when the instru-
ment is operated in contact mode (necessary for AFM nano-
lithography), but carving experiments showed an increased
thickness of the deposited layer (Fig. 2c and d). Furthermore,
adsorption of material (such as the Au NPs) on the cantilever
could change its mechanical properties and the shape of the
tip, resulting in unreliable Z calibration. Overall, the electro-
chemical data points towards a successful nanoparticle-
mediated electron transfer in the Au–molecule–NP assembly,

Fig. 1 Stepwise growth method used in this contribution.
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in excellent agreement with the published literature on the
subject as highlighted in the introduction.

After growth of the monolayer assemblies on the Au sub-
strate, they were contacted using the eGaIn (gallium–indium
eutectic) liquid drop method.21 This technique has been devel-
oped as a safer and cleaner alternative to the Hg drop electrode
method, as it uses non-toxic materials and has fewer contam-
ination issues. The eGaIn method has been successfully used
in the literature to characterise charge transport,25,26 light
emission27 and thermoelectric phenomena28 in large-area
molecular junctions. In brief, a microelectrode is fabricated
by suspending a drop of eGaIn from a microsyringe needle on
top of a sacrificial substrate, and then retracting the needle
slowly using a micromanipulator. The drop of eGaIn pinches
into a hourglass shape, that is subsequently ruptured to yield a
sharp conical tip. The tip does not retract into a spherical shape
as would happen with Hg due to the presence of a mouldable
oxide layer on its surface. The eGaIn tip is then brought into
contact with the monolayer or monolayer–nanoparticle–
monolayer using a micromanipulator for coarse approach
and a piezo stack for the final few mm. A bias voltage is applied

between the tip and the Au substrate, and the current signal is
acquired. Contact with the monolayer is monitored with a
microscope (convergence of the conical tip and its reflection
indicates contact) and confirmed by an increase of the current
signal from its noise level (approximately 65 pA in our setup).
As a contact is in place, a sawtooth waveform is applied to the
tip-substrate bias and the current is continuously recorded
within the bias window of interest (in this study, �1.5 V). The
diameter of each junction is also measured at the point of
convergence of the eGaIn tip with its reflection and used to
calculate the current density J = A cm2. About 50 J–V character-
istics were recorded before lifting the tip, moving it to a
different area of the substrate and repeating the process. After
three uses of each tip, a new one was formed on a sacrificial
substrate to reduce contamination and increase reproducibility
of the data. Several hundred individual J–V characteristics were
acquired for each sample and compiled into 2D maps of
current density versus bias voltage. Automated algorithms were
used to discard short-circuited traces (when the current pre-
amplifier is saturated) and traces where the junction failed
during the J–V recording (either short-circuited or ruptured at
the molecule/Ga2O3 interface) but no further data selection was
performed on the acquired datasets. Technical details on the
eGaIn technique and the equipment used are available in the
‘‘Materials and Methods’’ section.

eGaIn measurements on the simple 1,6-hexanedithiol
monolayer showed a J–V shape in good agreement with the
literature on similar saturated compounds (Fig. 3a). The mole-
cular junctions showed negligible rectification even in the
presence of an asymmetric Au–molecule–Ga2O3/eGaIn struc-
ture, as expected in the absence of a strong dipole at the
molecule/Ga2O3 interface.29,30 Repeating the same measure-
ments on the monolayer–nanoparticle–monolayer assembly
yielded unexpected results. Current density over the entire bias
voltage window is greater than for the single monolayer
(Fig. 3c), showing that Au–hexanedithiol–GNP–hexanedithiol
double layer SAM interconnected with nanoparticles is more
conductive than the single SAM of 1,6-hexanedithiol. It is noted
here that we were unable to obtain any meaningful data when
we attempted the fabrication of Au–ML–GNP–eGaIn junctions,
most probably due to the formation of intermetallic Au–Ga
alloys enabled by the absence of a ligand shell surrounding the
Au nanoparticles.31

The unexpectedly enhanced conductance for the Au–ML–
GNP–ML structure was analysed to establish whether it also
occurs for different monolayer lengths. Electrical data is shown
in Fig. 4 for such devices using 1,5-pentanedithiol and 1,10-
decanedithiol (complementary electrical data for devices using
1,8-octanedithiol is available in the ESI‡ in Section S1 and
Fig. S1), comparing the monolayer SAM device with the Au–ML–
GNP–ML device. An identical fabrication protocol was used as
that described for 1,6-hexanedithiol. In each case the double
layer SAM with interconnecting GNPs shows higher conduc-
tance than for its equivalent monolayer SAM. Fitting the results
to a simple tunnelling model where the current density J decays
logarithmically with the length L of the molecular wire as

Fig. 2 Characterisation of the stepwise device assembly. (a) Cyclic vol-
tammetry on the various steps of device growth, from the bare Au slide
(Au), to a 1,6-hexanedithiol monolayer (Au–ML), after adsorption of Au NPs
(Au–ML–GNP) and after assembly of the second 1,6-hexanedithiol mono-
layer (Au–ML–GNP–ML). (b) AFM nanolithography on a single 1,6-
hexanedithiol monolayer, where a 100 � 100 nm square was carved by
applying a 20 nN force to the tip. (c) AFM profile after carving on a single
1,6-hexanedithiol monolayer (ML) and the final dithiol–nanoparticle–
dithiol device (ML–GNP–ML). (d) AFM nanolithography on the final device,
where a 200 � 200 nm square was carved by applying 20 nN to the
cantilever. CV in (a) obtained in a 3-electrode cell, using a 1 cm2 Au-on-
glass substrate as working electrode, a platinum wire reference electrode
and a platinum mesh counter electrode, in acetonitrile with 0.1 M NBu4BF4

as supporting electrolyte and 1 mM ferrocene as analyte. AFM imaging
performed at 0.3 nN force setpoint. Greyscale in (b) is 0–1.3 nm and in (d)
is 0–17.1 nm.
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J = Jc exp(�bL), allows us to extract the attenuation factor b for
the two series of devices. While for the simple alkanedithiol
series the attenuation per CH2 unit is bN = 1.05 (in good
agreement with previous results),32,33 current is less attenuated
with length in the sandwich devices, with bN = 0.61. This
enhanced current and the reduced attenuation factor for the
double layer structures might have several possible origins,
which are considered in the following text. An interpretation
based on a short-circuit of the junction through the nanopar-
ticle was discounted, as this would result in either (i) metallic
transport characteristics with much higher values of J if the
entire junction is short-circuited (behaving therefore like a
simple Au/Ga2O3/eGaIn microcontact) or (ii) charge transport
behaviour identical to the single 1,6-hexanedithiol monolayer if
only either the Au substrate–Au nanoparticle or the Au–Ga2O3

portion of the nanoscale assembly are affected. A second
possibility is that the nanoparticles are efficiently mediating
and enhancing charge transport. As discussed in the introduc-
tion, nanoparticles assembled onto blocking and insulating
alkanethiol SAMs are effective conduits of electron transfer
between SAM-covered surfaces and redox couples in the elec-
trolyte solution. In the absence of nanoparticles the SAM blocks
electron transfer, but with the nanoparticle the electrode
potential drop occurs almost completely at the nanoparticle–
electrolyte interface up to a certain SAM thickness, thereby

facilitating effective and fast electron transfer to the redox
system in solution (up to a certain SAM thickness).15 This
model is however not relevant for the Au–ML–GNP–ML struc-
tures since the gold nanoparticles in these structures are
passivated by the second monolayer in the double SAM
structure.

Finally, a topological origin to the enhanced conductance
and reduced attenuation of the double layered structure arising
from how the devices assemble or structure during the fabrica-
tion is considered. Alkanethiol SAMs, and to a lesser extent
alkanedithiols, have been very well characterised by a multitude
of surface science methods, including surface spectroscopies
and probe microscopy. High coverage and well-ordered com-
pact monolayers are formed, which in the case of alkanethiols

Fig. 3 eGaIn measurements. (a) 2D map of current density vs. bias voltage
compiled from 791 Au/1,6-hexanedithiol/Ga2O3/eGaIn junctions. (b) 2D
map of current density vs. bias voltage compiled from 1616 Au/1,6-
hexanedithiol/AuNPs/1,6-hexanedithiol/Ga2O3/eGaIn junctions. (c) Com-
parison between the average J–V characteristics calculated from the same
data used in (a and b) by Gaussian fitting of each vertical slice of the 2D
map (binsize = 20 mV). Shaded area is the error (standard deviation). (d)
Photograph of a large-area junction (in this photograph, 36 mm2), fabri-
cated with the eGaIn technique. The junction is located at the centre,
where the tip and its reflection on the Au substrate meet. Maps in (a and b)
compiled with 10 bins per decade and 50 bins per V.

Fig. 4 (a) 2D map of current density vs. bias voltage compiled from 1219
Au/1,5-pentanedithiol/Ga2O3/eGaIn junctions. (b) 2D map of current den-
sity vs. bias voltage compiled from 1590 Au/1,5-pentanedithiol/AuNPs/1,5-
pentanedithiol/Ga2O3/eGaIn junctions. (c) 2D map of current density vs.
bias voltage compiled from 1378 Au/1,10-decanedithiol/Ga2O3/eGaIn
junctions. (d) 2D map of current density vs. bias voltage compiled
from 1416 Au/1,10-decanedithiol/AuNPs/1,10-decanedithiol/Ga2O3/eGaIn
junctions. (e) Natural logarithm of current versus n(CH2) for both the
monolayer junction (purple) and the molecule/nanoparticle/molecule
sandwiches (red). The solid lines are the linear fits, from which the
attenuation factor b has been calculated. Data in (e) obtained from the
respective 2D map at �600 mV. Maps in (a–d) compiled with 10 bins per
decade and 50 bins per V.
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are tilted approximately 30 degrees from the surface normal.34

Alkanedithiol SAMs have been used for the attachment of gold
nanoparticles on-top of SAMs. In our case uncapped Au nano-
particles were attached from their freshly prepared solution in
toluene, by incubating the monolayer dithiol SAM overnight in
a solution of 8 � 2 nm diameter GNPs. This was followed by
immersion in the dithiol solution again to create the second
layer. The steps of this fabrication protocol are visualised by
deflection mode AFM in Fig. 5 for the 1,6-hexanedithiol system.
At this imaging scale the first functionalisation step gives an
apparently smooth and unstructured surface of the SAM-
covered gold substrate (Fig. 5a). Statistical analysis of a 300 x
300 nm area taken from four different AFM topography maps,
upon subtraction of a level plane, reveals a surface roughness
(root-mean square) of 2.02 � 0.66 nm. The image appearance
dramatically changes when gold nanoparticles are adsorbed on-
top of this SAM. The image of this structure (Fig. 5b) is much
more structured and consistent with a disordered layer of GNPs
sitting on the upper surface of the SAM. The same statistical
analysis protocol returns a value for of 3.36 � 0.96 nm as
surface roughness. This is subsequently treated with 1,6-
hexanedithiol (HDT) to form the Au–HDT–GNP–HDT structure
(Fig. 5c). This image is distinctly less structured than the
preceding step, the GNPs are not obviously visible, and surface
roughness is significantly reduced to 2.31 � 0.89 nm. From
this, it is concluded that this second treatment with 1,6-
hexanedithiol does not form a conformal layer mirroring the
structure of the pre-adsorbed nanoparticles. On the contrary,
there must be a large degree of restructuring as the nano-
particles are capped by the alkanedithiol layer, with partial
intercalation between alkanedithiol sheaths on adjacent GNPs
being possible. Thiols are known to form a compact and
protective sheath around gold nanoparticles, which greatly
stabilizes uncapped nanoparticles, and on account of their
stability these monolayer capped GNPs have been referred to
as monolayer-protected clusters.35 On account of the driving
force for capping ligand shells to adsorb around the GNP core it
is expected that a great degree of film restructuring would occur
during the formation of the monolayer-protected nanoparticles
within the film structure. The AFM imaging presented above
shows that the nanoparticle sandwich film is non-uniform.
This non-uniformity may arise from the nanoparticles sitting
at somewhat different heights embedded in the film. There

may also be conformational disordering of the ligand shell
surrounding the nanoparticle, and this has been studied for
alkanethiol capped gold nanocrystals with infrared spectro-
scopy. Infrared spectroscopic data from the literature does
show evidence for a degree of disordering for alkanethiol
capped gold nanoparticles, particularly for smaller chain length
and cluster sizes,35–37 but chain ordering is dependent on other
factors such as environment, compression of nanoparticle films and
temperature (see ESI,‡ Section S3, for further discussion). Our
preparation method in which nanoparticles are assembled on-top
of monolayer alkanedithiol SAMs and then exposed ‘‘in situ’’ to the
alkanedithiol to form the upper layer of the sandwich may be
conducive to lower ordering than the standard process of forming
monolayer capped nanoparticles in a solution environment. Further
investigations comparing these different assembly protocols and
their influence on order would be worthwhile.

Electrical short-circuits in these devices made by the nano-
particles as an alternative explanation for the I–V behaviour has
been ruled out since metallic transport characteristics are not
observed in the device I–V curves. We can also discount an
interpretation of our results based on a change of the wetting
properties of the monolayer or on a different effective mono-
layer/eGaIn contact area being responsible for the observed
charge transport properties. The former is discounted on
account of similar interfacial chemistry being operative in the
monolayer and the nanoparticle assembly devices, as an alka-
nedithiol monolayer is in both cases responsible for the contact
with the eGaIn electrode. The latter is discounted on the basis
of our topographic analysis, as the eGaIn electrode is coated by
a rough Ga2O3 ‘‘skin’’, that has been experimentally observed to
wrinkle and buckle upon manipulation of the electrode and
fabrication of the junctions.38 Even a pristine microdroplet of
eGaIn (hence not having been manipulated and offering the
smoothest Ga2O3 ‘‘skin’’ possible) has been demonstrated by
AFM to have a surface roughness of B1 nm,39 therefore dominat-
ing in magnitude over the smaller DroughnessRMS (difference in
roughness between the Au–monolayer and the Au–monolayer–NP-
monolayer structures) of 0.29 nm observed between our devices.
Therefore, while the effective contact area between the eGaIn
electrode and the monolayer will indeed be lower than the
calculated geometric contact area,38 no significant difference in
their magnitude is expected between the pristine monolayers and
the ML–GNP–ML assemblies.

Fig. 5 Deflection mode AFM images of: (A) The 1,6-hexanedithiol SAM monolayer, (B) 1,6-hexanedithiol monolayer following adsorption of GNPs and (C)
the sandwich structure of 1,6-hexanedithiol-GNP-1,6-hexanedithiol. Image size is 400 � 400 nm (left), 500 � 500 nm (centre) and 450 � 450 nm (right).
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A simple model is presented in the ESI‡ to offer a possible
explanation for the disordered Au–ML–GNP–ML devices show-
ing enhanced electrical conductance (also see the discussion of
the model in Section S2 and Fig. S2 in the ESI‡). This topo-
graphic model assumes that there is a normal distribution of
tunnelling distances of the GNPs to the enclosing electrodes.
Since tunnelling current is not linear in distance this means
that the longer and shorter distance do not balance out and a
current enhancement results, which becomes larger as the
distribution of tunnelling distances widens. Even small
Ångstrom level modulations of the effective tunnelling dis-
tances can produce relatively large conductance enhancement
within this model. This is of course a very simple model but
shows how disorder in the placement of embedded nano-
particles and microscopic variation in the SAM structure might
give rise to conductance enhancement of the device. There will
be other factors such as the variation of SAM thickness and
order at different faces of the GNPs, domain boundary and
defect effects, and complex disorder. Another consideration is
the structure and ordering of the linker molecules at the
enclosing metal contact interfaces. The shapes and orienta-
tions of the nanoparticles will mean that the alkanedithiol
capping ligands will meet at a wide variety of angles to the
electrode contacts. This is clearly a very different scenario
compared to a single SAM sandwiched perfectly between two
model planar metal electrodes, which is a situation which
might, for example, be approached with mercury drop contacts
touching the top of SAMs.33 On the contrary if there is a
prevalence of highly tilted linker molecules contacting the
electrodes these might be expected to contribute to higher
conductance for two reasons. First, if the SAM is highly tilted then
the thickness will be relatively low, enhancing junction conduc-
tance. Second, it has been demonstrated at the single molecule
level that highly tilted or compressed Au–molecule–Au junctions
can exhibit significantly enhanced conductance.40,41

Conclusions

In summary, this study analyses the influence of introducing metal
nanoparticles in double monolayer structures formed from SAMs
and highlights the unexpected finding that the junction conduc-
tance is enhanced for these GNP–SAM double layer composite films.
Restructuring of the films during the formation of the top SAM layer
and the in situ formation of monolayer capped GNPs is believed to
play a determining role in the conductance enhancement. The
recorded electrical properties show no evidence for metallic short
circuiting of the devices by the nanoparticles, hence showing the
potential for the fabrication of large area devices which combine the
electrical properties of nanoparticles and functional organic ligands.

Materials and methods

All chemicals used in this study were purchased from Sigma-
Aldrich (now Merck) and used without further purification.
Solvents were purchased from ThermoFisher Scientific and

used without further purification. Au substrates were pur-
chased from Arrandee (200 nm Au/5 nm Cr/glass) and annealed
with a butane torch before use, to promote (111) surface
reconstruction. eGaIn was purchased from Sigma-Aldrich
(now Merck), as 75.5% Ga, 24.5% In, 99.99 + % trace metal.

The eGaIn apparatus was assembled using a microsyringe
(ThermoScientific GasTight 10 mL) equipped with a tapered
needle (SGE 26G, 0.11 mm inner diameter). The syringe is
mounted on a Z translation stage (Thorlabs NanoFlex NFL5D +
Thorlabs K-Cube Piezo Controller) which allows manual coarse
approach and fine piezo-driven control. The substrate is
mounted on a manual XY stage (2� Thorlabs XR25). The
equipment is built on top of an optical table to reduce ambient
vibration. A camera (Basler ACEPro) allows visual measurement
of the contact area and calculation of the current density
J. eGaIn conical tips were prepared by bifurcating a drop of
eGaIn on a sacrificial area of the substrate.21 The tip was then
moved to a pristine area of the substrate and driven into
contact with the monolayer. A Keysight 33522B Arbitrary Wave-
form Generator (AWG) imposes an electrical bias to the sample
(against ground), while the current from the tip is monitored
with a transimpedance amplifier (Femto DLPCA-200). Data is
acquired with a National Instrument PXI system (PXIe-1062Q
chassis with a PXIe-4464 acquisition module and PXIe-
PCIe8381 interface). Data acquisition and processing are per-
formed with custom Labview VIs.

AFM imaging and carving/nanolithography were performed
with a Keysight 5500 SPM system, equipped with a N9520A
9 mm scanner, operating in contact mode. NT-MDT CSG30
diving board cantilevers were employed, using a 0.3 nN setpoint
for imaging and 20 nN for monolayer carving. Image processing
and statistical analysis performed with Gwyddion 2.62.
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