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Functional nanoencapsulation

Damage-free encapsulation of molecular structures with functional nano-layers is crucial to
protect nanodevices from environmental exposure. With nanoscale electronic, optoelectronic,
photonic, sensing and other nanodevices based on atomically thin and fragile organic matter
shrinking in size, it becomes increasingly challenging to develop nano-encapsulation that is
simultaneously conformal at atomic scale and does not damage fragile molecular networks,

while delivering added device functionality. This work presents an effective, plasma-enabled,
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potentially universal approach to produce highly-conformal multi-functional organic films to
encapsulate atomically thin graphene layers and metalorganic nanowires, without affecting
their molecular structure and atomic bonding. Deposition of adamantane precursor and gentle
remote plasma chemical vapor deposition are synergized to assemble molecular fragments and
cage-like building blocks and completely encapsulate not only the molecular structures, but
also the growth substrates and device elements upon nanowire integration. The films are
insulating, transparent and are conformal at sub-nanometer scale even on near-tip high-
curvature areas of high-aspect-ratio nanowires. The encapsulated structures are multifunctional
and provide effective electric isolation, chemical and environmental protection, and
transparency in the near-UV-visible-near-infrared range. This single-step, solvent-free remote-
plasma approach preserves and guides molecular building blocks thus opening new avenues for
precise, atomically-conformal nanofabrication of fragile nanoscale matter with multiple

functionalities.

1. Introduction

Recent advances in the synthesis of nanomaterials with outstanding properties combined with
new processing technologies can lead to highly functional and highly miniaturized components
and systems at increasingly lower costs.!!"!% The efficiency of nanodevices critically depends
on nano-manufacturing of functional elements and their encapsulation and packaging. The role
of nano-packaging is continuously increasing not only because of the need to protect the entire
device from environmental factors but to also functionalize and isolate individual nanoscale
device elements.

As the devices relentlessly shrink and the nanomaterials offer multiple functions, they
become more fragile, and extreme care should be taken to avoid damage during encapsulation.
This issue has recently become critical for multifunctional molecular matter where disruption

of inter-atomic links or removal of even a small number of atoms may lead to a partial or even



full loss of functionality.!''!¥ This is why damage-free encapsulation of molecular structures
with protective functional nano-layers is rapidly emerging as one of the leading
nanotechnologies suitable for multifunctional nanodevices, especially those operated under
harsh environmental conditions.!!!18!

Widespread use of atomically thin materials such as graphene, transition metal
dichalcogenides and several other classes of fragile nanoscale matter in electronic, opto- and
magneto-electronic, biomedical and many other nanodevices necessitates atomically-conformal
encapsulation layers.['*2?! Ideally, any sort of damage should be avoided during the fabrication.
Moreover, nano-encapsulation coatings are expected to add extra functional features to the
devices. As the continuously shrinking functional nanoscale elements presently exist in all
dimensionalities — from zero-dimensional (0D) quantum dots to three-dimensional (3D)
complex nano-architectures — the challenge to encapsulate them conformally inevitably
escalates.

One particularly intriguing possibility to deliver such conformal nano-coatings is by
combining damage-free deposition of customized building blocks and their guided self-
assembly on the nanoscale surfaces of different dimensionalities. Indeed, manufacturing new
materials through self-assembly of increasingly complex functional molecules combined with
extraordinary features of nanomaterials may lead to paradigm shifts in nanodevice

[12,23-25

fabrication. ' One such technological area is nanoelectronics where conducting and

semiconducting nanostructures are coupled with state-of-the-art dielectric elements providing

26-28

electrical insulation.!?%-28 In organic electronics, low-k ultrathin dielectric coatings are essential

elements of advanced integrated electronic systems, and the relative permittivity k of dielectric
coatings needs to be reduced as the devices are getting smaller and smaller. Nanoporous
coatings appear promising yet they often fail to protect sensitive organic nanostructures against
[29,30]

humidity and increase their permittivity while absorbing environmental moisture.

Moreover, these and similar encapsulation coatings are commonly produced by high-
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temperature deposition and/or annealing, which damage the building blocks by removing
inherent polar groups or sacrificial porogens.!?*3! These factors often preclude the synthesis of
such materials over temperature sensitive organic components.

Here we present a new multifunctional dielectric coating deposited by room temperature
plasma-assisted vacuum deposition of adamantane. The films present remarkable properties for
their applications as low-k dielectric ultrathin films on molecular structures as protective
coatings in humid and saline environments. We further demonstrate that the films can
effectively encapsulate selected fragile nanomaterials of different dimensionalities, namely 1D
organic conducting single-crystalline nanowires, 2D graphene monolayers, and nanoscale 3D
interspaces in the supporting nanodevice platforms. The coatings are obtained by guided self-
assembly of 7 -conjugated functional molecules, i.e., the structure is sustained by the Van der
Waals forces. On the other hand, the selected molecular structures are very sensitive to damage.
Indeed, the outstanding electronic photonic and magnetic properties of the organic nanowires

32-351 Similarly, graphene is a 2D m -

owe to the integrity of their single-crystalline structure.!
conjugated system extraordinarily sensitive to defect generation. Our approach successfully
addresses the key challenge to conformally encapsulate such structures while preserving their
molecular arrangement and bond structure.

The key building block in our approach is a cage-like adamantane molecule - the simplest
diamondoid hydrocarbon. The molecule is formed by four connected cyclohexane rings in
armchair configuration with the same spatial symmetry as carbon atoms in diamond being non-
polymerizable by chemical methods. Even though adamantane has been previously used for the

36381 their use in 3D, damage-free

synthesis of various diamond-like and organic films,!
nanoscale encapsulation has not been reported (see Supporting Information Section S1 for

additional information).



Importantly, our approach is plasma-enabled and is based on basic principles of plasma
nanoscience and plasma-aided nanofabrication.**#%1 We deliberately chose remote plasma
assisted vacuum deposition (RPAVD) which synergizes a remote plasma discharge with low-
pressure afterglow sublimation of an organic solid precursor. This approach surpasses
conventional plasma polymerization by allowing the growth of a plasma polymer matrix
without significant fragmentation of the precursor molecule. This is primarily due to the
minimized ion bombardment and UV irradiation processes. Our results may lead to a generic
approach for encapsulating molecular structures with a protective dielectric nanofilm
preserving their functional properties. This approach is expected to be compatible with the

wafer-scale fabrication of optoelectronic and other nanodevices.

2. Results and Discussion

2.1. Conformal thin films

Adamantane films were deposited by RPAVD according to the synthetic protocol described in
the experimental section. The deposited films are insoluble in water, ethanol or acetone. The
thermal stability of the films was tested up to 250 °C in air and 350 °C in vacuum. Thus, the
films are stable at temperatures even higher than the melting point of the adamantane precursor
(~210 °C). We observed no significant variation of the films properties for a period of one year
for a set of films stored in air.

X-ray photoemission spectroscopy and Fourier transform infrared spectroscopy (FT-IR)
analysis show that the samples are almost pure hydrocarbon films formed by saturated
structures with oxygen traces as low as O/C= 0.04 (see supporting information S2-S3). The
films are completely transparent in the visible and ultraviolet-A (315-400 nm) regions and show
an increasing absorption for wavelengths shorter than 300 nm (see Figure 1a) and the pictures

in the inset). Note that, in general, plasma polymers even from unsaturated aliphatic monomers



are typically yellowish due to the presence of conjugated structures generated by the interaction
of the precursor and intermediate products with the energetic plasma in the gas phase and on
the surface of the growing film.[*!**?) In our case, this process seems to be limited but is likely
responsible for the observed UV absorption at shorter wavelengths. The pseudo band gap
calculated from the Tauc relation is ~4.1 eV. The ellipsometric analysis of the films reveals a
refractive index of 1.57 at 535 nm and an extinction coefficient lower than 107,

Impedance analysis of the adamantane films is included in the supporting information S3.
This analysis provides a relative permittivity value of £’ ~ 2.67 at a frequency of 10° Hz, which
is a low value in comparison to other plasma deposited non-porous materials grown from
saturated precursors.[*! From this study, it is also inferred that dipolar polarization only
contributes to 10% of the sample permittivity, where the electronic polarization is the major
component (S4). The low permittivity of the RPAVD Adamantane films is attributed to the
apolar precursor and the soft plasma conditions which do not promote the formation of polar
moieties as occurs for other plasma polymerization processes. This also justifies the low
dissipation factor of the films (tan & = 0.005).

The films are homogenous, smooth and crack free without presenting any pores, pinholes or
surface aggregates observable by optical, electronic and atomic force microscopies. The atomic
force microscopy (AFM) analysis reveals that the films are extremely flat with an root-mean-
square (RMS) surface roughness lower than 0.3 nm. This value is independent of the film
thickness in the studied range 50-750 nm (Figure S5a). These RMS values are much lower than
those reported for parylene-C and polytetrafluoroethylene (PTFE) ultrathin films.[***] The
films have a water contact angle of ~90° corresponding to a partially hydrophobic surface. This
value in combination with the previously indicated low oxygen content determined for films
stored in air (S2-S3) is important because low water affinity is critical for maintaining a low

permittivity.[3%



The dielectric breakdown field of the adamantane films was determined using highly doped
Si wafers as substrates for film deposition and evaporating an array of aluminum disk contacts
onto the film surface. The films were studied as deposited after being stored in air for at least
three months. Figure 1b presents the results of this characterization. The histogram accumulates
the measurements of the samples with thicknesses in the range 50-110 nm precisely determined
by spectroscopic ellipsometry. The dielectric breakdown strength at each point is taken as the
electric field at a leakage current higher than 10°° A/cm?. The results indicate that the breakdown
fields are in the range 4.5-7.3 MV/cm. These values are close to those of high-quality SiO»,
fluorinated SiO2 and AlLO3 dielectric coatings, are better than other commonly used inorganic
dielectrics such as Si3Na, and surpass dielectrics like polyethylene or PTFE (Teflon)**¥] These
values are also higher than those reported for parylene films.[***°! The high dielectric strength
values exhibited by the adamantane films are particularly interesting for nanoelectronics
because of the use of these films in nanoscale encapsulation of fragile nanoscale objects as

presented below.

2.2. 2D graphene layers
To demonstrate the suitability of the above layers to coat sensitive substrates and materials,
adamantane films were deposited on graphene monolayers supported on SiO2/Si(100)
substrates. The AFM micrograph shows that the adamantane film coated graphene surface is
homogenous and smooth without defects or voids (Figure S5) and is similar to those of films
deposited on flat silicon surfaces (Figure S5). The topographic and conducting AFM images in
Figure 1b clearly show a sharp interfacial transition from the insulating adamantane films to
the conductive (Au) substrate. Notably, the figure shows that the film is homogeneous and
continuous even at a thickness in the range of 10 nm.

Figure 2a shows the Raman spectra of a supported graphene monolayer after and before the

adamantane film deposition. Raman spectroscopy is a reference technique for carbon-based
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materials as graphene since it provides information about disorder, edge and grain boundaries,
doping, thickness, etc.’%l The Raman spectra of the graphene after and before the deposition of
a 100 nm adamantane film are almost identical, with only a slight change in the background at
low frequencies noticeable. The intensity of the graphene D band at about 1350 nm quantifies
the level of defects in graphene.[>! After background subtraction, the /p/I¢ intensity ratio is low
and almost the same for the both samples. The /p/l¢ intensity ratio is a measure of the graphene

52.33] Importantly, the quality of the graphene film was not affected by the

crystalline quality.!
adamantane coating.

Raman spectroscopy is a reference technique for carbon-based materials as graphene since it
provides information about disorder, edge and grain boundaries, doping, thickness, etc.[*’! The
Raman spectra of the graphene after and before the deposition of a 100 nm adamantane film
are almost identical, with only a slight change in the background at low frequencies noticeable.
The intensity of the graphene D band at about 1350 nm quantifies the level of defects in
graphene.®" After background subtraction, the Ip/I intensity ratio is low and almost the same
for the both samples. The Ip/lc intensity ratio is a measure of the graphene crystalline
quality.552 Importantly, the quality of the graphene film was not affected by the adamantane
coating.

The electrical properties at the nanoscale were studied by conductive AFM to continue
exploring the possibility of using the adamantane films as conformal dielectric coatings for
graphene-based devices. Figure 2b shows the local electrical characterization in the boundary
region between a 90 nm thick conformal adamantane film and an uncoated region of the
graphene substrate produced by using a shadow mask during the deposition. The adamantane
film and graphene are in electrical contact with the evaporated Al electrode as shown in the
schematics. The /-V curve in the (1) region (adamantane film) is characteristic of an insulating

material whereas the (2) region (graphene) is characteristic of a conducting material. The /-V

curve is very similar to those obtained before the adamantane deposition measured with the
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same set-up as shown in the figure. Thus, the tested exposed graphene surface is in electrical
contact with the Al electrode through the insulating organic coated region. These results are
consistent with the Raman analysis indicating that the graphene monolayer structure and
conductivity are not disturbed by the adamantane film deposition process. In addition, these
results demonstrate that the deposition method provides a one-step, dry (solvent-free) and room
temperature synthesis of conformal insulating films on conducting graphene monolayers.

The study of adamantane film growth on graphene monolayers indicates that the deposition
process is conformal and soft enough for not damaging the delicate bond structure of the
conducting graphene sheets. The process is thus highly-promising for applications in 2D

conducting and semiconducting devices.>*

2.3. Supported 1D organic nanowires

To extend the use of these dielectric layers within organic nanodevices, we have studied the
adamantane deposition process on a 3D organic model system. This system consists of 1D
small-molecule conducting organic nanowires and the 3D spaces between the nanowires and
over the supporting substrates in the device platforms where the nanowires are integrated. The
nanowires are obtained by molecular self-assembly.??%) Specifically, Cu-phthalocyanine
nanowires are grown by sublimation on silver nanoparticles coated Si(100) substrates. These
nanowires are single-crystalline presenting well-defined square or rectangular cross-sections.
The adamantane film was deposited as a conformal shell after the nanowire synthesis in the
same reactor as shown in Figure 3a. The planar and cross-sectional views in the figure show a
dense forest of supported nano-cables formed on the substrate surface.

There are no signs of any significant nanowire damage by the adamantane deposition process.
The STEM micrographs of individual nanocables in Figure 3b show regular core-shell
structures with the original organic nanowires in the center. In the HRSEM image (Figure 3b

right), the square-shaped core of the pristine wire can be neatly observed. The high-resolution
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TEM image of a selected core-shell nanocable (Figure 3c) reveals that the adamantane films
are perfectly deposited on top of the last plane of phthalocyanine molecules without producing
any kind of local damage or molecular disarrangement observable even at this high
magnification scale. Therefore, a sharp, well-resolved interface between the molecular planes
of the crystalline nanowire and the amorphous organic films has been obtained. The Fast
Fourier Transformation (FFT) analysis confirms the amorphous nature of the organic films
surrounding the crystalline core. The possibility of depositing confomal films on high aspect
ratio structures is one of the key properties of the RPAVD ADA deposition. In fact, conformal
ADA films similar to those shown in Figure 3 have been obtained for different supported
phtalocyanine nanowires in the range 1-20 micrometers long with a rectangular or square cross

sections.

2.3. 3D on-device structures

The organic nanowires are conducting thus presenting ohmic behavior at small voltages.3?!
Figure 4a) shows SEM images of a number of CuPc nanowires connecting two gold parallel
planar electrodes on a glass substrate. The nanowires shown in the figure were mechanically
transferred to the gold electrodes by pressing the electrodes against a supported nanowire
surface. The corresponding /-V curve is also shown in the figure (black dots). Note that by this
procedure, the nanowires are simply resting on the electrodes and thus the electrical connection
is far from optimal. After this measurement, the electrodes and bridging nanowires were coated
by a conformal adamantane film of about 90 nm and measured again. The resulting /- curve
after this treatment (blue dots) is identical to the original sample indicating that the deposition
process preserves not only the nanowires integrity but also the electrical contact between the
bridging wires resting on the gold electrodes.

Plasma-made adamantane nanocomposites are insoluble in water. Compared to our recent

work, where the “coarse” encapsulation was demonstrated at a larger, perovskite solar cell
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device scale here we increase precision and demonstrate conformal 3D encapsulation of organic
nanowires with adamantane nanocoatings, which will protect them even from corrosive saline
liquid environments.>®! The results corresponding to encapsulated CuPc nanowires are shown
in Figure 4b). The voltammetric curves of the figure correspond to supported CuPc nanowires
grown on an ITO electrode in a concentrated NaCl solution (i.e., seawater conditions ~3.5 M)
after and before the deposition of an adamantane film. The bare supported nanowires working
electrode show maxima and minima assigned to oxidation and reduction reactions. The anodic
and cathodic peaks occurring at potentials about -0.17 V correspond to redox reaction of the
Cu(I)-Pc/Cu(I)-Pc system. The lack of symmetry of these peaks and the differences between
the two cycles clearly indicate the irreversibility of the process. This is rather expected
considering the aggressiveness of the solution. At potentials of about 0.4 V, an additional peak
appears on the curve attributed to the oxidation reaction of non-complexed copper ions. The
additional peak appears only when the electrode becomes polarized with potentials over 1.1 V.
At a potential of about 1.13 V, the peak of the oxidation of the complex is visible. It may
indicate that this stage of oxidation still leads to the decomposition of the particles of the
complex and the release of the ions of copper.

In contrast, the supported nanowire surfaces show no response at the studied voltages during
the two cycles. Indeed, current density values measured on the coated sample are of about two
orders of magnitude lower than the sample without adamantane. Several implications of this
result are worth emphasizing. First, the coated nanowires are stable in the concentrated saline
environment. Second, the adamantane film covers the nanowires fully. Thus, each nanowire is
completely insulated from the tip to its foundations with a coating presenting no defects or
voids. Third, the adamantane film also covers and protects (from the solution) the ITO substrate
surface that supports the nanowires. In other words, the conformal deposition reaches the
substrate surface below a nanowire maze similar to the cross-sectional SEM image in Figure

3a.
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The facts that (i) the films conformally cover the substrates supporting the organic nanowires
and (ii) the near-atomic smoothness of the coatings on flat surfaces (i.e., silicon wafers and
graphene) indicate that the deposition process is determined by surface diffusion of film-
forming species produced through the interaction of adamantane precursor molecules with the
plasma. Note that in the absence of plasma crystallites of condensed precursor are formed in
the external surface of any substrate (i.e,. at the surface of those nanowires exposed to the
precursor flow). Some sections of the nanowire structure and the substrate surface are not
directly exposed to the plasma and are not reachable by the molecular flow. In this unique case
(cross-section in Figure 3a) the film growth cannot be attributed to common mechanisms of
direct vacuum condensation of adamantane molecules or direct plasma polymerization of the
precursor. We emphasize that the distance between the supported nanowires and the voids
between them are much smaller than the characteristic Debye length (of the order of tens of
microns range for this type of plasma discharges), which supports the plausibility of the plasma
enhanced surface diffusion mechanism. 57! Thus, the role of the remote plasma is critical as it

modifies the deposition process giving rise to the deposition of a conformal polymer film.

3. Conclusion

In this work, we have demonstrated an effective and potentially universal approach for highly-
conformal, damage-free encapsulation of fragile nanoscale functionalities of interest to diverse
applications. The approach is based on room-temperature remote plasma deposition of
adamantane-derived thin transparent films. The films are ideal as versatile low-« insulators for
the nano-packaging of molecular structures and their use in electrical and optical nanodevices.
The nanocomposites are chemically and thermally stable and robust in humid and saline
environments. We have also shown that the dielectric films can be directly applied to graphene
and conducting wires formed by the n-stacking of planar molecules. The excellent conformality

of the films has been demonstrated at the nanometer scale by fully coating all the surfaces of
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high-aspect-ratio supported organic nanowires, including the nanowires that connect
microelectrodes on-device. Importantly, the electrical properties of the nanowires or the
contacts were not affected.

The deposition process is fully compatible with the advanced shadow mask technology,
plasma etching and is scalable towards multiple-wafer batch processes used in microelectronics
industry. The adamantane films were deposited without any optimization cycle to further
improve their dielectric or optical properties. This work thus opens multiple opportunities for
further improvements of the film performance and for diversifying the range of nanoscale
matter to be encapsulated, including rapidly growing areas of organic micro-and optoelectronic
devices. Our results suggest significant future potential of this versatile, precise, and energy-
efficient plasma-enabled platform technology in diverse fields of research and industrial

applications.

Experimental Section

Adamantane is a white powder with a characteristic odor due to its relatively high vapor
pressure at room temperature. High purity adamantane (CioHis) powder (>99%) were
purchased from Sigma-Aldrich and used without further purification. Graphene monolayers
grown by CVD and transferred to SiO»/Si(100) substrates by wet chemistry were supplied by
Graphenea.

The polymerized thin films were prepared by sublimation of the adamantane precursor in the
downstream region of the Ar microwave electron cyclotron (ECR) plasma working at 150 W.
The deposition Ar pressure was 1x107> mbar. The sample holder was placed at 12 cm from the
plasma upside down with respect to the discharge to reduce the interaction with the plasma. A
detailed description of the reactor geometry is included in S6 and reference [58]. Note that using
this synthetic strategy it is possible to reduce very effectively the plasma interaction and

fragmentation reducing effectively the fragmentation and cross-linking degree of the growing
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film in comparison with conventional plasma enhanced chemical vapor deposition processes.**
40.38-611 Fyrther information about the remote plasma synthesis of organic functional thin film
nanocomposites can be found in previous works including a study of plasma parameters during
the deposition of RPAVD films.[%62]

Film thickness (in the range 30-300 nm) and evaporation rate were monitored by using a
quartz crystal monitor placed beside the sample holder in the deposition region. Adjusting the
plasma condition and geometry of the deposition process was possible to reproducibly control
the thin film properties.

Planar and cross-sectional Field Emission Scanning Electron Microscopy (FESEM) images
were recorded with a Hitachi S4800 microscope. The UV-Vis transmission of the films was
measured with a Cary 100 spectrophotometer from Varian and the variable angle spectroscopic
ellipsometric characterization with a VASE ellipsometer from J.A. Wollam Co.

Topographic atomic force microscopy images of graphene monolayers were obtained with a
Cervantes AFM system from NANOTEC. Some /-V curves were also recorded with the same
microscope by using a conductivity set-up. Note the particular shape of the /-V curves of the
graphene monolayers determined by conductive AFM are a function of different parameters
involving the nature of the tip, the different electrical interfaces in the circuit and the actual
parameters used to obtain the curve. However, all these parameters were the same in all the
measurements.

Scanning spreading resistance microscopy images of ADA films in gold were obtained with
a Bruker-Dimension Icon AFM using Bruker DDESP-FM tips with a sample bias of -1V DC
bias and an applied force of 200 nN.

The spectroscopic impedance measurements were accomplished by a custom-made two-
probe setup connected to an Autolab 302N potentiostat. NOVA electrochemistry software
(Metrohm Autolab) was used for data collection, equivalent-circuit design, model fitting, and

data analyses.
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Cyclic voltammograms were performed at room temperature in a 250 ml three-electrode cell
with a computer-controlled Autolab PGSTAT302N potentiostat after stabilization of the open
circuit potential was achieved (15 minutes). The CuPc fibers + Adamantane deposited on ITO
substrates were used as working electrodes. All potentials were measured against and are
referred to an Ag/AgCl/KCI (saturated) reference electrode, whereas a Pt foil was used as a
counter electrode. Comparisons were made with CuPc fibers coated onto ITO substrates
(without Adamantane). In all experiments, the electrolyte was an N> purged 0.6 M NaCl
(Sigma-Aldrich) solution in ultrapure water (Millipore Direct-Q system, >18 MQ cm).

Graphene monolayers supported by a SiO> coated Si(100) wafer form Graphenea were
deposited as received without any surface cleaning procedure. The nanowires were grown on a
silver-coated Si(100) wafer before the adamantane film deposition.

Raman spectra of graphene with and without adamantane coating were measured in a
LabRAM Horiba Jobin Yvon HR800 confocal microscope with a He-Ne laser (532 nm)
working at 10 mW as the excitation source. The spectra were recorded through a 600
grooves/mm grating by means of a 100x Objective. The Raman spectra were calibrated with

respect to a reference signal collected from a Si(100) wafer.

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1. Electric and optical characterization of the adamantane films. a) UV-Vis transmission
spectrum of a transparent adamantane film. The inset show pictures of the adamantane films on
fused silica and Si(100) (bottom) and the corresponding uncoated substrates (top). Notice the
uniform bluish color of the film on Si(100) due to thin film interference. b) Dielectric
breakdown strength distribution of adamantane films deposited on conductive silicon wafers.
c¢) Topographic (top) and scanning spreading resistance AFM images (bottom) corresponding
to the boundaries between an ultrathin adamantane film and a gold substrate protected with a

shadow mask during deposition.
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Figure 2. Adamantane films on a graphene monolayer. a) Raman spectra of a graphene
monolayer after and before the deposition of a ~100 nm adamantane film. b) Electrical
characterization curves of an adamantane film deposited on a supported graphene monolayer
by using a shadow mask. The transition zone delimited by the shadow mask is shown in the
AFM image. The /-V curves of the figure have been measured by conductive AFM according

to the schematics. Region (1) corresponds to adamantane film deposited on graphene and region

(2) to the uncoated graphene area as indicated.
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ielectric
shell

Figure 3. Conformal adamantane film deposition on organic nanowires. a) Planar and cross-
sectional SEM micrographs of adamantane coated supported organic nanowire surfaces. b)
STEM micrograph of adamantane coated nanowires revealing their core-shell structure. The
HRSEM micrograph on the left corresponds to the section of one of these structures incidentally
broken during the sample manipulation. The square-shaped core is clearly shown in false color
in the center of the structure. c) HRTEM micrograph showing the section of an adamantane
coated single-crystalline nanowire. A perfectly sharp interface between the molecular planes of
the crystalline nanowire and the amorphous organic films can be observed. The insets

correspond to the FFT patterns from the core and shell layers as indicated.
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Figure 4. Electrical and electrochemical characterizations of CuPc@adamantane core-shell
structures as insulated nanowires. a) The micrographs show a set of CuPc nanowires
mechanically transferred to connect two parallel gold electrodes separated by 15 micrometers.
The I-V curves correspond to this set of CuPc nanowires after and before the deposition of a
~100 nm thick conformal adamantane film. b) Cyclic voltammograms of a supported CuPc
nanowires on ITO electrode immersed in a sodium chloride solution (3.5 M) after and before
the deposition of a ~100 nm thick conformal adamantane coating. The picture and schematic

show the experimental set-up for the electrochemical characterization.
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