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ABSTRACT: Metallic nanopatterns are ubiquitous in applications
that exploit the electrical conduction at the nanoscale, including
interconnects, electrical nanocontacts, and small gaps between
metallic pads. These metallic nanopatterns can be designed to
show additional physical properties (optical transparency, plasmonic
effects, ferromagnetism, superconductivity, heat evacuation, etc.). For
these reasons, an intense search for novel lithography methods using
uncomplicated processes represents a key on-going issue in the
achievement of metallic nanopatterns with high resolution and high
throughput. In this contribution, we introduce a simple methodology
for the efficient decomposition of Pd3(OAc)6 spin-coated thin films
by means of a focused Ga+ beam, which results in metallic-enriched
Pd nanostructures. Remarkably, the usage of a charge dose as low as
30 μC/cm2 is sufficient to fabricate structures with a metallic Pd content above 50% (at.) exhibiting low electrical resistivity (70 μΩ·
cm). Binary-collision-approximation simulations provide theoretical support to this experimental finding. Such notable behavior is
used to provide three proof-of-concept applications: (i) creation of electrical contacts to nanowires, (ii) fabrication of small (40 nm)
gaps between large metallic contact pads, and (iii) fabrication of large-area metallic meshes. The impact across several fields of the
direct decomposition of spin-coated organometallic films by focused ion beams is discussed.

KEYWORDS: focused ion beams, spin-coated organometallic films, electrical contacts, nanogap electrodes, large-area meshes

■ INTRODUCTION

Metallic nanopatterns are important building blocks in modern
technology with fundamental relevance in the construction of
interconnects for microelectronics,1 conductive nanomeshes
for organic photovoltaics2 and for transparent conductive
electrodes,3 organic light-emitting diodes for flexible elec-
tronics,4 plasmonic nanostructures for sensing5 and for
lithography,6 nanogap electrodes for optical applications7 and
for molecular electronics,8 electrical contacts to nanowires for
sensing9 and for quantum technologies,10 and so forth.
The existing fabrication methods of these metallic nano-

patterns are based either on chemical or physical approaches or
on hybrid physical/chemical methodologies, with each
technique leading to different features in terms of resolution,
throughput, cost, and so forth.11,12 Whereas bottom-up
chemical methods (such as those relying on self-assembly
and self-organization) generally excel in throughput and
cost,13,14 top-down lithography techniques based on physical
techniques (such as optical/electron/ion beam lithography in
combination with thin-film techniques) allow for the control of
the dimensions of the nanopattern with great accuracy.15,16

Importantly, hybrid approaches (combining chemical and
physical techniques) can benefit from the virtues of both, with
two examples being nanosphere lithography and directed
block-copolymer lithography.17,18 Without pretending to be
comprehensive, a few paradigmatic examples of advanced
nanofabrication methods to create metallic nanopatterns can
be discussed. For instance, mature multi-step techniques based
on resists, such as optical lithography,19 electron-beam
lithography (EBL),20 and nanoimprint lithography,21 are
capable of patterning metals with a high resolution and
throughput. Direct patterning of metals using a focused ion
beam (FIB)22 or by scanning probe lithography23 has
demonstrated high-resolution capabilities, albeit at the expense
of low throughput. Moreover, less conventional approaches
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have been used in specific applications, such as the fabrication
of ultra-small gaps through sketch-and-peel lithography
combined with transfer printing24 and three-dimensional
metallic nano-architectures by means of two-photon lithog-
raphy25 or focused electron beam-induced deposition.26

Without undermining the power of such advanced methods
to fabricate metallic nanopatterns, it is worth exploring other
nanofabrication methods that could combine virtues such as
simplicity, high resolution, and high throughput. In this
context, the direct decomposition of organometallic films by
focused charged beams is an interesting route to explore. The
advantage of this technique lies in the fact that after spin
coating of the organometallic film and the subsequent electron
or ion irradiation, the metallic (Pd, Ag, Au, Ir, etc.)
nanopattern is readily revealed by dissolving non-irradiated
areas in a cleaning solvent.27−31 Thus, no sacrificial resist layer
is necessary and, in the end, the organometallic film precursor
becomes the functional material. However, in all cases reported
in the literature so far, a post-processing annealing step is
required to obtain low electrical resistivity of the nano-
patterned material.31−35

Recently, our group has shown that by irradiating a
Pd3(OAc)6 thin film with a high electron dose, it is possible
to produce metallic nanostructures without the need of post-
processing annealing steps.36 Unfortunately, the high dose
required (30,000 μC/cm2) limits the applications of this
approach to small-area patterning or low-throughput device
fabrication. Motivated by the search for a high-throughput and
annealing-free patterning process of Pd3(OAc)6 thin films, we
have investigated whether Ga+ FIB irradiation could be
effective toward a decrease in the required charge dose
without putting in jeopardy the low electrical resistivity of the
nanostructure. An illustration of the work here presented is
summarized in Figure 1.
Remarkably, we have found that only 30 μC/cm2 Ga+

irradiation is required to directly obtain metallic structures
with a resistivity of 70 μΩ·cm. Importantly, this finding
represents a substantial improvement with respect to all
previous existing results and opens the route to large-area and
high-throughput device applications. In order to put this result

in context, it is worth mentioning that standard EBL processes
make use of PMMA resists that need irradiation doses up to a
few hundred μC/cm2,37 and FIB-induced deposition of metals
(Pt, W, and Co) requires irradiation doses in the range of
10,000 μC/cm2.38

For clarification purposes, this article is organized as follows.
First, the optimization of the ion irradiation procedure
employed to obtain functional Pd nanostructures with low
electrical resistivity will be presented. Second, simulations of
the Ga+ irradiation process that decomposes the palladium
acetate film will be provided. In the last part of the article,
three applications of this nanolithography technique will be
shown: (a) fabrication of electrical contacts to nanowires; (b)
fabrication of small gaps between metal contacts, which in turn
will serve to test the resolution of the technique; and (c)
fabrication of conductive large-area meshes.

Experimental Details. Ga+ FIB irradiations were carried
out in a Helios NanoLab 650 (FEI company) on palladium
acetate films with thicknesses in the 100−350 nm range; the
palladium acetate films were previously deposited by spin
coating onto Si/SiO2 substrates

36 (see the sketch in Figure 1).
Spin-coated films with thicknesses in the range of 100 to 200
nm were prepared by spreading 10 μL of a 0.09 M Pd3(OAc)6
filtered solution in chloroform. Furthermore, those with
thicknesses in the range of 200 to 350 nm were prepared by
spreading 15 μL of 0.2 M filtered solution. The spin-coating
process in both cases includes two sequential steps: (1) 10 s at
3000 rpm and (2) 40 s at 4000 rpm. If the spin-coated film is
too thick, some lift off and compositional problems could
appear due to the inefficient decomposition of the bottom part
of the film. The optimized parameters were 30 kV of the ion
beam voltage, an ion beam current of 1.1, 7.7, or 24 pA
(depending on the irradiation area), 200 ns of dwell time, and
0% of overlap. The organometallic films were decomposed by
applying Ga+ doses in the 2−100 μC/cm2 range. After the
developing step in chloroform, the resulting Pd nanostructures
were characterized, and the optimal dose was chosen in terms
of final application, which requires good electrical conductiv-
ities. Micro/nano pinholes have been found over the
nanostructures. These have been associated with two

Figure 1. Sketch of the fabrication process: (1) deposition of the Pd3(OAc)6 film by spin coating. (2) Formation of Pd nanostructures by Ga+ FIB.
(3) Pd structures’ unveiling process with the removal of non-irradiated film areas. The three applications studied in this contribution are also
sketched at the bottom of the figure.
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contributing effects: (1) possible small bubbles/holes forming
during the spin-coating procedure due to CHCl3 evaporation
and (2) to the path created by the volatile components while
being sublimated due to the beam exposure. Atomic force
microscopy (AFM Veeco-Bruker Multimode 8) images of 25
μm2 microstructures fabricated at 20 and 30 μC/cm2. These
images have been analyzed by using the Nanoscope V.1.40
software, obtaining a root-mean-square roughness value in the
0.9−1.7 nm range for pinhole-free smaller areas (see Figure
S1).
Current-versus-voltage (I-V) measurements were performed

at room temperature inside a Helios NanoLab 650 Dual Beam
instrument (FEI company) using electrical microprobes
(Kleindiek Nanotechnik GmbH) placed inside the chamber
and a 6221 DC current source/2182A nanovoltmeter
(Keithley Instruments) connected to the microprobes via a
chamber feedthrough.
High-angle annular dark-field (HAADF) imaging and

energy-dispersive X-ray spectroscopy (EDS) measurements
were carried out along the nanostructure thickness by
transmission electron microscopy (TEM) in an analytical
Titan low-base instrument (FEI Company). HAADF images
were obtained at 300 keV, and the energy resolution of the
EDS experiments was ∼125 eV using the scanning trans-
mission electron microscopy (STEM) mode.
X-ray photoelectron spectroscopy (XPS) was performed on

a Kratos Axis UltraDLD spectrophotometer with a mono-
chromatic Al Kα X-ray source (1486.6 eV) and a pass energy
of 20 eV. Data treatment and further analysis were performed
using the CasaXPS v.2.3.15 software. Binding energies have
been referenced to the C 1s peak at 284.9 eV. Peak fitting was
conducted by using standard line shapes GL(30) and LA(1.9,7,
2) for the asymmetric signal associated with metallic palladium.
Simulations based on binary collision approximation (BCA)

were carried out using the SDTrimSP code39 to model the

evolution of the precursor layer under Ga+ ion irradiation. This
means that at a given time, only the interaction between two
atoms is taken into account and many-body effects are
neglected. The interatomic interactions were calculated using
the KrC potential, and the electronic stopping was described
by the Oen-Robinson model. Charges on atoms are not
explicitly considered. The Gauss-Mehler method with 16
pivots was used for integration. The surface binding energy was
calculated using the equation = × +i j 0.5 Es Essbe( , ) ( )i j ,

where sbe is the surface binding energy of the current target,
and Esi is the atomic surface binding energy of the chemical
species i. The surface binding energy was calculated for any
combination of two species used in this work, for example,
gallium, silicon, palladium, carbon, hydrogen, and oxygen. The
atomic densities of the different species were taken to be
identical to the bulk values. Hence, the density of the simulated
precursor layer might be above the value in the experiments.
Neglecting the diffusion in SDTrimSP40,41 led to largely
overestimated concentrations for carbon, hydrogen, and
oxygen (cf. Supporting Information). The Monte Carlo code
does not include temperature; therefore the diffusion processes
are implemented using Fick’s law, where diffusion is described
as a displacement per ion impact and is calculated by taking the
ion flux in ions × cm−2 × s−1 into account. Optimization of the
diffusion coefficients resulted in values of 106 Å4/ion for
hydrogen and oxygen and 2 × 105 Å4/ion for carbon. The
default displacement energies were used, that is, 12 eV for
gallium, 13 eV for silicon, 26 eV for palladium, 25 eV for
carbon, and 0.5 eV for hydrogen and oxygen. The precursor
layer had an initial thickness of 110 nm. Ga+ irradiation was
carried out at normal incidence with an impact energy of 30
keV. The maximum dose was set to 160 μC/cm2. The
generation of secondary electrons is not considered in this
approach.

Figure 2. (a) SEM (scanning electron microscopy) micrograph of the measured Pd nanostructures. The total irradiated area, the beam current, and
the irradiation time were ∼1500 μm2, 7.7 pA, and ∼20 s, respectively, which corresponds to an ion dose of 10 μC/cm2. (b) Thickness
measurements of Pd nanostructures with respect to the irradiation dose. The error bar comes from the instrumental error of the profilometer. (c)
I−V characteristics for Pd nanostructures fabricated at indicated doses. (d) Electrical resistivity of Pd nanostructures as a function of the ion dose.
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■ RESULTS AND DISCUSSION

Electrical Characterization by the Four-Probe Tech-
nique. In order to optimize the ion dose in relation to the
electrical resistivity, current-versus-voltage (I−V) curves at
room temperature were recorded. These measurements consist
of applying a fixed current through the two outer electrodes
while measuring the voltage drop across the two inner
electrodes. For that purpose, Pd nanostructures patterned
with the design illustrated in Figure 2a were fabricated from a
spin-coated film of 110 nm in thickness. Two different ion
beam currents were used to cover the full 2−100 μC/cm2

range: 7.7 pA for 2, 4, 6, 8, and 10 μC/cm2 and 24 pA for 20,
30, 40, 50, 60, 80, and 100 μC/cm2. The thickness of each
nanostructure was measured by profilometry and is repre-
sented in Figure 2b. As represented in Figure 2c, a linear I−V
dependence is observed for ion doses higher than 6 μC/cm2,
that is, for the whole range studied except for the lowest doses,
2 and 4 μC/cm2 (the linear I−V curve corresponding to the 6
μC/cm2 ion dose is not included here for the sake of clarity,
but it is shown in Figure S2). The linear fitting of the I−V
curves indicates that the value of the electrical resistance
decreases as the ion dose increases and then saturates at higher
doses. Combining the electrical resistance together with the
dimensions of the Pd nanostructures, the electrical resistivity
was calculated and is represented in Figure 2d. This plot shows
how the electrical resistivity decreases sharply as the ion dose
increases until flattening out at a value of (70 ± 5) μΩ·cm for
the dose of 30 μC/cm2.
Compositional Analysis by STEM-EDS and the XPS

Study. In order to carry out structural characterization by
TEM, cross-sectional lamellae of Pd nanostructures fabricated
under Ga+ doses of 8, 20, and 60 μC/cm2 were extracted.
HAADF images and EDS measurements were carried out by
using the STEM mode. First, based on HAADF images (Figure
3) the as-fabricated nanostructures exhibit very low roughness
and absence of voids at analyzed areas. Moreover, a
comparison of these images indicates that higher doses result
in brighter nanostructures, which is attributed here to the
presence of more agglomerated metallic grains. Second, EDS
experiments were performed in three different regions for each
nanostructure (indicated with white rectangles in Figure 3) in
order to investigate their atomic composition.
Atomic contents of Pd, C, and O are collected in Table 1.

According to these data, the palladium content is slightly lower
for the structure grown with an ion dose of 8 μC/cm2, and
higher for those grown through doses of 20 and 60 μC/cm2.
Importantly, Ga+ implantation is negligible due to the low ion
doses used for the fabrication of these nanostructures.
As recently reported, the irradiation of Pd3(OAc)6 thin films

with an electron beam produces the decomposition of the

organometallic precursor, varying the Pd-oxidation state and
therefore the electrical resistivity associated with the resulting
nanostructures by up to 2 orders of magnitude. In particular,
the reduction of Pd2+ into metallic palladium, Pd0, occurs when
applying a dose of 30,000 μC/cm2.36 In order to quantify this
conversion for Ga+ irradiated films, the Pd2+ conversion into
Pd0 in ion-irradiated films, an XPS study was performed. The
obtained results are gathered in Figure S3. Briefly, when
irradiating Pd3(OAc)6 thin films with a Ga+ beam by directly
applying the smallest dose (8 μC/cm2), ∼95% of the starting
Pd2+ is reduced to Pd0, and the same applies to the other doses.
Combining the information obtained from the electrical
measurements and from the compositional analysis, the
fabrication of Pd nanostructures for the applications presented
below was performed by applying doses in between the
optimal range of 20−40 μC/cm2. The use of these low ion
doses makes negligible potentially focused ion beam side
effects such as thermal implications, implantation, or halo
effects due to sputtering.

BCA-Based Simulations to Model the Evolution of
the Precursor Layer. Theoretical calculations were per-
formed to provide further understanding of the processes
occurring upon Ga+ irradiation of the Pd3(OAc)6 thin film.
The SDTrimSP simulations show that the average Pd
concentration (at. %) increases gradually with the Ga+ ion
dose to reach a maximum value of 85% at the maximum dose
of 160 μC/cm2 (Figure 4). For a dose of 100 μC/cm2, the Pd
concentration is equal to 28.5% when considering all elements
or equal to 40.4% when considering only Pd, C, and O (i.e., the
elements that have also been detected by EDS, see Table S1).
In the latter case, a good agreement between the simulations
and the experimental results is achieved. The desorption of the
volatile compounds and the sputtering of all compounds lead
to a decrease in layer thickness. With increasing dose, the
sputtering becomes dominated by the partial sputtering yield
of Pd (Figure S4). It is also important to note that the
definition of the interface position, that is, for a Si

Figure 3. HAADF images of three selected samples that correspond to Pd nanostructures grown with Ga+ doses of (a) 8 μC/cm2, (b) 20 μC/cm2,
and (c) 60 μC/cm2. During the lamellae preparation, the Pd nanostructure was protected with Pt by Focused Electron Beam Induced Deposition
(FEBID). The dark layer on top of the Pd nanostructure corresponds to the interlayer formed between the Pd nanostructure and the Pt-FEBID
deposit. The white rectangles indicate the area where the atomic composition was investigated by EDS.

Table 1. Elemental Quantification of Pd, C, and O Obtained
From Regions Indicated in Figure 3

Ga+ dose [μC/cm2] region Pd [at. %] C [at. %] O [at. %]

8 1 45 ± 0.2 50 ± 4 5 ± 3
2 46 ± 0.2 49 ± 4 5 ± 3
3 46 ± 0.2 49 ± 4 6 ± 3

20 1 65 ± 0.2 28 ± 11 7 ± 3
2 59 ± 0.2 36 ± 6 5 ± 3
3 45 ± 0.2 50 ± 4 5 ± 3

60 1 53 ± 0.2 41 ± 5 6 ± 3
2 52 ± 0.2 44 ± 4 4 ± 3
3 48 ± 0.2 50 ± 4 2 ± 7
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concentration of 50%, leads to a maximum average
concentration of about 20% in this layer. This can be explained
by the mixing of other elements, especially H and O, into Si.
More information on the composition of the layer and its
evolution with irradiation dose can be seen in Figure S5. This
value could be affected by the implementation of diffusion into
the SdTrimSP code; that is, the diffusion of the light precursor
elements into the silicon substrate could be overestimated.
According to the layer thickness evolution, the thickness
decreases when the Ga+ irradiation dose increases, which
agrees with the experimental results observed during the
characterization of our Pd nanostructures (Figure 2b).
At the beginning of the Ga+ irradiation, the composition of

the precursor layer is homogeneous with respect to depth.
However, the implantation depth of the 30 kV ion beam is not
high enough to process the whole layer right from the
beginning (Figure 5a), leading to some accumulation of Pd at
the sample surface and some modification of the precursor
composition at the precursor/Si interface, that is, some
accumulation of Pd and C at the interface (Figure 5b).
Theoretically, only roughly from a dose of 16 μC/cm2, the
energy of the Ga+ ions is deposited into the whole precursor
layer. At the highest dose used in the simulation (Figure 5c), a
significant amount of the Ga+ ion energy is deposited into the
Si substrate. Due to the difference in density, the implantation
depth of the Ga+ ions decreases with an increasing dose.
Detailed information on the sample composition for the
different fluences can be found in Figure S5. The higher Ga+

doses required to reach Pd concentrations in the 40% range in
the simulations compared to the experimental values can be
explained by underestimating the ejection of volatile
components in SDTrimSP. This has been taken into account
to some degree by applying certain diffusion coefficients to H,
C, and O. Applying higher diffusion coefficients would not
have solved the problem but would have produced even higher
Pd concentrations at larger doses (see Table S1), which is
contrary to the experimental results where Pd concentrations
stay stable over a given dose range (Table 1). The inability of
SDTrimSP to reproduce this behavior correctly can be
attributed to the binary collision approximation, which takes
into account only the interaction between a moving ion or
recoil atom and a single target atom without including many-

body effects that allow for the description of more complex
chemical environments.
As a proof of concept, Pd microstructures were fabricated as

top electrical contacts on a Pt nanowire. To achieve this
objective, first, a Pt nanowire was directly grown by the FIBID
(focused ion beam-induced deposition) technique on a Si/
SiO2 substrate, correctly positioned with respect to pre-
patterned alignment marks. Second, after the spin-coating
process, the organometallic film was irradiated following four
patterns to be used as electrical contacts onto the nanowire.

Figure 4. Evolution with Ga+ dose of the average Pd composition and
the thickness of the precursor layer modeled with SDTrimSP.

Figure 5. Different graphs obtained by SDTrimSP simulations to
compare sample compositions as a function of depth (1st y-axis),
trajectories of Ga+ ions in different shades of green (2nd y-axis), and
the implantation depth of Ga+ as a histogram (3rd y-axis) for the Ga+

doses of (a) 1.6 μC/cm2, (b) 16 μC/cm2, and (c) 96 μC/cm2.
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Finally, non-exposed film areas were removed by immersing
the sample in CHCl3, and the nanowire was measured by the
four-probe technique at room temperature. The Pt−C
nanowire remained after the spin-coating process, film
irradiation, and developing step without appreciating any
change in either the morphology or the electrical properties.
Figure 6a shows one of the measured devices where the Pt-

FIBID nanowire is artificially colored in orange (dimensions of
30 μm × 100 nm × 30 nm) and the Pd-based electrical
contacts in blue. All Pt-FIBID nanowires were grown under the
same conditions (30 kV of beam voltage and 1.1 pA of beam
current) and electrically measured and are represented in
Figure 6b. The four Pd-based electrical contacts were
fabricated under optimized conditions by varying the thickness
of the initial spin-coated film and the ion dose (see Table 2).
The fabrication of the four electrical contacts, having a total
area of 580 μm2, required only ∼7.5 s of ion irradiation for the
dose of 10 μC/cm2 using 7.7 pA and ∼7.25 s for the dose of 30
μC/cm2 using 24 pA. The final thicknesses of the electrical
contacts are in the range of 15 to 30 nm, depending on the
initial spin-coated film thickness.
The four devices were electrically measured by the four-

probe technique at room temperature. The I−V plots exhibit a
linear behavior for all nanowires and only slight variations in
terms of resistance when the growth parameters of the Pd
microstructures are changed. Table 2 gathers the electrical
resistance and resistivity data corresponding to each nanowire.
The measured electrical resistivities for these semiconducting
Pt-FIBID nanowires correspond to values in the 5400−9200
μΩ·cm range, which is in good agreement with other similar
Pt−C nanowires grown by FIBID.42 The very low processing
time, the low ion-induced damage, and the low electrical
resistivity of these Pd structures make them very promising in
the field of electronics for their applicability to contacting other
nanomaterials or nanostructures, if chemically compatible (2D
materials, thin films, organic monolayers, etc).

Planar Nanogaps Using Pd Microstructures. The
formation of planar nanogaps using Pd microstructures as
electrodes has been undertaken. Two metallic Pd micro-
structures were horizontally placed facing each other and
separated by only 40 nm. This gap value was chosen following
the simulations on the ion trajectories shown in Figure 5b,
which indicate ion lateral deviations within the ±20 nm range.
The obtained resolution of 40 nm is comparable to other Ga-
FIB-based processes,43 but it could be improved to sub-10 nm
by using irradiation with focused He and Ne ions.22 In the
latter case, the method would approach the best resolution
achievable with more standard lithography techniques such as
electron beam lithography.20 The structure shown in Figure 7,

with a total area of 146 μm2, was grown in only 26 s by means
of an Ga+ beam current of 1.1 pA, which corresponds to an ion
dose of 20 μC/cm2. The initial spin-coating thickness was 215
nm, and the final thickness for this structure was 25 nm.
The high resolution achieved enables these structures to be

used as nanogap electrodes for the fabrication of nanometer-
size devices and circuits or to observe the electrical behavior of
different nanomaterials.44 The main advantage of this
fabrication method is the very low ion dose required to
fabricate metal contacts and therefore the quick fabrication and

Figure 6. (a) Artificially-colored SEM micrograph of one of the measured Pt nanowires with the four electrical Pd contacts. This device
corresponds to a sample named as “NW_Pt-FIBID_3”. (b) I−V plot, indicating resistances in the range of 147−247 kΩ.

Table 2. Growth Parameters for the Four Pd Electrical Contacts Here Studied Together With the Resistance and Resistivity
Values for Each Pt Nanowire

sample spin-coated initial thickness [nm]a Ga+ dose for Pd microstructures [μC/cm2] resistance [kΩ] resistivity [103 μΩ·cm]b

NW_Pt-FIBID_1 350 30 235 9.2
NW_Pt-FIBID_2 200 30 247 9.2
NW_Pt-FIBID_3 125 30 147 5.4
NW_Pt-FIBID_4 125 10 189 7.0

aValue corresponding to the initial thickness of the spin-coated film before the Ga+ irradiation. bValue calculated considering that all nanowires
have a width of 100 nm and a thickness of 30 nm.

Figure 7. SEM micrograph of a planar nanogap device on a Si/SiO2
substrate with the two microstructures separated by 40 nm and grown
in 26 s of ion irradiation.
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negligible ion-induced damage in the sample. Thus, this
approach is a very good option to fabricate metallic
nanopatterns with nanogaps that could be applied to place
top or edge contacts on 2D semiconducting materials, neither
inducing damage nor leaving resist residues as it occurs with
resist-based fabrication methods. Furthermore, electrical nano-
gap devices for molecular electronics and biosensing have
gained importance in recent years. A growing interest in
inserting single molecules between electrodes exists due to the
importance of understanding the transport behavior at the level
of a single molecule to prepare entirely molecular integrated
circuits.45,46 For biosensing, the biomolecules are trapped
inside the gap between the electrodes and are detected by
measuring their electrical behavior. Considering the range of
our gaps (∼40 nm), these devices could, for example, be
bridged to gold nanoparticles, which are used as labels for
ultrasensitive electronic detection.47

Large-Area Mesh Fabrication and Electrical Charac-
terization. The third application of this research consists in
the growth of large-area metallic meshes, where the scale and
shape of the patterns are changed without modification of the
metallic nature of the Pd structures. To that end, square-based
grids were fabricated on Si/SiO2 substrates covered by ∼270
nm-thick spin-coated films, bearing two wider pads at both
sides of the grid in order to facilitate electrical measurements
through the electrical microprobes, as shown in Figure 8a.
Each mesh was composed of a total of 28 patterns with
dimensions of 90 μm × 200 nm. The total irradiation time is 2
min, using an ion beam current of 1.1 pA, which corresponds
to an ion dose of 30 μC/cm2. The lateral electrical contacts,
with dimensions of 75 μm × 10 μm, were fabricated using an
ion beam current of 24 pA in only 30 s, which corresponds to
an ion dose of 48 μC/cm2. Considering the irradiation times,

each electrical device (mesh and two electrical contacts) took
only 2.5 min, resulting in a final thickness of (25 ± 5 nm).
Figure 8b shows the I−V curves registered by the two-probe
technique at room temperature. A linear Ohmic behavior is
noticed in all devices fabricated under the same conditions.
The electrical resistance values for these devices were in the 8−
17 kΩ range.
With a view to expanding the scope of these metallic micro-

and nano-structures toward their implementation in research
areas in which optical transparency is required, we tested the
fabrication of large-area meshes on indium tin oxide (ITO)
substrates, obtaining promising results as shown in Figure S6.

■ OUTLOOK AND CONCLUSIONS

Micro- and nano-lithography techniques for large-area
patterning commonly rely on sacrificial spin-coated resists
that are removed at an intermediate step. There are very few
examples where the spin-coated film is functional and is not
removed during the lithography process. One of these rare
examples is the case of 3D polymer-based scaffold structures
for cell growth proliferation48 or polymers structured to serve
as mechanical cantilever resonators,49 both fabricated by two-
photon lithography. Another example is that of 3D cryogenic
electron-beam writing for optical applications.50 The advantage
of an electrically functional spin-coated film like Pd3(OAc)6 is
the simplicity of the overall process, consisting in only three
steps: spin coating the substrate with a Pd precursor film,
focused Ga+ irradiation, and film development, as illustrated in
Figure 1. This is a significant improvement with respect to
previous strategies using organometallic films, where post-
annealing steps were always needed to reach a metallic
behavior. Remarkably, the patterning resolution achievable
with the focused Ga+ beam irradiation is very high: gaps of 40

Figure 8. (a) SEM micrograph of a device formed by a large-area mesh and two electrical contacts fabricated in one step on a Si/SiO2 substrate. (b)
I−V measurements of five devices indicating electrical resistances in the 8−17 kΩ range.
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nm have been shown here, but the potential for better
resolution through further optimization of the working
parameters or by means of lighter focused ions (He, Ne,
etc.) is very high.51 Moreover, the fact that the required ion
dose to create metallic patterns (with electrical resistivity
values of 70 μΩ·cm) is very low, which is 30 μC/cm2, makes
this approach very efficient with respect to other direct-write
lithography techniques. As a comparison, the growth of
metallic structures by focused electron and ion beam-induced
deposition requires charge doses several orders of magnitude
higher.38 This translates into a much shorter processing time
for growing these Pd structures. For example, the Pd
microstructure shown in Figure 7, with a total area of 146
μm2, only took 26 s of irradiation compared to several hours of
irradiation if grown by focused electron/ion beam-induced
deposition. Cryogenic-focused ion beam-induced deposition is
another high-throughput direct-write lithography technique
that uses a similar ion dose range as the one used for these
films, but it requires lowering the temperature of the stage to
cryogenic temperatures.52

The results shown here are the first of their kind and are
thought to have important implications. First, they pave the
way for their straightforward use in various applications where
metallic micro- and nano-patterns are needed, such as
interconnects, conductive micro- and nano-meshes, metallic
micro- and nano-templates, nanogaps, electrical contacts to
nano-objects, and so forth. Second, these Pd3(OAc)6 films can
also be decomposed by electron irradiation34,36 or light
irradiation,53 offering the capability of applying on the same
film several micro- and nano-lithography techniques that span
a wide range of lateral sizes. Third, there exist other acetates
and organometallic films that contain elements such as Au, Co,
Fe, and so forth, and their patterning by focused ion beam
irradiation could lead to structures exhibiting additional
functional properties beyond electrical conductivity, such as
plasmonic or magnetic behavior. Moreover, Al- and Cu-based
resists with comparable behavior to Pd3(OAc)6 could be
relevant for the growth of CMOS-compatible metallic
structures.54

In summary, an efficient direct-write lithography method
based on focused Ga+ irradiation to create Pd-rich metallic
patterns out of spin-coated Pd3(OAc)6 films which does not
involve any post-annealing step has been described here. The
method exhibits high resolution, as demonstrated by the
creation of structures with 40 nm gaps. The patterned
structures, which present a low electrical resistivity value of
(70 ± 5) μΩ·cm, have been used to contact a nanowire and
measure its electrical properties as well as for creating proof-of-
concept large-area metallic meshes. Theoretical simulations
have shed light on the ion-induced processes leading to the
growth of Pd-rich nanostructures.
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Resistivity in Nanoscale Interconnects. Annu. Rev. Mater. Res. 2009,
39, 231−254.
(2) Menezes, J. W.; Ferreira, J.; Santos, M. J. L.; Cescato, L.; Brolo,
A. G. Large-Area Fabrication of Periodic Arrays of Nanoholes in

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.2c05218
ACS Appl. Mater. Interfaces 2022, 14, 28211−28220

28218

https://pubs.acs.org/doi/10.1021/acsami.2c05218?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c05218/suppl_file/am2c05218_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jose%CC%81+Mari%CC%81a+De+Teresa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9566-0738
mailto:deteresa@unizar.es
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alba+Salvador-Porroche"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2517-9468
https://orcid.org/0000-0003-2517-9468
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luci%CC%81a+Herrer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3576-5156
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Soraya+Sangiao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4123-487X
https://orcid.org/0000-0002-4123-487X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Patrick+Philipp"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5219-5178
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pilar+Cea"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4729-9578
https://orcid.org/0000-0002-4729-9578
https://pubs.acs.org/doi/10.1021/acsami.2c05218?ref=pdf
https://doi.org/10.1146/annurev-matsci-082908-145415
https://doi.org/10.1146/annurev-matsci-082908-145415
https://doi.org/10.1002/adfm.201001262
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c05218?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Metal Films and Their Application in Biosensing and Plasmonic-
Enhanced Photovoltaics. Adv. Funct. Mater. 2010, 20, 3918−3924.
(3) Kim, H.-J.; Lee, S.-H.; Lee, J.; Lee, E.-S.; Choi, J.-H.; Jung, J.-H.;
Jung, J.-Y.; Choi, D.-G. High-Durable AgNi Nanomesh Film for a
Transparent Conducting Electrode. Small 2014, 10, 3767−3774.
(4) Lee, S.-M.; Cho, Y.; Kim, D.-Y.; Chae, J.-S.; Choi, K. C.
Enhanced Light Extraction from Mechanically Flexible, Nano-
structured Organic Light-Emitting Diodes with Plasmonic Nanomesh
Electrodes. Adv. Opt. Mater. 2015, 3, 1240−1247.
(5) Chen, L.; Wei, X.; Zhou, X.; Xie, Z.; Li, K.; Ruan, Q.; Chen, C.;
Wang, J.; Mirkin, C. A.; Zheng, Z. Large-Area Patterning of Metal
Nanostructures by Dip-Pen Nanodisplacement Lithography for
Optical Applications. Small 2017, 13, 1702003.
(6) Brimhall, N.; Andrew, T. L.; Manthena, R. V.; Menon, R.
Breaking the Far-Field Diffraction Limit in Optical Nanopatterning
via Repeated Photochemical and Electrochemical Transitions in
Photochromic Molecules. Phys. Rev. Lett. 2011, 107, 205501−205506.
(7) Ji, D.; Cheney, A.; Zhang, N.; Song, H.; Gao, J.; Zeng, X.; Hu,
H.; Jiang, S.; Yu, Z.; Gan, Q. Efficient Mid-Infrared Light
Confinement within Sub-5-Nm Gaps for Extreme Field Enhancement.
Adv. Opt. Mater. 2017, 5, 1700223−1700232.
(8) Strachan, D. R.; Smith, D. E.; Johnston, D. E.; Park, T.-H.;
Therien, M. J.; Bonnell, D. A.; Johnson, A. T. Controlled fabrication
of nanogaps in ambient environment for molecular electronics. Appl.
Phys. Lett. 2005, 86, 043109.
(9) Hernández-Ramírez, F.; Tarancón, A.; Casals, O.; Rodríguez, J.;
Romano-Rodríguez, A.; Morante, J. R.; Barth, S.; Mathur, S.; Choi, T.
Y.; Poulikakos, D.; Callegari, V.; Nellen, P. M. Fabrication and
Electrical Characterization of Circuits Based on Individual Tin Oxide
Nanowires. Nanotechnology 2006, 17, 5577−5583.
(10) Mourik, V.; Zuo, K.; Frolov, S. M.; Plissard, R.; Bakkers, E. P.
A. M.; Kouwenhoven, L. P. Signatures of Majorana Fermions in
Hybrid Superconductor-Semiconductor Nanowire Devices. Science
2012, 336, 1003−1007.
(11) Lindquist, N. C.; Nagpal, P.; McPeak, K. M.; Norris, D. J.; Oh,
S.-H. Engineering Metallic Nanostructures for Plasmonics and
Nanophotonics. Rep. Prog. Phys. 2012, 75, 036501.
(12) De Teresa, J. M. Nanofabrication Nanolithography Techniques
and Their Applications; IOP Publishing: Bristol, U.K., 2020.
(13) Shin, Y.; Song, J.; Kim, D.; Kang, T. Facile Preparation of
Ultrasmall Void Metallic Nanogap from Self-Assembled Gold-Silica
Core-Shell Nanoparticles Monolayer via Kinetic Control. Adv. Mater.
2015, 27, 4344−4350.
(14) Zhu, J.; Zhu, X.; Hoekstra, R.; Li, L.; Xiu, F.; Xue, M.; Zeng, B.;
Wang, K. L. Metallic Nanomesh Electrodes with Controllable Optical
Properties for Organic Solar Cells. Appl. Phys. Lett. 2012, 100,
143109.
(15) Shi, X.; Verschueren, D.; Pud, S.; Dekker, C. Integrating Sub-3
Nm Plasmonic Gaps into Solid-State Nanopores. Small 2018, 14,
1703307.
(16) Yang, Y.; Gu, C.; Li, J. Sub-5 Nm Metal Nanogaps: Physical
Properties, Fabrication Methods, and Device Applications. Small
2019, 15, 1804177.
(17) Wu, W.; Dey, D.; Memis, O. G.; Katsnelson, A.; Mohseni, H.
Fabrication of Large Area Periodic Nanostructures Using Nanosphere
Photolithography. Nanoscale Res. Lett. 2008, 3, 351−354.
(18) Moon, H.-S.; Kim, J. Y.; Jin, H. M.; Lee, W. J.; Choi, H. J.;
Mun, J. H.; Choi, Y. J.; Cha, S. K.; Kwon, S. H.; Kim, S. O. Atomic
Layer Deposition Assisted Pattern Multiplication of Block Copolymer
Lithography for 5 Nm Scale Nanopatterning. Adv. Funct. Mater. 2014,
24, 4343−4348.
(19) Hutcheson, G. D. Moore’s Law, Lithography, and How Optics
Drive the Semiconductor Industry. Extreme Ultraviolet (EUV)
Lithography IX; International Society for Optics and Photonics: San
Jose, CA, USA, 2018; Vol. 10583.
(20) Chen, Y. Nanofabrication by Electron Beam Lithography and
Its Applications: A Review. Microelectron. Eng. 2015, 135, 57−72.
(21) Schift, H. Nanoimprint Lithography: 2D or Not 2D? A Review.
Appl. Phys. A: Mater. Sci. Process. 2015, 121, 415−435.

(22) Kollmann, H.; Piao, X.; Esmann, M.; Becker, S. F.; Hou, D.;
Huynh, C.; Kautschor, L.-O.; Bösker, G.; Vieker, H.; Beyer, A.;
Gölzhäuser, A.; Park, N.; Vogelgesang, R.; Silies, M.; Lienau, C.
Toward Plasmonics with Nanometer Precision: Nonlinear Optics of
Helium-Ion Milled Gold Nanoantennas. Nano Lett. 2014, 14, 4778−
4784.
(23) Liu, G.; Chen, L.; Liu, J.; Qiu, M.; Xie, Z.; Chang, J.; Zhang, Y.;
Li, P.; Lei, D. Y.; Zheng, Z. Scanning Nanowelding Lithography for
Rewritable One-Step Patterning of Sub-50 Nm High-Aspect-Ratio
Metal Nanostructures. Adv. Mater. 2018, 30, 1801772.
(24) Chen, Y.; Shu, Z.; Feng, Z.; Kong, L. a.; Liu, Y.; Duan, H.
Reliable Patterning, Transfer Printing and Post-Assembly of Multi-
scale Adhesion-Free Metallic Structures for Nanogap Device
Applications. Adv. Funct. Mater. 2020, 30, 2002549.
(25) Meza, L. R.; Das, S.; Greer, J. R. Strong, Lightweight, and
Recoverable Three-Dimensional Ceramic Nanolattices. Science 2014,
345, 1322−1326.
(26) Kuhness, D.; Gruber, A.; Winkler, R.; Sattelkow, J.; Fitzek, H.;
Letofsky-Papst, I.; Kothleitner, G.; Plank, H. High-Fidelity 3D
Nanoprinting of Plasmonic Gold Nanoantennas. ACS Appl. Mater.
Interfaces 2021, 13, 1178−1191.
(27) Stark, T. J. Formation of Complex Features Using Electron-
Beam Direct-Write Decomposition of Palladium Acetate. J. Vac. Sci.
Technol., B: Microelectron. Nanometer Struct.–Process., Meas., Phenom.
1992, 10, 2685.
(28) Kong, D. S.; Varsanik, J. S.; Griffith, S.; Jacobson, J. M.
Conductive Nanostructure Fabrication by Focused Ion Beam Direct-
Writing of Silver Nanoparticles. J. Vac. Sci. Technol., B: Microelectron.
Nanometer Struct.–Process., Meas., Phenom. 2004, 22, 2987.
(29) Hoffmann, P.; Ben Assayag, G.; Gierak, J.; Flicstein, J.; Maar-
Stumm, M.; Van Den Bergh, H. Direct Writing of Gold
Nanostructures Using a Gold-Cluster Compound and a Focused-
Ion Beam. J. Appl. Phys. 1993, 74, 7588−7591.
(30) Hoffmann, P.; Ben Assayag, G.; Gierak, J.; Flicstein, J.; Maar-
Stumm, M.; Van Den Bergh, H. Direct Writing of Iridium Lines with
a Focused Ion Beam. J. Vac. Sci. Technol., B: Microelectron. Nanometer
Struct.–Process., Meas., Phenom. 1991, 9, 3483.
(31) Gross, M. E.; Brown, W. L.; Harriott, L. R.; Cummings, K. D.;
Linnros, J.; Funsten, H. Ion-Beam Direct-Write Mechanisms in
Palladium Acetate Films. J. Appl. Phys. 1989, 66, 1403−1410.
(32) Stark, T. J.; Mayer, T. M.; Griffis, D. P. Electron Beam Induced
Metalization of Palladium Acetate. J. Vac. Sci. Technol., B: Micro-
electron. Nanometer Struct.–Process., Meas., Phenom. 1991, 9, 3475−
3478.
(33) Bhuvana, T.; Kulkarni, G. U. Highly Conducting Patterned Pd
Nanowires by Direct-Write Electron Beam Lithography. ACS Nano
2008, 2, 457−462.
(34) Bhuvana, T.; Gregoratti, L.; Heun, S.; Dalmiglio, M.; Kulkarni,
G. U. Electron Resist Behavior of Pd Hexadecanethiolate Examined
Using X-Ray Photoelectron Spectroscopy with Nanometric Lateral
Resolution. Langmuir 2009, 25, 1259−1264.
(35) Kulkarni, G. U.; Radha, B. Metal Nanowire Grating Patterns.
Nanoscale 2010, 2, 2035−2044.
(36) Salvador-Porroche, A.; Herrer, L.; Sangiao, S.; De Teresa, J. M.;
Cea, P. Low-Resistivity Pd Nanopatterns Created by a Direct Electron
Beam Irradiation Process Free of Post-Treatment Steps. Nano-
technology 2022, DOI: 10.1088/1361-6528/ac47cf.
(37) Grigorescu, A. E.; Hagen, C. W. Resists for Sub-20-Nm
Electron Beam Lithography with a Focus on HSQ: State of the Art.
Nanotechnology 2009, 20, 292001.
(38) Salvador-Porroche, A.; Sangiao, S.; Magén, C.; Barrado, M.;
Philipp, P.; Belotcerkovtceva, D.; Kamalakar, M. V.; Cea, P.; De
Teresa, J. M. Highly-Efficient Growth of Cobalt Nanostructures Using
Focused Ion Beam Induced Deposition under Cryogenic Conditions:
Application to Electrical Contacts on Graphene, Magnetism and Hard
Masking. Nanoscale Adv. 2021, 3, 5656.
(39) Mutzke, A.; Schneider, R.; Eckstein, W.; Dohmen, R..
SDTRIMSP; version 5.00; Max-Planck-Institut für Plasmaphysik,
2011; Vol. IPP 12/8.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.2c05218
ACS Appl. Mater. Interfaces 2022, 14, 28211−28220

28219

https://doi.org/10.1002/adfm.201001262
https://doi.org/10.1002/adfm.201001262
https://doi.org/10.1002/smll.201400911
https://doi.org/10.1002/smll.201400911
https://doi.org/10.1002/adom.201500103
https://doi.org/10.1002/adom.201500103
https://doi.org/10.1002/adom.201500103
https://doi.org/10.1002/smll.201702003
https://doi.org/10.1002/smll.201702003
https://doi.org/10.1002/smll.201702003
https://doi.org/10.1103/physrevlett.107.205501
https://doi.org/10.1103/physrevlett.107.205501
https://doi.org/10.1103/physrevlett.107.205501
https://doi.org/10.1002/adom.201700223
https://doi.org/10.1002/adom.201700223
https://doi.org/10.1063/1.1857095
https://doi.org/10.1063/1.1857095
https://doi.org/10.1088/0957-4484/17/22/009
https://doi.org/10.1088/0957-4484/17/22/009
https://doi.org/10.1088/0957-4484/17/22/009
https://doi.org/10.1126/science.1222360
https://doi.org/10.1126/science.1222360
https://doi.org/10.1088/0034-4885/75/3/036501
https://doi.org/10.1088/0034-4885/75/3/036501
https://doi.org/10.1002/adma.201501163
https://doi.org/10.1002/adma.201501163
https://doi.org/10.1002/adma.201501163
https://doi.org/10.1063/1.3701582
https://doi.org/10.1063/1.3701582
https://doi.org/10.1002/smll.201703307
https://doi.org/10.1002/smll.201703307
https://doi.org/10.1002/smll.201804177
https://doi.org/10.1002/smll.201804177
https://doi.org/10.1007/s11671-008-9164-y
https://doi.org/10.1007/s11671-008-9164-y
https://doi.org/10.1002/adfm.201304248
https://doi.org/10.1002/adfm.201304248
https://doi.org/10.1002/adfm.201304248
https://doi.org/10.1016/j.mee.2015.02.042
https://doi.org/10.1016/j.mee.2015.02.042
https://doi.org/10.1007/s00339-015-9106-3
https://doi.org/10.1021/nl5019589?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl5019589?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.201801772
https://doi.org/10.1002/adma.201801772
https://doi.org/10.1002/adma.201801772
https://doi.org/10.1002/adfm.202002549
https://doi.org/10.1002/adfm.202002549
https://doi.org/10.1002/adfm.202002549
https://doi.org/10.1126/science.1255908
https://doi.org/10.1126/science.1255908
https://doi.org/10.1021/acsami.0c17030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c17030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1116/1.586026
https://doi.org/10.1116/1.586026
https://doi.org/10.1116/1.1825015
https://doi.org/10.1116/1.1825015
https://doi.org/10.1063/1.354985
https://doi.org/10.1063/1.354985
https://doi.org/10.1063/1.354985
https://doi.org/10.1116/1.585828
https://doi.org/10.1116/1.585828
https://doi.org/10.1063/1.344444
https://doi.org/10.1063/1.344444
https://doi.org/10.1116/1.585826
https://doi.org/10.1116/1.585826
https://doi.org/10.1021/nn700372h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn700372h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la803344f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la803344f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la803344f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c0nr00088d
https://doi.org/10.1088/1361-6528/ac47cf
https://doi.org/10.1088/1361-6528/ac47cf
https://doi.org/10.1088/1361-6528/ac47cf?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/0957-4484/20/29/292001
https://doi.org/10.1088/0957-4484/20/29/292001
https://doi.org/10.1039/d1na00580d
https://doi.org/10.1039/d1na00580d
https://doi.org/10.1039/d1na00580d
https://doi.org/10.1039/d1na00580d
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c05218?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(40) Mutzke, A.; Eckstein, W. Ion Fluence Dependence of the Si
Sputtering Yield by Noble Gas Ion Bombardment. Nucl. Instrum.
Methods Phys. Res. Sect. B Beam Interact. Mater. Atoms 2008, 266,
872−876.
(41) Rzeznik, L.; Fleming, Y.; Wirtz, T.; Philipp, P. Experimental and
Simulation-Based Investigation of He, Ne and Ar Irradiation of
Polymers for Ion Microscopy. Beilstein J. Nanotechnol. 2016, 7, 1113−
1128.
(42) Fernández-Pacheco, A.; De Teresa, J. M.; Córdoba, R.; Ibarra,
M. R. Metal-Insulator Transition in Pt-C Nanowires Grown by
Focused-Ion-Beam- Induced Deposition. Phys. Rev. B: Condens.
Matter Mater. Phys. 2009, 79, 174204.
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