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Fabrication of palladium-enriched metallic
structures by direct focused He+ and Ne+ beam
nanowriting from organometallic thin films: a
comparison with Ga+ and e− beams†

Lucía Herrer, a Alba Salvador-Porroche, a Gregor Hlawacek, b Pilar Cea a,c

and José María De Teresa *a

A direct nanowriting procedure using helium- and neon-focused ion beams and spin-coated organo-

metallic thin films is introduced and applied to the fabrication of Pd-enriched metallic structures in a

single lithography step. This process presents significant advantages over multi-step resist-based lithogra-

phy and focused beam-induced deposition using gaseous precursors, such as its simplicity and speed,

respectively. The optimized process leads to Pd-rich structures with low electrical resistivity values of 141

and 152 μΩ cm under Ne+ or He+ fluences of 1000 and 5000 μC cm−2, respectively. These resistivity

values correlate well with compositional and microstructural studies, indicating a high Pd metallic content

in a dense structure with a few-nm grain size. The obtained results are compared to similar structures fab-

ricated by direct electron and gallium beam nanowriting, demonstrating the full potential of nanopat-

terned Pd-based organometallic thin films under the most common focused charged beams. The practi-

cal applications of combining spin-coated organometallic thin films with focused beam nanowriting in

micro- and nano-lithography modern procedures are also discussed in this contribution.

Introduction

Focused Ion Beam (FIB) technologies have been strongly devel-
oped in recent years to provide a rich palette of nanofabrica-
tion techniques. A roadmap of FIB has recently been published
that comprises the great variety of applications under investi-
gation.1 One of the frequently used approaches in the topic is
the combination of FIB with a precursor material that is deli-
vered in gas phase to the area of interest by means of a gas
injection system, which constitutes the backbone of the tech-
nique named Focused Ion Beam Induced Deposition (FIBID).
FIBID is widely used in industry for transmission electron
microscopy (TEM) lamellae preparation2 and for circuit
editing,3 whereas research studies can benefit from FIBID for
creating electrical contacts to individual micro/nano-struc-
tures,4 for the growth of cantilever tips5 and for the growth of

nanopatterned materials such as magnetic ones,6 with optical
functionality,7 or superconducting ones.8 However, FIBID pre-
sents a serious drawback for certain applications due to the
high ion doses required, which gives rise to long processing
times and side effects in the deposit and substrate, such as ion-
induced defects by implantation, amorphization or sputtering.
These effects are more significant when heavy ions are used,
such as Ga+.9 In order to mitigate this effect, the recent develop-
ment of FIBID under cryogenic conditions (Cryo-FIBID, where a
thin precursor layer is condensed on the substrate surface) has
represented a step forward due to the decrease in the applied
charge dose up to three orders of magnitude.10 However, a cryo-
genic module11 or a thermoelectric plate12 is needed to lower
the substrate temperature, and Cryo-FIBID cannot be as widely
used as room-temperature FIBID despite its virtues.13

In order to take advantage of the FIB for the growth of func-
tional nanostructures with low ion doses and without the need
for resists, a different approach can be used. The method
involves spin coating a solution of a precursor material con-
taining the element that one targets to deposit on the sub-
strate. Following this strategy, Au,14 Ir,15 and Pd structures16

were grown in the past by Ga+-FIB irradiation, but the low
metal content in the resulting structure required a subsequent
annealing process, thus limiting the range of applications and
increasing the processing time. Recent work in our group
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using this method, and palladium(II) acetate trimer (PdAc) as
the starting precursor, has remarkably achieved the growth of
functional Pd-rich (∼50 at%) nanostructures without the need
for any post-growth annealing step.17 This work reports that
structures with low electrical resistivity, ∼70 µΩ cm, and high
lateral resolution, 40 nm, are grown with ion beam doses that
are very low, ∼30 µC cm−2. Thus, the process speed is compar-
able to that of standard electron beam lithography, which is
used at the wafer level and has practical applications.18

However, if these PdAc spin-coated films are irradiated by
means of an electron beam, the required charge dose to
achieve metallic structures is significantly higher.19

On the other hand, the use of FIB with sources of light ions
(He+ and Ne+) has exhibited a better resolution for milling
compared to standard Ga+ sources,20 due to their weaker inter-
action with matter as well as the small focused ion beam spots
achievable, ∼0.5 nm in the case of He+ and ∼2 nm in the case
of Ne+.21 Both light ions are available in a commercial Helium
Ion Microscope (HIM) that has been applied in recent years for
precise FIB milling,22–24 FIBID of functional materials with a
high lateral resolution25,26 and three-dimensional growth,27,28

high-resolution and low-dose FIB lithography using resists29,46

and local change in properties by means of FIB irradiation of
catalytic,44 magnetic,30 electrical,45 ferroelectric,31 and super-
conducting properties.32 Given this background, it is tempting
to investigate the potential of the HIM for decomposing spin-
coated PdAc films and compare the results with those pre-
viously obtained by means of Ga+-FIB and electron irradiation.
To the best of our knowledge, there are only a few examples in
the literature where comparative studies about the effect of
different beams on the same material, either for FIB
milling33–35 or for growing structures,13 have been performed.
Thus, the set of results presented in this contribution will be
useful not only for the specific application investigated here,
but also for a deeper understanding of the processes involved
in the interaction between matter and charged particles as well
as for aprioristic choices of the most suitable focused charged
particle for a given application.

This contribution is organized as follows: (i) the initial sec-
tions describe the experiments in sequence: PdAc thin film
preparation, irradiation by focused helium and neon beams
and film thickness characterization, electrical characterization
of the fabricated structures, and morphological and elemental
composition analyses for the optimal conditions; (ii) the next
section is dedicated to comparing the patterning of the electri-
cal and structural properties of the formed Pd-based thin films
after Ga+, He+, Ne+ and electron irradiation; and (iii) in the last
section of the article, we draw the main conclusions and
discuss potential applications.

Results and discussion
PdAc thin film preparation procedure

The general procedure to fabricate the palladium-enriched
nanofabricated structures (PdNSs) consists of three main steps
(Fig. 1): (1) spin-coated Pd-based thin film fabrication, (2)
irradiation of free design patterns by He+/Ne+ direct nanowrit-
ing, and (3) a washing step: removal of the non-exposed areas
by immersing the sample in chloroform for a few seconds.

The preparation of Pd-based thin films, step 1, involves
spreading 10 µL of a filtered Pd3(OAc)6 solution (0.1 M in
CHCl3) on pre-cleaned Si/SiO2 substrates according to pre-
viously stated procedures.14,15

Irradiation by focused helium and neon nanobeams and film
thickness characterization

Several spin-coated thin films were prepared in the same way
for subsequent irradiation by means of a focused helium or
neon beam. The initial thickness of these Pd-based thin films
was measured by profilometry. Average thicknesses of 231.2 ±
11.8 nm and 234.4 ± 12.0 nm were obtained for the thin films
subsequently irradiated by the He+ and the Ne+ beams,
respectively. The helium irradiation was performed with an
acceleration voltage of 30 kV, a gas pressure of 5 × 10−6 Torr, a
beam-limiting aperture of 20 µm and a spot control set to 4.

Fig. 1 Scheme for the fabrication of palladium-enriched metallic structures by direct focused He+ and Ne+ beam nanowriting.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2024 Nanoscale, 2024, 16, 21128–21137 | 21129

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
O

ct
ob

er
 2

02
4.

 D
ow

nl
oa

de
d 

on
 3

/5
/2

02
6 

3:
08

:1
4 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4nr02680b


The Ne+ irradiation was performed by applying an acceleration
voltage of 25 kV, a gas pressure of 2 × 10−6 Torr, and a beam-
limiting aperture of 10 µm. This resulted in beam currents of
approximately 1 pA and 8 pA for neon and helium nanowrit-
ing, respectively.

With regard to the He+ irradiation conditions, a dose
screening was carried out to establish a rough range of flu-
ences by exposing one sample to fluences between 1 and
10 000 µC cm−2 (Fig. S1 in the ESI†). Once the effective range
of irradiation doses was determined, Hall bar structures were
fabricated at the selected fluences of 20, 40, 50, 60, 250, 500,
2500, 5000, 7500 and 10 000 µC cm−2 in order to study the
electrical properties through a 4-microprobe station. In the
case of Pd-based thin films exposed to Ne+ irradiation, a
control test was performed from 10 to 90 µC cm−2. This range
was then extended up to 1000 µC cm−2 where Hall bar struc-
tures were directly written to determine their electrical pro-
perties using fluences from 20 to 1000 µC cm−2. The depen-
dence of the thickness with increasing fluence for both types
of irradiation is represented in Fig. 2.

The normalised thickness (tn) is defined as the thickness or
height of the resulting structure after the irradiation divided
by the initial palladium acetate film thickness. The data used
here to plot tn were obtained from the AFM height measure-
ment of the PdNSs after irradiation with a He+ beam (4
different samples) and a Ne+ beam (3 different samples). The
initial thickness of the palladium acetate film was first
measured for each sample using a profilometer. As shown in
Fig. 2, in both cases, tn is dependent on the fluence applied.
The film areas irradiated with a helium fluence lower than
10 µC cm−2 were removed during the washing step (step 3,
Fig. 1), meaning that the applied fluence was not sufficient to
decompose the film and subsequently to change the film solu-
bility. For neon irradiation, PdNSs remained after the washing
step. The data obtained indicate that for fluences up to 34 µC
cm−2 and 120 µC cm−2 for He+ and Ne+ irradiation, respect-
ively, there is an increase in tn as the applied dose is increased.
This is mainly due to the decomposition of the initial Pd-
based thin film and due to a decrease in the solubility of the

irradiated parts of the film, which behaves similarly to a nega-
tive photoresist.16 After these maxima, tn decreases as fluences
increase. This thickness decrease can be associated with the
disappearance of the soluble species and the corresponding
formation of more compact structures. When applying He+

irradiation greater than ∼200 µC cm−2, the rate of thickness
decrease with fluence slows down and reaches an almost con-
stant value of tn, independent of the applied fluence,
suggesting that the maximum film decomposition has been
achieved. In the case of neon irradiation, fluences above
1000 µC cm−2 have not been applied in order to find a con-
stant tn value. This was decided on the basis of the plot trend
shown in Fig. 2b; it was considered that an increase in fluence
would not result in a significant improvement in resistivity.

A similar methodology was previously applied by us to fab-
ricate PdNSs using both a focused electron beam19 and a
focused gallium beam.17 Nevertheless, these studies did not
include any indication as to whether or not the removal step of
the non-irradiated material had any effect on the thickness.
This point was therefore here investigated by first measuring
the shrinkage of the thin film after irradiation and before
immersing the sample in chloroform.

With this aim, AFM images were registered immediately
after the direct writing process without any further action (see
step 2, Fig. 1), as shown in Fig. 3 – left. The sample was then
immersed in the solvent, fresh CHCl3 (step 3, Fig. 1), and the
topography of the as-fabricated structures was re-registered, as
shown in Fig. 3, right. Here, there is a representative example
of the procedure followed.

This control experiment was investigated for one of the
samples studied, which was exposed to the He+ beam and had
an initial film thickness of 221.4 ± 2.5 nm, measured by profi-
lometry. The film shrinkage after the He+ irradiation, but
before the washing step, and the thickness of the resulting
structure after the washing step, have been extracted from the
corresponding AFM line profiles (blue lines, Fig. 3, top). The
sum of both values must be close to the initial film thickness.
For instance, in Fig. 3, these values are highlighted for a
fluence of 30 µC cm−2, the film shrinkage being 64.5 nm, and

Fig. 2 Normalized PdNSs thicknesses after removal of the non-exposed areas versus the applied ion fluence. (a) Fabricated by He+ direct-writing
and (b) by Ne+ direct-writing. Data are normalized with respect to the as-prepared film thickness. To clarify the plot trends, a blue dotted line has
been added.
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the resulting structure thickness being 173.3 nm. The sum of
these two values is 237.8 nm, which is close to the initial value
of the film measured by profilometry (we compared the values
registered by different characterization techniques).

The same test was applied for different doses. All the measure-
ments are summarized in Fig. S2.† These results confirm that the
washing step has negligible influence on the thickness of the
PdNSs fabricated by the nanowriting procedure.

Electrical characterization of the fabricated structures

In order to determine the electrical properties of the PdNSs,
patterns in the shape of Hall bars were directly written at the
selected fluences. The current versus voltage (I–V) curves were
subsequently recorded at room temperature by means of a
four-probe station placed inside the HIM chamber, Fig. 4a. In
Fig. 4b, left, the linear I–V curves recorded from the structures
made by He+ irradiation using fluences above 250 µC cm−2 are
shown. These results demonstrate the ohmic behaviour
expected for metallic structures. The structures produced at
fluences below this threshold were not measurable. In the case
of the structures fabricated by Ne+ irradiation, a linear I–V
response was observed in all cases, as shown in Fig. 4c, left.

The resistivity values versus the applied dose plotted for He+

and Ne+ irradiation, respectively, on the right-hand side of Fig. 4b
and c have been calculated after precisely measuring the geo-
metric dimensions of each structure, by AFM (z dimension) and

HIM or SEM images (x and y dimensions). In both cases, it is
observed that the resistivity decreases as a function of the applied
dose, reaching almost constant values for the highest doses.
Specifically, a resistivity value of ∼152 µΩ cm is attained with He+

fluences of 5000 µC cm−2, while a value of ∼141 µΩ cm is
reached with Ne+ fluences of 1000 µC cm−2. These have been set
as optimal irradiation fluences. Note that for He+ irradiation, the
resistivity decreases only slightly upon increasing the fluence over
5000 µC cm−2. A straightforward comparison can be performed
between the He+ irradiation and the Ne+ irradiation: the Ne+

irradiation is more efficient in film decomposition, as expected,
given its larger mass and, as a consequence, its larger linear
momentum (p = m·v), for the applied accelerating voltage. A
larger linear momentum implies, in principle, a higher capacity
for atom displacement and bond breaking. However, the mecha-
nism of the film decomposition by ion irradiation is complex,36,37

as simulations for Ga+ irradiation showed in the past,17 and other
effects such as preferential sputtering or heating effects could
also contribute at large irradiation doses.

Morphological and elemental composition analyses for the
optimal conditions of ion irradiation

In order to correlate the electrical properties with morphologi-
cal composition and elemental composition, cross-sectional
lamellae were extracted from such structures fabricated with
the optimal He+ and Ne+ fluences and analysed by means of

Fig. 3 Top: AFM images recorded after direct He+ beam irradiation, before (left) and after (right) immersion in CHCl3 to remove the non-irradiated
areas – top views of the sample. Bottom: registered profiles for the blue lines on the corresponding upper images. The purple rectangle at the
bottom of the figure, represents the position of the substrate; it has been added to facilitate interpretation.
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TEM techniques. Fig. S3† shows the HAADF images and EDS
results using the STEM mode for the two of them (5000 µC
cm−2 and 1000 µC cm−2, respectively), demonstrating that the
fabricated structures have in both cases an atomic palladium
content of ca. 36%. Interestingly, Ne+ irradiation at a lower
dose compared to He+ seems to produce higher agglomeration
in the internal structure and a lower number of grain bound-

aries, which is the natural explanation for its slightly lower res-
istivity despite the same Pd content found.

Comparison of the patterning of the studied Pd-based thin
films under Ga+, He+, Ne+ and electron beams

As already mentioned, similar Pd-based films were previously
fabricated by direct nanowriting through focused gallium and

Fig. 4 (a) HIM image of one of the measured Hall bars by using a 4-probe technique. The image has been artificially coloured for clarity: blue =
microprobes, yellow = Pd-enriched structure. (b) Electrical properties corresponding to the Pd structures fabricated by focused helium beam direct
writing. Left: I–V curves for the PdNSs fabricated using the indicated fluences . Right: electrical resistivity of the Pd structures as a function of the
applied fluences. (c) Electrical properties corresponding to the Pd structures fabricated by focused neon beam direct writing. Left: I–V curves for
the PdNSs fabricated using the indicated fluences. Right: electrical resistivity of the Pd structures as a function of the applied fluences.
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electron beams.17,19 In order to put all the results in context,
Fig. 5 illustrates a comparison of applying Ga+-, Ne+-, He+- and
electron-focused beams to decompose a palladium spin-coated
film with the aim of obtaining a metallic structure. In this
figure, the following physical properties are compared: resis-
tivity, composition and grain size.

Fig. 5a shows how the PdNS resistivity decreases as the
fluence increases for all kinds of focused beam irradiation. A
quick look at this plot shows that the Ne+ and He+ beams
achieve the lowest resistivities using doses between those
required for Ga+ and electron beams. In fact, the lowest resis-
tivity value, ∼70 µΩ cm, was achieved under Ga+ irradiation
using a fluence as low as 30 µC cm−2, while resistivity values of
141, 152 and 145 µΩ cm were obtained under Ne+, He+ and
electron irradiation using fluences of 1000, 5000 and
30 000 µC cm−2, respectively. One can compare these optimal
conditions to produce conductive Pd nanostructures in terms
of elemental quantification and morphological analyses of the
corresponding cross-sections. On the one hand, as shown in
the bar chart, Fig. 5c, the Pd content of the Ga+-fabricated

structures was significantly higher (∼56 at%) compared to the
structures grown through Ne+, He+ and electron irradiation
(∼36 at%), providing an explanation for its significantly lower
resistivity value. On the other hand, Fig. 5b illustrates the
cross-sectional TEM images of these PdNSs, where slight
differences in the grain size can be observed that can be attrib-
uted to the specific charged particle used. No unwanted
damage caused by the ion irradiation has been observed. The
presence of grain boundaries is well known to increase the
electrical resistivity and might explain the slight differences in
the resistivity for the Ne+, He+ and electron irradiation, which
show small differences in resistivity despite having the same
Pd content.

In order to put the obtained results in context, in Fig. 6, we
represent the values of resistivity and charge dose required for
the growth, under optimal conditions, of the PdNSs using the
four beams as well as the corresponding values of related
growth techniques.

In particular, we have selected the growth of W and of Co
by FEBID and FIBID, as well as the growth of W and of Co by

Fig. 5 (a) Comparative plot of the resistivity as a function of the applied fluence for the four different charged-particle beams used for the PdAc
film decomposition. (b) Cross-sectional STEM-HAADF images for PdNSs fabricated by irradiation with the indicated beam and fluence. The scale bar
for all images is 10 nm.. (c) Comparative elemental quantification (% atomic content) of Pd, C and O determined for PdNSs fabricated by irradiation
with the indicated beam and fluence.. The scale bar for all images is 10 nm.
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Cryo-FIBID.10 One can see in Fig. 6 that Co can be grown by
FEBID and FIBID, producing very low resistivity (∼20 µΩ cm
for Co by FIBID), but unfortunately, the charge dose required
is so high that these processes should be limited to structures
of very small dimensions. The growth of W by FIBID suffers
from the same problem of the high charge dose required and,
additionally, the obtained resistivity still corresponds to metal-
lic values, but is ten times higher than that for Co grown by
FIBID. Regarding the charge dose, the use of Cryo-FIBID is
very convenient, because W can be deposited with 50 µC cm−2,
whereas Co can be deposited with 15 µC cm−2. However, the
resistivity values of these deposits, despite being metallic, are
above 200 µΩ cm. In the case of the PdNSs, the use of Ga+ is
indeed very competitive in terms of both the low charge dose
required (30 µC cm−2) and the low resistivity attained (∼70 µΩ
cm). Therefore, it emerges as a clear choice for applications
where fast growth and low resistivity are required. As will be
discussed later in the Outlook section, the growth of PdNSs by
Ne+ and He+ irradiation would be justified if, in future, a
higher lateral resolution than that in the case of Ga+ is
achieved, or if Ga+ produces unwanted damage in the sur-
rounding materials.

Materials and methods

Spin coated films were fabricated using a Süss Microtech spin
coater, placed inside an ISO5 clean room. The powder com-
pound Pd3(OAc)6 was purchased and used as received. CHCl3,
CromAR® HPLC, was used as a solvent to prepare the films
and to remove the non-irradiated areas. Initial film thicknesses
were determined by profilometry using KLA-Tencor P6
equipment.

An UltraObjective AFM from SIS attached to an Olympus
BX51 optical microscope was used to register the depth profile
of the irradiated areas before removal of the non-irradiated
ones, and to measure the height of the final structures.

A Zeiss ORION NanoFab helium ion microscope (HIM)21

was used for irradiation of the films. The machine is equipped
with 4 Kleindiek MM3A manipulators for in situ electrical
probing, a home built and commercially available time-of-
flight secondary ion mass spectrometer (TOF-SIMS) and a
heating stage. The NPVE patterning software and pattern gen-
erator from FIBICS were used to write the patterns.

Current versus voltage (I–V) curves were registered using
a four-probe station inside the HIM, at room temperature.
A Keithley Instruments 2614B source meter unit was con-
nected via a chamber feedthrough using tri-ax shielded
cables. Hall bar-like geometries were used to perform the
measurements. To determine the resistivity value for each
applied fluence, the dimensions of the directly written Hall
bars were measured by using a SEM Quanta FEG 250 and
an AFM.

Lamellae from PdNSs directly written onto Si/SiO2 sub-
strates were fabricated using a Helios Nanolab 650 dual beam
microscope and attached to a TEM copper grid. Energy-disper-
sive X-ray spectroscopy (EDS) with an energy of resolution
∼125 eV and high-angle annular dark-field (HAADF) imaging
at 300 keV were performed by transmission electron
microscopy (TEM) using an analytical Titan low-base
instrument.

Conclusions and outlook
Conclusions

In the present article, optimization of the decomposition of
PdAc spin-coated films by means of irradiation with He+ and
Ne+ focused beams has been presented. It has been observed
that for both beams, it is possible to achieve metallic struc-
tures with a Pd atomic content of ∼36%. The use of Ne+ is
more efficient, with a required fluence of 1000 µC cm−2, com-
pared to 5000 µC cm−2 in the case of He+ irradiation. This be-
havior is intermediate between that of Ga+ irradiation
(required fluence of 30 µC cm−2) and that of electron
irradiation (required fluence of 30 000 µC cm−2), strongly
suggesting the important role played by the mass and the
linear momentum of the beam particle in the efficiency of the
decomposition. Moreover, the comparison among the four
beams indicates that the use of Ga+ irradiation is most suitable
when the lowest resistivity is required and, in addition, it gives
hints to improve the process in terms of fluence and resistivity
by using even heavier ions than Ga+, such as Xe+,38 Rb+,39

Au+,40 etc. However, the damage created by heavy ions in the
surrounding materials should be a factor to consider in the
choice of the ion.

Compared to resist-based lithography techniques such as
electron beam lithography (EBL), which have multiple steps
and require multiple pieces of equipment, direct-writing tech-

Fig. 6 Resistivity values versus the applied fluence for other FIBID/
FEBID techniques and materials, compared to the palladium-enriched
nanofabricated structures (PdNSs). Ga+-PdNS, e−-PdNS and black data
points have been obtained from ref. 10, 11, 17 and 19.
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niques such as those represented in Fig. 6 (black dots), stand
out for consisting of a single lithography step. However, they
present disadvantages such as the availability of only a few pre-
cursor materials and, in the case of FEBID and FIBID, also the
high fluence needed. This means that FEBID and FIBID are
time-consuming and their scalability is limited. Cryo-FIBID is
a much faster growth technique, but this technique calls for
cryogenic temperatures and has the difficulty that the precur-
sor is only condensed on a limited area, and so it is not so
implementable in terms of upscaling and process compatibil-
ity. However, the decomposition of organometallic spin-coated
films by charged-particle beams could gather the virtues of all
the previous techniques. Given the high fluence needed, the
technique is not so interesting in the case of electron or He+

irradiation, which implies a high processing time, but the
technique is competitive in the case of Ne+ irradiation and
definitely very competitive in the case of Ga+ irradiation due to
the very low irradiation dose required (30 µC cm−2). If one
compares it to the typical fluences used for resist exposure in
EBL, which depend on the specific resist but are typically in
the range of a few hundred µCcm−2,41 it can be stated that the
fluence required for the ion decomposition of organometallic
spin-coated films should not be an impediment for its upscal-
ing and their use at the wafer level. Let us highlight that the
Pd-enriched structures created by means of this methodology
are readily functional (metallic behaviour) and do not need
any post-treatment or annealing steps.

Outlook

It is also worth discussing other virtues of the decomposition
of organometallic spin-coated films, such as the tunability of
the electrical resistivity with the fluence and the type of ion
used. Given the broad range of resistivities obtained depend-
ing on the fluence and the charged particle used, it is possible
to fabricate structures with spatially dependent resistivity,
which could find application in functional devices. As an
example, our group has recently achieved the fabrication of
electrical gate contacts through the combination of irradiation
on PdAc films by focused electron and Ga+ beams, so that
insulating and metallic behaviors are respectively achieved on
the same device depending on the type of irradiation
(Salvador-Porroche et al., manuscript under review). With
regard to the resolution of the patterns, in previous work, we
were able to obtain gaps of 40 nm by means of focused Ga+

irradiation of PdAc films.17 One could expect a better resolu-
tion in the case of focused Ne+ and He+ irradiation, given their
smaller ion beam spot and the lower interaction volume near
the surface. Our preliminary tests have not been successful,
given the use of relatively thick PdAc films >200 nm. These
tests, however, suggested that by using thinner films, it could
be possible to attain a higher resolution. The technical
problem is similar to the case of negative-resist-based lithogra-
phy and requires a thorough optimization study that is beyond
the aim of the current study.42

In previous paragraphs, we have discussed the virtues of
using organometallic spin-coated films and charge-particle

irradiation for lithography, such as its single-step nature, the
low fluence required that allows process upscaling, and the
low resistivity achievable, as well as the disadvantages, such as
the need for exploration of more organometallic precursors
that could be used in this process. With the available data,
nevertheless, it is possible to put forward some potential appli-
cations of the technique. The metallic nature of the Pd-
enriched structures created by focused Ga+, Ne+ and He+

irradiation of PdAc allows for the in situ growth of metallic
contacts in a single step and at high speed.17 This procedure
could be preferred for standard FEBID and FIBID growth when
the area of the metallic contacts is large (and time is an issue)
or when the metallic contacts have to be repeated multiple
times. Besides, the use of PdAc spin-coated films might be
useful in those cases where the resists used in EBL contami-
nate the surface and modify the properties of the functional
material.43 Moreover, given the metallic nature of the Pd-
enriched structures, they could be used to provide conductivity
for insulating and transparent films and devices that are used
in optoelectronic applications, as we showed by means of
focused Ga+ irradiation of PdAc films.17 Last, but not least, the
use of other organometallic spin-coated films based on other
functional elements beyond Pd could open the route to appli-
cations in other domains such as magnetism, superconduc-
tivity, nano-optics, catalysis, etc., and we are already exploring
some of them.
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