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Abstract
The development of modern metal deposition techniques like focused ion/electron beam-induced deposition (FIBID/FEBID) relies
heavily on the availability of metal-organic precursors of particular properties. To create a new precursor, extensive testing using
specialized gas injection systems is required along with time-consuming and costly chemical analysis typically conducted using
scanning electron microscopy (SEM). This process can be quite challenging due to its complexity and expense. Here, the response
of new metal-organic precursors, in the form of supported thick layers, to the ion beam irradiation is studied through analysis of the
chemical composition and morphology of the resulting structures. This is done using SEM backscattered electron/energy-disper-
sive X-ray spectroscopy along with machine learning data processing techniques. This approach enables a comprehensive fast
examination of precursor decomposition processes during FIB irradiation and provides valuable insights into how the precursor’s
composition influences the final properties of the metal-rich deposits. Although solid-layer irradiation differs from gas-phase depo-
sition, we think that our method can be employed to optimize pre-screen and score new potential precursors for FIB applications by
significantly reducing the time required and conserving valuable resources.
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Introduction
A variety of nanomanufacturing techniques, such as optical and
electron-beam lithography, nanoimprint lithography, atomic
layer deposition, chemical mechanical polishing, and laser

nanopatterning, enable the creation of nanostructures and nano-
scale devices. However, a major limitation of these methods is
their inability to effectively produce high-resolution three-
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dimensional nanostructures [1-4]. In contrast, focused electron
or ion beam-induced deposition (FEBID/FIBID) allows for the
precise fabrication of two- and three-dimensional nanostruc-
tures with well-defined shapes and dimensions ranging from 5
to 10 nm [1,5-10]. This high spatial resolution is achieved by
precisely controlling the position and duration of the electron or
ion beam pulses. In FEBID and FIBID, volatile precursor mole-
cules are delivered to the substrate surface via a gas injection
system (GIS), where they adsorb and are subsequently decom-
posed by a focused electron or ion beam with energies in the
kiloelectronvolt range. While commercial FIBID systems com-
monly employ Ga+ ions, alternative ion species such as He+,
Ne+, Ar+, or Xe+ can also be used [11-14]. The resulting
FEBID/FIBID deposits are widely used for repairing photolith-
ographic masks and printing or modifying integrated circuits. In
addition, they are applied for the fabrication or modification of
cantilevers in AFM and scanning optical near-field microscopy,
and as plasmonic materials [15-19]. FEBID/FIBID techniques
combine the advantages of direct-write lithographic processes,
for example, high spatial resolution, site-specificity, no need for
masks, and resistance, with the flexibility of depositing materi-
als on non-planar surfaces [4,5,14].

The FIBID method has several advantages compared to the
FEBID technique in depositing thin films on substrates. First,
ions generate more secondary electrons on the substrate surface
than electrons, leading to faster deposition growth (around
100 times). Second, FIBID deposits have higher metal content
and lower resistivity compared to FEBID. However, there are
some disadvantages to FIBID, such as the larger size of noble
gas and metal ions that penetrate to smaller depths in solids and
result in significant beam-induced substrate defects (e.g., Ga
atom implantation). Additionally, material growth is required to
compete with the FIB milling process [4,9]. The use of ions
instead of electrons, like in FEBID, offers several benefits, in-
cluding enhanced film quality and adhesion, better control over
the growth process, and greater flexibility in material selection
(the ability to deposit a variety of different materials). The
usage of ions opens new possibilities for materials develop-
ment and applications [20,21].

Until now, the development of FEBID has relied on precursors
used for chemical vapor deposition (CVD), a thermally driven
process. However, these kinds of precursors were not opti-
mized for the electron- and ion-driven FEBID and FIBID pro-
cesses [4,5,14]. Important classes of FEBID-tested compounds
for group-11 elements have been β-diketonates and carboxyl-
ates. These compounds were used previously in CVD, and
β-diketonates are the most common CVD precursors, yielding
films of high purity up to 99 atom % [5,15,22-26]. In FEBID,
silver(I) carboxylates, in contrast to β-diketonates, result in high

metal content in the deposits. Recent research [5] using
[Ag2(μ-O2CR)2], where R = CF3, C2F5, C3F7, t-Bu, or
C(Me)2Et, showed that these carboxylates can be dissociated
via focused electron beams, yielding deposits with satisfying
metal content (purity up to 76 atom % Ag). However, for the
copper(II) carboxylate [Cu2(μ-O2CC2F5)4], the fabricated mate-
rials have only up to 23 Cu atom % [5,15,22-26]. This shows
that the electron beam-induced decomposition is influenced by
the ligand and also by the coordination center.

Due to the key role played by secondary electrons in the decom-
position of FIBID precursors, FIBID precursor compounds are
limited to those used and tested in FEBID processes. Prelimi-
nary studies of new or potential FEBID precursors employ elec-
tron ionization mass spectrometry and gas-phase cross-beam
experiments (dissociative ionization and dissociative electron
attachment), but more informative are investigations into the
interactions of molecules adsorbed on the surface, such as elec-
tron-stimulated desorption, high-resolution electron energy loss
spectroscopy, and focused electron beam secondary ion mass
spectrometry [5].

To characterize compounds in terms of their applicability in the
FIBID process, comparisons are made with the FEBID process,
and decomposition mechanisms are proposed. Studies have
been conducted on ion–molecule interactions in both solid
and gas phases. Ultrahigh vacuum experiments on a few
monolayers of FIBID precursors, such as [Ru(CO)4I2],
[(η5-C5H5)Fe(CO)2Re(CO)5], and [Fe(CO)5], have been used to
elucidate decomposition pathways. These studies also enabled a
clear distinction between the processes occurring under ion irra-
diation and under electron irradiation. Furthermore, investiga-
tions on the gold complex [AuMe2(hfac)] have allowed for the
assessment of the influence of ion type (mass) and ion energy
on molecular decomposition. Gas-phase interactions between
[Fe(CO)5] molecules and ions of helium, neon, argon, and
krypton were carried out. However, the authors noted that these
results may not accurately reflect the behavior of the precursor
on the surface during actual FIBID processing since the condi-
tions under which the study was conducted (pressure and clean-
liness) differ significantly from those of a typical FIBID process
[14].

To guide the development of more effective precursors for
FEBID, a pre-screening strategy combining electron ionization
mass spectrometry (EIMS) and volatility testing is typically
applied. EIMS reveals how ligands respond to electron irradia-
tion; simple molecules such as CO and CO2 detach cleanly,
making them “favorable” in FEBID. In contrast, anionic or
polyhapto ligands, such as cyclopentadienyl (Cp) or allyl frag-
ments, readily fragment form CxHy matrices, leading to film
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contamination and degradation of structural quality. Halogen
atoms (e.g., Cl and Br) remain bound during initial irradiation
and are typically released only at high electron doses, posing
risks of side reactions or inhomogeneous film formation.
Volatility is assessed via the sublimation temperature; precur-
sors with an onset below 100 °C are considered suitable for effi-
cient transport through a GIS. Those with higher sublimation
points are unlikely to reach the deposition zone and are thus
disqualified early. Despite its advantages, EIMS pre-screening
has significant limitations; it cannot determine the final film
composition, metal oxidation states, or actual deposition effi-
ciency. Results are also sensitive to sample purity and
ionization conditions, and the method does not replicate the real
gas-phase or ion-beam environments encountered in FIBID
[27].

One has to mention that testing new metal-organic precursors
for the use in FEBID/FIBID is a tedious time-consuming task,
which requires costly experimental (non-commercial) GIS
systems. The primary objective of this precursor testing is to
optimize deposition parameters, specifically targeting high
metal content (favoring minimal impurities of gallium from the
FIB source) and reduced ion currents. It is also important to op-
timize beam energy for the deposition. Tripathi et al. [27] corre-
lated ion beam parameters to the deposition characteristics
using Ga FIB and various available precursors. Several tests of
many different new precursors have to be done before deciding
which compound is the most promising one. Therefore, we used
in our studies copper(II) and silver(I) carboxylate complexes
such as non-fluorinated pivalate [Cu2(μ-O2Ct-Bu)4]n [28,29],
perfluorinated pentafluoropropionates [Cu2(µ-O2CC2F5)4] [30],
[Ag2(μ-O2C2F5)2] [31] and the heteroligand complex with
the same carboxylate  and pentaf luoropropamidine
[Cu2(NH2(NH=)CC2F5)2(µ-O2CC2F5)4] [32], as new potential
precursors for the applications in focus ion beam induced depo-
sition (FIBID) using gallium ions. We focused on a commonly
used 30 keV FIB ion beam energy in our systematic decomposi-
tion studies.

Here, we present a pathway for unraveling how the chemical
composition of metal-organic precursors affects their decompo-
sition when irradiated with FIB in the form of supported layers.
A decomposition process of the studied layer was quantitative-
ly monitored by scanning electron microscopy backscattered
electron (SEM BSE) analysis. For each studied precursor, an
optimal ion fluence was determined, defined as the ion fluence
at which the sputtering of the formed metal-rich structures
becomes the dominant process, exceeding the rate of precursor
decomposition and material buildup. While sputtering occurs
throughout ion irradiation, this point marks the transition
beyond which further irradiation leads primarily to material

removal rather than the structure growth. The structures formed
at “the optimal” ion fluence were examined by scanning elec-
tron microscopy energy-dispersive X-ray spectroscopy (SEM
EDX) together with machine learning-based hyperspectral data
processing, which uses non-negative matrix factorization
(NMF) to separate the EDX signals of structures from the ones
of the substrate. As already shown, this type of analysis greatly
enhances the applicability of SEM EDX for the analysis of
nanostructures [33]. Finally, we determined the quantitative
chemical composition of the formed metal-rich deposits (struc-
tures). While the decomposition of precursor layers presents a
significant challenge compared to gas-phase deposition driven
by differing mechanisms, our approach of layer analysis offers
crucial insights into the fundamental physics of metal deposi-
tion from metal-organic precursors. Furthermore, we believe
that our methodology could be effectively utilized as a valuable
tool for precursor screening. The use of a new compound as a
FIBID/FEBID precursor necessitates a series of preliminary
tests to confirm volatility and sensitivity to secondary electrons.
Refining the conditions for efficient precursor delivery via the
GIS system and its subsequent decomposition under ion beam
influence requires testing in a difficult-to-access experimental
reactor. Given the time- and cost-intensive nature of analyzing
the morphology and composition of the deposits, we propose a
method/approach to minimize studies within the experimental
reactor and identify promising potential precursors.

Testing Pathway and Methods Used
The proposed approach for effectively testing new metal-
organic precursors involves a series of steps that are crucial to
ensure accurate and comprehensive results. These stages
include: (1) Deposition of the precursor onto a Si(111) sub-
strate through sublimation using previously established parame-
ters [22,29,32,34]. This step allows for precise control of the
thickness of the precursor layer on the substrate. (2) Per-
forming SEM imaging of the growth layers, which provide
detailed information about the surface structure and composi-
tion of the precursor layer. They are essential for understanding
how the precursors are decomposed under the following FIB ir-
radiation and what kind of morphology is developed for the
finally formed metal-rich structures. (3) Analyzing BSE images
of the evolving surface morphology at successive stages of FIB
irradiation in order to determine “the sputtering point”, that is,
the threshold ion fluence at which the sputtering becomes the
dominant process over structure growth, leading to the erosion
of the formed metal-rich deposits. This threshold provides
insight into the precursor’s resistance to ion bombardment and
is crucial for assessing its stability and reactivity under process-
ing conditions. (4) Collecting SEM EDX hyperspectral data,
which involves acquiring multiple X-ray spectra from different
points of the final sample morphology. This step allows for a
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Figure 1: (a) SEM secondary electron images showing thickness and morphology of the precursor layers of 1–4. (b) Infrared spectra before (black)
and after sublimation on a silicon wafer (blue) for the compounds 1–4 (p = 10−2 mbar).

more detailed analysis of the chemical composition and distri-
bution of elements within the irradiated sample. (5) Decom-
posing SEM EDX hyperspectral data using advanced algo-
rithms to separate and identify individual components within
the irradiated sample. This process is essential for obtaining
accurate and reliable information about the chemical composi-
tion of developed deposits. (6) Determining the chemical com-
position of the developed structures using the EDX ZAF tech-
nique, which is a high-resolution analytical method that can
provide elemental information at the nanoscale. This step
ensures precise identification and quantification of all elements
present in the grown structures. (7) The final step involves
examining the chemical composition of the resulted precursor
layers and coupling it with ion beam parameters to score the
precursor usability. This stage is crucial for determining the
potential applications and limitations of new metal-organic pre-
cursors in various fields.

In the following, each of these steps will be explored in greater
detail, providing a more in-depth understanding of the pro-
posed pathway for successful testing of the new potential FIBID
precursors.

The Fabrication of the Precursor Thin
Layer
The metal-organic precursors films for the FIB/SEM experi-
ments were deposited by sublimation using a glassware subli-
mation apparatus. The Si(111) wafer was placed in the special
holder on the cold finger of the apparatus. The process was per-
formed under a pressure of 10−2 mbar and at the following tem-
peratures: 418 K − [Cu2(μ-O2Ct-Bu)4] [29] (1), 393 K −
[Cu2(NH2(NH=)CC2F5)2(µ-O2CC2F5)4] [32] (2), 413 K −

[Cu2(µ-O2CC2F5)4] (3), and 413 K [Ag2(μ–O2CC2F5)2] (4)
(Figure 1). The conditions for depositing layers of compounds 1
and 2 were previously determined [29,32]. In a similar way, the
layers of the complexes 3 and 4 were prepared. The grown layer
compositions were checked by IR spectroscopy before electron
beam irradiation. IR spectra were registered with a Vertex 70V
spectrometer (Bruker Optik, Leipzig, Germany) using a single
reflection diamond ATR unit (400–4000 cm−1). IR spectra of
the obtained layers and the initial compounds 1–4 are presented
in Figure 1b. The spectra showed characteristic νas(COO) and
νs(COO) bands of bonded carboxylate ligands (compounds
1–4), as well as νas(NH2), ν(=NH), δ(NH2), and ν(N=C−N)
bands of coordinated amidine ligands for complex 2 (Figure 1b
and Supporting Information File 1, Table S1) confirming the
formation of suitable layers of the studied complexes.

SEM operating in secondary electron mode provided clear and
precise images of the deposited layers (Figure 1a). The thick-
ness of the grown layers was determined, yielding 8.14 µm for
1, 6.03 µm for 2, 1.41 µm 3, and 1.07 µm for 4. The experi-
ments were conducted using a dual-beam SEM/FIB microscope
“Quanta 3D FEG” manufactured by FEI. The microscope is
equipped with a gallium FIB and an EDAX Ametek SDD EDX
detector setup.

FIB/SEM Irradiation Experiments and
EDX Chemical Composition
Quantification
In these experiments, a 30 keV energy beam was employed for
raster scanning over a 50 µm × 50 µm square area with a dwell
time of 200 ns. Ion beam current and duration of the experi-
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Figure 2: (a) SEM BSE morphology evolution studies of precursor 4 layer decomposition during gallium FIB irradiation experiments. (b) SEM BSE in-
tensity (proportional to the atomic number Z) changes of the formed structures, as in (a), during gallium FIB irradiation experiments for precursor 4.
The BSE intensity increases during FIB irradiation (metal content increases), the precursor decomposes up to sputtering point at which the formed
metal-rich structures do not further develop and sputtering of the structures by FIB gallium ions dominates. (c) SEM BSE morphology before (initial
surface) and after gallium FIB decomposition experiments of the layers of precursors 1–4.

ments were adjusted (within a range of 1 to 10 nA for the ion
current, and 10 s to 10 min the irradiation) in order to achieve
the optimal ion fluence necessary for the decomposition of the
entire precursor layer. Time-dependent changes in the morphol-
ogy of the irradiated films were tracked using the SEM BSE
signal, which is directly proportional to the average atomic
number Z. BSE morphology changes during Ga FIB experi-
ments for the precursor 4 are presented in Figure 2a. The initial
layer consists of grain-like structures, the blurred BSE contrast
indicates that the layer has a rather homogeneously distributed
chemical composition, and only a few low-contrast grooves are
visible. During ion irradiation, the BSE contrast increases
strongly already in the very early stages of bombardment. An
increasing number of (“grid”) dark contrast grooves separating
elongated island-like features become more apparent. The pre-
cursor layer underwent decomposition leading to the develop-
ment of surface features enriched with metallic element of the
primary film.

The quantitative changes are presented in Figure 2b, which
shows the mean BSE signal intensity, acquired while imaging
the surface structures formed, as a function of the ion beam irra-
diation time. It is seen that, at the initial stages of irradiation,
the BSE signal rapidly rises (in comparison to the not irradiated
reference sample). Next one sees increase of the metal content,

and the precursor decomposes. Finally, the BSE signal rapidly
drops; all precursor material already decomposed into the
metal-rich phase, the sputtering of the metal phase has begun to
dominate, and the layer is getting thinner and thinner and finally
is sputtered off (as in Figure 1b–e). From this dependence, one
can determine the optimal sputtering point, that is, the maximal
ion dose to decompose the given precursor layer without domi-
nant sputtering, after which we stop the experiments. In
Figure 2c, BSE morphologies of the four studied precursors 1–4
are shown. The BSE morphology of the initial (reference) mate-
rial is presented together with the BSE morphology of the pre-
cursors after Ga FIB experiments regarding the optimal sput-
tering point.

It is seen that, for all precursors the morphology changed signif-
icantly; all precursors decomposed into a metal-rich phase. The
initially compact films change to a network of interconnected
and elongated island-like structures. In order to determine the
chemical composition of the resulting structures, EDX data
were collected in the hyperspectral mode, that is, for each x,
y-position a full EDX spectrum was collected. The EDX mea-
surements were performed at 20 keV electron beam energy. The
EDX data were analyzed first by generating net count (back-
ground subtracted) maps of the elements. Figure 3a shows the
SEM EDX hyperspectral mapping analysis results for precursor
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Figure 3: (a) Results of the SEM EDX hyperspectral mapping analysis of the precursor 4 layer after gallium FIB decomposition experiments; from left:
BSE image and corresponding elemental net count maps of C K, O K, F K, Si K, and Ag L lines. Results of machine learning NMF decomposition of
the collected SEM EDX hyperspectral data b)–d). NMF loadings showing spatial distribution of the NMF decomposition components b) substrate,
c) structures together with NMF factors corresponding to the decomposed EDX signal d). It is seen that the EDX silicon substrate signal is succesfully
separated from the signal of the metal-rich structures (Si K peak). This allows for the chemical composition quantification via EDX ZAF method.

4 after Ga FIB decomposition experiments, including the BSE
image and the corresponding elemental net count Kα maps for
the elements C, O, F, and Si, as well as the Ag Lα map (see
Supporting Information File 1, Figure S2–S4 for other precur-
sors). In all cases, the maps show that the formed structures are
enriched in metal. In the next step, the EDX data were
processed by machine learning NMF as described in details in
Jany and colleagues [33]. In Figure 3b,c, the spatial distribution
of the individual elements derived from NMF is depicted in the
form of loading plots for the substrate and the structures. These
plots are shown in color to visually distinguish between the dif-
ferent elements. The substrate layer is shown in blue, while the
structure features are displayed in orange. Additionally, the
NMF factors that correspond to the decomposed energy-disper-
sive X-ray spectra are shown in Figure 3d. It is evident that the
performed NMF has successfully separated the EDX signal
originating from the grown structures from the EDX signal
coming from the silicon substrate. Subsequently, these distinct
EDX signals were employed to quantify the chemical composi-
tion of the structures using an energy-dispersive X-ray EDX
ZAF method in a standardless approach.

Results and Discussion
The chemical compositions of the formed structures are
presented in Table 1. The table shows the parameters of gallium
ion FIB experiments carried out on deposited layers of 1–4 at
their optimal sputtering point, along with SEM EDX chemical
composition analysis of the formed structures on the sample
surface. For the initial precursor composition please see Table
S2 in Supporting Information File 1. To ensure a fair and accu-
rate comparison between different precursor parameters, it was
necessary to take into account the different thicknesses of the
precursor layers. In order to achieve this, we decided to utilize
an ion fluence that had been normalized to the specific height of
the individual precursor layer, Fh = fluence/(layer height). The
fluence [ions·cm−2] and fluence per height [ions·cm−2·μm−1]
values are also presented in Table 1 as well as the results from
previous FEBID experiments for the complexes 3 and 4
[5,15,23]. In the absence of FIBID data for the precursors, the
FEBID experiments provide a valuable means of comparison to
the gas-phase studies. The results allow us to evaluate the per-
formance of the new precursors by correlating ion beam param-
eters with the chemical composition of the forming structures.
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Table 1: Fluence and Fh = Fluence/(layer height) of the final Ga FIB experiments performed (at optimal sputtering point) on layers of precursors 1–4,
together with SEM EDX chemical composition of the formed structures after precursor decomposition. The volume/dose is also estimated for each
precursor. Results of previously performed FEBID experiments are given for comparison. In the final column, a metric called precursor score (Sp) is
included, which is calculated as metal content divided by [gallium content × log(Fh)].

Precursor Parameters of Ga FIB experiments SEM EDX content of the formed metal-rich structures on the
sample surface [atom %]

Sp

fluence
[ions/cm2]

Fh
[ions·cm−2·
μm−1]

volume/dose
[μm3·nC−1]

C N O F Ga metal

1 1.2 × 1018 1.47 × 1017 0.0090
(0.0054)

62.57
(0.13)

– 7.73
(1.5)

– 22.22
(0.44)

Cu:
15.39
(0.31)

0.040

2 4.49 × 1016 7.45 × 1015 0.023
(0.014)

24.5
(4.9)

11.6
(2.3)

6.65
(1.3)

24.2
(4.8)

<0.3 Cu: 33.1
(0.66)

6.951

3 1.5 × 1017 1.06 × 1017 0.0030
(0.0018)

22.21
(0.89)

– 10.98
(2.2)

15.18
(0.61)

8.69
(0.35)

Cu:
42.93
(0.86)

0.290

3 FEBID
[15]

– – – 51–5 – 2–44 44–8 – Cu:
19–23

–

4 1.5 × 1016 1.40 × 1016 0.21 (0.13) 17.27
(1.7)

– 2.99
(1.5)

15.74
(1.6)

1.44(0.72) Ag: 64.0
(1.3)

2.753

4 FEBID
[23]

– – – 20–47 – 1–34 3–5 – Ag:
33–76

–

Pt FIBID
[35,36]

– – 0.5 24–58 – 2–4 – 20-28 Pt:
24–46

–

Analysis of the data in Table 1 enables us to determine how the
potential new precursor is modified under the Ga FIB ion beam
exposure. It is seen that for the precursor 3 and 4, the final
metal content obtained under Ga+ FIB irradiation is compa-
rable to that obtained in FEBID experiments.

It can be seen that the gallium content increases with Fh. It is
also worth to notice that the 30 keV gallium ion range in copper
and silver is almost the same (the longitudinal ranges of gallium
ions as calculated by SRIM are 11.6 nm for copper, 11.0 nm for
silver, and 28.6 nm for silicon). Additionally, we calculated the
volume-to-dose rate for each studied complex based on the
dimensions of the final structures and the applied ion dose. This
enables us to compare the ability of studied precursors to form
metal-rich structures under gallium ion FIB irradiation with that
of the commonly used Pt precursor trimethyl(methylcyclopenta-
dienyl)platinum(IV) [Pt(η5-CpMe)Me3] [35,36]. The results in-
dicate that precursors 2 and 4 exhibit a performance compa-
rable to that of the Pt precursor, with precursor 4 being the most
comparable. Our ultimate goal was to identify the promising
precursor that would exhibit a high metal content while mini-
mizing gallium accumulation and decomposing efficiently at
low ion fluence Fh. Detailed analyses of the chemical composi-
tion of the formed structures are presented in Figure 4. It is
evident that the precursor 4 gave the highest metal content
among the tested compounds, as observed in the atomic per-
centage values in Figure 4a. Figure 4b presents a visual repre-
sentation of the ratio of gallium to the total metal content in the

final structures. This allows for a comparison of gallium content
to other metals within these structures, highlighting variations
or trends among the different precursors. The data shows that,
in the final metallic structures, precursor 1 yields a significant-
ly higher gallium-to-other-metals ratio compared the other pre-
cursors. We also examined the relationship between ion fluence
Fh and both the total metal content and the gallium content in
the resulting structures. This analysis is illustrated in Figure 4c
and Figure 4d, which show the metal and gallium atomic per-
centages normalized to Fh. The analysis revealed that precur-
sors 2 and 4 yielded the highest metal content per unit of Fh, in-
dicating that they decomposed most efficiently under Ga ion ir-
radiation. In contrast, precursor 1 exhibited a higher propensity
for gallium absorption during irradiation. By analyzing the ion
beam-induced decomposition of the precursors, which resulted
in the formation of structures with varying chemical composi-
tion, we were able to assign performance scores to each precur-
sor. To visualize the relationship between the three key parame-
ters, that is, gallium content, metal content, and Fh, we
presented them in a three-dimensional scatter plot (Figure 4e).
To support the selection of the most suitable precursor, we de-
veloped a precursor score Sp = (metal content)/(galium content
× log(Fh)), as summarized in Table 1. This scoring system
prioritizes precursors that, upon decomposition, yield structures
with high metal content and low gallium content at the minimal
ion fluence Fh and accurately reflects each precursor’s overall
performance. This parameter allowed for a quick numerical
assessment of precursor performance, helping to identify the
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Figure 4: Investigation of chemical composition (precursor performance) for the studied precursors 1–4 after gallium FIB experiments. (a) Metal
content in atom % in the final structures. It is seen that precursor 4 yields the highest metal content. (b) Ratio of gallium to metal in the final structures.
Precursor 1 accumulates the highest amount of gallium in comparison to metal. Ratio of (c) metal and (d) gallium atom % to ion fluence Fh. Precur-
sors 2 and 4 decompose most easily during FIB experiments producing the highest amount of metal per ion fluence Fh. Precursor 1 absorbs the most
gallium in terms of amount of gallium per fluence during irradiation. (e) Three-dimensional representation showing the relationship between gallium
content, metal content, and ion fluence Fh. (f) Average metal content in atomic percent obtained for precursors 3 and 4 using FEBID versus the metal
content of the precursors as determined by our layer decomposition method.

most suitable candidates for further investigation or use in
FIBID. In this context, the results indicate that precursors 2 and
4 appeared to yield the best balance among all three optimized
parameters and among the four studied compounds. Finally, to
validate our approach, we compared the FEBID metal content
data available in the literature (Table 1) with the values ob-
tained using the present layer decomposition methodology
(Figure 4f). The figure shows the average atomic metal content
for precursors 3 and 4 measured in FEBID experiments versus
the metal content determined using our ion-beam-based decom-
position method. It is seen that, on average, there is a relation
between these two values of the metal content. Independently of
the different mechanisms governing layer decomposition under
ion beam irradiation and gas-phase deposition in FEBID, our
results demonstrate that the proposed method provides valuable
insight into the behavior of metal deposition from metal-organic
precursors. We also believe that our methodology could be used
as a valuable tool for rapid precursor screening and evaluation.

All of our precursor tests, as well as the final precursor scoring
process, were carried out using a straightforward and widely
accessible testing method. This approach involved conducting

precursor layer tests on SEM and utilizing both BSE and EDX
analyses. By employing this commonly available methodology,
we aimed to ensure that our results would be replicable and
relevant to a wide range of potential precursors. The collected
SEM BSE and EDX data together with an exemplary Python
Jupyter notebook to analyze EDX hyperspectral data are freely
available from Zenodo [37].

Conclusion
In this research, we studied the ion-beam-induced decomposi-
tion of four Cu or Ag metal-organic precursors (i.e., ([Cu2(μ-
O2Ct-Bu)4] (1), [Cu2(NH2(NH=)CC2F5)2(µ-O2CC2F5)4] (2),
[Cu2(µ-O2CC2F5)4] (3), and [Ag2(μ-O2CC2F5)2] (4)) exposed
to 30 keV gallium FIB irradiation. Individual precursor layers
were deposited onto silicon substrates via sublimation and
subsequently exposed to gallium FIB irradiation. The optimal
ion fluence for each precursor was determined by monitoring
changes in the BSE signal intensity associated with the evolving
surface morphology. The resulting metal-rich surface structures
were analyzed using SEM EDX processed by machine learning
techniques to extract the chemical composition. The study
revealed that the silver precursor 4 produced the highest overall
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metal content in the final structures, while the copper precursor
1 resulted in the highest level of gallium incorporation. The
copper precursors 2 and 4 demonstrated superior performance
in terms of metal yield per unit of ion fluence per height, Fh, in-
dicating that they decomposed more readily compared to the
other tested precursors. To evaluate the overall effectiveness of
each precursor, a scoring system called precursor score, Sp, was
introduced, which incorporates metal content, gallium content,
and ion fluence per height required for decomposition. The
results showed that precursors 2 and 4 achieved the highest pre-
cursor scores, indicating their superior ability to balance all
three parameters. It is worth to notice that precursor 4, which is
Ag-based, was also tested in FEBID and gave very good results.
To validate our approach, we compared our results with FEBID
data, revealing a consistent relationship between the two
methods regarding the final metal content. The study highlights
the importance of understanding the chemical composition of
various potential precursors for producing metal-rich structures
using Ga FIB techniques. By employing a straightforward
testing methodology, we identified promising carboxylate com-
plexes that could potentially be applied across various fields
and applications. Analyzing precursor layer decomposition
presents unique challenges compared to gas-phase metal depo-
sition due to differing underlying processes. However, our
method consistently provides valuable insights into the physics
governing metal deposition from metal-organic precursors. This
approach shows significant potential as a tool for evaluating and
selecting promising precursor materials and could accelerate the
development of metal-organic precursors specifically tailored
for FIB, offering a cost-effective route to novel nanofabrication
applications.
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