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Abstract— Focused electron beam-induced 

deposition (FEBID) and focused ion beam-induced 

deposition (FIBID) are cutting-edge nanofabrication 

techniques that enable the growth of complex three-

dimensional (3D) nanostructures by action of the 

charged particles upon organometallic precursors. The 

interaction of the focused electron/ion beam with the 

adsorbed precursor molecules on the substrate surface 

leads to the dissociation of these surface-bound species 

resulting in the formation of well-defined deposits. 

However, during the deposition process, 

decomposition and incomplete desorption of the 

organic ligands give rise to contamination in the final 

deposits, reducing their metal content.  To enable 

applications where deposit composition is critical, it 

will be necessary to design and synthesize custom 

precursors for FEBID/FIBID.  UHV surface science 

studies can be used to understand the decomposition 

mechanism of the organometallic precursors during 

the electron- or ion-molecule interaction, generating 

information that can be used in mechanism-based 

precursor design. 

Keywords— FEBID, FIBID, organometallic precursors, 

focused ion beam (FIB) 

I. INTRODUCTION 

Focused electron beam-induced deposition (FEBID) 
and focused ion beam-induced deposition (FIBID) are 
single-step, direct write, maskless, nanofabrication 
techniques that enable the direct deposition of three-
dimensional (3D) nanostructures onto both planar and non-
planar substrates [1-4]. As a result, FEBID and FIBID can 
be utilized to fabricate intricate metal nanostructures such 
as nanodots, nanocubes and nanowires with precise control 
and accuracy, leading to industrial applications in circuit 
editing [5, 6] and repair of the masks used in 
photolithography [7-10].  

Typically, FEBID is performed in a scanning electron 
microscope where the background pressure of the vacuum 
chamber is maintained at 10-6 mbar while steady-state 
delivery of gaseous organometallic precursors provides 
reagents for the deposition process as shown in Fig. 1.  The 
primary focused electron beam (≥ 5 keV) interacts with the 
substrate, producing lower energy secondary electrons (0-
100 eV). The secondary electrons play an important role in  
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the deposition process by inducing electron-stimulated 
decomposition of transiently adsorbed organometallic 
precursor molecules on the substrate surface. The electron-
molecule interaction leads to the cleavage of bonds in the 
precursor forming non-volatile fragments which give rise 
to the deposits while volatile fragments are pumped away 
from the system [11].  In the case of FIBID, the deposition 
process is more complex.  While deposits can result from 
momentum transfers due to collision between the ions 
from the beam and the adsorbed precursor molecules, 
secondary electrons may also play a role.  During FIBID, 
ion-induced sputtering also occurs during deposition [3, 
12].  The concomitant sputtering can be an advantage in 
obtaining high metal content material because it will result 
in purification of the deposit if the impurities are 
preferentially removed.  However, it is important to 
maintain a balance between the deposition and sputtering 
processes to obtain a deposit without etching of the metal 
atoms.  Other complications during FIBID can include 
amorphization and ion implantation [13]. 

The metal content in a FEBID deposit is strongly 
influenced by the choice of precursor used during the 
deposition process. The low metal content in the 
FEBID/FIBID deposits is due to the partial decomposition 
of the organic ligands of the precursor, forming the 
carbonaceous matrix which affects the conductivity, 
plasmonic response, catalytic reactivity, and magnetic 
properties of the deposited material.  Therefore, it is 
important to tailor the organometallic precursor so that its 
decomposition under FEBID/FIBID experimental 
conditions results in enhanced metal content in the final 
deposits. During the early development of FEBID, it was 
standard practice to use commercially available chemical 

 

Fig. 1. Illustration of the focused electron beam-induced deposition 

process for cis Pt(CO)2(Cl)2.  Reprinted with permission from 

reference [11]. Copyright 2021 American Chemical Society. 
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vapor deposition (CVD) precursors for FEBID 
experiments, due to their easy accessibility and known 
volatility.  However, the CVD and FEBID processes have 
different mechanisms of precursor decomposition during 
the deposition process. The deposition in CVD is a thermal 
process while the precursor chemistry in FEBID/FIBID is 
driven by charged particle-moleculemolecule interactions.  An 
understanding of the mechanism of charged particle-
induced precursor decomposition is critical for 
development of tailored precursors for FEBID/FIBID [11, 
14, 15]. 

 
The UHV surface science approach (Fig. 2) is a 

valuable method to investigate decomposition mechanisms 
of charged particle-induced reactions of organometallic 
precursors [16]. In these experiments, a few monolayers of 
the precursor complex are condensed on a cold substrate 
and subjected to electron irradiation using a flood gun or 
ion bombardment from an ion gun under UHV conditions 
(<5 x 10-9 Torr).  The non-volatile decomposition 
products can be characterized in situ by X-ray 
photoelectron spectroscopy (XPS) while volatile 
byproducts can be analyzed by mass spectrometry (MS).  
The UHV studies can be used to get mechanistic and 
kinetic details regarding the precursor decomposition 
during the irradiation process, leading to closure of the 
feedback loop for improved design of tailored precursors 
for FEBID and FIBID.  

II. RESULTS AND DISCUSSION 

As a part of our effort to identify a privileged set of 
ligands for organometallic FEBID precursors [11, 14], the 
ruthenium tricarbonyl allyl halide precursors (η3-
allyl)Ru(CO)3X [X = Cl, Br] (Fig. 3) which contain three 
different types of ligands [carbonyl (CO), allyl (η3-C3H5), 
halide (Cl, Br)] were investigated using the UHV surface 
science approach to gain a deeper understanding of the 
electron-induced decomposition mechanism [17]. During 
the UHV studies, a thin film of (η3-allyl)Ru(CO)3X [X = 
Cl, Br] was condensed onto a chemically inert cooled 
substrate and XPS analysis was performed before and after 
electron beam irradiation (Fig. 4). The XPS data were 
consistent with facile electron-induced dissociation of the 

carbonyl ligands, while minimal, if any, dissociation of the 
anionic π-facial allyl (η3-C3H5) ligands occurred.  
Decomposition of the allyl ligands was postulated to be 
the source of the organic contamination in the deposits.  
The allyl ligand was thus ruled out as a privileged ligand 
for FEBID. 

The bromide ligand of (η3-allyl)Ru(CO)3Br was an 
interesting intermediate case for electron-induced 
reactivity. After extensive electron irradiation that 
modeled post-deposition processing after FEBID, the 
majority of the bromine ligands were removed upon 
increasing the electron dosage but it was clear that 
bromide dissociation was much less facile than carbonyl 
loss, even upon electron irradiation of only a few 
monolayers of precursor.  Under FEBID conditions, where 
steady state delivery of precursor would cover the surface 
of the deposit, the slow loss of bromide from the surface 
would be expected to be problematic. 

Electron-induced loss of halide ligand from the 
ruthenium tricarbonyl allyl halide precursors (η3-
allyl)Ru(CO)3X [X = Cl, Br] could also be facilitated by 
electron irradiation in the presence of NH3 [18].  These 
experiments model post-deposition processing with 
addition of a coreactant.  For the chloride complex (η3-
allyl)Ru(CO)3Cl, the electron-induced reaction with NH3 

 

Fig. 2. Schematic representation of the ultrahigh vacuum (UHV) 

surface science approach to studying FEBID precursors.  Reprinted with 
permission from reference [11]. Copyright 2021 American Chemical 

Society. 

 
 

Fig. 3. Structure of (η3-allyl)Ru(CO)3Br.  

 

Fig. 4.  Evolution of the (a) O(1s), (b) Br(3d), and (c) Ru(3d)/C(1s) 

XP regions for 1–2 nm thick films of [(η3-C3H5)Ru(CO)3Br] exposed 

to electron doses of ≤7.58 × 1016 e–/cm2. Spectral intensities were 
normalized to compensate for slight differences in film thickness 

between samples.  Reprinted with permission from reference [17]. 

Copyright 2015 American Chemical Society. 
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resulted in loss of Cl as the volatile byproduct HCl.  After 
multiple cycles of condensation of NH3 followed by 
electron exposure and annealing, the Cl content of the film 
could be reduced by up to 75%.  However, the carbon from 
the allyl ligand remained in the solid. 

FEBID studies on (η3-C3H5)Ru(CO)3Br produced 3D 
structures that were 23 at% Ru, with the remaining 
material composed of C, Br and O residue from the ligands 
(Fig. 5) [19].  The deposits could be purified to 83 at% Ru 
by annealing at 300 °C in an atmosphere of 2% H2 in N2.  
After purification, the bromine content was below 
detectable limits and the carbon impurities predominantly 
derived from the allyl ligand had been reduced to 13 at%, 
as measured using EDS and WDS. 

These studies on the electron-induced reactivity of (η3-
allyl)Ru(CO)3Br in the presence and absence of 
coreactants and experiments on postdeposition processing 
led to the conclusion that smaller ligands such as carbonyls 
and halides are promising choices for the set of privileged 
ligands for FEBID, while the anionic π-facial allyl (η3-
C3H5) ligand was not suitable.  The feedback loop to 
precursor design resulted in investigations of Ru(CO)4X2 
[X = Br, I] that contained only halide and carbonyl ligands. 

In order to study charged-particle induced reactivity of 
organometallic precursors that have only carbonyl and 
halide ligands, UHV surface science studies were 
performed with Ru(CO)4I2 and Ru(CO)4Br2 [20]. In these 
experiments, irradiation of a thin film of Ru(CO)4I2 on Au 
with electrons at 500 eV resulted in rapid loss of two CO 
ligands, which gives rise to a partially decarbonylated Ru 
iodide species. This intermediate species then undergoes a 
slower step in which the remaining two CO ligands are 

desorbed, leaving a deposit containing ruthenium and 
iodine.  The behavior of the bromide complex Ru(CO)4Br2 
was similar, ultimately affording a deposit composed of 
ruthenium and bromine after extensive electron exposure 
(Fig. 6). 

The inability of electron exposure to remove the 
halides from Ru(CO)4I2 and Ru(CO)4Br2 under UHV 
conditions, led to exploration of ion-induced chemistry of 
Ru(CO)4I2 [21].  FIBID can achieve higher metal contents 
than FEBID in deposits from organometallic precursors 
due to the competition between deposition and sputtering 
that can selectively remove impurities (vide supra).  As a 
consequence, UHV surface science studies were also 
performed in which thin films of Ru(CO)4I2 were 
subjected to ion bombardment with low energy Ar+ (860 

 
 

Fig. 5 (a) Top-view scanning electron micrograph of a typical 3 × 

3 μm deposit on a native oxide Si substrate with the red circle 

symbolizing the EDX and WDS measurement area, with excitation 
range. (b) Average composition of the deposit (in at. %, with 

uncertainty approximately 3 at. %). (c) AFM 3D measurement of 

the shape of the deposit before purification. (d) AFM profiles 
measured through the center of the deposit before (black) and after 

(red) purification by annealing at 300 °C under forming gas.  Red 

and black lines in (c) are the line profile positions for part (d).  
Reprinted with permission from reference [19]. Copyright 2019 

American Chemical Society. 

 

Fig. 6. EDS spectrum of a deposit made by EBID from 

Ru(CO)4Br2 under UHV conditions. To the right of the spectrum is 
an SEM image of the deposit. Reprinted with permission from 

reference [20]. Copyright 2020 American Chemical Society. 

 

Fig. 7. Change in fractional coverage of O, C, I, and Ru atoms as a 

function of increasing Ar+ dose. Ratios were obtained from XPS of ≈
1.6-1.7 nm films of Ru(CO)4I2 adsorbed onto a Au substrate at -100 

°C and exposed to increasing dose of Ar+ ions. The graphs (a,c,d) 

were fit by integrated rate functions.  Reprinted with permission from 

reference [21]. Copyright 2020 American Chemical Society. 
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V).  The ion-induced reactions resulted in the desorption of 
all four CO ligands as a result of energy transfer from the 
incident ions.  A slower sputtering process preferentially 
removes iodine atoms, eventually affording a deposit of Ru 
metal (Fig. 7).  These studies allowed comparison of 
electron- and ion-induced reactivity under the UHV 
surface science conditions used to model FEBID/FIBID.  
Under ion bombardment, Ru(CO)4I2 underwent rapid loss 
of all four CO ligands followed by slower sputtering to 
afford Ru metal while electron exposure resulted in rapid 
loss of two CO ligands followed by slower loss of two 
more to ultimately give a deposit of RuI2.   

III. CONCLUSION 

Mechanism-based tailoring of organometallic 
precursors for FEBID and FIBID will be important for 
enabling use of these fabrication techniques in applications 
where the composition of the deposit is critical.  Because 
impurities in the deposits are largely derived from 
fragments of ligands that decompose but do not desorb 
from the deposit surface, identifying a set of privileged 
ligands that preferentially undergo dissociation over 
decomposition during the charged particle-molecule 
interaction will enable precursor design.  To that end, we 
have identified CO ligands as belonging to the privileged 
class.  Halide ligands are also possibilities as privileged 
ligands but coreactants could be required for their use.  
Anionic π-facial ligands are apparently ruled out.  
Continuing to use the UHV surface science approach to 
investigate the electron- and ion-stimulated reactions of 
adsorbed precursors will allow elucidation of their kinetic 
and mechanistic details.  The resulting structure-activity 
relationships of the precursors will ultimately enable the 
control over the composition of fabricated materials for the 
desired applications.  
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