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ABSTRACT: Focused electron beam-induced deposition
(FEBID) and focused ion beam-induced deposition (FIBID) are
direct-write fabrication techniques that use focused beams of
charged particles (electrons or ions) to create 3D metal-containing
nanostructures by decomposing organometallic precursors onto
substrates in a low-pressure environment. For many applications, it
is important to minimize contamination of these nanostructures by
impurities from incomplete ligand dissociation and desorption.
This spotlight on applications describes the use of ultra high
vacuum surface science studies to obtain mechanistic information

on electron- and ion-induced processes in organometallic precursor candidates. The results are used for the mechanism-based design

of custom precursors for FEBID and FIBID.
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B INTRODUCTION

Focused electron beam-induced deposition (FEBID) (Figure
1) and focused ion beam-induced deposition (FIBID) are
powerful nanofabrication techniques that utilize charged
particles to drive deposition of spatially and geometrically
well-defined 3D nanostructures from precursor compounds.' ™
FEBID and FIBID are direct-write lithographic processes that
can generate metal-containing nanostructures with precise
control on planar and nonplanar surfaces without the need for
masks or resists. As a result, FEBID has been used for
industrial applications such as circuit editing’ and photomask
repair.””” FEBID using ruthenium precursors has also been
suggested for use in fabricating and repairing the capping layer
of photomasks for extreme ultraviolet lithography (EUVL)'"
This deposition technique is also applied in academic research
such as fabricating tips for local probe microscopes'”'” and
producing nanophotonic and nanoplasmonic structures.'*” "¢
FIBID has been used industrially in the repair of photomasks
for both standard lithography (the Aerial Image Measurement
System (AIMS) for 193 nm lithography)” and EUVL'” and in
TEM lamella preparation'® and circuit editing."’

FEBID is typically conducted in electron microscopes, with
a background pressure of 1 X 1077 to 1 X 10~° Torr during
delivery of a constant flux of volatile precursors. Precursor
compounds adsorb to the substrate surface and are then
exposed to a high energy (>500 eV) primary electron beam
(Figure 1). The interaction of the primary electrons with the

© 2021 American Chemical Society

\ 4 ACS Publications

substrate creates secondary electrons that undergo scattering as
illustrated in Figure 2a. These lower energy (0—100 eV)
secondary electrons initiate precursor dissociation. Volatile
species generated in this process desorb from the substrate,
leaving behind a nonvolatile deposit that includes metal atoms
and unwanted organic contamination.

The ion beam deposition technique FIBID® has higher
current density, a shorter penetration path in a solid substrate,
and a wider choice of charged particle sources when compared
to the electron beam used in FEBID.*® In contrast to FEBID,
precursor decomposition in FIBID is less well understood and
may involve contributions from the low energy secondary
electrons generated by exposure to the ion beam but also
effects due to collisions between ions and adsorbed precursor
molecules and localized temperature spikes that result from
energy dissipation in the solid.” Moreover, in FIBID (Figure
2b),” surface sputtering operates in parallel with deposition.
This concomitant sputtering has the benefit of serving as a
purification method to remove unwanted contaminants that
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Figure 1. An illustration of FEBID from Pt(CO),Cl, as precursor.
The Pt(CO),Cl, molecules are introduced via gas injection system
(GIS) and physisorb onto the substrate. The focused electron beam
interacts with the physisorbed molecules and stimulates precursor
decomposition. The volatile fragments (CO and CI7) are mostly
desorbed under vacuum conditions, whereas the nonvolatile
components (Pt and some Cl atoms) form a deposit.

derive from precursor ligands, but it also partially etches away
the metal atoms in the deposit. To produce a high metal
content deposit with a reasonable thickness, finding the
balance between sputtering and deposition is therefore crucial.
Potential problems with FIBID include overetching, amorph-
ization, and ion implantation.”’ Because of the possibility of
ion implantation during deposition, the ion source has been of
interest in the development of FIBID. Problems with
contamination from Ga* ion beams’ have led to significant
efforts toward developing alternative gas field ion sources
(GFISs), e.g,, He*, Ne*, and Ar*. With the smaller probe sizes
of these GFISs, it became possible for FIBID to produce three-
dimensional structures in the subnanometer range with lower
damage and no additional contamination in the deposit.”>**

B PRECURSOR DESIGN FOR FEBID/FIBID

Precursor requirements for FEBID/FIBID**™*® share some
features with the properties required for other deposition
techniques that utilize gas ?hase delivery, such as chemical
vapor degosition (CVD)*" and atomic layer deposition
(ALD).”** For all of these techniques, precursors for practical
use must be readily available, stable during storage and

handling, volatile enough for transport to the substrate surface,
and thermally stable enough to survive the volatilization and
gas phase transport processes. Most importantly, precursors
must undergo decomposition to the desired product under the
deposition conditions. However, differences in the decom-
position mechanisms between thermal processes such as
CVD/ALD and charged particle-induced processes such as
FEBID/FIBID have led to the need for development of custom
precursors for FEBID/FIBID.

One of the main challenges for FEBID and FIBID is to
minimize contamination derived from ligand decomposition in
the deposited material. Mechanism-based precursor de-
sign24_26 uses modeling and understanding of the decom-
position processes to identify potential ligands for organo-
metallic precursors. The goal of the model studies is to identify
ligands or groups of ligands that desorb cleanly during the
deposition process upon bombardment by ions or irradiation
by electrons.*

After identification of appropriate ligands for precursors,
candidate complexes can be chosen by consideration of their
oxidation state and coordination sphere to minimize the
chances of ligand-derived contamination. As an example, in
considering Pt precursors, the commonly available oxidation
states are Pt(0), Pt(Il), and Pt(IV). For the lower oxidation
states Pt(0) and Pt(1l), four-coordinate complexes are most
common.”’ To achieve the preferred 16 e~ square planar
complexes of Pt(0), the common formula is PtL, with four
neutral ligands L, whereas Pt(II) complexes are generally of the
type PtL,X, with two neutral ligands L and two negatively
charged ligands X. In contrast, the higher valent Pt(IV)
compounds tend to be six-coordinate. Using a strategy of
minimizing contamination from ligand fragments by minimiz-
ing the number of ligand atoms in the precursor, four-
coordinate Pt(0) or Pt(II) complexes would be more likely to
be suitable as precursor candidates for FEBID/FIBID than the
six-coordinate Pt(IV) compounds.”’ This strategy has been
validated in studies of Pt precursors (vide infra).””

Sufficient volatility for precursor evaporation and transport
in the GIS is also critical. Molecular weight is a consideration,
as mononuclear complexes tend to (but do not always) have
higher vapor pressures than binuclear complexes and clusters.
There are also known relationships between intermolecular
interactions and volatility. For example, complexes that are
capable of hydrogen bonding generally have low vapor
pressures.”” Complexes with fluorinated ligands are more
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Figure 2. (a) Scheme of interactions of primary electrons generating an emitted flux of secondary electrons and backscattered electrons. All
electrons can dissociate surface adsorbed molecules via electronic excitation. (b) Scheme of interactions of primary ions generating secondary

electrons and a collision cascade of substrate atoms.” Reproduced wi

th permission from ref 3. Copyright 2008 American Vacuum Society.
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volatile than their hydrocarbon analo§ues because of repulsion
between the fluorine lone pairs.” For solid precursors,
assessing the intermolecular interactions in the solid state by
analysis of single-crystal X-ray structures has been an effective
means of 1dent1fy1ng complexes with lower sublimation
temperatures.”” These strategies provide guidance for initial
choice of precursor candidates; however, experimental
determination of conditions for sublimation and transport by
sublimation under carefully controlled pressures’ and
measurement of sublimation and decomposition temperatures
by thermogravimetric analysis’® remain the best means of
assessment of volatility.

B MODELING FEBID/FIBID WITH ULTRAHIGH
VACUUM (UHV) SURFACE SCIENCE STUDIES

The mechanism-based design of custom precursors for charged
particle-induced techniques, such as FEBID and FIBID,
requires a means of elucidating the reactions of candidate
complexes under electron- or ion-beam irradiation. Ultrahigh
vacuum (UHV) surface science studies (Figure 3) can be used
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Figure 3. Schematic representation of the ultrahigh vacuum surface
science approach to studying FEBID precursors.

to model FEBID/FIBID and provide insight into the
mechanistic details of precursor decomposition upon irradi-
ation with low energy secondary electrons or ions. In this
approach, precursor molecules physisorb from the gas phase
onto a cold substrate (<200 K) to form a 1—2 monolayer
(ML) film under UHV (<5 X 107 Torr). The substrates were
chosen to be inert and to not have any spectral interference
with XPS peaks from the precursor. Gold was used as the
substrate in almost all cases, although on occasion other
substrates such as HOPG or oxidized silicon were used.
Although we have never explicitly studied the effect of
precursor surface coverage, we have generally observed no
substantive differences in the reactions we observe when we
compare between different film thicknesses. This would lead us
to conclude that there are no strong coverage effects, at least in
the monolayer coverage regime we are typically working in,
and that the reactions are principally a consequence of the
interactions between the charged particles and individual
adsorbate (precursor) molecules.

After exposure to electrons from a flood gun or ions from an
ion gun, the resulting material can be characterized using
standard surface spectroscopic techniques such as X-ray
photoelectron spectroscopy (XPS), while volatile fragments
that desorb during the deposition process can be probed by
mass spectrometry. There are three main differences between

FEBID/FIBID and UHV conditions. First, the higher vacuum
of UHV provides a cleaner environment, in contrast to the HV
environment of an SEM chamber, where impurities (e.g,
hydrocarbons, water vapor) in the chamber background can
introduce impurities during deposition. Second, the electron or
ion source in UHV modeling creates a diffuse beam of
electrons or ions on the same scale as the sample dimensions
(typically ~1 cm?) suitable for XPS analysis. In the case of
FEBID, the energy of the primary electrons generated by the
flood gun (500 eV) is sufficient to generate low energy
secondary electrons, which are considered responsible for the
electron-induced molecular decomposition in FEBID.”’~*’
Third, the low temperatures required to prevent the
physisorbed precursor molecules from desorbing in UHV can
preclude thermal decomposition steps involved in the overall
deposition process at the near room temperature substrate
temperatures prevalent in conventional FEBID/FIBID. How-
ever, the limitation of these low temperatures can be addressed
to a degree by probing the effect of annealing films initially
exposed to electrons or ions to room temperature. Despite the
differences in experimental conditions between the UHV
surface science studies and FEBID/FIBID, they remain an
effective means of providing mechanistic information on
charged particle-induced precursor decomposition.

By studying the decomposition behavior of metal complexes
with various types of ligands, we have identified privileged
ligands, such as CO, that cleanly desorb under FEBID/FIBID

conditions.”*** In this review, we present case studies of using
UHYV surface science experiments to evaluate precursors for
deposition of Pt, Ru, Au, and alloy structures by FEBID/
FIBID. The structures of the precursor complexes are shown in
Chart 1. Gas phase studies describln& the reactions of
precursors with electrons**™*" and ions™ have provided a
useful set of information that is complementary to the data
from surface studies but those experiments are outside the

scope of this spotlight.
Bl DEPOSITION OF PT BY FEBID AND FIBID

Platinum nanostructures have applications in electronic
devices,***"” sensors,***’ and catalysts.’0 53 FEBID and
FIBID allow for controlled fabrication of metal nanostructures
with subnanometer spatial resolution.”* In general, FEBID
studies have targeted means to fabricate highly pure metal
deposits. However, deposits composed of Pt nanocrystals
embedded in amorphous carbon that are typical of FEBID
from organometalhc precursors’> may also have practical
apphcatlons ® Strain sensing by a composite containing Pt
nanocrystallites and carbonaceous matrix has been reported,””
as has gas sensing.>®

FEBID of Pt nanostructures has largely utilized the
commercially available CVD precursor (trimethyl)-
methylcyclopentadienylplatinum(IV) (MeCpPtMe;, 1),
which is sufficiently volatile for transport as well as being
easy to handle due to its air- and water-stability.”” Despite the
excellent performance of Pt complex 1 as a CVD precursor,”
the deposits generated by FEBID contain impurities from
incomplete ligand fragmentation and dissociation. As a result,
the deposits are primarily composed of carbon derived from
the ligands, with Pt content around 20%. 39,5961 Because many
applications, such as electronic devices and catalysts, require
nearly pure metal content material, various purification
methods have been developed to increase the Pt content in
the deposits.””*'~** These include postdeposition annealing in

https://doi.org/10.1021/acsami.1c12327
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Chart 1. Structures of Precursor Complexes Discussed in This Spotlight
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1 atm O, at 500 °C, resulting in significant enhancement of the
Pt content from 15 to 70 at. %.°* Exposure of Pt based
structures with a flux of atomic hydrogen for 10 min under 150
°C decreased the carbon content from approximately 81 to 65
at. %.*° Postdeposition purification has also been achieved by
electron-stimulated desorption with the assistance of water
vapor.”> Mechanistic studies under UHV conditions demon-
strated that the rate of purification is reliant on the supply of
H,O vapor and concluded that formation of ionized H,O and
eOH radicals is crucial for the purification process.”® An
attempt to remove the amorphous C matrix from a sub-10 nm
wide freestanding Pt nanowire formed by EBID utilized
exposure to high energy electrons (200 keV) in a TEM.”
These postdeposition purification methods indeed yield
material with higher Pt content,’’ but the nanostructure
often becomes distorted in shape or highly porous.”>>%*
Electron-induced reactivity in thin films of precursor 1 has
been studied under UHV conditions using various surface
analytical techniques, such as temperature-programmed
desorption (TPD), X-ray photoelectron spectroscopy (XPS),
mass spectrometry (MS), high-resolution electron energy loss

48336

spectroscopy (HREELS), and reflection—absorption infrared
spectroscopy (RAIRS). The results have been used to elucidate
the electron-induced decomposition of 1 and to rationalize the
chemical composition of deposits fabricated by FEBID.
Analysis by XPS following electron irradiation of monolayer
films of 1 in UHV indicated that the product was a
carbonaceous film containing Pt reduced from the original
Pt(IV) oxidation state in the precursor to an effective oxidation
state close to that of metallic Pt.”’ During electron irradiation,
analysis of the gas phase desorption products by MS revealed
precursor fragments with m/z = 2, 15, and 16, which
correspond to H, and CH,, respectively.”” The presence of
methane is consistent with electron-induced cleavage of a Pt-
CH; bond in precursor 1, a process that would yield the PtCq
stoichiometry observed in the final deposit. RAIRS and
HREELS studies have shown that electron irradiation also
leads to dehydrogenation,”” partially as a result of methane/
methyl radical ejection. Electron stimulated C—H bond
cleavage also occurs within the deposits, although these
residual C—H bonds remain thermally stable at room

70 ) .
temperature.”” The cross section for electron-induced

https://doi.org/10.1021/acsami.1c12327
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decomposition of 1 was determined in parallel TPD, XPS, and
MS experiments and was found to depend on the incident
energy of the electrons with a maximum between 70 and 100
eV. Two independent temperature-dependent studies have also
shown that the composition of the deposits is independent of
substrate temperature, indicating that the metal content is
determined exclusively by electron-induced reactions.”"”> The
Pt content reported from deposits created using MeCpPtMe;
without any purification ranges from ~16 to 26 at. %.°> This
can be ascribed to the inherent uncertainties in EDXS
measurements, which are the usual means of measuring
composition, measured in different laboratories and using
different instruments under different operating conditions.
Moreover, the composition and quantity of background gases
(e.g., water vapor, hydrocarbons) in electron microscopes are
usually poorly defined and can also influence deposit
composition.”**® Given the demonstrated ability that water
has shown to purify deposits created from MeCpPtMe;,*>° it
can also be hypothesized that reported differences in the
composition of deposits created from this precursor, which
typically range from 15 to 25%, are a consequence of different
levels of in situ purification caused by residual water vapor in
the electron microscopes.26 Indeed, the lack of consistency in
deposition conditions and measurement techniques is an issue
that has hampered understanding and consistency within the
FEBID community.

In an effort to avoid carbon contamination in Pt deposits,
the carbon-free precursor tetrakis(trifluorophosphine)-
platinum(0) (Pt(PF;),, 2) was studied under UHV surface
science conditions.”’ The data were consistent with a two stage
electron-induced decomposition process, in which a single PF;
ligand desorbed in the initial electron-stimulated decom-
position of the precursor, leading to the formation of an
adsorbed Pt(PF,); intermediate. Subsequent electron-stimu-
lated reactions led to P—F bond cleavage and desorption of the
fluorine but phosphorus atoms remained as contaminants in
the deposit. However, the Pt(PF;); intermediates are also
susceptible to a degree of PF; desorption at room temperature,
so electron-stimulated decomposition and thermal desorption
of PF; are both possible during FEBID. Under these
conditions, deposit composition will be sensitive to the
deposition conditions (e.g, dwell time, refresh rate, beam
fluence) as is found experimentally.”" The P atoms formed as a
result of P—F bond cleavage are highly susceptible to oxidation
from water vapor, which provides a rationale for the oxygen
frequently observed in deposits created from 2. In terms of
postdeposition purification, annealing in an air/N, mixture at
200 °C for 30 min has been used to improve the deposit
resistivity by factors of 1.6—9.9, depending on the deposition
conditions but was associated with a 40% shrinkage of the
deposit.”* This underscores the advantages of developing
precursors that will yield deposits with useful metal purities
without the need for postdeposition purification steps.

Pt(CO),Cl, (3) and Pt(CO),Br, (4) were studied as
precursors designed to avoid possible ligand-derived contam-
ination.”> The choice of ligands was based on UHV studies
that demonstrated removal of carbonyl and halide ligands in
the electron-induced surface reactions of (#*-allyl)Ru-
(CO);Br,”> while the anionic polyhapto allyl li%and was a
source of carbon contamination in the deposit.”> A UHV
surface science study of electron-induced decomposition of a
few monolayers of 3 demonstrated a loss of more than 50% of
the CO ligands from the precursor surface when irradiated by

lower electron doses (<2 X 10' e/cm?).”> Upon further
electron doses (~2 X 10' to ~1 X 10 e /cm?), a small
amount of CO ligand decomposition to graphitic carbon was
observed. However, deposition under steady-state conditions,
where the substrate was exposed to a constant flux of
precursor, led to complete CO desorption as evidenced by
the lack of any observable carbon or oxygen in the deposits.
This suggests that when deposition is performed under steady-
state conditions with the substrate at room temperature,
residual CO groups that do not desorb as a result of the initial
electron-stimulated decomposition undergo efficient thermal
desorption. A similar phenomenon has been observed for other
metal carbonyls used as FEBID precursors.”® Electron-induced
removal of chlorine ligands via a significantly less efficient
electron-stimulated desorption process was also observed.
However, higher electron doses (>1 X 10" e /cm?) were
required to achieve near complete chlorine removal, which
implies that postdeposition electron beam processing would be
required to remove chlorine contamination under standard
FEBID conditions, where steady state precursor delivery
results in continuous coverage of the deposit with new
material. Further investigations of purification of FEBID
deposits from chloride complex 3’7 demonstrated that
postdeposition processing with electrons removes chlorine
from the topmost few nanometers of the deposit but is
ineffective in eliminating it from the interior. In contrast,
exposure to atomic hydrogen (AH) resulted in efficient
purification of the structure with the residual Cl essentially
not observable by EDXS.”” However, the purification by AH
afforded porous material, and it was suggested that such
deposits could be interesting as high surface area catalytic
structures.

Deposition experiments from the Pt(CO),X, precursors 3
and 4 in an SEM at HV demonstrated the growth of 3D Pt-
containing nanostructures by FEBID.*® The shape and the
growth rate of pillars from 3 and 4 were compared to
analogous depositions from commercially available precursor
1. Complex 3 was found to yield the highest growth rate, 0.045
nm?®/electron, among those three Pt precursors. Compared to
cyclopentadienyl complex 1, the deposits fabricated from 3 had
an approximately 2% increase in Pt content. The difference in
deposition under different conditions, SEM (HV) with steady-
state precursor delivery vs surface science study (UHV) on a
few monolayers of precursor, was also addressed. In the UHV
experiments, deposits from 3 and 4 contained halogen
contamination with minimal carbon content.>* In contrast,
the deposits fabricated in HV in the SEM, contained large
amounts of carbon but little halide contamination.”® These
results emphasize the important role that the deposition
conditions (cleanliness of the UHV environment as compared
to the significantly higher background pressures characteristic
of SEM chambers) can play in determining the chemical
composition of FEBID deposits. Indeed, this underscores one
of the key challenges in developing a more holistic under-
standing of FEBID as deposits created in different laboratories
and under different conditions and analyzed with different
techniques often have markedly different chemical composi-
tions.

The commonly used chemotherapy agent cisplatin (Pt-
(NH,),Cl,) (5) provides an interesting test of precursor
design.”® From the point of view of minimizing ligand-derived
contamination, cisplatin is carbon free and has a simple set of
small ancillary ligands. In addition, the NHj; ligands have the

https://doi.org/10.1021/acsami.1c12327
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Figure 4. Electron-stimulated desorption of CO, followed by bromide desorption and (17*-CyH;) decomposition during electron irradiation of 8.

possibility of acting as a reducing agent under electron
irradiation by releasing atomic hydrogen. As observed in the
treatment of PtCl, deposits from Pt(CO),Cl, (3), atomic
hydrogen facilitates chlorine removal throughout the deposit
structure by forming HCL”” Electron irradiation of particles of
S resulted in the loss of the amine ligands and the formation of
nearly pure Pt, consistent with this effect.”® However, initial
FEBID experiments with 5 were hindered by low volatility
caused by the presence of polar, H-bonding NH; ligands in §
that induce strong intermolecular forces in the crystal
Successful volatilization and transport of § for FEBID were
achieved using a modified GIS that was heated to 150 °C and
featured a short needle and valveless design to avoid clogging
during deposition. However, chlorine removal under these
conditions was not as efficient as in electron beam irradiation
of the cisplatin crystals, with the FEBID deposits from cisplatin
vapor containing approximately 50 at. % chlorine. The
inefliciency of CI removal from FEBID of thin films of § is
attributed to the rapid desorption of NH; groups which, in the
irradiation of crystals, remain trapped long enough to react
with Cl ligands and evolve as N, and HCL>

There are also reports of the use of ion beams to fabricate Pt
nanostructures by FIBID. Pt nanowires fabricated from
MeCpPtMe; (1) by FIBID with a gallium ion beam’® were
compared to analogous nanowires grown by FEBID from the
same precursor. The FIBID material was found to be 4 orders
of magnitude more conductive than the FEBID samples, a
result attributed to higher Pt content and Ga doping from the
ion beam. FIBID from 1 in a helium ion microscope has been
used to fabricate complex 3D mesh structures with a minimum
feature size of 16 nm.”” Complex 1 has also been used in cryo-
FIBID experiments in which rapid growth of Pt nanostructures
was obtained by condensing the precursor onto a cold
substrate before patterning with the jon beam instead of
using a gas phase delivery system.”” The reduction in
fabrication time compared to standard FIBID at room
temperature was suggested as a means to enable practical
applications.

Bl DEPOSITION OF RU BY FEBID AND FIBID

Fabrication of ruthenium nanostructures has been explored as
a means of repairing Ru capping layers in photomasks for
EUVL."" Deposition of Ru- -containing nanostructures from
bis(ethylcyclopentadienyl)ruthenium(II) (Ru(EtCp),, 6) was
used as a model for potential mask repair technology.''
Because FEBID with 6 produced deposits of the stoichiometry
RuC,, purification by electron-induced reaction with O, was
explored. Carbon was effectively removed under these

conditions, but the ruthenium was oxidized. More recently,
purification of FEBID deposits from 6 using electron-induced
reactions with water vapor removed the carbon contamination
with minimal oxidation of ruthenium in the initial stages.*’ In
contrast, electron-induced reactions of NH; with FEBID
deposits from 6 resulted in nitrogen incorporation to produce
amorphous carbon nitride.”” Although the amount of carbon
contamination in FEBID deposits from 6 can be reduced by
various purification strategies, efforts to achieve pure Ru
deposits through the precursor design are still desirable.

Studies on the allyl complexes (17°-C3Hs)Ru(CO);Cl (7),
and (7*-C3H)Ru(CO);Br (8) were originally motivated by
results from UHV surface science studies of MeCpPtMe;
(1).579%7° The PtCq stoichiometry of the material from
electron irradiation of 1°” suggested that the 7°-MeCp ring did
not desorb either intact or as fragments and was therefore a
source of carbon contamination in the deposit. It was not clear
at the time whether anionic z-facial ligands were generally
problematic or whether the five metal—carbon bonds in #°-
MeCp rendered the ligand particularly difficult to remove
under FEBID conditions. The #’-allyl ligand provided an
interesting test of an anionic polyhapto ligand with fewer
metal—ligand bonds. Complexes 7 and 8 contain three types of
ligands: carbonyl (CO), halogen (Cl, Br), and 7’-allyl (17’
C3H;), a ligand set chosen to address not only the lability of
the allyl ligand but also the behavior of carbonyl and halide
ligands in a heteroleptic complex.”> After electron irradiation
of a few monolayers of 8 under UHV conditions, the carbons
from the polyhapto 7’-allyl ligand were still present on the
surface. In contrast, the carbonyl ligands were ejected into the
gas phase, and higher postdeposition electron doses were able
to effect partial desorption of bromine from the deposits
(Figure 4).75

Similar results obtained with Cl complex 7 demonstrated
that the identity of the halide ligand did not affect the
precursor decomposition mechanism.”> The broader implica-
tion from the studies on 7 and 8 on FEBID precursor design is
that precursors with a small number of labile and volatile
ligands such as carbonyls and halides could result in less
contamination from ligand decomposition, which yields higher
initial metal content in the deposit and less need for
postdeposition purification. In contrast, anionic polyhapto
ligands such as allyl and cyclopentadienyl lead to high carbon
contents in the deposits and should be avoided.

FEBID studies on complex 8 in an SEM created deposits
with 23 at. %. Ru content.*” Postdeposition purification by
annealing in forming gas (2% H,/98% N,) at 300 °C increased
the Ru content to 83 at. %. The ligand-derived impurities were
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reduced to 13% C and 4% O, with bromine being below
detectable limits, as characterized by EDXS and WDS.
Although removal of the impurities decreased the volume of
the deposit by 79%, its cubic shape was retained. The
successful removal of chloride from cisplatin (3) by electron-
induced reactions of its ammonia ligands®”*" inspired
purification of deposits from (#7°>-C3H;)Ru(CO),Cl (7) by
postdeposition reaction with NH; and electrons to accelerate
the removal of surface Cl through the formation of volatile
HCL® When deposits made by electron irradiation of thin
condensed layers of 7 were subjected to multiple cycles of NH;
deposition followed by electron exposure (total dose of 3.1 X
107 e7/cm? at 31 eV) and periodic annealing to 450 K, the ClI
content was reduced by 75% but the procedure was not
effective in removing carbon contamination. This result
suggests that postdeposition purification with NH; and
electrons can be effective for removing halide ligands from
carbon-free deposits, but incorporation of nitrogen has been
observed in other studies.*”

The observation of electron-induced loss of carbonyl and
halide ligands from (5*-C;H;)Ru(CO);Br (8)”° and Pt-
(C0O),Cl, (3)** suggested Ru(CO),Br, (9) and Ru(CO),I,
(10) as Ru FEBID precursors. UHV surface science studies on
the electron-induced reactions of iodide 10 revealed that the
reaction proceeded in two stages.”® The first stage, at lower
electron doses, resulted in the rapid loss of two CO ligands
from the substrate surface. The second stage at higher electron
doses involved loss of the residual CO ligands in a slower
process that afforded a deposit composed of ruthenium and
iodine. The identity of the halide ligand was not a factor in
electron-induced decomposition, as bromide complex 9 gave
similar results. Similar behavior of the different halide
complexes was also seen for the (17°-C;H;)Ru(CO),X
complexes 7 and 8.° FEBID structures made from Ru-
(CO),Br, (9) and Ru(CO),I, (10) were found to have the
composition of RuX, (X = Br, I) (Figure 5), consistent with a
general trend for facile removal of multiple carbonyl ligands
under electron irradiation, whereas halide removal is relatively
slow under the same conditions.

Investigation of iodide 10 as a potential FIBID precursor
was carried out in a UHV surface science study using low
energy Ar* (860 V).*” Figure 6a presents the XPS of 10 upon
ion exposure. The O 1s features correspond to the CO ligands.
Under ion bombardment, all of the CO ligands desorb as a
result of energy transfer from the incident Ar® ion to the

Br Ru(CO)4Bry

Intensity (a.u.)

Energy (keV)

Figure S. EDXS spectrum of RuBr, FEBID deposit created from
Ru(CO),Br,. Reproduced with permission from ref 86. Copyright
2020 American Chemical Society.

adsorbed molecules of 10. This process corresponds to the ion-
induced decomposition of the precursor as evidenced by the
correspondence between the reduction of Ru binding energy
and the loss of O 1s intensity seen in Figure 6a. In the XPS
analysis of carbon containing Ru species, there is significant
overlap between C 1s and Ru 3d features. To quantify the C
and Ru content in Figure 6a, we assumed the initial spectrum
represented a Ru/C ratio of 0.25, which corresponds to the
unreacted precursor 10. Furthermore, the C 1s (289.2 eV)
feature of CO overlaps only with the Ru 3d;, (287.4 V)
feature. The Ru 3d;/, (283.2 €V) feature remains unperturbed,
and the spin—orbit coupling proportions for photoelectron
pairs are known. Therefore, the C 1s and Ru 3d;,, features are
resolved using Ru 3d;/, as a basis. After resolving the C 1s and
Ru 3d;,, features, the Ru/C ratio is calculated and stand-
ardized against the initial C:Ru stoichiometry of complex 10.
This quantification method is further supported by mass
spectrometry where the decrease in the fractional coverage of
CO, as measured by the O 1s peak area, is correlated with the
desorption of CO, which is quantified by following the m/z =
12 amu. In situ mass spectrometry (Figure 7) demonstrates
that ion beam exposure is accompanied by CO desorption and
that the rate of CO desorption is proportional to the CO
coverage on the surface. This leads to the assertion that the
initial Ar*-induced process is the decomposition of 10 leading
to the dissociation and desorption of all 4 CO ligands (eq 1).

Ru(CO),1,(ads) + 860 eV Ar*(g)
2 Rul,(ads) + 4CO(g)1 (1)

As the carbonyl ligands are removed during this precursor
decomposition step, the intensities of the Ru 3d and I 3d
features remain constant for ion doses up to 0.036 mC/cm’. At
larger ion doses, the intensity of the Ru 3d and I 3d peaks
decreases due to sputtering; however, the I 3d peaks decrease
in intensity far more rapidly than the Ru 3d features (Figure
6b). Indeed, the variation in the coverage of Ru, CO and I as a
function of Ar* dose can be described by a sequential series of
reactions where initial ion-induced precursor decomposition
(eq 1) is followed by preferential Ar* sputtering of iodine (eq
2) followed by ruthenium (eq 3).

Rul,(ads) + 860 eV Ar+(g) 3 Ru(ads) (2)
Ru(ads) + 860 eV Ar*(g) 2 clean substrate (3)

The data in Figure 6b were fit to a kinetic model that supports
this sequential series of surface reactions, providing a rationale
for the clearly visible delay in the onset of Ru loss observed
experimentally.*® The calculated cross sections indicate that
the rate of the initial jon-induced decomposition of iodide
complex 10 leading to CO loss is about five times faster than
the physical sputtering of I from Rul,, which in turn is itself
about five times faster than the rate of Ru sputtering. This
sequence of reaction steps indicates that production of pure Ru
deposits could be achieved under tailored deposition
conditions. These results also highlight the differences that
can be found between FEBID (electron beam as energy
source) and FIBID (ion beam as energy source) with the same
precursor complex 10 (Figure 8). In FIBID, the ion-induced
fragmentation of the precursor is accompanied by a greater
degree of carbonyl ligand desorption than is observed in
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Figure 6. UHV surface study of the ion-stimulated reactions of Ru(CO),I, (10). (a) Evolution of the C(1s)/Ru(3d), O(1s), and I(3ds/,) XPS
regions for ~1.6—1.7 nm films of Ru(CO),I, adsorbed onto a Au substrate at —100 °C and exposed to increasing doses of Ar* ions. The C(1s)/
Ru(3d) region is fit to show contributions clearly from the carbonyl carbon (blue), the initial Ru species (red), and the final Ru species (green). (b)
Change in fractional coverage of O, I, and Ru atoms as a function of increasing Ar* dose. The solid fits through the data are generated from the
kinetic model described in the text.** Reproduced with permission from ref 88. Copyright 2020 American Chemical Society.
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Figure 7. Kinetics of CO desorption from an adsorbed Ru(CO),l,
film and its correlation with the fractional coverage of O atoms as
observed by XPS. The inset shows the identification of CO as the
species desorbing during ion bombardment. Reproduced with
permission from ref 88. Copyright 2020 American Chemical Society.

FEBID, followed by ion-induced sputtering of the iodide ligand
and then sputtering of the deposited metal atoms.

B DEPOSITION OF AU BY FEBID AND FIBID

Interest in FEBID of gold nanostructures has been driven by
the changes in the properties of gold when its size reaches the
nanoscale.””” Gold nanoparticles (AuNPs) exhibit unique
plasmonic behavior such as high DC conductivity and low
ohmic losses,” and as a result, AuNPs have found use in a
wide range of agflications, such as sensing,gz’93 biological
optical imaging, ~%° drug delivery,”’ and photothermal
therapy (PTT).”” ™

Historically, commercially available chemical vapor deposi-
tion (CVD) gold precursors, such as Me,Au(acac)
(11),'°°719% Me,Au(tfac) (12),"°*'% and Me,Au(hfac)

48340

(13),""* were used as gold precursors for FEBID. However,
FEBID deposits from those Au(IIl) precursors are inadequate
for use in plasmonic applications due to the high C:Au ratio in
the material.'"” Complete desorption of the bidentate A-
diketonate ligands of 11—13 was not observed in UHV surface
science studies,'” but rather, ligand decomposition under
electron irradiation resulted in significant carbon contami-
nation in the deposits. This highlights the general experimental
observation that bidentate ligands predominantly undergo
decomposition as opposed to desorption during FEBID and
should be avoided in precursor design.

Generally, gold nanostructures fabricated by FEBID suffer
from unacceptably high levels of carbon contamination, which
is a problem for applications such as plasmonics and
nanoelectronics.'”*'?” Several purification methods can
diminish carbon content in deposits. Postdeposition purifica-
tion by heating FEBID deposits from Me,Au(tfac) (12) to 500
°C in a reactive atmosphere of oxygen increased the purity
from 8 to 60 at. % gold,** with TEM analysis indicating the
presence of crystalline grains of Au. FEBID from 12 in the
presence of coinjected water resulted in a high Au content (91
at. % gold) from in situ purification during the deposition
process.'” The gold nanowires fabricated by this single-step
method displayed low resistivities (8.8 uQ cm) suitable for
nanoelectronics. In a related study, high gold content FEBID
gold deposits were created from 12 by optimizing the
deposition conditions, combined with a postdeposition
oxygen-plasma treatment.'”” By increasing the electron dose
and optimizing the deposition parameters, Au contents as high
as 72 at. % could be obtained before the oxygen-plasma
treatment. A postdeposition cleaning process with oxygen-
plasma further enhanced the Au content from approximately
30 to 70 at. % while largely preserving the structural stability
and shape of the original gold deposit; however, the maximum
purity of the Au deposit appears to be 73 at. %, as indicated by
essentially no change in the Au content in planar Au
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Figure 8. Comparison of the electron- and ion-stimulated surface reactions underlying (a) FEBID and (b) FIBID from Ru(CO),L,, respectively.
Ru(CO),l, gas phase molecules adsorb to the substrate surface and are exposed to (a) defocused primary electron energy source (500 eV) and (b)

defocused Ar" ion source (860 V).

nanostructures before (72.5 + 0.3 at. %) and after (72.9 + 0.3
at. %) oxygen-plasma treatment.

From the perspective of precursor design, an alternative to
the four-coordinate Au(IIl) precursors mentioned above
would be two-coordinate Au(I) precursors because lowering
the number of ligands is a strategy for minimizing ligand-
derived contamination from incomplete ligand desorption
during FEBID. Indeed, the Au(I) precursors Cl—Au—PF, (14)
and Cl—Au—CO (15)"%*~""" have been reported to produce
high metal content deposits by FEBID. Complex 14 afforded
pure metallic gold grains,''” whereas deposits from 15 were
reported to be >95 at. % Au.''' However, those two Au(I)
precursors are sensitive toward temperature, moisture, air, and
light. Decomposition of 15 by decarbonylation in the GIS was
detected as a pressure spike when the CO was released into the
chamber.""" As a result of their sensitivity to ambient
conditions, neither Cl—Au—PF; (14) nor Cl-Au—CO (15)
is acceptable for practical use.

Other Au(I) complexes have been explored to address the
precursor stability issue. The two coordinate Au(I) phosphine
complexes, Cl—Au—PMe; (16) and Me—Au—PMe; (17) were
studied as potential FEBID precursors.'”> Complex 16 was not
sufficiently volatile for FEBID. Although 17 is stable and
volatile, only a single methyl ligand was removed under
electron irradiation, yielding a deposit with low gold content
(19-25 at. %).""*

To expand the ligand options for gold precursors, we studied
CF;—Au—CNMe (18) and CF;—Au—CN‘Bu (19) to
introduce CF; and alkyl isocyanides as new ligands for
FEBID.'"? Isocyanide complexes 18 and 19 are isoelectronic
with Cl-Au—CO (15), with both CO and CNR ligands being
bound to the metal through carbon lone pairs and the CF;
group being an anionic electron-withdrawing ligand analogous
to a halide. Complexes 18 and 19 were tested with sublimation
experiments because of the practical requirement for
volatilization and transport through a GIS without decom-
position. The sublimation experiment was conducted with a
modified Schlenk line equipped with a pressure controller to
hold the vacuum constant at 125 + 1 mTorr. Under these
conditions, 18 and 19 were sufficiently volatile and thermally
stable to sublime at 51 and 39 °C, respectively. The electron-
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induced reactions of 18 and 19 were studied using energy-
dispersive X-ray spectroscopy (EDXS) and Auger electron
spectroscopy (AES). EDX spectra provided elemental
composition analyses of the deposits. The C:Au ratios of
precursors 18, 19, and 11 are 3:1, 6:1, and 7:1 from the
stoichiometry of these precursors, respectively. The C:Au of
the deposits from 18 and 19 were determined to be 2.8:1 and
5.7:1, respectively, from the EDX spectra. Fluorine loss was the
dominant desorption pathway, along with minimal loss of the
carbons from the ligands. Deposits formed from 18 had Au
contents of 22 at. %, comparable to those from FEBID with the
commercial precursor 1.t

Although the halide derivatives XAuCNR did not prove to
be practical precursors for FEBID,'" they were included in a
study of the effects of halide choice on volatility and stability of
potential Au(I) precursor candidates.”> For the X—Au—L
complexes [X = Cl, Br, I; L = CN'Bu, CNMe, PMe,,
P(NMe,);, P(OCH,CF;);], the iodide complexes were the
most volatile of the three in each series. The volatility trends
could be explained using the variation of the Au—Au bond
distances caused by aurophilic interactions and the aggregation
of molecules in the solid state. It was concluded that for
potential Au(I) FEBID precursors of the type X-Au-L, the
stability and volatility could be controlled by ligand choice of X
and L (Figure 9). Thermal stability was most affected by the o-
donor properties of the two-electron donor ligand L, whereas
the size of the X group was critical for volatility.

Efforts to extend the use of strong o-donor ligands in Au(I)
FEBID precursors led to the use of N-heterocyclic carbene
(NHC) ligands in a series of X-Au(NHC) complexes.''
Variations in the NHC ring (imidazole or triazole) and the N-
alkyl substituents (Me, Et, 'Pr) were examined and it was

Tunable X-Au-L scaffold

— Stability control
— Volatility control

Increase size — X—Au—L ~—Increase c—donation

Figure 9. Tuning XAuL complexes for increased stability and
volatility. Reproduced with permission from ref 113. Copyright 2019
American Chemical Society.
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concluded that the triazole derivatives were most promising.
The volatility of these complexes was too low for use in a
standard GIS, so the FEBID experiments required construction
of a custom precursor delivery system, in which the complex
was volatilized from crystals placed directly on a heated
substrate. FEBID under those conditions from the Cl—
Au(NHC) complex where NHC = N,N’-diethyltriazole (20)
afforded deposits that were 15 at. % gold.''

Deposition of gold by FIBID has also been reported. Films
that were 55% gold and 45% carbon were deposited on a
quartz-crystal microbalance upon ion bombardment of
Me,Au(hfac) (13), with Ar*, Kr*, or Xe" at energies of 2—
10 keV.""” The effect of the ion species (He®, Ne*, Ar*, Kr*,
and Xe*) and energies on FIBID of 13 was investigated and the
results were consistent with a binary collision model for
precursor decomposition.''”''® Higher gold contents up to 80
at. % were obtained with higher energy (50—100 keV) Kr* or
Xe" ions."'® A high-purity gold deposit was created by using a
focused Ga* ion beam (15 keV, 0.5 ym diameter) in FIBID
with gold complex 13."" Although the deposit was 75 at %
gold and less than <5 at. % carbon and oxygen, the material
was contaminated with 15—20 at. % Ga. This result
demonstrates that the choice of ion beam has implications
for the composition of the deposited material, and Ga* is less
desirable for applications where impurities are problematic.

In general, because of the mass differences of the ions, using
different ions in FIBID will affect various aspects of deposition,
such as imaging resolution, secondary electron yield, sputter
yield, and ion implantation into the deposit. Because of their
low mass, He* ions have a narrow interaction volume that is
desirable for microscopy, but undesirable for FIBID processes.
Ar" and Ne' can generate adequate amounts of secondary
electrons in low beam energies (30 keV). Compared to He",
the beam penetration depth of Ar* and Ne* is shallower, which
reduces the ion—substrate interactions. To the best of our
knowledge, Kr* and Xe" are rarely used for FIBID given the
greater availability of Ar and similar ion penetration depths of
Ar* (10 nm) and Ga* (8 nm). Heavier ions have a greater
sputtering yield than lighter ions, which could be detrimental
for deposit formation but can also have the advantage of
removing light atom impurities.'** This effect has been noted
in a comparison of different ion sources in FIBID of Sn films
from tetramethzrltin (TMT), which has a Sn:C ratio of 1:4 in
the precursor.'”" Although deposits made using 50 keV H,*
ions had a 1:3.5 Sn:C ratio that was nearly equal to the
stoichiometry of the precursor, films made using 30 keV Ar*
ions had a Sn:C ratio of only 1:1.6.

B DEPOSITION OF FE-CONTAINING ALLOYS BY
FEBID AND FIBID

Iron alloy nanostructures have recently been of great interest
because of their magnetic properties and 2potential uses in
magnetics, spintronics, and thermoelectrics.'**~'** Developing
methods to fabricate alloy deposits by FEBID and/or FIBID is
the key for further extension of the application range to
multimetallic lithography materials. When single-metal pre-
cursors are available, it is possible to generate alloys by
injecting different gas-phase precursors in parallel but the
different volatilities, transport properties, adsorption, and
reactivities of the two precursors can make process
optimization and control difficult. Simultaneous introduction
of two species can be done by either usinlg a single GIS to
introduce a mixture of the two precursors > or having two

GISs that inject the precursors separately. The latter method
has been used when simultaneous stoichiometric introduction
of the precursors resulted in problems with controlling the
stoichiometry of the material, because of preferential
adsorption of one precursor.”’ As an example, FeSi and
Fe;Si were made by alternating the introduction of Fe(CO);
(21) and SiH;, (22) to create a multilayer structure, which
was then irradiated with an electron beam and annealed to
enable intermixing.'*”

As a result of the challenges inherent in using mixtures of
precursors, there has been recent interest in heterometallic
single-source complexes as FEBID and FIBID precursors to
facilitate fabrication of alloy nanostructures with controlled
deposit stoichiometry. The use of heterobimetallic complexes
and larger clusters as precursors can also be challenging
because the weakness of their metal—metal bonds and the low
volatilities that can result from high molecular weights limit the
number of compounds that will volatilize before decom-
position. At this point, exploratory studies of heterometallic
compounds also require synthetic effort because they are not
generally commercially available, but there are promising
results among the reported studies. The cluster complex
HFeCo,(CO);, (23) was the first successful bimetallic single-
source precursor for FEBID.'” Deposits from 23 had an
unusually high metal content for metal carbonyl precursors
(>80 at. %) and maintained a stoichiometric Fe:Co metal ratio
(1:3) upon electron irradiation. Successful FEBID of
ferromagnetic alloy nanostructures from 23 motivated study
of the FeRu cluster H,FeRuy(CO);; (24).*' Surprisingly,
FEBID deposits from 24 contained a much lower metal
content of around 26 at. %. A comparison of clusters 23 and 24
in UHV surface science studies provided insight into their
differences.”’ Electron irradiation of the FeCo cluster 23
resulted in initial desorption of 75% of the CO ligands."*
UHV studies also revealed that when deposition occurred at
room temperature, the remaining CO ligands could undergo
desorption to afford deposits that were almost free of carbon
and oxygen impurities (Figure 10). In contrast, the UHV study
of FeRu cluster 24 demonstrated the desorption of 8—9 CO
ligands during the electron-induced decomposition of the
precursor, but the partially decarbonylated intermediates that
formed were inert to either further electron irradiation or
annealing to room temperature and would therefore likely be
incorporated in the deposits."" Thus, the crucial difference
between 23 and 24 was postulated to be the thermal stability
of the partially decarbonylated intermediates produced upon
initial electron irradiation.

The heterobimetallic complex (77°-CsH;)Fe(CO),Mn(CO);
(25) was studied under UHV surface science conditions as a
possible FEBID precursor for FeMn alloy nanostructures.'”” A
goal of these studies was to investigate electron-induced
carbonyl loss in a complex where the metal oxidation states
and coordination spheres were different because of the
presence of the anionic polyhapto cyclopentadienyl ligand.
Upon irradiation in UHV with low doses of electrons, the
precursor was decarbonylated until the O:C ratio determined
by XPS was consistent with desorption of roughly 5 CO
ligands of the 7 per molecule (Figure 11). More extensive
electron doses resulted in decomposition of the remaining CO
ligands and the cyclopentadienyl (17°-CsH;) ligand to afford
graphitic carbon and reactive oxygen species (ROS) that were
responsible for the selective oxidation of Mn atoms. The lack
of Fe oxidation was attributed to the presence of the
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Figure 10. Proposed mechanisms for the decomposition of
HFeCos(CO);, (23) during FEBID. Initial electron-induced
decomposition of the precursor results in desorption of 75% of the
CO ligands (white arrows), followed by thermal desorption of the
remaining carbonyls (red arrows) from the partially decarbonylated
intermediates to produce FeCo; deposits. Reproduced with
permission from ref 126. Copyright 2018 American Chemical Society.

Ligand Ligand

desorption decomposition

Figure 11. Electron-stimulated CO desorption from (77°-CsH;)Fe-
(C0O),Mn(CO); (25) followed by electron-stimulated decomposition
of the °-CsH; (Cp) ring and the residual CO groups that do not
desorb during the initial deposition process.

cyclopentadienyl ring but subsequent studies on the analogous
FeRe complex (7°-CsH;)Fe(CO),Re(CO); (26)¥ (vide
infra) bring that conclusion into question. Deposits fabricated
from 25 under steady-state conditions in an Auger
spectrometer'”” were heavily contaminated with C (51 at.
%) and O (13 at. %) but the Fe:Mn ratio was 1:1 (18 at. %
each), consistent with the initial stoichiometry of the metals in
25, providing evidence that the stoichiometry of alloys can be
controlled by using heterobimetallic precursors to fabricate
nanostructures using FEBID.'”’

The related heterobimetallic precursor (1°-CsHg)Fe-
(CO),Re(CO); (26) has the same electronic structure as 25
but contains the third row transition metal Re as a congener of
Mn in the M(CO); fragment. In the UHV surface science
study of the electron-induced reactions of 26,”” half of the CO
ligands were desorbed under lower electron doses. Further
electron irradiation led to decomposition of the remaining CO
ligands and the Cp ring into species that were retained in the
material.”” There are some similarities in the electron-induced

reactions of 25 and 26. For both, two stages of precursor
decomposition were evident, as shown for 25 in Figure 12. In
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Figure 12. Changes in the fractional coverage of oxygen, carbon, and
rhenium atoms upon electron (dark circles, top x axis) and argon ion
(light open triangles, bottom x axis) exposure of thin films of (77*-
CsH;)Fe(CO),Re(CO); (26). The changes in composition, which
occur during the initial region of the electron (~6.0 mC/cm?) or
argon ion (~0.048 mC/cm?) exposure are denoted by the blue
shaded region. Reproduced with permission from ref 87. Copyright
2020 American Chemical Society.

the first stage (lower electron doses) multiple carbonyls desorb
and in the second stage (higher electron doses), CO and Cp
fragmentation afford C and O content in the resulting deposit.
These similarities are mirrored in the behavior of other
precursors that contain multiple CO ligands and anionic
carbon ligands.”® The difference in the behavior of 25 and 26
under electron irradiation lies in the site of reactivity for the
ROS generated from decomposition of carbonyls. The
oxidation of 25 occurs at Mn and the binding energies of Fe
are largely unchanged, while in 26, the Fe centers are
preferentially oxidized.

An analogous study of the ion beam-induced reactions of
FeRe complex 26 under UHV conditions®’ revealed significant
differences from the electron-induced reactions that have
important implications for FEBID/FIBID precursors. Upon
bombardment with an Ar* ion beam (860 V), all of the CO
ligands desorbed as a result of energy transfer from the
incident ions. Subsequent ion-induced sputtering of the
deposit preferentially removed the remaining precursor
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. . 8
carbons, with metal atoms undergoing slower removal. 7

Figure 12 contrasts the removal of precursor atoms from 26
under electron irradiation (dark circles) with ion-induced
removal (light triangles). For ion doses >0.2 mC/cm? the
deposits are almost purely metallic. These results suggest that
for precursors that undergo incomplete ligand desorption
during FEBID, a switch to FIBID could lead to high metal
content deposits from the same precursor due to the balance
between ion-induced deposition and preferential sputtering of
light atoms during FIBID (Figure 13).

£

Ar* induced

Sputtering g !

Figure 13. Schematic representation of the sequence of molecular-
level events that accompany the 500 eV electron (top) and 860 eV
Ar* ion (bottom) exposure of adsorbed (17°-CsHs)Fe(CO),Re(CO);
(26) on a gold substrate. Reproduced with permission from ref 87.
Copyright 2020 American Chemical Society.
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B CONCLUSION

Although FEBID and FIBID have been demonstrated to
fabricate complex 3D metal nanostructures for a variety of
applications, there are still limitations due to the incorporation
of ligand-derived impurities in the deposits. The metal
percentage in FEBID/FIBID fabricated objects is dependent
on the composition of the precursor and its reaction pathways
during electron- and ion-induced chemistry. UHV surface
science studies of charged particle-induced reactions provide
an important means to identify mechanistic steps for ligand
dissociation and decomposition. In this way, privileged ligands
that leave minimal contamination in the deposits can be
identified.

This spotlight presents case studies of Pt, Ru, Au, and
heterometallic organometallic complexes as FEBID/FIBID
precursors that lead to the following general conclusions about
precursor design:

1. Organometallic precursors should contain a minimum
number of small ligands for both FEBID and FIBID.

2. CO ligands desorb well and are good candidates for both
FEBID and FIBID. Desorption of multiple (2—3) CO
ligands is common during FEBID and desorption of all
CO ligands is possible with FIBID.

3. The presence of NHj; ligands during FEBID can assist
with halide removal through the formation of HX
species upon electron irradiation. However, the hydro-
gen bonding associated with the NHj; ligand can result in
low volatility.

4. Halide ligands are removed slowly (and often partially)
during FEBID but can be removed completely during
FIBID due to sputtering.

S. Anionic ligands that are polyhapto or bidentate are
difficult to completely remove during FEBID and FIBID
and decompose into fragments that are incorporated as
impurities. Although they can ultimately be removed by
the preferential sputtering of light atoms in metal
deposits during FIBID, it comes at the cost of removing
a substantial fraction of the deposited metal atoms as
well.

6. Heterometallic single-source precursors are good
candidates for deposition of alloys by FEBID and
FIBID. Because unsupported metal—-metal bonds are
weak and the molecular weights tend to be high,
heterobimetallics and mixed-metal clusters that volatilize
before decomposition may be difficult to identify.
Ligands used to optimize structural properties may be
more easily removed by FIBID.

As mechanistic data from UHV experiments continue to
accumulate, additional privileged ligands and structure—
activity relationships for charged particle-induced reactions
will be identified, providing a base for mechanism-based
precursor design for FEBID and FIBID.
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