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ABSTRACT: A combination of in situ X-ray photoelectron
spectroscopy and mass spectrometry has been used to elucidate
the elementary surface reactions initiated by the interaction of low-
energy (860 eV) argon ions with three organometallic precursors
[Ru(CO)4I2, Co(CO)3NO, and WN(NMe2)3]. The effects of ion
exposure on each precursor can be described by a largely
sequential series of surface reactions. The initial step involves
ion-induced decomposition of the precursor to create a nonvolatile
deposit, followed by physical sputtering of the atoms in the
deposit. For the precursors that contain CO ligands [Ru(CO)4I2 and Co(CO)3NO], ion-induced decomposition is accompanied by
desorption of the majority of the CO groups. This is in marked contrast to previous studies of low-energy electron-induced reactions
with the same precursors where precursor decomposition yielded only partial desorption of the CO ligands. Conversely, argon ion
bombardment of WN(NMe2)3 led to decomposition without ligand loss. For all three precursors, the initial ion-induced
decomposition step was not accompanied by significant desorption of intact precursor molecules, while during subsequent physical
sputtering of the deposited atoms, ligand-derived organic and inorganic contaminants were removed at higher rates than the metals.
This indicates that controlled ion beam deposition conditions could be used to produce deposits with high metal contents from all
three precursors. Comparison of low-energy electron-induced reactions of these three precursors with results of this investigation
indicates that secondary electrons do not play an important role in the deposition process, but rather precursor decomposition
occurs via efficient ion−molecule energy transfer. These reactions are discussed in the context of focused ion beam-induced
deposition.

■ INTRODUCTION

Focused ion beam (FIB)-induced processing, which includes
both FIB-induced deposition (FIBID) and FIB milling/
sputtering, can be used to directly write nanoscale structures
on both planar and nonplanar substrates without the
application of masks or resists and selectively etch undesired
material.1,2 In FIBID, which is generally performed in a high
vacuum chamber, a FIB is used to decompose transiently
physisorbed organometallic precursor molecules, whereupon
the nonvolatile metal-containing fragments will deposit onto
the substrate while the volatile ligand fragments desorb.2−4

FIBID, which has also been called FIB chemical vapor
deposition (FIB-CVD), differs from other ion beam deposition
techniques in that it uses FIBs to induce localized metal
deposition from gaseous precursor molecules, as opposed to
techniques such as ion beam-assisted deposition, which
combines ion implantation and physical deposition methods.5

In addition to depositing nanostructures,6−9 both FIB
sputtering and FIBID have also been adopted commercially
as nanomodification techniques to make local repairs on
commercial lithography masks10 and edits on integrated
circuits.11 FIBID has also been used to fabricate probes

(tips) for scanning probe microscopes12 and to repair metallic
connections on nanoscale devices.13,14

Although FIBID has a number of advantages as a
nanofabrication technique, it also has several drawbacks. For
example, use of the popular gallium liquid metal ion source can
lead to gallium (Ga+) implantation in structures. In the field of
photomask repair, this can cause detrimental effects such as
reducing the mask’s optical transmission.15 Other side effects
of Ga+ implantation include amorphization, surface damage,
and low lateral resolution in deposited features.4,16,17 As an
alternative to the gallium liquid metal ion source, gas field ion
sources using helium (He+) and neon (Ne+) have also been
developed and integrated in FIB systems.18 The use of He+ has
been shown to be particularly favorable in reducing the surface
damage and lateral dimension of deposited structures
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compared to Ga+ ions.19 In one example, He+-FIBID using the
precursor Co2(CO)8 produced 10 nm laterally resolved lines
on a silicon substrate, a 10-fold improvement in resolution
compared to results obtained from the same precursor using
Ga+ ions.20 Another unavoidable drawback of FIB systems is
the competition between deposition and sputtering processes.4

In FIB and FIBID, deposition reflects the efficiency with which
the transiently adsorbed precursor molecules are converted/
decomposed into nonvolatile fragments as a consequence of
ion bombardment, while sputtering refers to the efficiency with
which the nonvolatile fragments produced by precursor
decomposition are subsequently removed by ion bombard-
ment. Because Ga+ ions typically have high sputter rates, the
use of high beam currents during deposition can result in slow
deposition rates and wasted precursor. To reduce these
sputtering effects, lower beam currents and higher precursor
fluxes (i.e., the ion-limited regime of FIBID) can be useful.18

Despite the competition between deposition and sputtering in
FIBID, the growth rate for deposits made from Co2(CO)8 with
Ga+-FIBID is 50 times higher than that with focused electron
beam-induced deposition (FEBID), a related technique which
utilizes a focused electron beam to create metal-containing
structures from organometallic precursors, where deposition
occurs in the absence of sputtering.4

Another notable issue with FIBID is that the deposit is often
contaminated by material originating from the organometallic
precursors (e.g., C, N, and O). For example, tungsten micro-
and nanostructures made by FIBID have commonly been
made from the precursor W(CO)6; deposits made using 25−
30 keV Ga+ FIBs were found to be 34−40 at. % W,2,21−23 while
structures made using 30 keV He+ FIBs were 47 at. % W.24

Cobalt-containing FIBID-deposited micro- and nanostructures
have primarily used the precursors Co(CO)3NO and
Co2(CO)8. One study using Co(CO)3NO and 30 keV Ga+

ions on SiO2 produced deposits composed of 54 at. % Co, with
contamination from gallium as well as the ligand elements.25

Another study using Co2(CO)8 and 30 keV Ga+ ions produced
deposits with metal purities of 55−60 at. % Co.4 Other
precursors have been used to deposit a variety of metals,
including MeCpPtMe3, Me2Au(hfac), and (hfac)Cu-VTMS;
however, no deposits made from these precursors have
achieved >60 at. % metal purity without the use of additional
purification methods.26−29 From these considerations, it is
clear that organometallic nanostructures created with FIBID
commonly contain unwanted contamination, likely because of
incomplete ligand desorption and/or ligand decomposition.
Such contamination can lead to high electrical resistivity in
deposits that are intended to be metallic contacts or high losses
in deposits intended to be used as plasmonic structures,
lessening their utility.
One approach to improving the application of FIBID in

producing higher purity structures without the use of
postdeposition processes is to gain insight into the
molecular-level processes that underlie deposition and to
understand how these processes vary for different precursors,
including the balance between deposition and sputtering.
Presently, however, there is a lack of understanding regarding
the molecular-level events that lead to deposition in FIBID, in
which one must consider not only the interactions between the
high energy ion beam and both the substrate (target) surface
and the precursor but also the possible interactions between
the precursor and the secondary electrons produced by the
impact of the high energy ion beam with the substrate.

Interactions between the high-energy primary ions and the
surface atoms (adsorbed precursor or substrate) are generally
believed to involve collision-induced momentum/energy
transfer from the incident ion to the surface atoms. If the
incident ion strikes the substrate, a number of energetic surface
atoms (ESAs) will be produced as a consequence of energy
transfer from the incident ions to the surface atoms. These
ESAs can transfer energy to transiently adsorbed precursor
molecules, leading to deposition; this is known as the collision
cascade model.30 It has also been argued that the interactions
of incident ions with the substrate may cause a localized
temperature spike in the near-surface regime (the thermal
spike model),30 leading to localized thermal decomposition of
precursor molecules. Under conditions where the coverage of
precursor molecules is high (the “ion-limited” deposition
regime), the contribution from direct interactions between the
primary ion and the adsorbate molecule will also be important.
Direct ion−molecule interactions will also dominate in
processes such as cryo-FIBID, which has been shown to be
an effective technique for creating nanostructures at high speed
with excellent spatial fidelity.31 A recent paper on Ga+-FIBID
using W(CO)6 with the substrate at cryogenic temperatures
demonstrated that cryo-FIBID is 600 times faster than
conventional FIBID,32 which suggests that cryo-FIBID (and
thus, direct ion−molecule interactions) may become increas-
ingly important as the field continues to develop. These ion−
molecule interactions may result in ion-induced desorption of
the precursor and/or reactions between the adsorbed
precursor and the incident ions. Moreover, it is also possible
that secondary electrons produced by the impact of the
primary ion beam with the substrate (and adsorbate
molecules) will also contribute to the deposition process
(secondary electron model).
Given the multitude of events that can contribute to FIBID,

a reductionist approach is appealing, wherein the number of
potential processes is restricted. For example, gas-phase studies
can isolate the interactions exclusively to the effects of
individual ion−molecule collisions. A recent gas-phase study
by Indrajith et al. demonstrated that ion−precursor inter-
actions may be highly dependent on the velocity and mass of
projectile ions. The study focused on the gas-phase
fragmentation of Fe(CO)5 by seven different ions (He+, Ne+,
Ne4+, Ar+, Ar3+, Kr3+, and Kr17+) with varying incident energies
(3−225 keV), demonstrating that the interactions of the
molecule with lighter ions (i.e., He+) result in electronic
excitation of the precursor molecule, while interactions with
heavier ions (e.g., Ne+ and Ar+) are predominantly controlled
by nuclear stopping power with weak contributions from
electronic excitation and localized heating of the molecule.31

An ultrahigh vacuum (UHV) surface science approach where
organometallic precursors are physisorbed onto an inert
substrate and bombarded with ions represents a step closer
to the actual conditions under which FIBID is conducted. This
approach has previously been used to elucidate the reactions
between precursor molecules and low-energy electrons (500
eV) that lead to deposition in FEBID33−36 and more recently
to compare the electron and ion-induced decomposition
reactions that lead to deposition in FEBID and FIBID.37

Previous work demonstrated a clear difference in the extent of
ligand desorption upon exposure of adsorbed (η5-Cp)Fe-
(CO)2Re(CO)5 to low-energy Ar

+ ions (860 eV) and electrons
(500 eV). Upon electron irradiation, the sequence of bond-
breaking reactions was found to consist of two steps: an initial
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step characterized by desorption of approximately half of the
CO ligands, followed by a second step characterized by
decomposition of the residual ligands. In contrast, argon ion
bombardment of adsorbed (η5-Cp)Fe(CO)2Re(CO)5 led to
complete CO desorption, followed by physical sputtering of
residual carbon, iron, and rhenium atoms, broadly supporting
the collision cascade model of deposition over the secondary
electron model.37

In the present study, we have examined the sequence of
surface reactions that accompany the interactions of low-
energy (860 eV) Ar+ ions with nanometer-thick films of three
organometallic precursors under UHV conditions using in situ
X-ray photoelectron spectroscopy (XPS) to observe changes in
bonding and chemical composition within the adsorbate layer
and mass spectrometry (MS) to identify volatile species
produced during ion bombardment. The three precursors,
Ru(CO)4I2, Co(CO)3NO, and WN(NMe2)3, have different
metal centers and different ligand types (Chart 1). This allows

us to study how organometallic structure determines reactivity
and to elucidate the sequence of elementary reaction steps that
accompany ion−molecule interactions. Ion-induced reactions
are discussed in terms of not only the deposition processes and
associated bond-breaking events but also the balance between
deposition and sputtering. Further, we compare our results to
studies of the low-energy (500 eV) electron-induced
decomposition of the same precursors and consider our results
in the broader context of various FIBID deposition models.

■ METHODS
Synthesis. General. Unless otherwise stated, all reactions

were carried out under an inert atmosphere (N2) using
standard Schlenk techniques. Unless otherwise specified, all
reagents were purchased from Sigma-Aldrich and used without
further purification. Solvents were purified using a MBraun
MB-SP solvent purification system and stored over 4 Å
molecular sieves. Ru(CO)4I2 was synthesized as described in
the literature38−40 and characterized by comparison to
literature data.38,39 WN(NMe2)3 was synthesized according
to established literature methods.41−43 Co(CO)3NO was
purchased from Strem Chemicals.
Surface Science Experiments. General. All surface

science experiments were performed in an UHV chamber
equipped with an X-ray photoelectron spectrometer (PHI
5400 with Mg Kα anode), quadrupole mass spectrometer
(QMS, Balzers Prisma QMA 200), flood electron gun, and ion
gun.44−46 Precursors were placed in glass fingers and attached
to a UHV-compatible leak valve in a glovebox, which was then
attached to the UHV chamber. Ru(CO)4I2 was heated to 40−
45 °C and adsorbed onto a cooled gold substrate (polycrystal-
line Au foil) (−100 °C) to form ≈1.6 to 1.7 nm thin films.
Polycrystalline Au foil was chosen for the surface science study
because of its relative ease of cleaning, and there is no spectral
overlap of Au(4f7/2) with any of the prominent Ru, Co, W, C,

N, or O XPS transitions. Co(CO)3NO was dosed at room
temperature onto a cooled gold substrate (−130 °C) and
formed thin films of ≈1.1−1.4 nm thickness. WN(NMe2)3 was
heated to 80−85 °C and adsorbed onto a cooled gold substrate
(−100 °C) to form ≈1.5 to 2.0 nm thin films. For each
precursor, film thickness was determined by measuring the
attenuation of the Au(4f) substrate signal upon adsorp-
tion.44−46 During XPS analysis and ion bombardment,
substrate temperatures were held constant at the same
temperature used for precursor adsorption (±5 °C) to avoid
any complications from thermal effects. Previously published
control studies on the effects of X-ray irradiation on
Ru(CO)4I2 and Co(CO)3NO films demonstrated that changes
to the XPS spectral profiles caused by X-ray irradiation occur at
a much slower rate than those caused by Ar+ exposure; thus, all
experimentally observed changes are associated with Ar+

exposure.33,34,47,48 For WN(NMe2)3, the effect of X-ray
irradiation was assessed as part of this investigation and is
discussed in the Results and Discussion section pertaining to
WN(NMe2)3. Both the Ar+ and electron beams were
defocused to ensure that the entire 1 cm2 substrate surface
was exposed to ions or electrons, respectively. Mass spectra
could not be acquired during Ar+ bombardment of WN-
(NMe2)3 because of fouling of the QMS filament by the
precursor.

Ion Bombardment. Ion bombardment was performed using
a PerkinElmer PHI model 04-303 differentially pumped ion
gun with a primary Ar+ beam energy of 880 eV and a substrate
bias of +20 eV (to prevent the escape of secondary electrons),
giving a relative beam energy of 860 eV. The ion beam was at
≈45° with respect to the surface normal, giving a beam energy
of approximately 600 eV along the surface normal. The
primary ion current density for the experiments performed on
Ru(CO)4I2 and WN(NMe2)3 was calculated to be ≈40 nA/
cm2 while that for the experiments performed on Co(CO)3NO
was ≈70 nA/cm2.

Electron Irradiation. Electron irradiation was performed
using a Specs FG 15/40 commercial flood gun with an incident
electron energy of 500 eV, calculated from the energy of the
flood gun (480 eV) and the substrate bias (+20 eV). The
sample was rotated during electron irradiation so that the
electron beam was incident along the surface normal. Electron
flux is reported in terms of dose (e−/cm2; 1 × 1017 e−/cm2 =
1.6 mC/cm2).

■ RESULTS AND DISCUSSION
Ru(CO)4I2. Figure 1 depicts the evolution of XPS spectra for

the C(1s)/Ru(3d), O(1s), and I(3d5/2) regions of Ru(CO)4I2
films with increasing ion beam exposure dose. The spectra of
the nanometer-thick Ru(CO)4I2 molecular film before ion
beam exposure are depicted in each region (Ar+ ion dose = 0
mC/cm2).
To make a clear comparison between the C(1s) and Ru(3d)

peaks (which overlap), the spectra have been deconvoluted.
Before ion beam exposure, there are four peaks in the C(1s)/
Ru(3d) region centered at 294.4, 289.2, 287.4, and 283.2 eV.
The two higher binding energy peaks (depicted in blue in
Figure 1a) at 289.2 and 294.4 eV can be attributed to the
C(1s) peak and the π−π* transition (barely visible in Figure
1a) of the CO ligand associated with metal carbonyls,
respectively.49,50 The two lower binding energy peaks at
283.2 and 287.4 eV (depicted in red) are assigned to the
Ru(3d5/2/3d3/2) doublet associated with molecular Ru-

Chart 1. Structures of the Three Organometallic Precursors
Used in This Study
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(CO)4I2.
51,52 The O(1s) region initially has two peaks: a large

peak centered at 535.2 eV and a smaller peak centered at 541.5
eV. The larger peak is attributed to the CO ligand, while the
smaller peak is a π−π* shake up feature. Prior to ion beam
exposure, the I(3d5/2) region consists of a single peak, centered
at 619.8 eV (see Figure 1b).53−56

As a consequence of ion beam exposure, there is a significant
decrease in the intensities of the two peaks associated with the
initial Ru species (shown in red in Figure 1a) and a concurrent
growth in two peaks centered at 281.7 and 285.9 eV (shown in
green in Figure 1a). These new peaks are assigned,
respectively, as the Ru(3d5/2) and Ru(3d3/2) peaks associated
with the species produced by ion bombardment. The
intensities of the peaks associated with the product Ru species
remain relatively constant up to 0.036 mC/cm2 but decrease in
intensity for larger ion doses. The C(1s) peak intensity rapidly
decreases upon ion irradiation; after an ion dose of 0.036 mC/
cm2, no C(1s) peak is visible.
In the O(1s) region, ion beam exposure produces a rapid

decrease in oxygen atom coverage. For ion doses higher than
0.036 mC/cm2, there is no observable oxygen remaining. In
the I(3d5/2) region, ion exposure initially has little effect, but
Ar+ doses higher than ≈0.024 mC/cm2 cause the intensity of
the iodine peak to decrease systematically. Minimal iodine is
observed at ion doses higher than 0.072 mC/cm2.
The solid symbols in Figure 2 represent the variation in the

integrated spectral intensity within the C(1s), Ru(3d), O(1s),
and I(3d5/2) regions as a function of ion beam exposure dose.
Each data point represents the integrated XPS spectra for the
respective element after a period of ion beam bombardment,

normalized to the value measured for the unexposed
Ru(CO)4I2 film. As can be seen in Figure 2a,b, the initial
effect of Ar+ bombardment is to remove all oxygen and carbon
atoms from the surface. This change occurs over the same
regime as the reduction in binding energy in the Ru XPS but
does not lead to any change in the Ru or I atom coverage.
Thus, after an ion dose of 0.0024 mC/cm2, analysis of Figure
2a and b shows that the coverage of C and O atoms has all but
disappeared, while Ru and I coverages are left unchanged from
their initial values. For ion doses between 0.024 and 0.072
mC/cm2, the dominant change is iodine loss, followed by the
loss of Ru atoms at ion doses in excess of 0.072 mC/cm2.
Figure 3 demonstrates the normalized kinetics of CO

desorption characterized by the MS signal at 12 amu (C+, black
solid line) overlaid with the fractional coverage of carbonyl
ligands in the O(1s) XPS region (red boxes). Here, m/z = 12
was used to follow the CO desorption kinetics instead of m/z
= 28 because the signal at m/z = 28 may also contain intensity
from other species present (e.g., N2). The inset in Figure 3
demonstrates that intact CO desorption accompanies ion
bombardment. At an ion exposure dose of 0.00008 mC/cm2,
the only significant MS peaks detected are those associated
with Ar+ (m/z = 40), Ar2+ (m/z = 20), and CO (m/z = 28, 16,
and 12, corresponding to CO, O, and C, respectively).
Upon low Ar+ exposure (ion doses < 0.036 mC/cm2), the

initial Ar+-induced process is the decomposition of Ru(CO)4I2,
leading to the dissociation and desorption of all the four CO
ligands.

σ
+ → + ↑+Ru(CO) I 860 eV Ar RuI 4CO4 2(ads) (g)

1
2(ads) (g)

(1)

The assertion that all four CO ligands desorb intact is
supported by the correlation between the CO desorption

Figure 1. Evolution of the C(1s)/Ru(3d), O(1s), and I(3d5/2) XPS
regions for ≈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
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).

Figure 2. Change in fractional coverage of O, C, I, and Ru atoms as a
function of increasing Ar+ dose. The graphs (a,c,d) were fit by the
integrated rate functions shown in eqs 2, 4, and 6, respectively.
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kinetics and the loss of all oxygen atoms from the surface, as
well as the desorption of intact CO observed by MS (Figures 3,
S1, and S2). The fractional coverage of oxygen was chosen to
measure the CO coverage rather than that of carbon because of
the higher relative sensitivity of the O(1s) signal as compared
to the C(1s) signal as well as the overlap between the
Ru(3d3/2) and C(1s) peaks, which produces greater error in
the quantification of the C atom coverage. Interestingly, this
ion-induced decomposition step occurred in the absence of
any ion-induced desorption of the precursor (molecular
sputtering), as can be seen by the lack of Ru desorption in
this regime (Figure 2). Moreover, it should be noted that the
decrease in the binding energy of Ru atoms observed by XPS
that accompanies CO desorption (Figure S3) is consistent
with the electronic changes at the metal center upon removal
of the backbonding to the π-acid CO ligands.
The cross section of ion-induced Ru(CO)4I2 decomposition

(σ1) can best be determined by fitting the loss of oxygen signal
to a first-order decay function

= σ−O
O

e dd

0

1

(2)

Here, σ1 is the decomposition cross section, d is the ion dose,
Od is the oxygen coverage at dose d, and O0 is the oxygen
coverage at d = 0 mC/cm2. This equation was fit to the O(1s)
coverage, as shown in Figure 2a, and the cross section (σ1) was
found to be 2.3 × 10−15 cm2 (R2 = 0.99).
For Ar+ ion exposures between ≈0.036 and 0.072 mC/cm2,

all CO has desorbed and iodine sputtering almost exclusively
dominates, as can be seen in Figures 1 and 2. Consequently,
after an Ar+ dose of 0.072 mC/cm2, Ru is effectively the only
species remaining in the deposit (≈90 at. % Ru) with a
coverage almost unchanged from its initial value. This second
reaction step can therefore be described as

σ
+ →+RuI 860 eV Ar Ru2(ads) (g)

2
(ads) (3)

This reaction is not intended to show the form of the sputtered
iodine species but rather to reflect the effect of Ar+ exposure.
Based on eqs 1 and 3, the decrease in iodine atom coverage

occurs only after the formation of RuI2; thus, the loss of iodine
may be described by the following equation

σ σ
σ σ

= −
−

σ σ− −I
I

e ed d
d

0

2 1

2 1

1 2

(4)

where Id is the iodine coverage at dose d, I0 is the iodine
coverage at d = 0 mC/cm2, σ1 is the decomposition cross
section for eq 1 (228.8 × 10−17 cm2), σ2 is the decomposition
cross section for eq 3, and d is the Ar+ dose.
Results of the data analysis using this fitting procedure are

shown as the solid red line in the iodine region of Figure 2,
wherein σ2 was determined to be 50.1 × 10−17 cm2 (R2 = 0.99).
Notably, this fitting accounts for the slight delay in the loss of
iodine for small Ar+ doses (<0.010 mC/cm2) because of the
prerequisite of RuI2 formation.
For higher ion exposure doses (≥0.072 mC/cm2), where all

of the CO ligands have desorbed and most of the iodine has
been sputtered, ruthenium sputtering occurs (Figure 1a,d).
This process can be described by eq 5 (Note: Because the
volatile ruthenium and iodine species have not been
determined, they have been omitted and the reaction is
therefore not balanced):

σ
+ →+Ru 860 eV Ar clean substrate(ads) (g)

3
(5)

Here, σ3 is the decomposition cross section associated with eq
5. The integrated rate function for coverage of Ru atoms can
therefore be written as
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(6)

Here, Rud is the ruthenium coverage at dose d, Ru0 is the
ruthenium coverage at d = 0 mC/cm2 dose, σ1 is the cross
section for eq 1 (228.8 × 10−17 cm2), σ2 is the cross section for
eq 3 (50.1 × 10−17 cm2), σ3 is the cross section for eq 5, and d
is the Ar+ dose. This function (eq 6) was fit to the Ru coverage
data in Figure 2d and the results are shown as a solid red line,
giving a cross section (σ3) of 1.2 × 10−16 cm2 (R2 = 0.98). This
model provides a rationale for the clearly visible delay in the
onset of Ru loss observed experimentally in Figures 1 and 3. In
addition to providing a viable kinetic model to explain the
experimental data, the cross sections indicate that the rate of
the initial ion-induced decomposition of the Ru(CO)4I2
precursor leading to CO loss is about 5 times faster than the
physical sputtering of I from RuI2, which in turn is itself about
5 times faster than the rate of Ru sputtering.

Comparison with Electron-Induced Surface Reactions. An
analogous UHV surface science approach has also recently
been used to elucidate the reactions between Ru(CO)4I2 and
low-energy electrons (500 eV). Results from these studies
revealed that electron exposure produced an initial loss of two
CO ligands.48 This was contextualized as the initial step
leading to deposition in FEBID, with the remaining two CO
ligands desorbing from the partially decarbonylated inter-
mediate at a much slower rate.48 Comparing the two results,

Figure 3. Kinetics of CO [followed using m/z = 12 amu (C+)]
desorption from an adsorbed Ru(CO)4I2 film and its correlation with
the fractional coverage of O atoms as observed by XPS. MS and XPS
signals were both normalized to their values at the onset of ion
bombardment. The inset shows the mass spectrum of species
desorbing from the Ru(CO)4I2 film after 0.00008 mC/cm2 of ion
beam bombardment.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://dx.doi.org/10.1021/acs.jpcc.0c07269
J. Phys. Chem. C 2020, 124, 24795−24808

24799

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c07269/suppl_file/jp0c07269_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c07269/suppl_file/jp0c07269_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07269?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07269?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07269?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07269?fig=fig3&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c07269?ref=pdf


the electron-induced decomposition of adsorbed Ru(CO)4I2
clearly differs from Ar+-induced decomposition; electron
exposure produced an initial loss of only two CO ligands,
while all four CO ligands were lost in the first Ar+-induced
ligand dissociation step. Additionally, the Ar+-induced ligand
dissociation reaction proceeds much faster than the initial
electron-induced CO loss step, which was found to be
complete after an electron dose of 1.6 mC/cm2, while the
initial ion-induced CO loss step (eq 1) is complete after an ion
dose of 0.036 mC/cm2.
Co(CO)3NO. Figure 4 shows the XPS spectra of the C(1s),

O(1s), N(1s), and Co(2p3/2) regions of Co(CO)3NO films

(≈1.1−1.4 nm) before (0 mC/cm2) and after exposure to
increasing doses of 860 eV Ar+ ions. In the C(1s) region, a
nonlinear background was observed and subtracted from the
C(1s) spectra, as illustrated in Figure S4.
Prior to Ar+ bombardment, the C(1s) region consists of two

peaks: a prominent peak centered at 287.5 eV (depicted in
red) associated with the CO ligands and a smaller second peak
centered at 293.1 eV (shown in green) associated with the
π−π* (shake-up) transition common in transition metal
carbonyls.54,57 The pristine N(1s) region exhibits a single
peak at 401.1 eV (shown in red) assigned to the NO ligand.47

In the O(1s) region, two peaks exist prior to ion bombard-
ment: a dominant peak centered at 534.0 eV that has
contributions from both the CO and NO ligands47 and a
smaller peak at 539.9 eV associated with a π−π* transition54

common to both CO and NO ligands. The unexposed
Co(2p3/2) region exhibits a single peak at 780.0 eV (depicted
in blue) along with a Shirley background (depicted in black)
typical for transition metal XPS transitions.34,47,58

Following Ar+ exposure, both the CO and π−π* peaks in the
C(1s) region decrease in intensity and a small new peak
appears at 284.7 eV (blue curve), assigned to graphitic carbon
(Cads). The intensity of this peak grows until an Ar+ dose of
0.17 mC/cm2 but decreases thereafter. After an Ar+ dose of
1.01 mC/cm2, no detectable carbon remains on the surface. In
the N(1s) region, Ar+ exposure produces a decrease in the
intensity of the NO feature and a simultaneous growth of a
new peak at 398.1 eV (depicted in blue), assigned to a nitride
species,34,59 whose intensity continuously increases for Ar+

doses <0.021 mC/cm2; at larger ion doses, this peak decreases
in intensity. Similar to the C(1s) region, almost no nitrogen
atoms are observed on the surface after an Ar+ dose of 1.01
mC/cm2. Upon Ar+ exposure, the O(1s) region is dominated
by a loss of intensity for all peaks (CO, NO, and shake-up),
with a simultaneous growth of a small peak at 529.8 eV
associated with an oxide.60 Similar to the nitride peak in the
N(1s) region, the oxide peak grows in intensity for an Ar+ dose
of 0.17 mC/cm2, after which it decreases in intensity. At an Ar+

dose of 1.01 mC/cm2, all oxygen has been removed from the
surface.
Argon ion exposure causes the Co(2p3/2) peak to broaden

and shift to lower binding energy. The overall peak profile can
be fit by two components: one associated with the parent
molecule (blue) with peak at 779.9 eV, which decreases in
intensity with Ar+ bombardment, and a new species with a
binding energy of 778.6 eV that initially increases in intensity

Figure 4. XPS spectra of the C(1s), N(1s), O(1s), and Co(2p3/2)
regions of adsorbed ≈1.1−1.4 nm thick Co(CO)3NO films as a
function of increasing 860 eV Ar+ bombardment (bottom to top).
The C(1s), N(1s), and Co(2p3/2) regions show peak deconvolutions,
explained in the text. The Shirley background is shown in the
Co(2p3/2) region, as well as the envelope (sum of the fits, light green)
and the raw intensity (black circles).

Figure 5. (a) Fractional coverage of NO (blue filled squares), CO (red filled circles), and parent Co species as measured by XPS, plotted as a
function of Ar+ dose. (b) Mass spectrum of fragments desorbing from a film of Co(CO)3NO measured after an Ar+ dose of 0.015 mC/cm2. The
peak at m/z = 14 is considered a background peak as it does not change in intensity when the ion gun is turned off (see Figure S5). The inset shows
the kinetics of gas-phase CO desorption from an adsorbed Co(CO)3NO film during Ar+ bombardment as measured by the m/z = 12 (C(g)) MS
peak (black line) overlaid with the fractional coverage of CO as measured by the respective C(1s) XPS peak (red filled circles).
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with Ar+ bombardment (depicted in pink in Figure 4). The
binding energy and shape of this new peak is similar to those of
both metallic cobalt and cobalt nitride, which have similar
binding energies and peak shapes, and the peak shape was
deconvoluted by using the standard asymmetric peak shape
(LA(1.2,5,5)) described for the cobalt metal sample.58,61

Analysis of the Co(2p3/2) region reveals that the product
species continues to increase in intensity for an Ar+ dose of
0.17 mC/cm2 but decreases thereafter, albeit at a slower rate
than the loss of C, O, and N species. After an ion dose of 1.01
mC/cm2, aside from a small amount of residual nitrogen, the
only species remaining on the surface is the cobalt species
produced by Ar+ bombardment.
In Figure 5a, the fractional coverage of NO (blue solid

squares), CO (red solid circles), and parent Co (pink solid
triangles) species, as measured by their respective N(1s),
C(1s), and Co(2p3/2) XPS profiles, is plotted as a function of
Ar+ dose. As can be seen in Figure 5a, the loss of CO, NO, and
the parent Co species follow the same dependence on Ar+

exposure. In Figure 5b, the mass spectrum of fragments
desorbing from the Co(CO)3NO film after an Ar+ exposure of
≈0.015 mC/cm2 is shown. The only significant MS peaks
detected are those associated with Ar+ (m/z = 40), Ar2+ (m/z
= 20), and CO (m/z = 28, 16, and 12 corresponding to CO, O,
and C, respectively). The peak at m/z = 14 is identified as a
background peak as described in Figure S5. Thus, CO is the
only ligand observed to desorb during ion bombardment. The
lack of NO desorption is most clearly evidenced by the absence
of a peak at m/z = 30, the dominant peak in the electron
impact ionization MS of NO.62 The inset in Figure 5b shows
the normalized kinetic trace of CO desorption (as measured by
m/z = 12, C+) during Ar+ bombardment of a Co(CO)3NO
film overlaid with the fractional coverage of CO remaining on
the surface (as measured in Figure 4 by the C(1s) peak
associated with CO). As shown in Figure 5b (inset), the rate of
CO desorption is qualitatively similar to the loss of CO from
the surface (red dots) as measured by XPS.
Figure 6a depicts the changes in fractional coverage of

graphitic carbon, oxide, and nitride species as a function of Ar+

dose. To facilitate a direct comparison, all of the data points in
Figure 6 were normalized to the maximum XPS intensity
observed for each species. Prior to ion irradiation, there is no
detectable coverage of any of these three species on the
surface. As can be seen in Figure 6a, the relative coverage of
each of these species follows a similar profile, increasing in
intensity upon ion irradiation until a peak is reached between
0.05 and 0.2 mC/cm2, decreasing thereafter. In Figure 6b, the
variation in the total Co atom coverage (pink open triangles) is
plotted along with the contribution from the Co species
produced by ion irradiation (purple filled inverted triangles).
In the initial stages of Ar+ exposure (<0.2 mC/cm2), the
product Co species grows in intensity without any loss of Co
atoms from the surface. This occurs over a similar ion dose
regime to the loss of the NO and CO groups (Figure 5) and
the growth of the oxide, nitride, and graphitic carbon species
(Figure 6). At higher Ar+ doses (>0.2 mC/cm2), Co is seen to
be lost from the surface, albeit at a slower rate than that of
graphitic carbon, oxide, and nitride species.
Analysis of Figures 4−6 demonstrates that the Ar+-induced

reactions of adsorbed Co(CO)3NO occur via two sequential
steps. The first step predominates at ion doses <0.2 mC/cm2

and involves the ion-induced decomposition of adsorbed
Co(CO)3NO. This initial step is characterized by loss of the

CO, NO, and parent Co species (Figures 4 and 5a). Each of
these species follows a similar kinetic loss profile (Figure 5a),
indicating that each process is correlated with the other.
Analysis of Figures 4 and 6 shows that during this same regime,
there is a concurrent formation of nitride and product Co
species, along with the formation of smaller fractional
coverages of oxide and graphitic carbon; each of these three
species also follows a similar kinetic profile to one another.
Figure S6 shows that on average, each Co(CO)3NO

molecule decomposes to form 0.22 graphitic carbon (Cads)
atoms and 0.26 oxide ions. Because of the similarity in the
coverage of graphitic carbon and oxide species, coupled with
the overlap in their intensity profiles (Figure S6), it seems
likely that these species originate from the decomposition of a
small fraction of the CO ligands. This agrees with the XPS
(Figure 5a) and MS data (Figure 5b), which indicate that the
overwhelming majority (>90%) of the CO ligands desorb
intact. In contrast, the N(1s) region indicates that during
precursor decomposition, the NO ligands undergo stoichio-
metric conversion to yield a cobalt nitride species in the
absence of any NO desorption. However, analysis of the
change in total coverage of oxygen during Co(CO)3NO
decomposition indicates that oxygen atoms in the NO ligands
desorb (presumably as ROS) rather than being incorporated
into the deposit.
The initial step of ion-induced decomposition of Co-

(CO)3NO can therefore be summarized as

+ → + −

+ + ≈

+ x

x x

Co(CO) NO Ar CoN(O ) (3 )CO

ROS C ( 0.25)

x3 (ads) (g)

(graphitic) (7)

Interestingly, despite the significant energy being imparted to
the adsorbate by the ion beam, no ion-induced molecular
desorption is observed as evidenced by the lack of Co
desorption (Figure 6b) during the precursor decomposition.

Figure 6. Changes in the coverage of (a) oxide (red filled squares),
nitride (blue filled circles), and Cads (black filled triangles) species and
(b) total Co (pink open triangles) and product Co species (purple
filled inverted triangles) as a function of increasing Ar+ dose. In (a),
signal intensities have been normalized to the maximum values
observed during ion bombardment to make their temporal evolution
clearer and while in (b), signal intensities have been normalized to the
Co signal observed prior to ion bombardment.
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This selectivity for CO desorption over NO desorption
upon Ar+ bombardment may be a consequence of the low
metal−carbonyl bond dissociation energies (BDEs), in
comparison to metal−nitrosyl BDEs, because of the stronger
backbonding behavior of the nitrosyl group.63,64 For Co-
(CO)3NO, BDEs for the Co−CO and Co−NO ligands were
calculated to be 1.26−1.42 and 1.63−1.70 eV, respectively.64,65
Further, the internal BDE for CO is 11.08 eV, higher than
the 7.5 eV for NO bonds.66 Interestingly, this selectivity for
CO desorption over NO desorption has also been previously
observed in both electron-induced34 and CVD67 reactions of
Co(CO)3NO.
The second Ar+-induced reaction step, which predominates

at ion doses >0.2 mC/cm2, is characterized by physical
sputtering of the oxide, graphitic carbon, and nitride species
produced by the ion-induced decomposition of Co(CO)3NO,
along with a slower sputtering of the cobalt atoms associated
with the cobalt nitride (Figures 4 and 6). This can be
expressed as eq 8 (Note: Because the nature of volatile carbon,
oxygen, and nitrogen species removed by sputtering is not
determined, they have been omitted and the reaction is
therefore not balanced)

+ + →

≈

+x

x

CoN(O ) C Ar Co

( 0.25)

x(ads) (graphitic) (ads)

(8)

Figure 6 shows that the sputter rates of the ligand-derived
species (C, O, and N) are all similar to one another but about
2.6 times higher than that of the product cobalt atoms.
Overall, the Ar+-induced reactions of adsorbed Co(CO)3NO

can be described by an initial decomposition step (eq 7),
which leads to the loss of most of the CO ligands (≈2.75) with
the residual CO ligands decomposing into graphitic carbon
and oxide, accompanied by complete decomposition of the
NO ligands into adsorbed nitride and ejected oxygen. This is
followed by a second step (eq 8) characterized by sputtering of
the residual C, O, and N species at a faster rate than that of Co.
Qualitatively, this sequence of reaction steps helps to
rationalize the ≈50 at. % Co in FIBID nanostructures created
from Co(CO)3NO,

25 despite the presence of only ≈10 at. %
Co in the precursor.
Comparison with Electron-Induced Surface Reactions. A

previous study of the electron-induced decomposition of
adsorbed Co(CO)3NO by Rosenberg et al. showed that
electron-induced reactions also proceeded in two steps: an
initial desorption of half of the CO ligands (x ≈ 1.5)
accompanied by decomposition of the NO group and the
formation of a cobalt oxynitride. The residual CO groups
decomposed under the influence of further electron beam
irradiation, further oxidizing the cobalt atoms.34 This is
substantially different from the Ar+-induced reactions seen
here, wherein almost all of the CO ligands (≈2.75) desorb in
the initial step, while decomposition of NO is accompanied by
the formation of cobalt nitride and ejection of the oxygen
atoms.
WN(NMe2)3. Figure 7 shows the evolution of the C(1s),

N(1s), and W(4f) XPS regions of a thin film (≈1.2 nm) of
WN(NMe2)3 bombarded with 860 eV Ar+ ions. Any effects of
X-ray irradiation during XPS analysis on the WN(NMe2)3 film
are anticipated to be similar to those of electron irradiation, as
has been shown in previous studies.33 Because no changes in
either composition or XPS peak positions are observed upon
500 eV electron irradiation of WN(NMe2)3 thin films

(Supporting Information, Figure S7), the spectral changes
observed in Figure 7 can be attributed solely to Ar+

bombardment.
The spectra at the bottom of Figure 7 (ion dose = 0 mC/

cm2) show the as-deposited, unirradiated WN(NMe2)3 film. In
these spectra, the C(1s) region consists of a single peak at
287.1 eV, assigned to the three NMe2 ligands (N(CH3)2).

68

The N(1s) region also consists of a single peak centered at
≈399.6 eV, likely a convolution of the nitrido nitrogen peak
(WN(NMe2)3)

69 and the dimethylamido nitrogen peak
(WN(NMe2)3).

68,69 In the W(4f) region, two peaks can be
seen at 35.0 and 37.2 eV, respectively, corresponding to the
W(4f7/2) and W(4f5/2) peaks associated with the parent
compound and similar to previous values for W(VI)
compounds.70,71 These peaks have been deconvoluted and
are shown as red curves in Figure 7, labeled “Wpar”.
Upon Ar+ bombardment, the C(1s) peak decreases in

intensity and broadens considerably; after an ion dose of 0.14
mC/cm2, no carbon atoms remain. In the N(1s) region,
increasing Ar+ exposure also leads to a systematic decrease in
spectral intensity, although the N(1s) peak broadens and splits
into two differentiable peaks at ≈398.5 and 400.9 eV. We
tentatively assigned the lower binding energy peak to the N
species directly bonded to the W atom, with the higher binding
energy being indicative of the formation of CNx species.43

After an Ar+ dose of 0.14 mC/cm2, the N(1s) peak cannot be
discerned from the baseline.
The most significant spectral changes due to Ar+ bombard-

ment appear in the W(4f) region. Within the first 0.0072 mC/
cm2 of Ar+ exposure, the W(4f) peaks associated with the
parent WN(NMe2)3 broaden substantially and the W(4f)
profile shifts to lower binding energy. The resultant W(4f)
spectral envelope can be fit by a combination of the parent W

Figure 7. XPS spectra of the C(1s), N(1s), and W(4f) regions of a
thin film (≈1.2 nm) of WN(NMe2)3 as a function of increasing 860
eV Ar+ bombardment (bottom to top). The W(4f) peaks have been
deconvoluted, as explained in the text.
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compound and a new species with W(4f7/2)/W4f(5/2) peaks at
≈34.2 and 36.4 eV, respectively (blue curves in Figure 7),
indicative of an intermediate tungsten species (labeled “Wint”
in Figure 7) with a binding energy similar to tungsten
carbonitride (WNxCy) species produced during CVD from
WN(NMe2)3.

41 Continued Ar+ irradiation (>0.0072 mC/cm2)
causes the W(4f) peaks associated with the intermediate (Wint)
to continue to increase in intensity while the peaks associated
with the parent compound (Wpar) disappear. After an Ar+ dose
of 0.072 mC/cm2, a second new W species (green curves in
Figure 7) appears with W(4f7/2) and W(4f5/2) peaks at ≈32.4
and 34.6 eV, respectively, associated with a highly reduced
form of tungsten (labeled “Wreduced” in Figure 7).

33 Further Ar+

exposure leads predominantly to an overall decrease in spectral
intensity within the W region, with both the intermediate and
highly reduced forms of W present. After an Ar+ dose of 0.14
mC/cm2, the highly reduced W species has a W(4f7/2) binding
energy of 32.2 eV, approaching the value of bulk metallic
tungsten [W(4f7/2) = 31.4].57

Figure 8a shows the relative coverage of carbon (red filled
circles) and nitrogen (red open inverted triangles) as a

function of Ar+ dose, as well as the change in the thickness of
the adsorbate film (blue filled squares). The total carbon and
nitrogen coverages both show a very similar dependence on
Ar+ dose to that of the film thickness, with an approximate 70%
decrease during the initial ≈0.08 mC/cm2 of Ar+ exposure.
Conversely, the total tungsten coverage (Figure 8b) remains
relatively constant (≈20% loss) during this period.
Figure 8b shows the relative coverage of tungsten (orange

filled circles), as well as the three tungsten species identified in
Figure 7: the parent compound (Wpar, red filled inverted
triangles), the intermediate species (Wint, blue filled squares),
and the highly reduced species (Wreduced, green filled
diamonds). Ar+ exposure is seen to cause a rapid conversion
of WN(NMe2)3 into the intermediate WNxCy species. At an

Ar+ dose of about 0.02 mC/cm2, none of the parent tungsten
species remains on the surface. For Ar+ doses >0.02 mC/cm2,
the reduced tungsten species appears, comprising about 40% of
the initial tungsten signal after about 0.7 mC/cm2 of Ar+

exposure. At higher Ar+ doses (>0.7 mC/cm2), the conversion
of the intermediate WNxCy species to the highly reduced form
of W is accompanied by a measurable loss of tungsten atoms
due to sputteringabout 50% of the initial tungsten coverage
remains after an Ar+ dose of 0.14 mC/cm2.
As is evident in Figures 7 and 8, the initial effect of Ar+

bombardment (<0.02 mC/cm2) is the conversion of adsorbed
WN(NMe2)3 to an intermediate tungsten species with a
binding energy that supports the formation of a tungsten
carbonitride (WNxCy) species. Indeed, after an Ar+ dose of
≈0.02 mC/cm2, the only tungsten species present on the
surface is WNxCy. At this stage of the reaction, the N(1s)
region contains two peaks, possibly because of the presence of
WNxCy and CNx species. Because Ar+-induced formation of
WNxCy is accompanied by the loss of about 40% of the C and
N atoms (Figure 8a), this initial regime of ion-induced
precursor decomposition can be represented as

+

→ +

+WN(NMe ) Ar (860 eV)

WN C CNx y x

2 3(ads) (g)

(ads) (ads) (9)

For Ar+ doses of 0.02−0.08 mC/cm2, the tungsten
carbonitride (WNxCy) species begin to undergo further Ar+-
induced conversion to a reduced form of W (Wreduced), with a
binding energy that approaches metallic tungsten. This process
is not accompanied by any sputtering of W atoms (Figure 8b)
but is accompanied by the loss of carbon and nitrogen at
similar rates. Thus, this step can be qualitatively represented by

+ + →+WN C C N Ar (860 eV) Wx y y z(ads) (ads) (g) (reduced)

(10)

We note here that, because the nature of the volatile carbon
and nitrogen species removed by sputtering was not
determined, they have been omitted and the reaction (eq
10) is therefore not balanced.
At higher Ar+ doses (>0.08 mC/cm2), this second reaction

step competes with sputtering of the reduced tungsten species
(Wreduced), leading to a decrease in the W atom coverage. The
close correlation between film thickness and the coverage of C
and N atoms supports the elementary reaction steps described
in eqs 9 and 10.

Comparison with Electron-Induced Surface Reactions. In
contrast to the effects of Ar+ exposure, electron irradiation of
adsorbed WN(NMe2)3 (Figure S7) produces only peak
broadening in the C(1s), N(1s), and W(4f) regions; no
carbon, nitrogen, or tungsten atoms are removed from the
surface and the film thickness does not change over an electron
dose of 54 mC/cm2 (Figure S8). Given the known propensity
for electron irradiation to induce hydrogen loss via C−H bond
cleavage,72−74 the overall effect of electron irradiation appears
to be limited to the decomposition of the NMe2 ligands into
adsorbed nitrogen and carbon species, which can be
represented by

+ → +−WN(NMe ) e WN C Hx y2 3(ads) (ads) 2(g) (11)

Figure 8. Relative coverage of (a) carbon (dark red filled circles),
nitrogen (red open inverted triangles), and film thickness (blue filled
squares) and (b) tungsten (orange circles) and the tungsten
speciation shown in Figure 7: Wpar (red inverted triangles), Wint
(blue squares), and Wreduced (green diamonds) upon exposure to 860
eV Ar+. The lines in (b) are not intended to imply any fit but rather
are meant to guide the eye.
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■ SUMMARY

The initial effect of Ar+ ion bombardment upon each of the
three precursors is to decompose the adsorbed molecular
precursor into a metal-containing deposit (eqs 1, 7, and 9). For
two of the three precursors [Ru(CO)4I2 and Co(CO)3NO],
this decomposition step is accompanied by desorption of all
(Ru(CO)4I2) or most (>90%, Co(CO)3NO) of the CO
ligands with concomitant production of RuI2 and CoNx.
Subsequently, the sputtering of iodine and nitride species leads
to the reduction of the metals. A comparison of these results
with the corresponding effects of low-energy electrons reveals
that, although electron irradiation also leads to CO desorption
from both precursors, the extent of CO desorption is
measurably less extensive.34,48 These differing effects of ion
and electron beam irradiation on metal carbonyls mirror recent
results obtained on a bimetallic organometallic complex,
CpFe(CO)2Re(CO)5.

37 Despite the prevalence of CO
desorption in the present investigation, a small amount of
CO decomposition was observed during ion-induced decom-
position of Co(CO)3NO, resulting in production of graphitic
carbon and a small degree of cobalt oxidation. In previous
studies of low-energy electron reactions with organometallic
precursors, formation of graphitic carbon and simultaneous
metal oxidation has also been observed, although its formation
was ascribed to the electron-stimulated decomposition of
partially decarbonylated intermediates from the initial
decomposition step.33,34 In contrast, the ion-induced CO
decomposition in Co(CO)3NO is correlated with precursor
decomposition (compare Figures 5a and 6a). This suggests
that it represents one possible decomposition pathway for the
precursor, albeit with a significantly lower probability than CO
loss. This reaction partitioning is analogous to the observation
of a small number of C and O species in the ion-induced
reactions of gas-phase Fe(CO)5, which are also dominated by
CO loss.31

In contrast to the almost complete desorption of CO
ligands, the NO ligand in Co(CO)3NO undergoes stoichio-
metric decomposition as a consequence of ion bombardment,
analogous to the effect of low-energy electrons.34 Unlike the
effect of low-energy electrons, however, ion-induced decom-
position of NO causes desorption of all of the associated
oxygen atoms to yield cobalt nitride, while electron-stimulated
NO decomposition leads to oxynitridation of cobalt. More-
over, the selective nitridation of cobalt from NO decom-
position upon ion beam exposure is opposite to the selective
oxidation of cobalt, which is observed as a consequence of the
thermal reactions of cobalt with NO.34 Thus, the detailed
reactions of the NO ligand appear to be highly dependent on
the decomposition mechanism (electron vs ion vs thermal).
For WN(NMe2)3, ion-induced precursor decomposition

does cause a partial reduction of the tungsten atoms; however,
the nearly invariant W/N/C ratio during the initial stages of
Ar+ ion irradiation indicates that this is not accompanied by
any ligand desorption but is rather likely driven by ion-induced
C−H, N−H, and C−N bond cleavage. This process leaves
nitrogen atoms still bonded to the tungsten atom, with Figures
7 and 8 suggesting the formation of a tungsten carbonitride
(WNxCy) species. The absence of ligand desorption during
both electron and ion-induced reactions with adsorbed
WN(NMe2)3 is unusual for charged particle-induced decom-
position of organometallic precursors. This behavior can
reasonably be ascribed to the existence of strong covalent

bonds between all of the ligands and the W atoms in
WN(NMe2)3, such as the WN bond.41,42 This implies that
these ligands should therefore be avoided in the design of
precursors for either FIBID or FEBID.
The mechanism responsible for precursor decomposition is

assumed to be initiated by the formation of excited electronic
states of the adsorbed precursor as a result of energy transfer
from the incident ion.31 Subsequent molecular decomposition
occurs if these electronic states are dissociative or if the
subsequent transfer of electronic energy to vibrational energy
in turns leads to fragmentation. It should be noted that thermal
effects are highly unlikely, given the low energy (860 eV) and
flux (target current, <−100 nA/cm2) of the incident ions.
Indeed, we did not observe any increase in substrate
temperature when the ion beam was incident upon a
thermocouple attached to the backside of the sample holder.
The detailed effects of ion-induced decomposition appear to
be precursor-dependent; for example, in the case of Ru-
(CO)4I2, a single reaction channel, which leads to complete
and exclusive CO desorption (eq 1), appears to dominate, in
line with the relative BDEs (Ru−CO ≈ 1.5 eV; Ru−I ≈ 2.5
eV).75,76 In comparison, for Co(CO)3NO, the observation of
both CO desorption and CO decomposition (eq 7) suggests
the presence of multiple decomposition channels, analogous to
the gas-phase behavior of Fe(CO)5.

31 For all three precursors,
the decomposition step differs from decomposition effected by
low-energy electron irradiation. This supports the idea that
ion-induced deposition is driven by ion−molecule interactions
without a contribution from reactions associated with the low-
energy electrons produced by the ion beam irradiation of the
substrate/adsorbate. Moreover, the absence of significant
molecular desorption, despite the fact that the precursor
molecules are only bound to the surface by comparatively weak
physisorption interactions, suggests that the ion energy is not
only efficiently transferred into the precursor but also that the
ensuing reactions of the precursor, which lead to decom-
position, occur before energy is transferred to the adsorbate−
substrate bond.
For all three precursors, the initial decomposition step is

followed by ion-induced physical sputtering of the atoms in the
deposit, in agreement with results obtained for CpFe(CO)2Re-
(CO)5.

37 In the case of Co(CO)3NO, this includes the
graphitic carbon, oxide, and nitride species produced during
the decomposition of the parent compound. Regardless of the
precursor’s identity, it is apparent that the rates of sputtering
for the ligand-derived contaminants in the deposit (C, N, O,
and I) are larger than that of the respective metal atoms.
Moreover, analysis of Figures 6a and 8a reveals that the organic
contaminants are sputtered at similar rates to one another. As a
consequence of the differential sputtering rates, the deposit
contains almost exclusively metal atoms at the end of each of
the experiments. The largely sequential nature of the
decomposition and sputtering steps, coupled with the slower
rates of metal atom sputtering, is most clearly evident for
Ru(CO)4I2, where increasing Ar+ doses lead to adsorbate
layers composed first of Ru and I and then at higher ion doses
composed almost exclusively of Ru (see Figure 1). For
Co(CO)3NO and Ru(CO)4I2, physical sputtering does not
lead to a measurable change in the binding energy of the metal
atoms; in Co(CO)3NO, this is a consequence of the similarity
in binding energy and XPS profiles of CoN and Co, while for
Ru(CO)4I2, it is a consequence of the similarity in electro-
negativities of Ru (2.2) and I (2.66). In contrast, for
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WN(NMe2)3, sputtering of the nitrogen atoms bound to W
atoms leads to reduction and approaches the appearance of a
metallic form of bulk W. Indeed, for WN(NMe2)3, it is the
effects of ion-induced physical sputtering which produce the
most profound changes and where the contrast between the
ion- and electron-induced reactions is most apparent (compare
Figures 7 and S7).
As discussed in the introduction, the mechanisms of ion

beam-induced deposition are complex and varied. This is
largely a consequence of the fact that when an energetic ion
collides with a solid target, it undergoes both elastic and
inelastic collisions with the atoms and electrons in the solid.
This can in turn lead to numerous processes such as
backscattering, sputtering, implantation, and ion-induced
deposition of adsorbates. By studying the effects of ion
exposure on 1−2 ML equivalence films of precursor molecules
adsorbed onto chemically inert substrates, our study provides
information primarily on the ion-induced decomposition of
precursor molecules as well as physical sputtering of the
deposited atoms (i.e., sputtering of the reacted precursor).
In the context of FIBID, where deposition occurs under

steady state conditions where the partial pressure of the
precursor is held constant, the direct interactions of incident
ions with adsorbed precursors studied in this investigation will
be most important in the ion-limited deposition regime. Under
these conditions, the initial step identified for each one of the
three precursors will correspond to the surface reaction
responsible for converting the transiently adsorbed molecular
precursor into a nonvolatile metal-containing fragment. Thus,
we would predict that deposits created from Ru(CO)4I2 would
only contain Ru and I as all of the CO ligands are ejected in
the initial Ar+ ion-induced decomposition of the adsorbed
precursor (eq 1). Similarly, deposits formed from Co-
(CO)3NO would be expected to contain little or no C
contamination as >90% of the CO ligands desorb during the
initial deposition step (eq 7). The fate of the metal-containing
fragments, however, will depend on the deposition conditions.
One possibility is that the deposited species will be subject to
the effects of additional ion beam irradiation, the effects of
which are described in this investigation. It is also possible that
these deposited atoms will be subjected to thermal reactions as
has been seen for intermediates produced in electron beam-
induced deposition processes44 or be subjected to ion-induced
reactions with gas-phase species typically present in the
deposition chamber, such as water. Figure 9 shows the
variation in metal content within deposits produced from each
of the three precursors based on the XPS data shown in
Figures 2, 4, and 7. Analysis of Figure 9 reveals how ligand
desorption and subsequent physical sputtering lead to ever-
increasing metal content, albeit at different rates for each of the
three precursors. Thus, under the appropriate deposition
conditions, deposits with high metal contents could be
produced from all the three precursors, particularly Ru(CO)4I2
and Co(CO)3NO.
In this investigation, the ion (Ar+) and the ion energy (860

eV) were held constant while the precursor was varied.
Consequently, our results provide useful insights into the role
that the bonding and composition of the organometallic
precursor play in ion beam-induced deposition. It is important
to note that typical ion beam deposition techniques are
conducted with the substrate at room temperature and so
thermal effects could also contribute to the reactions, as we
have seen in previous studies of FEBID.33−36 Moreover, FIBID

employs significantly higher ion beam energies (>5 keV) and
often uses different ions; in future studies, it will therefore be
important to probe the effect of ion energy and the chemical
identity of the gas-phase ion on the surface reactions of
adsorbed precursors. Indeed, recent gas-phase studies on the
collisions of inert gas ions with Fe(CO)5 highlight the
importance of both ion energy and ion identity in determining
the fragmentation patterns of organometallic precursors, such
as the surprising finding regarding the efficiency of Ne+ in
effecting almost complete CO desorption.31

■ CONCLUSIONS
Low-energy argon ion-induced decomposition of adsorbed
Ru(CO)4I2, Co(CO)3NO, and WN(NMe2)3 has been found
to proceed in two largely sequential steps. The first step occurs
as a consequence of direct energy transfer from the incident
argon ions to the adsorbed precursor and converts the
physisorbed precursor into a nonvolatile metal-containing
deposit. For the CO-containing precursors [Ru(CO)4I2 and
Co(CO)3NO], this process is accompanied by almost
complete desorption of the CO ligands. This is in contrast
with previous studies of electron-induced reactions where
decomposition is initiated accompanied by only partial CO
loss. For WN(NMe2)3, however, ion-induced precursor
decomposition does not lead to ligand loss. Ion-induced
decomposition dominates over molecular desorption for all
three organometallic complexes. Precursor decomposition is
followed by preferential physical sputtering of the ligand-
derived light elements in the deposits, suggesting that
deposition conditions could be tailored to produce structures
with extremely high metal contents. The insights provided by
this study highlight the capability of a UHV surface science
approach to provide molecular-level insights into surface
processes relevant to FIBID. For example, the ion-induced
bond-breaking events that accompany precursor decomposi-
tion associated with the initial deposition step can be
elucidated. Certain kinetic parameters, such as the cross
section for precursor decomposition and subsequent ion-
induced sputtering, can also be acquired as exemplified by the
kinetic analysis of the data acquired for Ru(CO)4I2.

Figure 9. Effect of Ar+ ion dose on the metal content (atomic %) in
deposits created from (top) Ru(CO)4I2, (middle) Co(CO)3NO, and
(bottom) WN(NMe2)3.
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(22) Guillamoń, I.; Suderow, H.; Vieira, S.; Fernańdez-Pacheco, A.;
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