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Electron induced surface reactions of
(n°-CsHs)Fe(CO),Mn(CO)s, a potential
heterobimetallic precursor for focused
electron beam induced deposition (FEBID)}
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Electron-induced surface reactions of (n°-CsHs)Fe(CO),Mn(CO)s were explored in situ under ultra-high
vacuum conditions using X-ray photoelectron spectroscopy and mass spectrometry. The initial step
involves electron-stimulated decomposition of adsorbed (nS—CSHS)Fe(CO)zMn(CO)S molecules,
accompanied by the desorption of an average of five CO ligands. A comparison with recent gas phase
studies suggests that this precursor decomposition step occurs by a dissociative ionization (DI) process.
Further electron irradiation decomposes the residual CO groups and (n°-CsHs, Cp) ligand, in the
absence of any ligand desorption. The decomposition of CO ligands leads to Mn oxidation, while
electron stimulated Cp decomposition causes all of the associated carbon atoms to be retained in the
deposit. The lack of any Fe oxidation is ascribed to either the presence of a protective carbonaceous
matrix around the Fe atoms created by the decomposition of the Cp ligand, or to desorption of both
CO ligands bound to Fe in the initial decomposition step. The selective oxidation of Mn in the absence
of any Fe oxidation suggests that the fate of metal atoms in mixed-metal precursors for focused

Received 28th November 2017, electron beam induced deposition (FEBID) will be sensitive to the nature and number of ligands in

Accepted 16th February 2018 the immediate coordination sphere. In related studies, the composition of deposits created from
(n°-CsHs)Fe(CO),Mn(CO)s under steady state deposition conditions, representative of those used to

create nanostructures in electron microscopes, were measured and found to be qualitatively consistent
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| Introduction

Various applications of metal nanostructures such as advanced
scanning probes,"? photolithography masks,” and Hall sensors®*
require fabrication of nanoscale objects with well-defined com-
position and orientation. One promising technique for producing
such structures is focused electron beam induced deposition
(FEBID), in which a focused electron beam impinges onto a
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with predictions from the UHV surface science studies.

surface that is continuously exposed to a gas stream of organo-
metallic precursor molecules in a vacuum environment.>®
Physisorbed precursor molecules are decomposed by electrons
resulting in formation of volatile fragments, which desorb into
the gas phase, and non-volatile fragments, which form the
deposit.

FEBID enjoys a number of advantages as a nanofabrication
strategy. For example, when compared to other nanoscale deposition
techniques such as extreme ultraviolet lithography (EUVL), electron
beam lithography (EBL) and focused ion beam induced deposition
(FIBID), FEBID produces the smallest reported features (0.7 nm
diameter nanodots) without damaging the substrate.” ™ In contrast
to EBL and EUVL, FEBID does not require a resist layer or etching
step for nanostructure fabrication and geometrically well-defined
two- and three-dimensional metallic nanostructures can be obtained
by manipulation of the electron beam.*™® For these reasons, FEBID
has been successfully utilized to fabricate nanostructures for a variety
of advanced nanoscale applications including repair of gate contacts,
photolithography and EUVL masks,""° selective functionalization
of customized nanostructures,* and fabrication and modification
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of nanodevices such as ultra-small Hall sensors>* and nanologic
devices.”

Although FEBID is a promising deposition technique for
fabricating self-supporting nanostructures, there are still technical
challenges that limit its larger scale use as a nanofabrication tool.
One of the most critical problems with FEBID of metallic nano-
structures is low metal content resulting from unacceptable
levels of contamination (especially carbon and oxygen impurities)
derived principally from ligands in the precursor.®” For many
applications, these impurities will interfere with device perfor-
mances due to suboptimal conductive and magnetic properties
of the deposited material.® To increase metal content in FEBID
nanostructures, tailored precursors whose designs are based on
an understanding of mechanistic processes are required.”?

Gaining mechanistic details from in situ FEBID studies
under the steady state deposition conditions that prevail during
device fabrication in electron microscopes is challenging due to
simultaneous occurrence of precursor adsorption/desorption,
electron-stimulated dissociation of the precursors and desorption
of volatile products. In addition, residual gas molecules such as
water and hydrocarbons in the vacuum chambers may affect the
results. To address these challenges, ultrahigh vacuum (UHV)
surface science studies have recently been used to study electron
interactions with adsorbed FEBID precursors.>*™*! Our approach
to these UHV experiments is to adsorb a thin precursor film (1 to
2 monolayers) onto cold (typically ~ 150 K), chemically inert
substrates and then expose the film to varying doses of 500 eV
electrons. X-ray photoelectron spectroscopy (XPS) and mass
spectrometry (MS) are used to monitor surface and gas phase
species simultaneously.>””** The combination of a fixed initial
coverage of precursor molecules and low background pressure
simplifies analysis of the results, allowing elucidation of the
sequence of elementary bond breaking steps and reactions
relevant to FEBID. Furthermore, although the primary electron
energy (500 eV) is lower than that used in FEBID (typically
> 5 keV),%’ the secondary electron energy distribution is very
similar.?>??

Our previous UHV surface science studies are consistent
with two distinct mechanistic steps during electron irradiation
of organometallic compounds.?®*%2873%3435 pirst  precursor
dissociation occurs as a result of interactions of the secondary
electrons generated by the primary beam with the substrate.
This step is typically accompanied by desorption of some of the
ligands, leading to a surface-bound intermediate. Further electron
irradiation decomposes the remaining ligands; this is the
principal cause of the contamination observed in FEBID. For
example, in the case of the FEBID precursor Pt(PF;),, electron-
stimulated reactions initially led to the desorption of one of the
PF; ligands, forming a surface bound Pt(PF;); intermediate.”®
Subsequent electron-stimulated reactions, however, decompose
the remaining three PF; ligands, causing desorption of fluoride
anions and the formation of a Pt deposit contaminated with
phosphorus.?®

Nanostructures containing a single metal have been fabricated
by FEBID from various precursors such as WFe,>® MeCpPtMe;,*”
Me,Au(tfac),*® Me,Au(acac),®® C0,(CO)s,*>*' and Fe(CO)s.*>
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By using a mixture of different precursors including Fe(CO)s/
MeCpPtMe; (Fe-Pt),"> MeCpPtMe;/Co,(CO)s (Pt-Co)** and
MeCpPtMe,/Si(SiH;), (Pt-Si)*® FEBID has been extended to
produce mixed (alloy) metallic nanostructures with tunable magnetic
and conductive properties.** However, variation in gas phase trans-
port and electron-stimulated reactivity between different precursors
make it challenging to precisely control the deposit’s stoichiometry.
Therefore, heterobimetallic single-source precursors have recently
been considered as an alternative approach to produce deposits with
well-defined metal ratios. Most noticeably, Porrati et al. fabricated
CoFe alloy nanobars using HFeCo3(CO);, as a heteronuclear
precursor.*® HFeCo3(CO),, shows promise as a FEBID precursor as
it resulted in metallic nanostructures with high metal content (80%)
and a stoichiometric Co:Fe metal ratio (3:1) that matches the
precursor. The success of this precursor has provided the impetus
for more fundamental gas phase and surface science studies of
HFeCo;(CO),, as well as a related precursor, HyFeRuz(CO),5.*"~*°
Here we report on the electron-stimulated surface reactions
of the heterobimetallic precursor (n*-CsH;)Fe(CO),Mn(CO)s.
A central goal was to investigate susceptibility of CO groups
to desorption and decomposition and how differences in the
local coordination sphere of each metal and the fate of the CO
ligands translated into differences in the fate of the two metal
(Fe and Mn) atoms. In addition to surface science studies of
thin precursor films, the chemical composition of electron beam
induced deposits created from (n>-CsHs)Fe(CO),Mn(CO); under
steady state deposition comparable to those used in FEBID were
obtained. Data from these surface science and electron beam
deposition studies have also been compared to a recent study on
the low energy (<100 eV) electron interactions with gas phase
(n’-CsHs)Fe(CO),Mn(CO); molecules.>®

Il Experimental

(n*-CsHs)Fe(CO),Mn(CO)s was synthesized by reacting Na[Mn(CO)s]
(generated in situ by adding Na to Mn,(CO),,) with (n°-CsHs)-
Fe(CO),I using modified literature procedures.’®>?

Electron-induced surface reactions and deposition of
(n’-C5H;)Fe(C0),Mn(CO);5

The electron-induced reactions of (n’-CsHs)Fe(CO),Mn(CO)s
were studied in an UHV system equipped with XPS and MS.
To complement these studies, deposits were created from
(n°-CsH;)Fe(CO),Mn(CO)s in a scanning Auger Spectrometer
(PHI 610). Base pressure in both systems was less than
5 x 107° Torr. Further instrumentation details including
analytical and experimental capabilities are provided in previous
publications.>**7>%%>

(1) Electron-induced surface reactions

In these experiments, the effects of electron irradiation on
nanometer scale thin films of (n°>-CsHs)Fe(CO),Mn(CO);s were
probed by XPS and MS.

Thin film preparation. (n*-CsH;)Fe(CO),Mn(CO); was added
to a glass finger, which was attached to a UHV compatible leak
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valve in a N, glove box. The leak valve was subsequently coupled
to the XPS/MS chamber. Nanometer scale films were produced
by heating the precursor to 35 °C and introducing the vapor
into the UHV chamber where it was adsorbed onto a cooled
substrate. For the majority of these experiments, the substrate
was a Au foil attached to a UHV compatible manipulator and
cooled by liquid nitrogen to 150 + 5 K. Signal attenuation of the
substrate Au(4f) XPS photoelectrons was measured to deter-
mine film thickness.’*>® Because there was a spectral overlap
between the Au(4py,,) and Mn(2p) peaks®® a more limited set of
experiments was performed on an amorphous carbon (a:C)
substrate generated by Ar" bombardment of HOPG. This also
allowed us to demonstrate that the effect of electron irradiation
was substrate independent. For experiments on a:C, the sub-
strate temperature was 193 + 5 K to minimize the adsorption of
residual water in the UHV chamber. Au and a:C substrates were
sputtered with Ar' ions to regenerate fresh surfaces between
experiments, as verified by XPS measurements.

Electron source. A flood gun (Specs FG 15/40) was used to
irradiate adsorbed (n°-CsH;)Fe(CO),Mn(CO); molecules with
500 eV electrons. This electron energy is the sum of the electron
energy from the flood gun (480 eV) and a positive bias (+20 V)
applied to the sample. This positive bias helps to ensure an
accurate target current reading by preventing the escape of
most of the low energy secondary electrons generated during by
electron beam irradiation of the sample by the higher energy
(500 eV) primary beam. The target current was maintained at
5 pA and the electron flux is reported in terms of electron dose
(e em™% 1 x 10 e~ em™ > = 1.6 mC cm™?). Further electron
source details can be found in previous publications.?”:*%3*

X-ray photoelectron spectroscopy (XPS). XPS data were
obtained using a step size of 0.125 eV and pass energy of
22 eV and were deconvoluted with commercial software (CASA
XPS). Binding energies measured for the films deposited on
Au and a:C substrates were calibrated to the Au(4f,/,) peak at
84.0 eV and C(1s) peak at 284.6 eV, respectively.”**°

Mass spectrometry (MS). Gas phase species generated during
electron irradiation were identified using a quadrupole mass
spectrometer (Balzers Prisma, 0-200 amu). Additionally, MS was
used to monitor the purity of (n°-CsHs)Fe(CO),Mn(CO)s during
thermal desorption from the substrate.

(2) Deposits created from (n°-CsHs)Fe(CO),Mn(CO); by electron
irradiation

In these experiments, deposits were created in the Auger system
from (n°-CsH;)Fe(CO),Mn(CO);s under steady state conditions
more typically used in FEBID. The chemical compositions
of these deposits were obtained using AES (in situ) and EDS
(ex situ).

Deposit formation. (n°-CsH;)Fe(CO),Mn(CO); was heated to
35 °C and dosed onto a Ru-capped Si/Mo multi-layer mirror
substrate through a leak valve, coupled with a directional doser.
While dosing (n’-CsH;)Fe(CO),Mn(CO)s at a constant chamber
pressure (~2 x 1077 Torr), the substrate was irradiated by the
electron beam (3 kV) and maintained at ambient temperature
(~21 °C), while substrate target current varied from 0.33 to 0.53 pA.
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Deposits were analyzed using Auger spectroscopy (in sitw), followed
by SEM/EDS (ex situ).

Scanning electron microscopy (SEM)/energy dispersive
spectroscopy (EDS) analysis. Deposits formed in the Auger
spectrometer were characterized ex situ by a cold-cathode field
emission scanning electron microscope (FE SEM JEOL 6700F)
with a 1.0 nm resolution at 15 kV equipped with an energy
dispersive X-ray analyzer (EDAX Genesis 4000 X-ray analysis system,
with detector resolution of 129 eV) for imaging and compositional
analysis. SEM imaging and EDS analysis were performed with an
accelerating voltage of 10 kV and a probe current of 10 pA.

1l Results

Fig. 1 shows the evolution of the C(1s), O(1s), Fe(2p) and Mn(2p)
XPS transitions for ~0.5-3.0 nm thick films of (n*-CsH;)-
Fe(CO),Mn(CO); adsorbed onto a Au substrate at 150 K and
subjected to increasing doses of 500 eV incident energy electrons.
To ensure that observed changes were dominated by the effects of
electron (rather than X-ray) irradiation, control experiments
were performed to compare the effects of X-ray and electron
irradiation on (n>-Cs;H;)Fe(CO),Mn(CO)s films (ESI,T Fig. S1).
Analysis of these control studies revealed that X-ray irradiation
produced similar effects to electron beam irradiation supporting
the idea that secondary electrons generated by the interaction of
the primary beam with the substrate are responsible for the
surface reactions involved in this study and in FEBID in general.
A comparison of the C(1s) and O(1s) regions in ESI,t Fig. S1 and
Fig. 1 reveals that an X-ray exposure of 18 minutes is comparable
to an electron dose of ~1.5 x 10" e~ cm™ 2. Since the acquisition
of a single set of C(1s), O(1s), Fe(2p), Mn(2p) and Au(4f) regions
(Au(4f) data not shown) required ~27 minutes we can estimate
that each set of XPS scans shown in Fig. 1 corresponds to an
electron dose of ~2.7 e~ cm >,

To minimize the effect of X-ray irradiation, XPS spectra of
the pristine adsorbed compound were not taken. In the absence
of initial XPS spectra of the adsorbed compound, it was
necessary to normalize the XPS intensities and calculated areas
so values could be compared between different days, due to
slight differences in the initial film thicknesses and instrument
response. This data normalization was made possible by
the observation that for electron doses in excess of ~5.6 X
10" e~ ecm >, the C(1s) area remained unchanged. Consequently,
in each experiment, the film was exposed at some point to an
electron dose of ~5.6 x 10'® e~ cm™> and the measured C(1s) area
was used as reference for normalization of all other measured XPS
transitions on that particular day.

Prior to electron irradiation, the XPS data in Fig. 1 of the “as
deposited” film (electron exposure = 0) support the idea that
the (n°-CsHs)Fe(CO),Mn(CO)s is molecularly adsorbed onto a
Au substrate at 150 K; the experimentally determined Mn: Fe
ratio is very close to 1:1 and the O:C ratio in the film prior to
electron irradiation is 0.58: 1, comparable to the expected value
derived from the stoichiometry of the (n°>-CsH;)Fe(CO),Mn(CO)s
precursor. Moreover, the C(1s) region demonstrates the presence
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Fig. 1 Evolution of the (a) C(1s), (b) O(1s), (c) Fe(2p) and (d) Mn(2p) XPS regions for ~0.5-3.0 nm thick films of (n°-CsHs)Fe(CO),Mn(CO)s adsorbed onto
a Au substrate at 150 K and subjected to increasingly greater doses of electron irradiation. The C(1s) region is fit to show contributions from carbonyl (CO)

and Cp/graphitic carbon.

of both carbonyl (CO) and cyclopentadienyl (n>-CsHs or Cp)
species. Thus, based on literature values, peaks centered at
287.6 eV and 285.2 eV in the C(1s) region are assigned as carbon
atoms in the CO and n’-CsH; ligands, respectively.>>®" Similarly,
in the O(1s) region, a sharp peak centered at 534.5 eV is char-
acteristic of adsorbed CO species, while a second peak at higher
binding energy at 541.2 eV is consistent with a CO O(1s) m-m*
shake-up feature.®®* XPS data show no evidence of adsorbed
water in the O(1s) region (peak at x532.3 eV) or of metal oxide
formation in the Fe(2p) or Mn(2p) regions.***

As a consequence of electron exposure, Fig. 1 shows there is
a significant decrease in the intensity of the carbonyl C(1s)
signal. In fact, for electron doses >1.2 x 10'® e~ cm?, the
C(1s) carbonyl peak (CO) has essentially disappeared. During
electron irradiation, the C(1s) peak at ~284.5 eV increases
slightly in intensity, although this is a minor change compared
to the decreases in intensity observed for the C(1s) CO peak.
Analysis of the total C(1s) area reveals that after an electron
dose of ~2.0 x 10'® e~ cm ™2, the coverage of carbon atoms has
decreased by approximately 42%, although little to no change
in the C(1s) area was observed thereafter.

Fig. 1 also shows that the spectral features in the O(1s)
region decrease significantly in intensity as a result of electron
exposure. Thus, for electron doses >1.2 x 10'® e~ cm™? the
smaller shake-up feature becomes indistinguishable. The principal
peak in the O(1s) region is observed to downshift in binding
energy from 534.5 eV to approximately 533.4 €V. As the electron
dose increases, the loss of O(1s) intensity associated with the CO

This journal is © the Owner Societies 2018

peak is accompanied by a gradual increase in intensity of a new,
broader, lower binding energy-feature centered at 531.5 eV which
ultimately becomes the dominant feature in the O(1s) region.

In the Fe(2p) region, an Fe(2p4,,/2ps.,) doublet is observed
with peaks centered at 721.6 eV and 709.5, respectively.>®®>
During electron irradiation, the Fe(2p,/,/2p;,,) peak positions
remain relatively unchanged; even for large electron doses,
there are no significant changes or shifts in the Fe(2p) profile
or discernible changes in the spectral intensity. The Mn(2p)
region is initially characterized by a doublet ascribed to
Mn(2p,/,/2ps/.) peaks centered at 653.0 eV and 642.2 eV.*® In
contrast to the behavior observed for the Fe(2p) peaks, however,
electron irradiation broadens the Mn(2p) peaks and shifts them
to lower binding energies, particularly for electron doses
>1.2 x 10'® e~ em > However, the presence of overlap in
the Mn(2p) region from a Au(4ps/,) peak centered at 643 eV
means that this interpretation remains somewhat qualitative.

Based on XPS analysis of the O(1s) and C(1s) peak areas,
Fig. 2 shows how electron irradiation changes (a) the fractional
coverage of adsorbed oxygen atoms and (b) the oxygen-to-carbon
ratio (O/C) in (n°®-CsH;)Fe(C0),Mn(CO)s films as a consequence
of electron irradiation. Both the fractional coverage of O atoms
and the O/C ratio exhibit a similar dependence on electron dose,
decreasing rapidly during the initial stage of electron irradiation
(<1.2 x 10" e~ em™?), but remaining constant for larger
electron doses. The data shown in Fig. 2(a) and (b) can be
well-fit by a first order exponential decay process that leads to a
non-zero baseline (y = a + be™™; x = electron dose); the solid lines

Phys. Chem. Chem. Phys., 2018, 20, 7862-7874 | 7865


http://dx.doi.org/10.1039/c7cp07994j

Published on 20 February 2018. Downloaded by Johns Hopkins University on 12/19/2018 11:32:48 PM.

pPCCP
% @
"
2
O
g
z
:
g T -
0.0
0.8
(b)
0.6
9 -3¢0
S KR T
0.4 e __ 400
¢ -5Co
P ¢ D
0.2 o ° g ¢ % -6C0
0.0 T T T T
0.0 5.0e+16 1.0e+17 1.5e¢+17 2.0e+17 2.5e+17

Electron Dose (e’/cmz)

Fig. 2 Change in (a) fractional coverage of adsorbed O atoms and (b) O/C
ratio, for (n°-CsHs)Fe(CO),Mn(CO)s films as a function of electron dose.
Both data sets have been fit by a first order exponential decay function
with a non-zero baseline (y = a + be™; x = electron dose). In (b) the
horizontal dashed lines represent the change in O/C ratio that would be
expected for the loss of 3 CO ligands, 4 CO ligands etc.

Electron Dose

View Article Online

Paper

in Fig. 2(a) and (b) represent the best fit lines. Analysis of these
fits indicates that the fractional coverage of O atoms decreases
by approximately 70% of its initial value, while the O/C ratio
decreases from an initial value of x~0.58:1 to a value of
~0.24:1.

To gain better insight into the changes in the Mn(2p) region
and to determine if our data was influenced by the substrate,
we adsorbed (n*-CsH;)Fe(CO),Mn(CO)s onto an amorphous
carbon (a:C) substrate and exposed this film to electrons.
Results of these experiments, shown in Fig. 3 reveal that there
were no significant differences in the evolution of the O(1s) or Fe(2p)
profiles upon electron irradiation of (h>-CsHs)Fe(CO),Mn(CO); films
adsorbed on a:C as compared to the Au substrate. Detailed analysis
of the C(1s) region is complicated by the overlap of the a:C substrate
peak with that of the carbon atoms in the Cp ring. However,
Fig. 3 shows that upon adsorption of (n>-CsHs)Fe(CO),Mn(CO)s,
a shoulder at 288.2 eV appears due to the carbon atoms in the
CO groups, and this peak disappears as a result of electron
irradiation consistent with the behavior observed in Fig. 1. The
Mn(2p) region is initially composed of a Mn(2p4,,/2ps,,) doublet
with peaks centered at 653.0 eV and 642.5 eV, respectively, also
consistent with the data shown in Fig. 1. As the film is exposed
to electron irradiation, the Mn(2p) envelope remains relatively
unchanged for electron doses < &3 X 10" e~ cm™?; however,
for larger electron doses it broadens and shifts to higher
binding energies, indicative of Mn oxidation, again consistent
with the observations on the Au substrate (Fig. 1). It should be
noted that in both Fig. 1 and 3, the partial oxidation of Mn
atoms that accompanies larger electron doses causes the less
intense Mn(2p;,) transition to become indistinguishable from
the background signal above a certain electron dose. However,
when (n>-CsHs)Fe(CO),Mn(CO)s films are electron irradiated in
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Fig. 3 Evolution of the (a) C(1s), (b) O(1s), (c) Fe(2p) and (d) Mn(2p) XPS regions of ~0.5-3.0 nm thick (n°-CsHs)Fe(CO)>Mn(CO)s films adsorbed onto an
amorphous carbon (a:C) substrate at 190 K, as a function of increasing electron dose.
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spectra were normalized to the CO peak (m/z = 28) for comparison.

the presence of a partial pressure of water (Fig. 6) all of the Mn
atoms ultimately become heavily oxidized. As a result, the
Mn(2p,/,) peak becomes more distinct again due to the more
homogeneous chemical environment of the Mn atoms, showing
that the peak at ~653.0 eV is indeed associated with the
Mn(2p,,) transition.

Fig. 4 shows mass spectra (MS) of the gas phase species
detected when (n’-Cs;H;)Fe(CO),Mn(CO)s molecules thermally
desorb from a Au substrate as it warms to room temperature
(Fig. 4a) and is exposed to 500 eV electrons (Fig. 4b). In Fig. 4a,
the MS is dominated by peaks associated with CO (m/z = 28,
m/z = 12, m/z = 16), Fe (m/z = 56), Mn (m/z = 55), residual H,O
(m/z = 18) and other fragments such as C;H, (n = 2-5), C,H,
(n = 2-5) and CsH,, (n = 2-5) associated with the Cp ring.***’
In contrast, when adsorbed (n*-CsHs)Fe(CO),Mn(CO); is irradiated
(Fig. 4b) the only significant MS peaks detected are those associated
with CO (m/z 28, 16, and 12), along with much smaller contribu-
tions from H,O (m/z = 18) and a peak at m/z = 14.

Fig. 5 shows the normalized kinetics of electron-stimulated
CO (m/z = 12; C" is used as a “clean” ion to monitor CO, as
opposed to m/z = 28 which can also contain contributions from
nitrogen and residual hydrocarbons in the vacuum chamber)
desorption from (n°-CsHs)Fe(CO),Mn(CO)s films adsorbed
onto a Au substrate at 150 K, plotted as a function of electron
dose (target current x time) cm™ 2. The rate of CO evolution is
seen to be greatest at the onset of electron irradiation and
decreases with increasing electron dose, with the majority of CO
desorption occurring for electron doses < ~3 x 10'® e~ cm 2.

Fig. 6 shows the O(1s), Mn(2p) and Fe(2p) XPS regions for
~0.5-3.0 nm thick films of (n°-CsHs)Fe(CO),Mn(CO); adsorbed
onto an a:C substrate and exposed to electrons in the presence
of a measurable partial pressure of H,O molecules in the UHV
chamber (as determined by residual gas analysis). In contrast to
its behavior in the absence of H,O, the Fe(2p) profile broadens
towards lower binding energies for electron doses in excess of
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Fig. 5 Kinetics of CO (m/z = 12 amu) desorption from a (n°-CsHs)Fe-
(CO),Mn(CO);5 film adsorbed onto a Au substrate at 150 K and irradiated
with 500 eV electrons at a target current of 5 pA, plotted as a function of
electron dose (target current x time).
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Fig. 6 Evolution of (a) O(ls), (b) Mn(2p) and (c) Fe(2p) XPS regions for a
0.5 nm thick film of (n°-CsHs)Fe(CO),Mn(CO)s adsorbed onto an a:C
substrate at 190 K and exposed to electron irradiation in the presence of
a measurable partial pressure of water.

723 715 707

4.7 x 10"° e~ ecm?, indicative of iron oxidation.>® In the O(1s)
XPS region, electron irradiation initially (electron dose =
4.7 x 10" e~ ecm™?) produces a decrease in peak intensity
and a downshift in peak position (from 535.0 €V to 532.5 eV).
However, for electron doses >4.7 x 10'® e~ cm™? the peak
intensity in the O(1s) region increases with electron dose,
although the peak position remains largely unchanged. In the
absence of electron irradiation no iron oxidation was observed
even in the presence of a partial pressure of water (see Fig. S2, ESIT).

Fig. 7a shows the Auger spectrum obtained from a
(n°-CsH;5)Fe(CO),Mn(CO); deposit created in the AES system.
Following deposition, Fe (47, 598, 651, and 703 eV), Mn (542,
589, and 636 eV), C (272 eV) and O (510 eV) are observed. The
deposit contains a significant amount of organic contamination
with a C: O ratio of ~4:1. A detailed analysis of the Fe and Mn
content is complicated by the close proximity and overlap
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Fig. 7 (a) AES and (b) SEM image of a deposit created from (n°-CsHs)Fe(CO),Mn(CO)s under steady state deposition conditions (see text for details).
(c) EDS and (d)-(g) elemental maps of O, C, Mn and Fe, respectively obtained for the same deposit.

between the principal Mn and Fe peaks, although the principal
peaks have similar heights and exhibit similar peak sensitivities,
suggesting a Mn: Fe ratio close to unity. Fig. 7b shows a SEM
image of the (n>-Cs;H;)Fe(CO),Mn(CO); deposit which illustrates
that deposition is localized within the area of electron beam
irradiation. EDS analysis shown in Fig. 7c indicates that the
deposit is composed of Fe (18%), Mn (18%), C (51%), and O (13%).
EDS elemental maps of O K, C K, Mn K, and Fe L X-rays (Fig. 7d-g)
show that the various elements are also co-localized and distributed
uniformly within the deposit.

IV Discussion

Results from the XPS and MS studies (Fig. 1-5) indicate that
during the initial period of electron irradiation (electron doses
<1.2 x 10"® e~ em ™% 0.19 mC ecm ™ ?), changes in composition
and bonding within the (n’-CsHs)Fe(CO),Mn(CO); film reflect
CO desorption. The clearest evidence of CO desorption is
provided by mass spectrometry (Fig. 4), although CO desorption
is also apparent in the XPS data; in the O(1s) region by loss of
intensity and disappearance of the CO (and m-n* shake-up)
peaks, and in the C(1s) region by a significant decrease in
intensity of the CO peak (Fig. 1-3). Fig. 2(a) indicates that

during this period of electron irradiation the O(1s) intensity
decreases by 70% as a result of CO desorption. Based on the
stoichiometry of the parent molecule, this corresponds to an
average loss of ~4.9 CO molecules from each adsorbed
(n°-CsHs)Fe(C0),Mn(CO); molecule. The extent of CO loss can
also be estimated by measuring the decrease in the O/C ratio;
Fig. 2(b) shows that this analysis predicts a loss of ~5.6 CO
ligands. Considered collectively results from these two analyses
suggest an average loss of approximately 5 CO ligands from each
molecule during electron-stimulated decomposition. No fragments
indicative of loss of the n°>-CsHs (Cp) ligand (Fig. 4) were detected by
mass spectrometry, and the C(1s) peak associated with the Cp
carbon atoms remained relatively unchanged (Fig. 1) under electron
irradiation. Similarly, there is relatively little change in the Fe(2p)
and Mn(2p) regions during the earliest stages of the reaction.

This initial step of the reaction, in which the precursor
undergoes electron-stimulated decomposition, is shown in
Fig. 8 and can be described in its most general form as:

(n*-CsH;5)Fe(CO),Mn(CO)s(aas) + € — (N°-CsHs)FeMn(CO)y(ads)
+ SCO(g)T

where the chemical formula of the adsorbed product reflects the
presence but not the binding sites of the remaining CO ligands.

Fig. 8 Electron-stimulated CO desorption from (n°-CsHs)Fe(CO),Mn(CO)s (stage 1); electron-stimulated decomposition of the n°-CsHs (Cp ring) and
the residual CO groups that do not desorb during the initial deposition process (stage 2).
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The (nS-CSHS)FeMn(CO)Z(adS) species can be considered to be a
partially decarbonylated intermediate which contains those CO
ligands that do not desorb when the precursor decomposes. In
the UHV surface science studies, precursor dissociation occurs
under the influence of a constant flux of electrons and in a
pseudo precursor limited regime, since there is no supply of
precursor molecules during electron irradiation. Under these
conditions the rate of CO loss as the precursor decomposes
should follow first order kinetics as a function of the electron
dose. Indeed, the initial loss of oxygen from the film, using the
data in Fig. 2(a), can be well fit to a first order exponential decay
process, yielding a rate constant of 1.0 x 10~'® e~ cm?. This
value corresponds to the total reaction cross-section®® for
HFeCo;(CO);, molecules adsorbed on gold and exposed to 500 eV
electrons (a((n’-CsHs)Fe(CO),Mn(CO)s)s00ev = 1.0 X 10~ % e~ cm?).
This value is comparable to the total reaction cross-sections
previously measured for MeCpPtMe; (o(MeCpPtMes)sooey =
2.2 x 107" ¢~ cm?),*® a common FEBID precursor®”’ and
for HFeCo;(CO);, (6(HFeCo3(CO)15)500ev = 1.1 X 10 ° e~ cm?), a
heteronuclear bimetallic FEBID precursor, both studied on Au
substrates. In the present study, a comparison of Fig. 1 and 3
reveals that oxygen loss from the film is complete by ~1 X
10'® e~ ¢cm” on both Au and a:C, indicating a similar reaction
cross section on both substrates.

Table 1 shows the principal charged fragments detected
from a recent study on low-energy (<100 eV) electron inter-
actions with gas phase (n’-CsHs)Fe(CO),Mn(CO)s.>° This study
is of direct relevance to the present investigation as it is widely
agreed that the initial step in FEBID involves electron-
stimulated decomposition of the precursor by the low energy
(<100 eV) secondary electrons generated by the interaction of
the primary beam with the substrate.?” In the surface science
studies adsorbed (n’>-CsHs)Fe(CO),Mn(CO); molecules are irradiated
by 500 eV incident energy electrons and are simultaneously exposed
to a range of low energy secondary electron energies produced by the
substrate, analogous to the situation in FEBID.**** In contrast, the
energy of the low energy electrons can be carefully controlled and
systematically varied over the relevant energy range (<100 eV)
in the gas phase experiments. This allows the effect of different
electron-stimulated processes, with the exception of neutral
dissociation channels’”* to be studied independently. Thus,
gas phase results can be compared with surface science data
to help identify the most likely mechanism responsible for
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precursor decomposition. In this context, the surface science
results shown in Fig. 1 and 2 point towards extensive CO desorption
(5 CO ligands/(n°*-CsHs)Fe(CO),Mn(CO); molecule) but retention
of the Cp ligand during electron-stimulated decomposition of
adsorbed (n>-CsH;)Fe(CO),Mn(CO); molecules.

For secondary electrons with energies <10 eV, precursor
dissociation occurs predominantly as a result of dissociative
electron attachment (DEA) ((n°-CsH;)Fe(CO),Mn(CO)s + e~ —
[(n>-CsH5)Fe(CO),Mn(CO)5]” — decomposition).”>”’* Table 1
reveals that DEA of (n’-CsH;)Fe(CO),Mn(CO)s; under single
collision conditions produces predominantly [Mn(CO)s]” and
[(n°-CsHs)FeMn(CO)q] -, whose production would liberate one
or two CO ligands at most. As the secondary electron energy
increases above 10 eV, dissociative ionization (DI) becomes the
dominant decomposition process ((n’-CsH;)Fe(CO),Mn(CO); +
e~ — [(n*CsH;)Fe(CO),Mn(CO)s]" — decomposition).”*”>
Much more extensive CO dissociation accompanies DI with
principal fragments including species such as [(n°-CsHs)FeMn-
(CO),]" and [(n°-CsH;)FeMn(CO)]" and insignificant Cp loss.
Statistical analysis of the average number of CO ligands lost per
dissociation event indicates that 0.6-1 CO ligands will be lost
per molecule in DEA, while from 3-6 CO ligands are lost per
molecule in DI. Consequently, in FEBID the initial electron-
induced decomposition of (n’-CsH;)Fe(CO),Mn(CO)s molecules
appears to be driven by DI rather than DEA. A similar conclusion
was reached for another CO-containing organometallic complex,
(n*-C3H5)Ru(CO);Br in FEBID.”®

Table 1 also highlights the fact that electron-stimulated
decomposition is a statistical process. Thus, after initial electron-
induced dissociation of (n’-CsHs)Fe(CO),Mn(CO)s the adsorbed
layer will be composed of a mixture of partially decarbonylated
species such as (n>-CsHs)FeMn(CO), (n>-CsHs)FeMn(CO),, etc.,
yielding a film with an average stoichiometry of (n’-CsHs)-
FeMn(CO), as shown in Fig. 8. XPS data alone, however, does
not enable us to identify to which metal atom(s) the residual
CO ligands are bonded. No measureable changes in the Fe or
Mn coverage were observed by XPS as a result of electron-
stimulated decomposition, indicating that if any Fe-Mn bond
cleavage accompanies precursor decomposition (as is suggested
by Table 1), none of the resultant metal-containing fragments
desorb. Thus, we would expect the Fe:Mn stoichiometry in
deposits created by FEBID to reflect the 1:1 stoichiometry in the
precursor.

Table 1 Comparison of the principal charged fragments produced when gas phase (n°-CsHs)Fe(CO),Mn(CO)s is irradiated by electrons with (left hand

side) <10 eV energy and, (right hand side) 20 eV. Adapted from ref. 50

Incident electron energy <10 eV

Incident electron energy 20 eV

Fragment Rel. intensity (CPS) Fragment Rel. intensity (CPS)
[Mn(CO5)] 1 [(n°-CsHs)Fe]" 1

[(m -CSHS)FeMn(CO)G]_ 7.4 x 107" [(m -CSHS)Fe(CO)Z] 9.3 x 107"
[(n*-CsHs)FeMn(CO);]|~ 4.0 x 1072 [(n*-CsHs)FeMn(CO)2]" 7.9 x 10"

[(n -CsHs)FeMn(CO),] ™ 1.5 x 1072 [(m® -CsHs JFeMn(CO)]" 7.7 x 107"
[(n>-CsHs)FeMn(CO)s]~ 1.5 x 1072 Mn* 4.0 x 107"
[(n®-CsH;5)FeMn(CO),]~ 3.0 x 1072 [(n®-CsHs)FeMn(CO),]" 3.9 x 107
Average CO loss (lower bound) 0.6 Average CO loss (lower bound) 3.0

Average CO loss (upper bound) 2.0 Average CO loss (upper bound) 6.0
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For electron doses >1.2 x 10'® e~ em™> (0.19 mC cm™?)
analysis of Fig. 2 demonstrates that there are no further
changes in the chemical composition of the film as measured
by the oxygen atom coverage and the O/C ratio, both which
remain constant. Similarly, Fig. 5 shows that the extent of CO
desorption is minimal for electron doses > ~3 x 10'®e” cm™>.
However, these larger electron doses do produce measurable
changes in the bonding within the film. In the C(1s) region
these changes include a continued decrease in the intensity of
the CO peak at 287.6 eV accompanied by a slight increase in
intensity in the C(1s) peak at 285.2 eV. In the O(1s) region the
peak position decreases to 532.1 eV. These changes in the C(1s)
and O(1s) envelopes are indicative of electron-stimulated
decomposition of those CO ligands in the partially decarbonylated
intermediates, forming graphitic carbon and reactive oxygen
species (ROS), thus:

(CO)(ads) +e — ROS + C(ads)

Indeed, the most obvious evidence of CO ligand decomposition
for electron doses >1.2 x 10'® e~ ecm 2 occurs in the Mn(2p)
region (see Fig. 1 and 3) where the peak broadens significantly
while decreasing in average binding energy, both indications of
Mn oxidation.”” This is consistent with Mn oxidation by the ROS
(Reactive Oxygen Species) generated in the electron-stimulated
decomposition of CO ligands:

Mn + ROS — Mn,Oy(aqs)

Formation of manganese oxides also accounts for the
decrease in binding energy of the O(1s) peak observed for
electron doses >1.2 x 10'® e~ cm 2 in Fig. 1 and 3.”” In
principle, Mn oxidation could also occur from reactions involving
residual water in the UHV chamber. However, if this were the
case, we would reasonably expect evidence of iron oxidation and a
measureable increase in the O(1s) signal intensity, neither of
which are observed experimentally (see Fig. 2). It should be noted
that Fig. 1 reveals that some Mn oxidation has already taken place
for electron doses <1.2 x 10'® e~ em™ 2 This can be ascribed to
the onset of electron-stimulated CO decomposition within some
of the partially decarbonylated intermediates before all of the
(n5-CSH5)Fe(CO)ZMn(CO)S(adS) molecules have decomposed,
implying both processes proceed at similar rates. This onset
of electron-stimulated CO decomposition is responsible for the
increase in the C(1s) peak intensity at 284.5 eV observed during
the initial stages of the reaction (Fig. 1).

The n*CsHs group has been observed previously to be
unable to generate volatile products during electron-stimulated
decomposition of organometallic precursors.>® This persistence
of the Cp carbons in FEBID deposits has been ascribed to its
multidentate bonding to the metal center.”®”® Although the fate
of the hydrogen atoms in the Cp ring cannot be directly
ascertained in the current study due to the presence of residual
hydrogen in the chamber, previous studies have shown that
hydrogen is lost from organic molecules adsorbed on surfaces
as a result of electron-stimulated C-H bond cleavage.®"** Thus,
we can infer that the fate of the Cp ligands is; n°-CsHs (ads) +
€ — 5C(ags) T Hy(g. This argument is supported in the present
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study by the persistence of the C(1s) peak located at 285.2 eV
throughout the course of electron irradiation (see Fig. 1) and the
absence of any desorbing Cp fragments (Fig. 4).

In sharp contrast to the fate of the Mn atoms, electron-
stimulated reactions of adsorbed (m*-CsHj)Fe(CO),Mn(CO)s
molecules do not produce any measureable change in the
Fe(2p) region throughout the entire course of electron irradiation
(Fig. 1 and 3), suggesting an absence of iron oxidation. This
suggests that in the present study Fe atoms are ‘‘protected”
from oxidation by ROS generated when the residual CO groups
decompose. One possibility is that Fe atoms become encased
in the carbonaceous matrix formed as the n’-CsH; ligand
decomposes. Alternatively, if CO groups in the partially decarbony-
lated intermediates are attached exclusively to the Mn atoms, then
CO ligand decomposition could lead exclusively to Mn oxidation.
Regardless, the markedly different fate of the Fe and Mn atoms
(illustrated in Fig. 8) supports the idea that the fate of metal atoms
in heterobimetallic FEBID precursors is critically dependent upon
the nature, number and reactivity of those ligands in the immediate
coordination sphere. This assertion is also supported by
related studies of another iron-containing bimetallic precursor,
HFeCo3(CO);,, where iron oxidation in the absence of any Co
oxidation was observed.*®

The behavior of Cp and CO ligands in (n’-CsHs)Fe(CO),-
Mn(CO)s during electron irradiation is analogous to previous
UHV surface science studies of other organometallic precursors.
For example, multiple CO ligands desorbed during the electron-
induced reactions of adsorbed (n*-C3Hs)Ru(CO);Br,** W(CO)s,*°
Co(CO);NO* and cis-Pt(CO),Cl, molecules,® while all of the
carbon atoms in Cp (n5-CsHs) and allyl (n*-C;Hs) ligands were
retained in the deposit during the electron-stimulated decom-
position of MeCpPtMe; and (n3-C3H;)Ru(CO);Br, respectively.”*
In FEBID, where the highest metal content in the deposit is
invariably the goal, the inclusion of polyhapto unsaturated
hydrocarbon ligands (e.g. n*-C;H; or n°-CsHs) should therefore
be avoided. Moreover, results from the present study support
the general reactivity trends observed in previous studies, in
which those CO groups that do not desorb during the initial
precursor decomposition step undergo subsequent electron-
stimulated decomposition to produce graphitic carbon and
ROS that oxidize metal atoms.*>**° The number of CO groups
that can desorb before the onset of CO induced decomposition
is, however, precursor dependent.”®°

Our UHV surface science results indicate that partially
decarbonylated intermediates will initially be produced in
FEBID using (n°-CsHs)Fe(CO),Mn(CO)s. In FEBID, the substrate
temperature is at or around room temperature while our UHV
surface science studies are performed at significantly lower
temperatures (~150 K). These low temperatures mean that
potential thermal reactions of intermediate species produced
during the FEBID process will not be observed in our UHV
surface science studies. To provide a “bridge” between FEBID
and UHV surface science conditions, we performed a limited
number of experiments where (n°-CsHs)Fe(CO),Mn(CO)s films
adsorbed at ~150 K were initially exposed to an electron dose,
which was sufficient to decompose the majority of the parent
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molecules into the partially decarbonylated intermediates.
These irradiated films were analyzed by XPS, annealed to room
temperature and then reanalyzed by XPS. These studies (data
not shown) revealed that annealing did not produce any measure-
able changes to the O(1s) region. Consequently, during FEBID CO
groups which do not desorb during the electron stimulated
decomposition of the precursor should remain. Under these
conditions the fate of these residual CO groups will likely be
determined by the effects of additional electron exposure which
they will experience during FEBID, leading to ligand (CO) induced
decomposition. The sequence of reaction steps described in Fig. 8
therefore likely describes the fate of the precursor in both the UHV
surface science and FEBID processes.

To evaluate the performance of (n°-CsHs)Fe(CO),Mn(CO)s
under FEBID like conditions, deposits were fabricated under
steady state deposition conditions in an Auger system. The
deposits contain Fe, Mn, C and O, all of which are co-localized
and distributed uniformly within the deposit (Fig. 7). The
Fe:Mn metal ratio as determined by EDS and AES is close to
1:1, consistent with the lack of any measurable change in the
integrated intensities within the Fe(2p) or Mn(2p) regions
observed in the UHV surface science experiments. This hetero-
bimetallic FEBID precursor therefore provides stoichiometric
control over the deposit’s metal content, which is essential to
control the magnetic and conductive properties of alloy
nanostructures.’® The C: O ratio in the deposit is significantly
higher than that of the precursor, consistent with extensive CO
desorption during deposition. However, the presence of >50%
carbon as measured by EDS, principally due to the retention of
all carbon atoms in the n°-CsH; ligand, means that (n°-CsHs)-
Fe(CO),Mn(CO); is unlikely to be a viable FEBID precursor.

In typical FEBID experiments, deposition is often performed
in a significant partial pressure of water.>® In our UHV experi-
ments when adsorbed (n°-CsHs)Fe(CO),Mn(CO); were electron
irradiated in the presence of residual H,O (Fig. 6), Fe atoms did
eventually become oxidized. However, in the absence of electron
irradiation, the presence of H,O did not induce iron oxidation
(Fig. S2, ESIY). This is consistent with Fe oxidation involving ROS
generated by the electron-stimulated decomposition of transiently
adsorbed water molecules. In FEBID, the fate of metal atoms will
therefore be determined not only by the ligands, but also by the
nature and relative partial pressure of gas phase molecules present
in the chamber during deposition. However, although ROS have a
negative effect on the metal content for this precursor, ROS can
also remove carbon contamination and leave behind pure
metal deposits when the precursors contain noble metals such
as Pt and Au.’*®°

V Conclusions

Surface science studies have shown that adsorbed (n>-CsH;)Fe-
(CO),Mn(CO)s molecules undergo electron-stimulated reactions in
two sequential steps. In the first step, a dissociative ionization
process decomposes the molecular precursor into a partially
decarbonylated intermediate; a process which is accompanied by
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loss/desorption of an average of 5 CO ligands per molecule.
Further electron irradiation decomposes the remaining CO
ligands and the cyclopentadienyl (n°-CsH;) ligand to produce
graphitic carbon and reactive oxygen species which selectively
oxidize the Mn atoms. The absence of Fe oxidation suggests that,
during FEBID, the fate of metal atoms in bimetallic precursors is
intimately dependent upon electron-stimulated reactions of
those ligands in the immediate coordination sphere. In a typical
FEBID process, however, deposition occurs in the presence of a
partial pressure of water vapor and our results show that electron-
stimulated reactions of surface bound water can oxidize the Fe
atoms produced as a result of (n°>-CsH;)Fe(CO),Mn(CO)s decom-
position. Deposits created from (n’>-CsHs)Fe(CO),Mn(CO); exhibited
a stoichiometric Fe:Mn metal ratio (1:1) that matches the
composition of the heterobimetallic precursor, illustrating the
ability to use heterobimetallic precursors to precisely control
the metallic composition of FEBID nanostructures.
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