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ABSTRACT: Surface reactions of electrons and ions with physisorbed organometallic
precursors are fundamental processes in focused electron and ion beam-induced
deposition (FEBID and FIBID, respectively) of metal-containing nanostructures.
Markedly different surface reactions occur upon exposure of nanometer-scale films of
(η5-Cp)Fe(CO)2Re(CO)5 to low-energy electrons (500 eV) compared to argon ions
(860 eV). Electron-induced surface reactions are initiated by electronic excitation and
fragmentation of (η5-Cp)Fe(CO)2Re(CO)5, causing half of the CO ligands to desorb.
Residual CO ligands decompose under further electron irradiation. In contrast, Ar+-
induced surface reactions proceed by an ion−molecule momentum/energy transfer
process, causing the desorption of all CO ligands without significant ion-induced
precursor desorption. This initial decomposition step is followed by ion-induced
sputtering of the deposited atoms. The fundamental insights derived from this study
can be used not only to rationalize the composition of deposits made by FEBID and
FIBID but also to inform the choice of a charged particle deposition strategy and the
design of new precursors for these emerging nanofabrication tools.

Focused electron beam-induced deposition (FEBID) and
focused ion beam-induced deposition (FIBID) are single-

step deposition processes in which well-defined three-dimen-
sional nanostructures can be “written” onto planar or nonplanar
surfaces with an electron or ion beam “pen”.1−5 In both FEBID
and FIBID, a substrate in a high-vacuum system is exposed to a
constant flux of a volatile organometallic precursor via a gas inlet
system. A high-energy (1−30 kV), tightly focused electron or
ion beam impacts the surface, decomposing physisorbed
precursor molecules. Nonvolatile metal-containing fragments
are deposited onto the substrate, creating metal-containing
nanostructures, while volatile fragments/ligands desorb.
In FEBID, deposition is generally understood to be initiated

by low-energy electrons (LEEs, <100 eV) generated by the
interaction of the primary beam with the substrate.1,6−8 The
initial reaction step involves electron attachment, ionization, or
electronic excitation of the precursor and is typically
characterized by a degree of ligand loss and the formation of a
surface-bound intermediate containing the metal atom and
residual ligands.9−16 Further electron irradiation, however,
typically leads to decomposition of the residual ligands rather
than further ligand desorption.11−13,15 An exception to this
process occurs when metal−halogen bonds are present, where
the halogen atoms can be removed by electron-stimulated
desorption.9,10,17 The second step is typically responsible for the
majority of the organic contamination in the final deposit [e.g.,
W(CO)6].

12

Far fewer insights into the fundamental bond-breaking
processes involved in FIBID have been described. This is in

part because a number of different processes can contribute to
the initial deposition step in FIBID,1,18,19 including interactions
between the primary ion and the adsorbate and/or reactions
between the adsorbate and secondary electrons generated by the
impact of the primary ion beam with the substrate. FIBID can
also proceed through momentum/energy transfer between the
incident ion and the substrate.18 In the ion-limited regime of
FIBID, deposition is limited by the flux of incident ions rather
than the coverage of precursor molecules.1 Ion−molecule
interactions are therefore expected to play a particularly
important role in this regime, although the interaction of the
ion beam with the adsorbate/substrate will also generate
secondary electrons and thus electron−molecule interactions
may also contribute. The importance of studying ion-induced
reactions with adsorbed films of precursor molecules has been
further emphasized by a recent report demonstrating the use of
cryo-FIBID to growmetallic contacts more than 600 times faster
than in conventional FIBID.20,21

In this study, we undertake a molecular-level surface science
approach to determine and compare the sequence of bond-
breaking steps that occur when an organometallic precursor
[(η5-Cp)Fe(CO)2Re(CO)5] is exposed to low-energy (<1 keV)
argon ions or electrons. Argon ions were used to eliminate ion
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implantation, which was not observed on the Au substrate, and
reactions associated with ion fragmentation (e.g., oxidation
when using O2

+). The effects of low-energy electron (500 eV)
and Ar+ (860 eV) irradiation on nanometer-scale films of (η5-
Cp)Fe(CO)2Re(CO)5 have been studied using in situ X-ray
photoelectron spectroscopy (XPS) to probe changes in bonding
and chemical composition and mass spectrometry (MS) to
identify volatile species produced during electron/ion exposure.
Figures 1 and 2 contrast the effect of electron and Ar+

irradiation on 1.5−2.0 nm thick (η5-Cp)Fe(CO)2Re(CO)5
films, respectively. Analysis of the “as-deposited” films indicates
that (η5-Cp)Fe(CO)2Re(CO)5 adsorbs molecularly onto the
Au substrates at −100 °C (see the Supporting Information for
details), while control studies (Figure S1) reveal that (η5-
Cp)Fe(CO)2Re(CO)5 films were unchanged by X-rays for the
irradiation times needed to acquire spectra.
Under the influence of electron irradiation (Figure 1), the

carbonyl (CO) C (1s) peak initially at 287.8 eV decreases in
intensity and shifts to a slightly lower binding energy, while the
CO π-to-π* shakeup feature at 294.0 eV disappears. For electron
doses of >6.0 mC/cm2, the CO peak is observed as a higher-
binding energy shoulder to the larger C (1s) peak at 285.3 eV.
This larger peak corresponds to CC/CH species, including the
carbon atoms in the cyclopentadienyl ligand. For the largest
electron doses (36 mC/cm2), only a single C (1s) peak is
observed at 284.9 eV.
In the O (1s) region, a systematic decrease in the O (1s) peak

intensity occurs for electron doses of <6.0 mC/cm2. At larger

electron doses, however, the intensity in the O (1s) region
remains roughly constant, although the peak shape changes. A
lower-binding energy shoulder grows in, culminating in a broad,
low-intensity peak centered at ≈532.1 eV, consistent with oxide
formation.11 In the Fe (2p3/2) region, the peak position
downshifts slightly during the initial stages of electron
irradiation, although the most obvious change is the peak
broadening to higher binding energies for electron doses of >6.0
mC/cm2, indicative of iron oxidation.22 In the Re (4f) region, for
electron doses of <6.0 mC/cm2, the peaks broaden and the Re
(4f7/2) binding energy decreases from 42.3 to 41.6 eV. For doses
of >6.0 mC/cm2, the Re (4f) peak profile is essentially
unchanged. In contrast to the C (1s) and O (1s) regions,
changes to the Fe (2p) spectral envelopes and Re (4f) regions
occur without measurable changes to metal atom coverage (see
Figure 1).
Figure 2 shows that the effect of Ar+ bombardment on

adsorbed (η5-Cp)Fe(CO)2Re(CO)5 molecules differs signifi-
cantly from the effect of electron irradiation. In the C (1s)
region, the CO peak decreases in intensity and has disappeared
after ∼0.048 mC/cm2 of Ar+ exposure. During this same period
of Ar+ bombardment, the cyclopentadienyl C (1s) peak at 285.3
eV broadens, becoming an asymmetric peak centered at ≈284.1
eV with an intensity that was ≈80% of that of the initial
cyclopentadienyl C (1s) peak area. For Ar+ exposures of >0.048
mC/cm2, the intensity of this peak begins to decrease until no
carbon atoms remain after 0.28 mC/cm2 of Ar+ bombardment.
Changes in the O (1s) region are even more distinct from those

Figure 1.Changes to the C (1s), O (1s), Fe (2p3/2), and Re (4f) XPS regions upon 500 eV electron irradiation of≈1.5−2.0 nm CpFe(CO)2Re(CO)5
thin films adsorbed on polycrystalline gold substrates at−100 °C, corresponding to approximately 1−2ML coverage. The bottom spectrum represents
the adsorbed (“as-deposited”) film prior to electron irradiation. A dashed line in theC (1s) region denotes the binding energy of carbon associated with
the carbonyl ligand. The horizontal arrows in the Fe (2p3/2) spectrum show the region where oxidized iron is observed. The dashed−dotted line in the
Re (4f) region shows the change in binding energies of the Re (4f7/2) peak during electron irradiation. The electron dose is shown on the left-hand side
expressed in terms of both current density (mC/cm2) and effective dose (e−/cm2).
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due to electron irradiation. Notably, Ar+ bombardment leads to
a rapid decrease in the coverage of oxygen atoms; after 0.048
mC/cm2 of Ar+ exposure, no oxygen atoms remain. Changes to
the Fe (2p3/2) region are characterized by peak broadening, a
noticeable decrease in binding energy (from 708.7 to 707.2 eV
after 0.14 mC/cm2), and a steady decrease in overall signal
intensity, albeit at a slower rate than in the O (1s) region. After
0.28 mC/cm2 of Ar+ exposure, virtually all of the iron has been
removed. In contrast to electron irradiation (Figure 1), no iron
oxide shoulder is observed in the Fe (2p3/2) region between 709
and 711 eV. Analogous to the Fe (2p3/2) region, the Re (4f)
doublet also broadens and shifts to a lower binding energy upon
Ar+ bombardment. The Re (4f) signal intensity also decreases,
although a measurable Re atom coverage still remains after 0.28
mC/cm2 of Ar+ bombardment.
Electron Irradiation. The electron beam-induced reactions of

(η5-Cp)Fe(CO)2Re(CO)5 occur in two sequential steps: the
first taking place at electron doses of ≤6.0 mC/cm2 and the
second at doses of ≥6.0 mC/cm2. This can be seen in Figure 3,
which shows the effect of electron and ion beam irradiation on
the fractional coverage of oxygen, carbon, and rhenium atoms,
and Figure 4, which shows the corresponding changes in binding
energies of the Re (4f7/2) and Fe (2p3/2) peaks. Electron doses of
<6.0 mC/cm2, shown as the blue shaded region, produce an
exponential loss of the relative coverage of oxygen and carbon
(Figure 3) along with a concomitant decrease in the binding
energies of the Fe (2p3/2) and Re (4f) peaks (Figure 4). For
electron doses of ≥6.0 mC/cm2, each of these parameters
remains constant. These initial changes in the XPS spectra are

caused by electron-stimulated decomposition of the precursor,
which leads to CO desorption as observed directly by MS
(Figure 5 and Figure S2). On the basis of the fractional decreases
in the O (1s) regions, we can conclude that about half (three or
four) of the CO ligands in the precursor desorb as a consequence
of electron-stimulated decomposition (Figure S3). The decrease
in the Fe (2p3/2) and Re (4f7/2) binding energies during this
same period of electron irradiation (Figures 1 and 4) is a
consequence of precursor decomposition/decarbonylation.
Analysis of Figures 1 and 3 demonstrates that all of the carbon
atoms in the Cp ligand remain.9,11 While the presence or
absence ofH cannot be detected with XPS, previous studies have
demonstrated electron-stimulated C−H bond cleavage in
adsorbed organic molecules.23−26 We can therefore reasonably
assume that the Cp ligand decomposes:

+ → + ↑−C H e 5C 5/2H5 5(ads) (ads) 2(g) (1a)

The initial precursor decomposition/deposition step can
therefore be summarized as

+ →

+ ↑ + ↑ = −

−
−

n n

CpFe(CO) Re(CO) e C FeRe(CO)

CO(g) 5/2H ( 3 4)

n2 5(ads) 5 (7 )(ads)

2(g) (1b)

This reaction step is illustrated in Figure 6 (top), with the
product best viewed as a partially decarbonylated intermedi-
ate.9,11−13,16 On the basis of previous studies, the desorption of
multiple CO ligands suggests that precursor decomposition is a
consequence of dissociative ionization;27,28 however, this cannot
be conclusively determined. This hypothesis is supported byMS

Figure 2. Evolution of C (1s), O (1s), Fe (2p3/2), and Re (4f) XPS regions upon 860 eV Ar+ bombardment of ≈1.3−1.8 nm thin films of
CpFe(CO)2Re(CO)5, corresponding to approximately 1−2 ML coverage. The bottom spectrum represents the adsorbed film prior to argon ion
bombardment. The dashed vertical line in the C (1s) region denotes the binding energy of carbon atoms associated with carbonyl ligands. Arrows in
the top Fe (2p3/2) spectrum show the region in which iron oxidation would be expected. The dashed−dotted line in the Re (4f) region shows the shift
in the binding energy of the Re (4f7/2) peak. The argon ion dose is reported on the left-hand side in current density (mC/cm2).
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data of gas phase (η5-Cp)Fe(CO)2Re(CO)5 (Figure S4), which
shows that 70 eV electron bombardment also leads principally to
fragments formed by multiple CO ligand loss.
For electron doses of ≥6.0 mC/cm2, the XPS data (Figures 1,

3, and 4) show that no further carbon or oxygen desorbs and the
Fe (2p3/2) and Re (4f) binding energies remain unchanged.
However, changes in the C (1s) and O (1s) spectral envelopes
indicate that the CO ligands in the partially decarbonylated
intermediate described in eq 1b decompose under the influence
of continued electron irradiation. In the C (1s) region, the high-
binding energy shoulder associated with the residual CO groups
disappears while the intensity of the principal carbon peak at
284.9 eV associated with C−C/C−H species increases. In the O
(1s) region, the appearance of a lower-binding energy O (1s)
shoulder and the growth of the higher-binding energy Fe (2p3/2)
shoulder indicate iron oxidation. Thus, electron-stimulated
decomposition of these residual CO ligands produces graphitic
carbon and reactive oxygen species (ROS) that oxidize iron:

+ → +−CO e C ROS(ads) (ads) (2a)

+ →ROS Fe Fe Ox y(ads) (ads) (2b)

The sequence of electron-induced reactions shown in Figure 6
(top) is similar to the electron-stimulated reactions reported for
other carbonyl-containing organometallics.11−13,15 The incom-
plete desorption of the CO ligands from (η5-Cp)Fe(CO)2Re-
(CO)5 also provides a rationale for the poor fit between the CO
desorption rate and the oxygen coverage determined by XPS
(Figure 5). However, we can reanalyze the CO desorption data,
adding an offset (determined by XPS) to reflect the observation
that only some of the oxygen atoms/CO ligands desorb. The
rate of CO desorption is now well correlated with the fractional
loss of oxygen that occurs during the electron-stimulated
decomposition of the precursor (Figure S5).
Ion Bombardment. Analysis of Figures 2 and 3 shows that ion-

induced reactions with (η5-Cp)Fe(CO)2Re(CO)5 also occur in
two regimes, the first of which is indicated by the shaded blue
region in Figures 3 and 4. In this initial ≈0.048 mC/cm2 of ion
bombardment, some ion-induced precursor desorption may
occur as demonstrated by the ≈20% decrease in the intensity of
the Re signal, but the much more significant changes in the C
(1s) and O (1s) regions indicate that this initial phase is
dominated by ion-induced reactions with the organometallic
precursor. Most significantly, Figure 2 shows that ≈0.048 mC/
cm2 of Ar+ exposure completely removes all intensity in the O
(1s) region, as well as all C (1s) intensity at 287.8 eV associated
with the carbonyl ligand, suggesting that all carbonyl ligands

Figure 3. Changes in the fractional coverage of (a) oxygen, (b) carbon,
and (c) rhenium atoms upon electron (dark circles, top x axis) and
argon ion (light empty triangles, bottom x axis) exposure. The changes
in composition that occur during the initial region of electron (∼6.0
mC/cm2) or argon ion (∼0.048 mC/cm2) exposure are denoted by the
blue shaded region. The decay in the fractional coverage of oxygen
atoms by electron (dark solid line) and argon ion (light dashed line)
exposure has been fit using an exponential decay profile of (Oj/O0) =
Ae−bj + c, where j is the total electron or argon exposure, (Oj/O0) is the
fractional coverage of oxygen atoms, and A, b, and c are constants.

Figure 4.Changes in the binding energies of the (a) Re (4f7/2) peak and
(b) Fe (2p3/2) peak upon electron (dark circles, top x axis) and argon
ion (empty triangles, bottom x axis) exposure. The initial≈6.0mC/cm2

of electron exposure and 0.048 mC/cm2 of argon ion exposure are
denoted by the blue shaded region. The shift in peak positions by
electron (dark solid line) and argon ion (light dashed line) exposure has
been fit using exponential decay profiles of the form yj =Ae

−bj + c, where
yj is the binding energy at electron or argon ion exposure j and c is the
binding energy at the end of the exposure.
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have desorbed. This assertion is supported by the correlation
between the CO desorption rate observed by MS and the
fractional CO coverage on the surface determined by the O (1s)

XPS area (Figure 5). Figures 2 and 4 also show that both the Fe
(2p3/2) and Re (4f) peaks decrease in binding energy as all of the
CO ligands desorb to values proximate to those of the pure
metals.29−31 In comparison, the decrease in the Fe (2p3/2) and
Re (4f) peak positions during electron exposure is roughly half
of that from ion exposure, likely a consequence of the
incomplete CO desorption during electron exposure. At this
stage of the Ar+-induced reaction sequence, when all CO ligands
have desorbed from the (η5-Cp)Fe(CO)2Re(CO)5 molecules,
≈40% of the initial carbon remains (Figure 3), consistent with
the remaining carbon being derived from the cyclopentadienyl
ring. On the basis of previous studies of molecular ion-induced
reactions with hydrocarbons32 and the significant broadening of
the C (1s) peak, we believe that the cyclopentadienyl ligand is
dehydrogenated during this period. Therefore, in addition to a
small amount of ion-induced sputtering/desorption, the initial
ion-induced reactions can be summarized by eq 3 and Figure 6
(bottom):

+

→ + ↑ + ↑

+CpFe(CO) Re(CO) Ar (800 eV)

C FeRe 7CO 5/2H

2 5(ads) (g)

5 (ads) (g) 2(g) (3)

Thus, while all of the carbonyl ligands desorb, no cyclo-
pentadienyl carbon atoms are removed from the surface. More
sustained Ar+ bombardment (>0.048 mC/cm2) causes ion-
induced physical sputtering, as shown in Figure 6 (bottom).
This is evidenced by decreases in intensities within the C (1s),
Fe (2p3/2), and Re (4f) regions (Figures 2 and 3).
In our experiment, the low energy (860 eV) and ion flux

(measured target current of less than −100 nA/cm2; calculated
ion current of ∼40 nA/cm2) are likely to limit any processes
initiated by surface activation, including thermal effects. Indeed,
we did not observe any increase in substrate temperature during
ion exposure, even when the ion beam was incident upon the
thermocouple attached to the backside of the sample holder.
Consequently, our results are a consequence of low-energy ion−
molecule and/or electron−molecule interactions.

Figure 5. Kinetics of gas phase CO evolution from ≈1.5−2.0 nm thin
films of adsorbed CpFe(CO)2Re(CO)5 upon (a) 500 eV electron
irradiation (top x axis) and (b) 860 eV Ar+ bombardment (bottom x
axis) as measured by the O (m/z 16) peak (solid black line). For both
electron and ion exposure, the normalized O signal observed by mass
spectrometry is overlaid with the concurrent change in the fractional
oxygen coverage as measured by the O (1s) XPS signal (filled black
circles). The O signal was chosen over the more intense m/z 28 signal
to avoid potential contamination from other species (e.g., N2) at m/z
28. The C signal (m/z 12) exhibited the same decay profile as the O
(m/z 16) signal (Figure S3), showing that both fragments originate
exclusively from CO.

Figure 6. Schematic representation of the sequence of molecular-level events that accompany the 500 eV electron (top) and 860 eV Ar+ ion (bottom)
exposure of adsorbed CpFe(CO)2Re(CO)5 on a gold substrate.
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Upon comparison of the effects of low-energy electron and
Ar+ exposure, it is evident that the two processes are
mechanistically different. Electron-induced reactions of (η5-
Cp)Fe(CO)2Re(CO)5 are characterized by desorption of only
half of the CO ligands (eq 1b) followed by decomposition of the
residual CO ligands (eq 2a). In contrast, all CO ligands desorb
during ion beam exposure (eq 3) followed by physical sputtering
of the remaining atoms. These differences support the
hypothesis that direct ion-induced reactions of (η5-Cp)Fe-
(CO)2Re(CO)5 are dominated by ion−molecule interactions,
rather than reactions between the adsorbate and low-energy
secondary electrons generated by the interactions of the primary
ion beam with the substrate.
In direct ion−molecule interactions, a significant amount of

energy will be transferred during the collision of the 860 eV Ar+

and the adsorbed (stationary) (η5-Cp)Fe(CO)2Re(CO)5
molecules. If this interaction is modeled as a simple head-on
collision between an incident ion and an adsorbed precursor,18

then the maximum energy (ΔK) that can be transferred
assuming a perfectly elastic collision with impact parameter b ≈
0 is

Δ = × +K K m m m m4 /( )ion mol ion mol
2

(4)

where K is the kinetic energy of the incident ion,mion is the mass
of the ion, and mmol is the mass of the adsorbed molecule. Using
this equation for an 860 eV incident Ar+, the maximum energy
that can be transferred to (η5-Cp)Fe(CO)2Re(CO)5 is
calculated as 235 eV. In reality, the energy transferred will
depend on the impact parameter and thus fall between 0 and
218.3 eV. Typically, M−CO ligands have bond dissociation
energies (BDEs) of 1−2 eV.33−38 It is thus apparent that, for the
vast majority of the collisions, the energy transferred will be well
in excess of that required to dissociate all of the M−CO ligands.
TheMS data (Figure S2) show that CO desorbs once it has been
generated. We postulate that for the CO ligands, energy transfer
leads to M−CO dissociation rather than CO dissociation
because of the significant disparity in the energy required for
M−CO dissociation (<2 eV) compared to that required for C
O dissociation (BDE = 11.16 eV).39

The η5-cyclopentadienyl ligand has a M−L BDE slightly
higher than that of the CO ligands (the first Fe−Cp BDE in
ferrocene is 4 eV, while the second is 2.2 eV),40 while the C−C
and C−H bonds have BDEs of ≈5 eV.41,42 It is thus likely that
the energy transferred during the ion−precursor collision will
lead to a mixture of ligand dissociation and decomposition.
Although our experimental data do not allow determination of
the detailed fate of the Cp ligand, it is apparent that any Fe−Cp
bond dissociation does not lead to Cp desorption as the carbon
atoms associated with it remain on the surface during this initial
period (Figures 2 and 3) and its desorption from the surface via
MS is not evident (Figure S2). On Cu(100), cyclopentadienyl
has been shown to be stable up to 600 K due to strong
chemisorption;43 it is therefore possible that any intact Cp
ligands dissociated from Fe during precursor decomposition will
similarly remain on the surface and be decomposed by
subsequent ion bombardment as hypothesized in eq 3.
Interestingly, despite the large quantity of energy transferred
to (η5-Cp)Fe(CO)2Re(CO)5 upon Ar+ impact, bond dissocia-
tion within the precursor rather than molecular desorption
dominates, even though the molecules are only physisorbed.
Our results can also be compared to those of previous studies

of ion-induced reactions with adsorbedmolecules and thin films.
For example, physical sputtering of CO and NH3 was dominant

during 10−1000 eV Xe+ and SF5
+ bombardment of CO or NH3

adsorbed on Ni(111).44 This is consistent with our observation
of CO desorption predominating over CO decomposition. In
related studies, the modification of alkanethiolate self-assembled
monolayers by organic ions was independent of the chemical ion
and consistent with momentum transfer,32 analogous to the
mechanism proposed in this study and similar to models used to
explain surface-induced dissociation.45

This study reveals for the first time how a surface science
approach can elucidate and compare the sequence of elementary
steps involved in FEBID and FIBID of metal-containing
nanostructures, including reactions of different ligands. In
FEBID, this involves a two-step process characterized by initial
ligand desorption mediated by electronic excitation and
decomposition of the precursor, typically followed by ligand
decomposition as seen for (η5-Cp)Fe(CO)2Re(CO)5 and other
precursors.11−15 In contrast, FIBID is found to be initiated by a
transfer of energy between the incident ion and the stationary
adsorbate, which in the case of (η5-Cp)Fe(CO)2Re(CO)5 leads
to complete CO desorption. The residual carbon atoms
associated with the Cp ligand are subsequently removed by
physical sputtering, along with the Fe and Re atoms. In FEBID,
this type of fundamental information has already been used to
rationalize the composition of deposits and to develop new
precursors for FEBID [e.g., Pt(CO)2Cl2].

10,17 Data from this
study indicate that deposits created by FIBID using (η5-
Cp)Fe(CO)2Re(CO)5 will be devoid of CO and it would be
possible to create deposits containing only Fe and Re atoms by
tuning the ion and precursor flux. Our results also suggest that
the momentum transfer process underlying deposition in low-
energy FIBID in the ion-limited regime will lead to complete or
nearly complete carbonyl removal for some metal carbonyls, a
process typically not found in FEBID.46 Low-energy ion-
induced deposition using inert ions and metal carbonyl
precursors could thus provide a route to produce deposits
with extremely high metal contents,47 although the deposit
composition will also depend on the balance between precursor
and ion flux.
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J. M. Three-Dimensional Superconducting Nanohelices Grown by
He+-Focused-Ion-Beam Direct Writing. Nano Lett. 2019, 19 (12),
8597−8604.
(5) Winkler, R.; Fowlkes, J. D.; Rack, P. D.; Plank, H. 3D
Nanoprinting via Focused Electron Beams. J. Appl. Phys. 2019, 125
(21), 210901.
(6) Thorman, R.M.; T P, R. K.; Fairbrother, D. H.; Ingoĺfsson, O. The
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