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ABSTRACT

Focused electron beam induced deposition (FEBID) is a versatile direct-write approach to produce nanostructures from organometallic
precursor molecules. Ideally, the material is deposited only when precursors interact with and are dissociated by the impinging electrons
so that the process is spatially defined by the electron beam. In reality, however, thermal surface reactions as known from chemical vapor
deposition can also contribute to the dissociation of the precursors. They often produce material with higher purity but can also impair the
spatial selectivity of the electron-induced deposit growth. This work aims at an approach to suppress such thermal chemistry and to re-
enable it within an area defined by the electron beam. We have, thus, used a surface science approach to study the inhibition of autocatalytic
growth (AG) of Fe from Fe(CO)s by NH; and the reactivation of AG on the surface by electron irradiation. The experiments were
performed under ultrahigh vacuum conditions using thermal desorption spectrometry to characterize adsorption and reactivity of Fe(CO)s
on Fe seed layers that were prepared by dosing Fe(CO)s during electron irradiation of the entire sample surface (referred to as EBID herein).
Auger electron spectroscopy was used to monitor deposit growth and to reveal the potential inhibition of AG by NHj as well as the
reactivation of the surface by electron irradiation. The results show that adsorption of NH; slows down AG on deposits prepared by EBID
but not on Fe layers produced by AG. Electron irradiation after adsorption of NH; reactivates the surface and thus re-establishes AG. We
propose that co-injection of NH; during FEBID from Fe(CO)s could be a viable strategy to suppress unwanted AG contributions and,
therefore, enhance the spatial control of the deposition process.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0002306

1. INTRODUCTION deposited on the underlying surface at the site where the
electron-precursor interaction has occurred.

In reality, FEBID processes are more complex than this simple
picture suggests. Typically, part of the ligand material is incorpo-
rated in the deposit, which leads to low metal contents'™ and calls

Focused electron beam induced deposition (FEBID) is a flexi-
ble direct-write approach to the fabrication of nanoscale materi-
als."” In FEBID, the electrons that impinge on a surface initiate
decomposition of adsorbed precursor molecules that contain the

element of the desired material. The target element, typically a for approaches to remove the unwanted elements.””” On top of
metal, is surrounded by ligands that provide the precursor with suf- this, the view that growth is determined exclusively by electron
ficient volatility to be dosed onto the surface via the gas phase. In impact is also not correct. In fact, thermal surface reactions as
an ideal case, the ligands are converted to volatile species upon known from chemical vapor deposition (CVD) processes can con-
fragmentation of the precursor, while the desired element would be tribute to the formation of the non-volatile material.” For instance,
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freestanding nanoscale pillar-shaped deposits produced from the
precursor Cu(hfac)(VIMS) were found to exhibit a low Cu content
with high amount of remaining carbon at their base, while the
material was turned into pure polycrystalline Cu at the top of the
pillars when a certain length was reached.'’ It was proposed that
this effect relates to the low heat conductivity of thin pillar struc-
tures. This leads to the heating of the material at the top when tar-
geted by the electron beam and, thus, to thermal decomposition of
the precursor. This means that a transition from a pure FEBID
process governed by the impinging electrons to a process with con-
tributions of CVD can occur during the growth of the deposit.
Such a transition was also observed between the center and the
halo region of a dot deposit produced from the novel Ag precursor
Ag(I) 2,2-dimethylbutanoate.'’ In the halo region, where the elec-
tron density is lower, the Ag content was significantly higher, and
larger crystallites were formed. This again points to contributions
of thermal CVD-type growth to the deposition process, likely initi-
ated by small metallic seed particles formed by electron impact. As
a third example, a similar change in growth mode has also
been reported for thin pillars grown from iron pentacarbonyl,
Fe(CO)s, pointing again to contributions of thermal precursor
decomposition.'”

When such thermal decomposition of FEBID precursors
occurs on a surface, it counteracts the spatial selectivity of the dep-
osition process as defined by the electron beam. However, the reac-
tivity of the substrate on which FEBID nanostructures are
fabricated can be inhibited by covering the surface with suitable
non-reactive adlayers. This has been shown for FEBID from
Fe(CO)s on the Ag(111) surface under ultrahigh vacuum (UHV)
conditions.” While Fe(CO)s is decomposed readily by the Ag(111)
surface leading to autocatalytic growth (AG) of Fe, a thin adlayer of
2H-tetraphenylporphyrin (2HTPP) molecules suppresses this reac-
tion so that deposition can again be controlled by the electron
beam. In this case, a thin seed nanodeposit produced by FEBID
from Fe(CO)s can initiate further AG.'>'"> However, the 2HTPP
layer as well as several other surfaces that do not induce precursor
decomposition in their pristine state can also be converted to a
reactive state by electron irradiation. This electron beam induced
surface activation (EBISA) process has been demonstrated on
diverse materials ranging from oxides and adsorbed layers of large
organic molecules to coordination polymers.'°™'® The surfaces of
these materials are activated locally by the focused electron beam to
then decompose the precursors Fe(CO)s or Co(CO);NO dosed via
the gas phase after irradiation of the surface. This can again initiate
autocatalytic deposit growth akin to a CVD process but restricted
to the irradiated area. In the case of Fe(CO)s, this leads to a
deposit, which consists of pure Fe in contrast to the deposits with
low Fe content prepared from the same precursor by FEBID. "

Despite their obvious relevance, the thermal reactions that ini-
tiate and sustain autocatalytic deposit growth are often far from
understood. They also depend critically on the process conditions
such as temperature and pressure regime. This is highlighted, in
particular, by various studies on deposit formation from Fe(CO)s.
Aside from the relevance of this precursor to the EBISA studies
mentioned above,'“™*® the surface reactions of Fe(CO)s have been
investigated by surface science tools under ultrahigh vacuum
(UHV) conditions’*" and applied in CVD processes.””” In
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UHYV, autocatalytic growth of Fe from Fe(CO)s proceeds readily at
room temperature on diverse surfaces.'”'*'®?""*»¥=7 Thermal
desorption spectrometry (TDS) of Fe(CO)s adsorbed on the
Pt(111) surface in UHV has shown that the growth is enabled by
desorption of CO leading to an increase of the deposition rate with
increasing temperature.””> In contrast, deposition rates at a
Fe(CO)s pressure of 0.1 mTorr (rough vacuum conditions) as prev-
alent in a typical CVD process decreased when the temperature
was increased from 200 to 300°C.”* At 300°C, the growth was
even self-limiting presumably as a result of surface poisoning by
decomposition of CO. However, this poisoning could be circum-
vented by co-flow of NH;. As an explanation, it was proposed that
NH; blocks CO adsorption or displaces adsorbed CO from the
growing Fe surface.”” On the other hand, CVD from Fe(CO)s on
oxide surfaces can be inhibited by co-flow of NH,.” In this case, it
was proposed that NH; blocks acidic surface hydroxyl groups that
are held to be involved in decomposition of the precursor. A similar
effect was also reported previously for the precursor dicobalt octacar-
bonyl, Co,(CO)s. Here, a co-flow of NH; during CVD inhibited dep-
osition on acidic oxide surfaces such as SiO, and WO;.*

The latter type of inhibition would also be of interest for
FEBID processes because it could provide a means to suppress
unwanted AG of Fe and thus to control deposition exclusively by
the electron beam. This would enable an improved spatial selectiv-
ity of the deposit formation. However, as NH; is efficiently decom-
posed by electron irradiation,”™*' the surface can potentially be
reactivated by the use of an electron beam. This would offer the
perspective to prepare a nonreactive surface as needed for local
activation by EBISA simply by adsorption of NH; gas instead of
using compounds such as 2HTPP, which must be evaporated at ele-
vated temperatures.”’ Also, while EBISA allows to grow planar
structures by AG in areas predefined by electron irradiation, it
would be interesting to be able to stop AG after a certain deposit
thickness and reinitiate growth only in the areas that are addressed
by the electron beam after adsorption of NH;. This would enable
the fabrication of hierarchical nanostructures based on AG.
However, the effect of NH; on the surface reactions of Fe(CO)5 has
so far not been investigated under vacuum conditions relevant to
FEBID (high vacuum) or in UHV. Also, surfaces that are represen-
tative of an actual deposit prepared by FEBID have not yet been
studied.

Motivated by these ideas and the present lack of insight into
the effect of NH; on deposit formation at pressures below typical
CVD conditions, we have performed surface science experiments to
study the potential inhibition of autocatalytic Fe growth from
Fe(CO)s by NH; and the reactivation of the surface by electron
irradiation under UHV conditions. The general approach of the
experiments is visualized in Fig. 1. In a first step, an Fe seed
deposit was prepared by electron beam induced deposition (EBID).
This was done by dosing Fe(CO)s onto a supporting Ta surface
during electron irradiation from a nonfocused electron gun, which
evenly irradiates the entire Ta sheet. This produced a seed deposit
all over the Ta surface. The seed deposit was characterized by
Auger electron spectroscopy (AES). In the next step, the precursor
was dosed without further irradiation and the growth of the
deposit by thermal reactions was again monitored by AES. This
step was performed either directly on the Fe seed deposit or after
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FIG. 1. Molecular structure of iron pentacarbonyl and visualization of the general experimental approach: Fe seed deposits were prepared on a Ta substrate by electron
beam induced deposition (EBID) using Fe(CO)s as a precursor. Autocatalytic growth (AG) occurred on the Fe seed layer when Fe(CO)s was dosed without further irradia-
tion. NH; was adsorbed on the Fe seed deposit with the aim of inhibiting AG. NH; was removed by electron irradiation to reactivate the surface for further AG.

adsorption of NH; on the deposit. Furthermore, we have investi-
gated if NH; can be removed again by electron irradiation so that
the surface becomes reactivated for further AG of Fe from Fe(CO)s.
In contrast to previous UHV studies, which used single crystal sur-
faces other than Fe, a particular aim of the present work was also to
reveal the reactivity of a surface formed by electron-induced decom-
position of Fe(CO)s, which is representative of an actual FEBID
deposit. Considering the low Fe content of such seed layers,"” the
surface reactivity of these deposits was anticipated to differ from that
of a pure Fe layer as encountered in CVD” and also from that of
the Pt(111) surface used previously to study the growth of Fe layers
in UHV.”"*? In addition to the AES experiments, TDS was, there-
fore, used to characterize the adsorption and reactivity of Fe(CO)s
on Fe seed layers prepared from Fe(CO)s by EBID. The results of
this study bear implications toward the development of novel FEBID
processes. In particular, the prospects of co-injecting NH; during
FEBID from Fe(CO)s as a viable strategy to suppress unwanted con-
tributions of CVD to deposit formation are discussed.

Il. EXPERIMENTAL SECTION
A. UHV setup

All experiments were carried out in an ultrahigh vacuum
(UHV) setup with a base pressure of about 10™'° mbar, which was

described previously.””*>** The setup is equipped with a commer-
cial flood gun (SPECS FG 15/40), a quadrupole mass spectrometer
(QMS) residual gas analyzer (Stanford, 300 amu), an Auger elec-
tron spectrometer (AES) (STAIB DESA 100), and a sputter gun
operated with Ar" ions. In all experiments, a polycrystalline Ta
sheet with a total area of 5cm® was used as a substrate. The entire
substrate was exposed to the electron beam during irradiation. The
substrate can be cooled by using a liquid nitrogen bath cryostat and
warmed up by resistive heating through two thin Ta ribbons spot-
welded to the Ta sheet.

B. Sample preparation

Preparation of adsorbed layers was performed based on previ-
ously reported procedures.”** Prior to an experiment, the sub-
strate was sputter-cleaned using Ar" ions (3 keV, 30-60 min) to
remove any contamination, especially C and O. Cleaning was per-
formed until the underlying AES signals of Ta were clearly visible
and signals of C and O had fallen below the noise level.
Immediately before precursor deposition, adsorbed volatile com-
pounds from the residual gas were further removed by annealing to
450 K.

The precursor Fe(CO)s (Sigma Aldrich, St. Louis, MO, USA,
>99.99%) was degassed by repeated freeze—pump—thaw cycles.
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NH; (Linde, Dublin, Ireland, 99.98%) was used as received. Both
compounds were introduced to the vacuum chamber via a gas han-
dling manifold consisting of precision leak valves and a small cali-
brated volume where the absolute pressure is measured with a
capacitance manometer. In each experiment, a calibrated amount
of vapor, stated herein as pressure drop in the manifold and quan-
tified as described in Sec. II C, was leaked via a stainless-steel tube
with an opening pointing toward the Ta substrate.

EBID layers were prepared by introducing the precursor vapor
onto the substrate held at or above room temperature during elec-
tron irradiation with an energy of 500eV and a typical current
density of 11uA/cm® Leaking of the precursor was performed
within about 2 min for a gas dose corresponding to a pressure drop
of 6 mTorr in the gas inlet as applied in most EBID deposition
steps. However, the pressure dropped only gradually after the
closure of the inlet valve. Irradiation was, therefore, continued until
the pressure had approached its value prior to precursor leakage
leading to a typical irradiation time of 10 min. This was followed
by annealing the substrate to 450 K to remove the remaining intact
precursor. Electron doses of an order of 5 x 10'® electrons/cm? were
thus applied during an EBID step. To put this into perspective, we
note that, in the case of earlier surface science studies on condensed
metal carbonyl precursors,"**” such doses were beyond the regime
where the rapid loss of CO occurs.

AG experiments were performed at room temperature by
leaking the precursor vapor without electron irradiation. Again, the
substrate was annealed to 450K after the AG growth step to
remove volatile species. For inhibition experiments, NH; was dosed
onto the substrate followed by precursor leakage. To study reactiva-
tion, the NH; adsorbate was irradiated with electrons at 500 eV
prior to dosing of the precursor. Electron irradiation was per-
formed until the chamber pressure that increased as a result of
electron-stimulated desorption had decayed to an approximately
constant level.

C. Thermal desorption spectrometry (TDS)

TDS was performed to characterize the adsorbate thickness
obtained upon dosing of vapors at 110 K and to monitor thermal
surface reactions of the precursors. After adsorption of the com-
pounds, the substrate was heated at a rate of 1 K/s while monitoring
selected m/z ratios over time using the QMS. Each TDS run was
followed by a bakeout at 450 K for 30 s. Adsorbate thicknesses were
estimated by introducing varying amounts of vapor corresponding
to different pressure drops in the gas handling manifold and subse-
quently observing the evolution of the desorption signals as a func-
tion of vapor dose.

The TDS data obtained as a function of vapor dose also allows
us to estimate the amount of gas dosed onto the surface during the
deposition experiments. As detailed in Sec. III B, the introduction
of an amount of gas that corresponds to a pressure drop of about
I mTorr in the gas inlet leads to saturation of a monolayer of
Fe(CO)s under cryogenic conditions. Based on a previous estimate
of the monolayer surface density of 2.4 x 10'* molecules/cm®
(Ref. 24), a gas dose of 1 mTorr, thus, injects roughly this same
number of molecules per cm* during an EBID or AG step of the
experiments described herein.

ARTICLE avs.scitation.org/journalljva

D. Auger electron spectroscopy (AES)

AES was performed using an electron energy of 5keV and a
pulse counting collection mode accumulating 100 scans from 100
to 800 eV, which takes about 60 min. The spectra shown in Sec. II
were acquired using a fixed retarding ratio at variable energy reso-
lution of dE/E =0.6%. AES data of experiments 2-4 (see Sec. III D
and Tables S1 and S2 in the supplementary materials*®) were
recorded in the constant analyzer resolution mode. The beam
current measured on the deposits was around 0.3 uA with a beam
spot size of the order of 1 mm. This translates to exposures of the
order of 10'® electrons/cm® during the acquisition of a spectrum.
Post-deposition modification of the sample within the area probed
by AES is thus likely.”” However, further deposition can be
neglected because AES was acquired without further precursor
dosage. Furthermore, to avoid seeing accumulated surface damage,
the spot position was changed after every step (EBID, AG) of
sequential experiments.

The AE spectra were used to monitor the deposit composition
and growth. Deposit growth was measured as the increase of the
three Fep v signals. We note that the absolute AES intensities and
also the shape of the baseline depends on the resolution mode used
in the acquisition of the spectra. Therefore, the intensities of each
experimental sequence are referenced to the Tanny signal of the
freshly sputter-cleaned substrate recorded at the beginning of
the individual sequence. We have also attempted to estimate the
deposit growth from the attenuation of the two Tannn signals
using attenuation lengths in Fe of 0.37 nm for electrons with an
energy of 167 eV and 0.38 nm at 180 eV derived by interpolation of
tabulated values.”” In both cases, peak intensities were determined
from differential spectra in accord with standard procedures*® con-
sidering that the signals of the relevant elements are well sepa-
rated.”” The as-acquired direct spectra were subject to a baseline
correction using the method of asymmetric least squares after
which the first derivative with respect to the electron energy was
numerically obtained and subject to a Savitzky—Golay filtering. The
peak heights were then obtained from the minimum and
maximum of the derivative peak signals. To account for the com-
position of the deposit, tabulated sensitivity factors were applied.*®

lll. RESULTS AND DISCUSSION

A. Preparation of Fe seed deposits by electron beam
induced deposition (EBID)

The deposition of Fe on the Ta substrate by EBID and the
subsequent AG on the Fe EBID deposit were monitored by AES. In
such experiments, the deposit thickness must not exceed the escape
depth of Auger electrons from the underlying Ta substrate to
ensure that information on the deposit growth can be deduced.
Therefore, the dependence of the AES signal intensities on the
amount of Fe(CO)s gas dosed during the EBID process was investi-
gated first (Fig. 2). For illustration, we include both the measured
direct spectra [Fig. 2(a)] and the differentiated data [Fig. 2(b)], the
latter being used to quantify the intensities as peak-to-peak heights.
The substrate shows only the expected Tanny signal (167 and
180eV) and a small Ogp; signal at 513 eV that points to some
surface oxidation. In contrast, the data acquired after dosing of
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FIG. 2. (a) AES recorded on a Ta substrate and on Fe deposits prepared by electron exposure (500 eV) during dosing of different amounts of Fe(CO)s at 400 K. The gas
doses are denoted as pressure drops in the volume from which the gas was leaked. Each deposition was performed on the freshly sputtered Ta substrate and was followed
by subsequent annealing to 450 K. (b) Differentiated AES data from (a). (c) Intensity of the characteristic Auger signals as a function of Fe(CO)s dose obtained from (b) as
described in Sec. Il D. The horizontal dashed lines mark the detection limits. Detection limits and vertical error bars were derived from the peak-to-peak height of the
noise level within the differential AES data. Note that the intensities have not been corrected by sensitivity factors because the different elements are not homogeneously
distributed within the probed depth. For clarity, the spectra in (a) and (b) are offset in the vertical direction.

Fe(CO); during simultaneous 500 eV electron irradiation at a sub-
strate temperature of 400 K exhibit the expected Feryn signals at
592, 651, and 704 eV [Figs. 2(a) and 2(b)]. Their intensity increases
with the amount of dosed Fe(CO)s, while the Tanny signal is
attenuated and drops to baseline levels for a gas dose corresponding
to a pressure drop of 100 mTorr in the gas inlet system [Fig. 2(c),
green, top].

At 20 mTorr, the Ta signal has nearly disappeared indicating
that Auger electrons originating from the substrate are completely
screened at larger deposit thickness. This attenuation also accounts
for the relatively small increase of the Fepnny signals when the
Fe(CO)s dose is increased from 20 to 100 mTorr [Fig. 2(c), red,
bottom], which indicates that at the largest deposit thickness, only
the upper part of the deposit is monitored by AES. Therefore,
overall gas doses below 20 mTorr were applied in all subsequent
experiments. We note that EBID performed using the same
amount of gas without heating the substrate yielded a less intense
Fermym signal than when the substrate was heated to 400K (see
Fig. S1 in the supplementary material*®). Therefore, a gas dose that
yields a sufficiently thin deposit at 400 K will also be suitable for
EBID experiments performed near room temperature.

Interestingly, the Cypr Auger signal (271 eV) decreases with
increasing deposit thickness for Fe(CO)s doses above 4 mTorr
[Fig. 2(c), yellow, second from top] despite the fact that all deposits
shown in Fig. 2 were prepared by EBID which typically yields a
material that contains residual elements from the CO ligands.'” We
ascribe this increase of the deposit purity with thickness to a con-
tribution of AG to deposit formation that becomes more efficient
when a sufficient amount of seed material has formed on the Ta
substrate (see also Sec. III C). On the other hand, a persistent Oy,
signal is more or less independent of the deposit thickness
[Fig. 2(c), blue, second from bottom]. This suggests again that not

only the incorporation of oxygen from the CO ligands but also
surface oxidation by residual H,O in the vacuum chamber after
preparation of the deposit contributes to the Oy signal. This
latter process is likely to result from electron-induced surface
chemistry during the acquisition of the AES data.

Based on the attenuation of the AES Tayyy signal, the proce-
dure described in Sec. II D would imply a deposit thickness of
0.40 nm after a gas dose of 4 mTorr. After 6 and 20 mTorr, values
of 0.42 and 1.04 nm, respectively, are obtained. As the experiments
to be described in Sec. III D aim at monitoring the deposit growth
during AG steps, it is important to reflect first upon the validity of
these thickness values. In fact, a layer thickness derived from the
attenuation of the AES Tayyy signal as summarized in Sec. II D is
not a priori reliable because the calculation assumes a homoge-
neous thickness over the entire probed area. This is not necessarily
the case when deposition is performed at a temperature that
enables surface diffusion of the precursor molecules. Diffusion
leads to aggregation of the material as reported, for instance, for
dot deposits prepared from Fe(CO)s on SiO,. In this case, a dot
consisted of several well separated aggregates.'” A similar situation
is quite likely for the present seed deposits because EBID was
also performed at or above room temperature. Furthermore,
most experiments applied an amount of precursor vapor that
corresponds to a pressure drop of 6 mTorr in the gas inlet (see
Secs. III C and III D). According to our TDS results, this translates
to an average layer thickness of roughly six monolayers (see
Secs. I1I B and III C). Under the condition that molecules become
immobilized at the site where they impinge on the surface, a simple
statistical model suggests that approximately an average thickness
of five to six monolayers is needed to completely cover the underly-
ing surface.”” When EBID is performed at room temperature,
i.e, above the desorption temperature of Fe(CO)s multilayers
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(see Sec. I1I B), less material will remain on the surface. Also, the
molecules are anticipated to be mobile enough to aggregate. The
seed layers prepared herein by EBID are, therefore, unlikely to
cover the entire Ta substrate.

In this situation, a thickness calibration based on the attenua-
tion of the AES Tanny signal must be regarded with caution. The
attenuation length of Tayxyy Auger electrons of 0.37 nm"’ suggests
that already one monolayer of Fe with a reported thickness of
0.2nm’’" attenuates the signal by 42%, two monolayers would lead
to an attenuation of 66%. In the extreme case that the material
aggregates during deposition to form multilayer islands, Auger elec-
tron emission from the uncovered surface would dominate the AES
Tannn signal. In this scenario, a decrease of the Tanny signal
implies that an increasing fraction of the surface is covered by the
aggregates. This is conceivable because thermal growth will most
likely increase both the height and the width of a seed deposit.
Based on this model, the attenuation of the Tannn signal observed
after EBID with a gas dose of 20 mTorr thus would imply that
about 6% of the surface remain void of deposit. Of course, it is
likely that a realistic scenario would contain both a fraction of non-
covered surface as well as deposited agglomerates that do not fully
screen Auger electrons from the Ta substrate. Therefore, the
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increase of the Ferypy signals referenced to the Tayyy signal of the
freshly sputter-cleaned Ta substrate in each experiment will be used
as an alternative measure of the deposit growth as described in
Sec. III D. Furthermore, we refer to the thickness values derived
from the attenuation of the Tayyy signal as an apparent thickness.
The four main deposition experiments of the present study
with an overall number of 11 EBID seed deposits and their analysis
in terms of deposit growth are discussed in Sec. IIT D. The corre-
sponding AES intensities and apparent thickness values are
included in Tables S1 and S2 in the supplementary material.*> We
note here that due to fluctuations of the absolute AES intensities
and different baseline shapes, the Fepnpy to Tannn intensity ratios
also varied between the four experiments. It is, therefore, not possi-
ble to draw a direct comparison between all EBID deposits based
on the absolute Fepyp intensities. However, within individual
experiments that were each performed over a time span of about
one week, the repeated preparation of EBID seed layers produced
results that are of a comparable order of magnitude. Some variation
of the EBID seed layers between individual depositions within each
experiment as summarized in Tables SI and S2 as well as Fig. S11
in the supplementary material*® most likely relates to the fact that
Fe(CO)s gas flow during leaking was not precisely constant because
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FIG. 3. Thermal desorption spectra (TDS) of Fe(CO)s on a Fe EBID deposit recorded at (a) m/z 56 and (b) m/z 28. For better visualization, the scale in (a) is limited to
250 K because further desorption signals at higher temperature are absent. The amount of Fe(CO)s that was dosed in the individual experiments is stated as a pressure
drop in the gas inlet system during leaking of the gas. 0 mTorr denotes a control TDS experiment without dosing Fe(CO)s. The EBID deposit was prepared prior to the
TDS experiments by simultaneous electron irradiation (500 eV) and dosing of an amount of Fe(CO)s that corresponded to a pressure drop of 6 mTorr in the gas inlet
system with the substrate held at 400 K. The data obtained after adsorption of Fe(CO)s on the Ta substrate were acquired in the sequence 5, 1, 10, 2, 0.5 mTorr. Each
TDS run was terminated by a 30 s bakeout at 450 K. For clarity, the TDS curves are offset in the vertical direction.
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it was controlled by manual operation of a simple UHV valve. For
constant electron current density during leaking, this implies a
nonconstant ratio of electron and precursor flux, which rationalizes
the observed variations of the EBID layer thickness. However, as
will be shown in Sec. IIT D, the overall trends regarding AG on the
EBID seed deposits are reproduced over all experiments.

B. Adsorption of Fe(CO)s on Fe seed deposits prepared
by EBID

While adsorption and thermal surface reactions of Fe(CO)s on
various metals and, in particular, on single crystal metal surfaces
have been investigated previously,””*>™*" surface science studies of
the adsorption of Fe(CO)s on an actual FEBID deposit are so far
nonexistent. Aiming at fundamental insight into the possible
thermal surface chemistry involved in FEBID and in the conditions
that allow for subsequent AG processes,”’w we have, therefore,
performed TDS for Fe(CO)s adsorbed on Fe deposits prepared by
EBID and compare the data to results obtained on other surfaces.

First, an Fe EBID seed layer was prepared on a freshly sput-
tered Ta substrate held at 400 K. This was done by dosing Fe(CO)s;
onto the surface during electron irradiation with an energy of
500 eV. For this preparation, the amount of Fe(CO)s gas leaked
into the vacuum chamber corresponded to a pressure drop of
6 mTorr in the gas inlet system. After deposit formation, the sub-
strate was cooled to 100 K for adsorption of further Fe(CO)s and
thermal desorption experiments. Figure 3 shows TDS data at
m/z 28 (CO*/Fe**) and m/z 56 (Fe™) recorded from the same seed
deposit but for different amounts of Fe(CO)s.

Similar results were obtained for a dose corresponding to
2mTorr (see Fig. S2 in the supplementary material®®). At low
amounts of adsorbed gas, the m/z 56 TDS data [Fig. 3(a)], which
represent the desorption of volatile Fe-containing species and, in
particular, intact Fe(CO)s (see further on), first show a desorption
signal at 150 K. This signal starts to appear for a gas dose corre-
sponding to a pressure drop of 1 mTorr and evolves into a continu-
ously increasing peak with a maximum at 165K. The same
behavior was also observed upon adsorption of Fe(CO)s on the
underlying Ta substrate as well as on Fe layers prepared by further
AG as described in Sec. III C (see Figs. S3 and S4 in the supple-
mentary material’®). These m/z 56 signals fall within the tempera-
ture range of multilayer desorption of Fe(CO)s as observed on
different single crystal metal surfaces.”””"**7***"*>>> However,
while multilayer desorption with a double peak that increased with
coverage was also observed on Si(111),” the shift of the Fe(CO)s
multilayer desorption to higher temperature has not been described
before to the best of our knowledge. This type of thickness depen-
dence of the TDS data was observed previously for hexamethyldisi-
loxane.”® In this case, the shift to higher desorption temperature
was ascribed to a transition from a disordered to a more ordered
phase that only occurs when a sufficient film thickness is reached.
A crystallization that only occurred at a sufficient surface coverage
has also been reported for benzene.”””® We propose that a similar
phase transition is observed here for Fe(CO)s.

In contrast to the sharp multilayer desorption signal, a mono-
layer signal is very weak in the m/z 56 TDS data [Fig. 3(a)].
Monolayer desorption has been typically observed within 10-30 K
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. . . 20-26,28,29,31,53
above the multilayer signal on different metal surfaces®’~>>** 7

but is hardly discernible here. The appearance of the multilayer
desorption signal for a gas dose of 1 mTorr as seen in the combined
TDS data of Fig. 3 and Figs. $2-S4 of the supplementary material,"°
thus, indicates saturation of the monolayer regime. The absence of
a monolayer desorption signal points to dissociative adsorption
within the monolayer regime. In line with this, the m/z 28 TDS
curves [Fig. 3(b)] do not simply reflect the m/z 56 data which rep-
resent the Fe" fragment of Fe(CO)s produced in the QMS but show
additional broad desorption signals extending from 170 to 400 K
already for the lowest Fe(CO)s dose [see the inset of Fig. 3(b)].
Based on the missing m/z 56 signals in this temperature range, the
additional m/z 28 signals are assigned exclusively to CO™.
Supported by the absence of CO desorption in a control TDS
recorded without prior dosing of Fe(CO)s [Fig. 3(b), denoted as
0 mTorr], this gives evidence of dissociative adsorption of mono-
layer Fe(CO)s on the Fe deposit as also deduced previously from
the fact that AG occurs on Fe seed layers produced by FEBID'*'®
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FIG. 4. Thermal desorption spectra (TDS) recorded at m/z 56 after dosing
2 mTorr of Fe(CO)s on the freshly sputtered Ta substrate (black, top), on a Fe
EBID deposit prepared by dosing 2 mTorr Fe(CO)s during electron irradiation
(500 €eV) at 400K (gray, middle), and on an Fe layer produced by AG during
threefold dosing of 2 mTorr Fe(CO)s [total dose 6 mTorr, the continuous growth
of the deposit is demonstrated by AES data shown as Fig. S5 in the supple-
mentary material (Ref. 46)] on an EBID deposit prepared again by dosing
2mTorr Fe(CO)s during electron irradiation (500eV) (green, bottom). The
amount of Fe(CO)s that was dosed in the individual experiments is stated as a
pressure drop in the gas inlet system during leaking of the gas. For clarity, the
TDS curves are offset in the vertical direction.
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and in line with the very weak monolayer desorption signal of
intact Fe(CO)s [Fig. 3(a)]. A distinct CO desorption state at 330 K
has, for instance, been observed after adsorption of Fe(CO)s on
Ag(111).**° This signal, which significantly gained intensity after
electron irradiation at 90 K,** was assigned to Fe,(CO), species.24’2°
While such species are likely intermediates during the EBID step,
they must already have decayed in the present experiment during
the annealing at 450 K after deposition. This supports that the CO
desorption seen above 170K in Fig. 3(b) results from thermal
surface reactions that dissociate CO from the precursor Fe(CO)s on
the EBID layer. This process has been studied in depth on Pt(111)
where it was shown that desorption of CO liberates binding sites
on the surface which, in turn, increases the rate of thermal Fe depo-
sition during dosing of Fe(CO)s.”"** In analogy, the CO desorp-
tion signals below 300K [the inset of Fig. 3(b)] rationalize the
autocatalytic growth of Fe deposits at room temperature as
described in Sec. IIT C. Overall, the fact that CO desorption from
intermediates that are chemisorbed on an EBID layer already
occurs below room temperature also explains why such Fe seed
layers efficiently induce AG from Fe(CO)s as observed previously
in FEBID processes performed in UHV.">™"”
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We note that the shape of the m/z 28 desorption signals above
170 K varies somewhat from one TDS run to the next [Fig. 3(b)].
Dissociative adsorption was previously observed on other surfaces
such as Ag(111),”%° Pt(111),”"** Pd(111),” and Ru(001),”" while
adsorption on Si(111)** and Au(111)*® is nondissociative.
Consultation of these previous results shows that CO desorption
following dissociative adsorption depends critically on the binding
to the metal surface. In line with this, the shapes of the TDS
signals above 170 K as shown in Fig. 3(b) are distinctly different
from the m/z28 TDS data for the different single crystal
surfaces.?? 123720315253 Therefore, we relate the slight variations
observed in the shape of the m/z 28 monolayer desorption signals
between the different coverages seen in Fig. 3(b) to changes in
the composition of the surface. Such changes result from the
thermal decomposition of the Fe(CO)5 adsorbate upon temperature
increase during the previous TDS experiment. However, we have
judged this effect as not pronounced enough to call for a more
detailed study.

The CO desorption signals above 170 K were also found to be
similar to those seen in Fig. 3(b) when the experiment was per-
formed on a thinner EBID layer, directly on the sputtered Ta
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FIG. 5. (a) AES in the range of the Fe yy signals (Fe1 at 592 eV, Fe2 at 651 eV, Fe3 at 704 eV) recorded on the freshly sputtered Ta substrate (black, bottom), the same
surface after simultaneous electron irradiation (500 V) and dosing of a defined amount of Fe(CO)s gas at 400 K followed by annealing to 450 K (EBID, dose denoted as
pressure drop in the volume from which the gas is leaked, gray, middle), and after further dosing of Fe(CO)s without electron exposure at room temperature and again a
subsequent annealing step to 450 K (green, top). (b) AES of the Ta substrate before (black, bottom) and after dosing of Fe(CO)s without electron irradiation at room tem-
perature followed by annealing to 450 K (red, top). (c) Increase of the Feyw signals during the deposit growth steps shown in (a) and (b). Note that the Feyyy intensities
are exceptionally not referenced to the Tayny signal of the clean Ta substrate because the total AES intensities were comparable in the two experiments. The same
amount of Fe(CO)s yields much less Fe on the Ta surface than on a previous Fe deposit. For clarity, the spectra in (a) and (b) are offset in the vertical direction.
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substrate, or on an Fe layer deposited by AG (see Figs. S2-S4 in the
supplementary material*®). This indicates that thermal surface reac-
tions occur on all of these surfaces. However, Fig. 4 compares TDS
data obtained from Fe(CO)s adsorbed on Ta, on an Fe deposit pre-
pared by EBID, and on a deposit prepared by AG. Here, the
highest intensity of the 165K multilayer signal and, thus, the
highest recovery of intact Fe(CO)s are observed on Ta and the least
on the AG deposit. This indicates that thermal dissociation of
Fe(CO)s is more efficient on an Fe deposit prepared by EBID than
on Ta and even more efficient on a deposit prepared by AG. This
is also reflected in the amount of deposit growth as demonstrated
next (Sec. III C).

C. Autocatalytic growth of Fe on seed deposits
prepared by EBID

The next set of experiments aimed at establishing that disso-
ciative adsorption of Fe(CO)s on deposits prepared from EBID as
deduced from TDS (Sec. III B) in fact leads to autocatalytic growth
of Fe under the given experimental conditions. To this end,
Fe(CO)s was dosed onto an Fe seed deposit at room temperature
without electron irradiation. The results are shown in Fig. 5. Each
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deposition experiment was performed on the freshly sputtered Ta
substrate which had been cleaned until all signals other than
Tannn were absent in AES [black, bottom curve in Fig. 5(a)]. First,
an Fe seed deposit was prepared by dosing a fixed amount of
Fe(CO)s onto the Ta substrate held at 400 K during electron irradi-
ation at 500 eV. This led to clearly visible Ferzny signals [gray,
middle curve in Fig. 5(a)]. These signals increased again when
further Fe(CO)s was dosed onto the thus obtained Fe seed layer
without electron irradiation [green, top curve in Fig. 5(a)]. The Oy,
signal points to some incorporation of ligand material into the
deposit or again to oxidation by residual H,O from the chamber
background. This signal did not increase together with the Fe signals
during the AG step pointing to higher purity of the AG layer as com-
pared to the Fe seed deposit. This is in line with the high Fe purity
observed previously in UHV FEBID and AG experiments.'>'>"”

For comparison, AG was also attempted on the freshly sput-
tered Ta substrate in a separate experiment. Here, we used the same
amount of Fe(CO)s as in the AG step of the previous experiment.
In contrast to the result for the Fe EBID seed layer [Fig. 5(a)] and
in line with the TDS results (Fig. 4), deposition of Fe is less efficient
on the Ta substrate itself as evident from the low intensity of the
Ferny signals [red, top curve in Fig. 5(b)]. This is also visualized
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FIG. 6. (a) AES in the range of the Fe yy signals (Fe1 at 592 eV, Fe2 at 651 eV, Fe3 at 704 eV) recorded on the freshly sputtered Ta substrate (black, bottom), on the
same surface after simultaneous electron irradiation (500 eV) and dosing Fe(CO)s gas at 400 K followed by annealing to 450 K (EBID, dose corresponding to a pressure
drop of 6 mTorr in the volume from which the gas is leaked, gray, middle) and after further AG of Fe by dosing Fe(CO)s (10 mTorr) without electron exposure at room tem-
perature followed again by annealing to 450 K (green, top). (b) AES data from an analogous experiment but with NH3 (20 mTorr) dosed at room temperature onto the EBID
Fe layer prior to the AG step (Ta shown in black on bottom, the EBID layer shown in gray in middle, the AG layer shown in red on top). (c) AES data from an analogous
experiment but with NH3 (20 mTorr) dosed at room temperature onto the EBID Fe layer followed by further electron irradiation (500 eV) prior to the AG step (Ta shown in
black on bottom, the EBID layer shown in gray in middle, the AG layer shown in blue on top). For clarity, the spectra are offset in the vertical direction.
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in Fig. 5(c), which compares the intensity increase of the three
Fer vy signals during EBID (gray, hatched bottom bar) and AG on
the thus obtained Fe seed layer (green, hatched top bar) as well as
directly on the Ta substrate (red, solid bar). This gives clear evi-
dence that AG of Fe occurs predominantly on the Fe seed layer pre-
pared by EBID but only to a minor extent on a sputtered Ta
surface. We note that the apparent thickness of the deposits as esti-
mated from the attenuation of the Tanny signal (see Sec. II D)
amounts to 0.41 nm after the EBID step, 0.60 nm after AG on the
EBID layer and to 0.22 nm after an AG experiment on the Ta sub-
strate. The increase of the apparent deposit thickness during AG is
comparable to an Fe monolayer which has a thickness near
0.2nm.”" This indicates that both on the EBID layer and on the Ta
substrate, AG leads to a deposit with thickness in the monolayer
regime, in striking contrast to the much more pronounced increase
of the Fepyny signals on the EBID layer. The relative intensities of
the Ferpy and Oy, signals, however, reveal that the material
deposited on Ta contains a significantly higher amount of oxygen
[Fig. 5(b)] and also carbon (see Fig. S6 in the supplementary mate-
rial*®) as compared to Fe than both the EBID layer and the layer
resulting from AG on the latter [Fig. 5(a)]. Considering that the
sensitivity factors of the peaks are of similar order of magnitude
[1.10 for Okxi (513 €eV) versus 0.76 for Fe2 (651¢€V), ie., the
second Fepym signal],/18 we propose that CO released as a
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consequence of thermal decomposition of Fe(CO)s contributes to
the attenuation of the Ta signal on the substrate itself and impedes
the growth of a thicker Fe layer.

D. Inhibition of AG by adsorbed NHz and reactivation
by electron exposure

The effect of NH; on the AG of Fe from Fe(CO); was studied
in three separate experiments on deposits prepared by EBID as
described in Sec. IIT A. An additional experiment was performed on
a deposit after the first AG step. As detailed in Secs. II D and I1I A,
the efficiency of AG was evaluated from the increase of the Fepymy
signals in AES referenced to the Tanny signals of the freshly sput-
tered Ta substrate (Table S1 of the supplementary material*®). In
addition, an apparent deposit thickness was determined from the
attenuation of the Taxny AES signals (Table S2 of the supplemen-
tary material'®) as described in Sec. II D and explained further in
Sec. TIT A. Full range AES data for all experiments are also presented
in Figs. $7-S10 of the supplementary material®’.

Figure 6 shows representative results obtained from EBID
deposits that were each prepared from the same amount of
Fe(CO)s on the freshly sputtered Ta substrate held at 400K
(Experiment 1 in Tables SI1 and S2 of the supplementary mate-
rial*®). The increase of the Feyypy intensity during the AG steps of
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FIG. 7. Deposit growth during the AG step of experiments 1-4 stated as the increase of the Fe_yw AES signals as compared to the same intensity obtained from the
underlying EBID Fe layer. All Feyy AES signals were referenced to the Tayny signals of the freshly sputtered Ta substrate prior to each deposition sequence. The AES
intensities used to derive the data shown herein are presented in Table S1 of the supplementary material (Ref. 46). For experiment 4, the divided bars denote the
increases during the two sequential AG steps. RT denotes that the experiment was performed at room temperature.
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experiment 1 is also summarized in the leftmost entry of Fig. 7. In
addition, the increase of the apparent deposit thickness is shown as
the leftmost entry of Fig. 8. For reference, AG was first performed
by leaking further 10 mTorr of Fe(CO); directly on the EBID Fe
layer [Fig. 6(a)]. This led to an increase of the Feryp signals by
76% (see Fig. 7), while the apparent thickness increased by roughly
46% as compared to that of the initial EBID layer (see Fig. 8). In
contrast, AG was less efficient when NH; was adsorbed on the
EBID layer leading to a much smaller increase of the Fejy signals
as compared to the EBID layer [Figs. 6(b) and 7] and a mere 13%
increase of the apparent deposit thickness during the AG deposi-
tion step (Fig. 8). In a third deposition sequence, the surface was
reactivated by electron irradiation with an energy of 500 eV follow-
ing adsorption of NHj; [Fig. 6(c)]. This led again to a more
pronounced increase of the Fepnpy signals albeit somewhat less
than observed directly on the EBID layer (see Fig. 7). Here, the
apparent thickness increased again by 49% during the AG step
(Fig. 8). The overall result indicates that NH; counteracts AG of Fe
from Fe(CO)s but the deposit can be reactivated by electron
irradiation.

Experiment 2 was a repetition of experiment 1 which per-
formed the EBID step with the substrate being held at 400 K. In
contrast, the substrate was not heated during EBID in experiment 3
(see Tables S1 and S2 in the supplementary material*®). The results
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confirm the trend that adsorption of NH; on the Fe layer prepared
by EBID decreases the growth rate in the AG step but that electron
irradiation of adsorbed NHj can reestablish AG (Figs. 7 and 8).
This general trend holds despite the fact that the intensity of the
Fernmy signals and the apparent deposit thickness after the EBID
step varied somewhat between the individual deposition sequences
(see Sec. III A, Table S1 and S2 as well as Fig. S11 in the supple-
mentary material*®).

The fact that both Feyym AES signals referenced to the Tanny
signals of the freshly sputtered Ta substrate (Fig. 7) as well as the
apparent deposit thickness (Fig. 8) increased to a similar amount
during AG in all deposition sequences in absence of NHj suggests
that the active surface scales linearly with the amount of material
deposited in the EBID step. Considering that an Fe monolayer has
a thickness near 0.2 nm,”’ the attenuation of the Tayyy signals by
the present EBID layers would imply coverages ranging between 1
and 2.5 monolayers (Fig. S11 in the supplementary material*’)
based on the assumption of a homogeneous thickness. However,
we observe a linear scaling of the increase of the apparent thickness
during AG with the initial EBID layer apparent thickness (Fig. 9).
As discussed in Sec. III A, this confirms our assumption that the
apparent thickness in fact relates to an increased surface density of
Fe seed particles and a concomitant decrease of the remaining free
Ta surface.
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FIG. 8. Deposit growth during the AG step of experiments 1-4 stated as relative apparent thickness increase of the Fe deposit as compared to the apparent thickness of
the underlying EBID Fe layer. Absolute values are presented in Table S2 and Fig. S11 of the supplementary material (Ref. 46). For experiment 4, the divided bars denote
the increases during the two sequential AG steps. The apparent thickness of the deposit represents the value deduced from the attenuation of the Tayyy Signals as
described in Secs. |1 D and Il A. RT denotes that the experiment was performed at room temperature.
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The similar AG rates on the pristine and the reactivated EBID
Fe layers point to efficient removal of NH; by electron irradiation.
Previous studies have in fact described the electron-induced con-
version of NH; to N, by the release of hydrogen.*”” " We
propose that such reactions are also operative in the present case.
AES of the deposit recorded after adsorption of NH; and subse-
quent electron irradiation supports this view because the spectrum
does not reveal an Ny, signal that would be expected at 389 ev.*®
This result indicates that NH; is in fact decomposed to volatile
species instead of being incorporated in the Fe deposit as nitride.
Nitridation by the use of NH; is a common process to improve the
properties of metals that aims, for instance, at improved surface
hardness and other mechanical properties.’’ Its efficiency depends
on the branching ratio between incorporation of nitrogen into the
Fe lattice and nitrogen surface diffusion or recombination.”” A
study based on combined density functional theory (DFT) and
kinetic Monte Carlo (kMC) calculations revealed that the highest
energy barrier relates to the nitrogen penetration step into the Fe
lattice while the barrier for dissociation of NH; on the surface is
considerably smaller.” In consequence, nitridation is typically a
high temperature process.””** Under the conditions used in the
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FIG. 9. Increase of the apparent deposit thickness during the AG steps of
experiments 1-4 plotted as a function of the apparent thickness of the underly-
ing EBID Fe layer. The apparent thickness of the deposit represents the value
deduced from the attenuation of the Tayyy Signals as described in Secs. Il D
and Il A.
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present study and in FEBID processes, namely, electron irradiation
of the deposit near room temperature, nitrogen-containing species
released by electron-induced dissociation of NH; are more likely to
remain on the surface to eventually yield N,, which can readily
desorb. This rationalizes the lack of the Ny;; signal seen in Fig. 10
and in the AES data of experiments 1-4 (see Figs. S7-S10 in the
supplementary material ).

Experiment 4 was performed to investigate the effect of NH;
on a deposit prepared by AG from Fe(CO)s instead of directly on
the EBID layer. In this experiment, a first AG step was performed
after the EBID step and prior to dosing of NH3. This was followed
by a second AG step. For comparison, the second AG step was per-
formed on the first AG layer without dosing of NH; (see also
Tables S1 and S2 in the supplementary material*®). The complete
AES data is presented in Fig. S10 of the supplementary material,"®
but the summary of the result is again included in Figs. 7 and 8.
Clearly, the growth during the second AG step is rather similar in
the deposition sequences with and without NH;. Dosing of NHj;
onto a previous AG layer does not inhibit AG from Fe(CO)s in the
same manner as on the deposit prepared by EBID. Recalling that
the AG layer has a higher purity than a deposit prepared by EBID,
we propose that the impurity species present in the deposit after
EBID are important for binding NH;. TDS data of NH; adsorbed
on Fe deposit show that the main desorption peak already occurs
around 120K (see Fig. S12 in the supplementary material®).
Earlier TDS experiments with NHj; adsorbed at temperatures
around 35K revealed the maximum of the multilayer desorption
near 100 K°”°>°® which is the minimum attainable temperature of
the bath cryostat used here. In the present experiments, the height
of the NH; desorption peak did not increase significantly when the
amount of NH; dosed onto the substrate was doubled (see Fig. S12
in the supplementary material*®). Therefore, the desorption signal
is ascribed to a physisorbed monolayer. NH; that remains on the
deposit surface at room temperature must, therefore, assume a
chemisorbed state with specific binding to surface atoms of the
deposit. This conclusion allows us to draw a closer comparison
with the previous CVD studies.””””

The inhibition of AG on EBID deposits by NH; observed in
the present study is reminiscent of the inhibition of CVD from
Fe(CO)s on oxide surfaces by the co-flow of NH; described previ-
ously,” despite the fact that CVD is a high-temperature process
while AG on EBID layers proceeds at room temperature. As
observed in Sec. III C, the oxygen content is larger in deposits
grown by EBID from Fe(CO)s than in those prepared by AG from
the same precursor. Moreover, while the impure EBID deposits are
structurally ill-defined and their surfaces likely to be dominated by
defect sites, AG tends to yield materials with higher crystallinity.”
The binding strength of NH; on Fe(110) was determined as
0.74 eV.”” Defects can increase the binding strength of an adsorbate
significantly®® and can, thus, contribute to the higher efficiency of
the inhibition of AG from Fe(CO)s on deposits prepared by EBID
as compared to AG layers. In the case of the single crystal Fe(111)
surface, the binding strength of NH; was also shown to increase
when oxygen was preadsorbed.”” Recent theoretical work has con-
firmed that the binding strength of NH; on Fe sites with adjacent
O atoms in model systems consisting of different carbon-supported
Fe oxides is significantly larger (up to around 2eV)”’ than on
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FIG. 10. Full range AES recorded on the freshly sputtered Ta substrate (black, bottom) and the same surface after simultaneous electron irradiation (500 eV) and dosing
of Fe(CO)s gas at room temperature followed by annealing to 450 K (EBID, dose corresponding to a pressure drop of 6 mTorr in the volume from which the gas is leaked,
gray, middle), and after dosing of NH3 (20 mTorr) at room temperature onto the EBID Fe layer and further electron irradiation (500 eV) (red, top). Note that the relatively
high intensity of the O AES signal in this particular experiment relates to a larger partial pressure of residual H,O in the UHV chamber leading to increased surface oxida-
tion as compared to the previous experiments. For better visualization, a baseline correction has been applied to the three spectra. For clarity, the spectra are offset in the

vertical direction.

nanoparticulate pure Fe (less than 0.4eV),”' which we consider
here as a model for the Fe seed deposits prepared by EBID. Overall,
the lower binding strength on pure Fe as predicted by these studies
rationalizes the lack of inhibition by NH; on an AG layer and indi-
cates that impurities in the EBID layer are important for the inhib-
iting effect. We note, though, that NH; can dissociate on Fe
surfaces already at room temperature.”*’* The theoretical studies
predict that the barrier to dissociation yielding adsorbed NH, and
H on nanoparticulate pure Fe is higher (near 1.5eV)”" than on the
carbon-supported Fe oxide models (down to around 0.7 eV).”” We,
therefore, cannot exclude that the inhibition of AG also relates to
chemisorbed fragments of NH3, which are again converted to vola-
tile N, by electron irradiation in the reactivation step.

The fact that decomposition of Fe(CO)s is not inhibited on a
deposit with higher Fe purity prepared by AG may relate to the
findings of the previous CVD study that restored growth of Fe at
300 °C by the co-flow of NH;.”> However, the interpretation pre-
sented therein may have to be questioned. It was proposed that
NH; blocks CO adsorption or displaces adsorbed CO from the
growing Fe surface.”” However, a recent theoretical study predicted
that binding of NH; on Fe(110) is considerably weaker than
binding of CO on the same surface (0.62 eV for NH; and 1.91 eV

for CO).””> Based on the reported dissociative adsorption of NH;
on Fe already at room temperature,”*’* it appears possible that CO
is removed from the surface via a reduction reaction instead of
simple detachment. A more comprehensive theoretical study that
accounts not only for a single crystal model surface but also for
roughness as most likely encountered during surface deposition
processes would be needed to gain more insight here.

IV. CONCLUSIONS

Thermal surface chemistry and, in particular, autocatalytic
reactions can compromise the spatial control of deposit formation
in focused electron beam induced deposition (FEBID) because they
sustain deposition in the absence of electron irradiation. Aiming at
an approach to control such thermal processes, we have performed
surface science studies under UHV conditions. Fe seed deposits
were prepared by dosing Fe(CO)s onto a Ta substrate during elec-
tron irradiation. These deposits were used to investigate the effect
of NH; on the subsequent autocatalytic growth (AG) of Fe from
Fe(CO)s as well as the anticipated reactivation of the surface by
electron irradiation. The results of thermal desorption spectrometry
(TDS) show that, at cryogenic temperature, Fe(CO)s adsorbs
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dissociatively on the Fe seed deposit, on layers prepared by AG,
and on the underlying freshly sputter-cleaned Ta substrate. CO
released upon dissociation begins to desorb below room tempera-
ture. This rationalizes the observation that AG can proceed at room
temperature. However, Fe deposition by thermal surface reactions
is considerably less efficient on the Ta substrate. We propose that
this results from oxygen and carbon that remain bound to the
surface as seen by Auger electron spectroscopy (AES) and impede
further decomposition of Fe(CO)s.

AES was, in particular, used to monitor the deposit growth
and reveal the effect of NH; on the growth rate. The results indicate
that Fe growth is not entirely inhibited, but AG is significantly
slowed down when NHj; is adsorbed on an Fe seed layer that con-
tains contaminations of oxygen and carbon. This is in line with the
previous finding that NH; can inhibit chemical vapor deposition
(CVD) of Fe from Fe(CO)s on acidic oxide surfaces.” In contrast,
our results show that this inhibition is not operative on layers with
higher Fe content grown by a previous AG step. AG on the Fe seed
layer can be restored by electron irradiation, which removes the
adsorbed NH;. More specifically, AES shows that this reactivation
of the surface proceeds without nitride formation, suggesting that
NHj; is quantitatively converted to volatile species.

As a perspective for the development of improved FEBID pro-
cesses, we propose that the co-flow of NH; can be beneficial to the
spatial resolution of FEBID from Fe(CO)s. Deposits prepared by
FEBID are sufficiently contaminated to bind NH; at room temper-
ature. When the beam scans elsewhere, the surface should thus be
protected against AG by adsorbed NH;. However, NH; is removed
when the beam returns to a given site so that deposition from
Fe(CO)s can continue. Co-injecting NH; during FEBID from
Fe(CO)s is thus anticipated to be a viable strategy to suppress
unwanted contributions of CVD to deposit growth.
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