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Abstract

Focused Electron Beam Induced Deposition is a consolidated technique for the growth of
three-dimensional (3D) nanostructures. However, this single-step nanofabrication
method requires further efforts to optimize simultaneously dimensional and
compositional properties, in particular for deposits with a high aspect ratio. More
specifically, ferromagnetic 3D nanowires (NWs) with diameters in the sub-50 nm regime
and high metallic contents up to 95 at. % attract great interest to improve the final
performance of magnetic nanodevices such as magnetic tips for scanning probe
microscopy. In this work, we report on real-time monitoring during chemical purification
and structural crystallization processes of ultra-narrow 3D Fe NWs (<50 nm in diameter
achieved) by post-growth in sifu annealing in a transmission electron microscope. NW
heating up to 700 °C in very high vacuum reveals the local increase of the metallic content
along the entire NW length concomitant with the growth of large Fe single crystals from
initially amorphous compounds. A metallic purity of 95 at. % is observed in several
regions, dramatically boosting the initial Fe content of 40 at. %. The real-time in situ
tracking of 3D nanostructures during thermal annealing is a key element to design and
optimize novel purification processes for the fabrication of customized components to be

integrated in spintronic, logic and sensing devices.

Keywords: focused electron beam induced deposition; iron nanowires; three-
dimensional nanostructures; composition purification; in-sifu transmission electron

microscopy
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1. Introduction

The increasing demand for high-density and low-power data storage, combined with
technology approaching quantum limits for downscaling, naturally entails the expansion
from two-dimensional (2D) to three-dimensional (3D) architectures to reach ultrahigh
density on information storage media. In the case of magnetism-based technologies,
magnetic nanowires are the building blocks in the development of future 3D magnetic
data storage devices [1]. The functionality of these nanostructures relies on the precise
control of domain wall motions with spin polarized currents or magnetic fields in vertical
nanowires, to boost the performance of these memories in terms of areal density and
power consumption [2]. Focused Electron Beam Induced Deposition (FEBID) is a
matured nanofabrication technique, which enables highly localized synthesis of
functional nanostructures on almost any material and surface morphology. This direct-
writing nanofabrication method has an unique status for the development of 2D [3] and
3D [4] objects with spatial resolution in the range of nanometers, without the need of
masks, resists, etching- or lift-off processes [5]. The decomposition of a precursor gas
adsorbed on the substrate surface by an accurately-directed electron beam enables the
deposition of metallic [6], magnetic [7], insulating [8] and superconducting [9] materials
only in the areas scanned by the beam. This outstanding versatility yields a broad
spectrum of applications, covering circuit edit and mask repair [10], micro- and nano-
contacting [11], photodetection [12], nano-sensing [13], magnetomechanical actuation
systems [14], plasmonics [15], etc. However, the proper operation of such devices can be
compromised when the functional properties of the nanostructures are not ideally tuned.
One of FEBID main issues is the existence of chemical impurities due to incompletely-
dissociated precursor molecules leading to incorporation of unwanted fragments inside

the deposit, often containing carbon and oxygen. Purity improvement can be achieved by
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precise control of primary electron beam parameters (beam energy and current), vacuum
chamber base pressure, precursor gas flux, substrate temperature, tilt angle of the gas
injection system, distance between the nozzle and the substrate, etc [16]. However, even
after optimizing these growth parameters, the purity of as-deposited structures often
remains moderate [17]. Thus, several strategies have been developed to enhance the
deposit purity: in situ [ 18] and ex situ [19][20] post-annealing treatments at high vacuum
and under controlled gas atmosphere [21], use of substrates at high temperatures during
growth [22][23], electron beam irradiation of the deposits [24][25], application of high
current densities [26] or use of carbon-free precursor gases [27] are the most widely-used.
Nearly all these approaches were performed for 2D deposits [28], whereas purification of
3D objects have been scarcely carried out [15][29]. Purification of 3D deposits present
specific problems: for instance, the architecture stability due the high-volume shrinkage
during heating treatments is critical [30].

FEBID of Fe [31], Co [32] and Ni [33] precursors gives rise to magnetic deposits in which
low metallic content leads to degraded magnetic properties. High purity 2D Fe and Co
deposits (~95 at. %) can be grown after optimizing the nanofabrication parameters
[34][35]. Nevertheless, in the case of 3D nanostructures with a high aspect ratio, as
relevant for vertical nanowires (NWs), the metallic content is drastically reduced for
decreasing diameter. Moreover, the natural oxidation of the surface upon air exposure
(typically 5 nm thick) becomes critical as the surface-to-volume ratio significantly
increases and impairs the ferromagnetic properties of the nanostructures due to the
formation of non-ferromagnetic species [36][37]. Therefore, novel strategies such as on-
purpose core-shell designs [38] or ex situ annealing treatments in high vacuum [29] have

been pursued to prevent and solve these issues.
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While most annealing studies have been performed in post-process conditions (e.g. after
each temperature step), real-time evaluation concerning chemical composition, overall
morphology and local crystallinity is still rare, even though such studies would provide
deeper insight in their fundamental nature. Based on this motivation, we here use in situ
Transmission Electron Microscopy (TEM) for studying the implications of thermal post-
growth annealing on Fe based FEBID NWs with atomic resolution [39]. The possibility
to analyze the results in real-time at each temperature step allows getting an insight on
the process dynamics, confining the required purification time scales. In more detail, we
focus on the formation and distribution of highly-pure metallic Fe phases, including their
crystallinity in real time (sample A). These results are compared with the ex sifu annealing
experiments performed on specimens that initially showed a higher metal content
(samples B-F) (see Supporting Information). The two setups used for the growth in
different laboratories (Austria and Spain) led to different chemical composition of the as-
grown nanowires, allowing us to investigate the behavior of thermal post-processing of
3D magnetic NWs with a broader view. This improved understanding is the basis for
further optimization of magnetic NWs for future applications in sensing, memory and

logic.

2. Experimental

2.1 Growth of 3D Fe NWs by FEBID. Although FEBID 3D-nanoprinting allows the
fabrication of complex 3D designs [16], this study representatively uses a pillar geometry
for simplicity. The nanostructures (sample A; Austrian laboratory) were fabricated in a
commercial FEI Nova 200 dual beam microscope equipped with a thermal field emission
gun (FEG) electron column and a standard gas injection system (GIS) for depositing Fe
using Fex2(CO)y precursor gas. The NWs were grown at room temperature on a heating

chip (Wildfire S3, DENSsolutions, The Netherlands) prepared to be loaded into a
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Wildfire TEM holder for subsequent in situ heating experiments.

(C) 800 J T 4 T N T T T 4 T T T T I I—

700 _—
600 - : : -
500 A ; l o

400 - — B

Temperature (°C)

300 . -
2004 - .

100] o~ .

T T T T T T T T T T T
0 50 100 150 200 250 300

cur | HV  det tit HFW i i
21 pA30.00 kV ETD -0 ° 1.30 ym Hea ments Time (mm)

Figure 1. (a) Heating chip mounted in the TEM holder with (b) an Fe-FEBID nanowire
grown for real-time TEM annealing experiments. (c) Temperature profiles for the Fe-
FEBID nanowire studied.

The chip substrate includes oval holes where the suspended nanostructures can be imaged,
as shown in Figure 1(a-b). The chip was tilted during the vertical growth of the NW, so
that the nanostructure projection falls into the hole once the chip recovers the horizontal
position. After the optimization of the growth parameters, NWs of very small diameter
(<50 nm), with a high aspect ratio (>30) and an initial moderately-low Fe relative
composition (~40 at. %) were obtained. All deposits were fabricated using an electron
beam voltage of 30 kV, electron beam current of 21 pA, growth pressure of 4 x 10”7 mbar
(working pressure minus base pressure), precursor temperature of ~30 °C and a single
spot exposure for 600 seconds.

2.2 Post-growth annealing in the Transmission Electron Microscope. The post-
growth annealing in high vacuum was performed iz situ in an FEI Titan Cube G2 60-300
using a Wildfire TEM holder from DENSsolutions (sample A). Figure 1(c) shows the
temperature profile during the experiment, where individual annealing times are color-
coded: 100 °C (12 min), 200 °C (12 min), 300 °C (12 min), 400 °C (56 min), 450 °C (36
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min), 500 °C (44 min), 550 °C (14 min), 600 °C (47 min), 700 °C (26 min) and 800 °C (23
min).

2.3 In situ Transmission Electron Microscopy characterization. Scanning
Transmission Electron Microscopy (STEM) imaging in combination with Electron
Energy Loss Spectroscopy (EELS) was performed using an FEI Titan Cube G2 60-300
equipment operated at 300 kV and fitted with a high brightness electron gun (X-FEG)
with monochromator and a Cs probe corrector (DCOR), which produces an electron probe
below 0.7 A in STEM imaging, and a Gatan Imaging Filter (GIF) Quantum. The STEM-
EELS experiments were carried out with a 19.7 and 20.5 mrad convergence and collection
semiangles, respectively, an energy dispersion of 0.5 eV/pixel with a resolution of 1.5 eV
(FWHM of the zero-loss peak), a GIF aperture of 5 mm, a camera length of 58 mm, a
pixel time of 10 ms and an estimated beam current of 160 pA. Annular Dark Field (ADF)
images were acquired with a Gatan ADF detector in the GIF with an inner detector angle

of 38 mrad and an outer detector angle of 137 mrad.

3. Results

The nanofabrication of 3D Fe NWs with ~40 at. % metallic content and ~50 nm in
diameter was performed via FEBID. A live monitoring of the features during the
annealing allowed the in situ characterization of the structural and compositional
variations from 24 °C to 800 °C. This gave us the opportunity of choosing different
annealing times at each temperature depending on the changes observed or required.
Furthermore, the nanostructures can be tailored until the desired properties are achieved.
Based on this consideration, the sample was kept at certain temperatures as long as
significant variations were detected. Figure 2 shows a schematic illustration of the
dimensional and organizational modifications of the components depending on the

annealing temperature as obtained in the experiments. In brief, purified (~95 at. % Fe)
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crystalline regions of the NW were obtained, reducing the lateral resolution down to ~30

nm in specific areas, but retaining the general shape of the nanostructure.

Purification of the segregated regions

| Compositional segregation —
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Figure 2. Sketch of the morphology, dimensions and composition distribution of an Fe-
FEBID NW as a function of the annealing temperature as observed in the experiments.
Fe, O and C are depicted in green, red and blue respectively.

ADF imaging and EELS compositional mapping in STEM mode have been used to trace
the morphological, structural and chemical evolution of the NW with increasing
annealing temperatures. Figure 3 illustrates the general features observed upon heating
by focusing the attention on a central region of the NW. The average diameter tends to
decrease as the temperature value raises, obtaining a 40 % reduction of the thickness in
certain regions, dropping down from ~50 nm at 24 °C to ~30 nm at 700 °C. This is due to
an expected volume shrinkage caused by the progressive reduction of carbon and oxygen
content, due to the formation of volatile COx compounds as previously discussed
[25][40]. Chemical analyses reveal that the NW core contains ~40 at. % Fe once they are

exposed to air, before the annealing treatment. As shown in greater detail in Figure 4,
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regarding the crystalline texture, the as-deposited NW has a nanocrystalline structure

which begins to change in the early stages of the experiment.

As-deposited T=100°C T=200°C

o .

T=300°C

T=400°C

T=450°C T=600°C

Figure 3. ADF-STEM images of the central section of an as-deposited Fe-FEBID
nanowire, sequentially annealed at 100, 200, 300, 400, 450, 500, 550, 600 and 700 °C.
Yellow arrows are guides to the eye indicating the same point of the nanowire. The yellow
dashed square in the image of the as-deposited nanowire indicates the area highlighted in
Figure 4.

As-deposited T=200°C

T=1550°C

Figure 4. High-resolution ADF-STEM images of the area indicated with yellow dashed
square in Figure 3 of an as-deposited Fe-FEBID nanowire, sequentially annealed at 100,
200, 300, 400, 450, 500 and 550 °C. Scale bars are 10 nm in all images.

From 24 °C to 300 °C, only minor structural changes are observed. At 100 °C crystallites
up to ~10 nm begin to grow in specific regions, suggesting that a global homogeneous
composition in the core is kept with the Fe starting to segregate from the rest of the
components on specific areas. The low electron current density (<40 nA/nm?)

concentrated on the nanowire ensures that the driving force of the crystal emergence is
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provided by the heater temperature rise rather than by the irradiation-enhanced diffusion
phenomenon [41][42]. When the sample is heated to 200 °C, new isolated ordered
arrangements of atoms turn up, and oriented in different directions at several areas, whilst
maintaining the general structural shape of the NW. At 300 °C the number of high-purity
Fe nanocrystals increases inside the core, giving rise to an overlap amongst them. In
addition, general compositional changes happen, noticing a richer Fe central trace found
along the long axis of the nanostructure (see Figure 5). Raising the temperature up to 400
°C favours the clustering of the crystals, giving rise to an inhomogeneous distribution of
Fe, which produces areas with remarkable higher metallic content. Indeed, a particularly
active redistribution of the Fe, O and C can be noticed as a function of time, which is
illustrated in Figures 5. At 450 °C a grain size growth takes place with crystals spreading

all over the core thickness in certain regions.

10
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Figure 5. STEM-EELS chemical maps of the central section of an as-deposited Fe-
FEBID nanowire, sequentially annealed at 100, 200, 300, 400, 450, 500, 550, 600 and
700 °C, showing the spatial distribution of Fe, O, and C in green, red and blue,
respectively. Yellow arrows are guides to the eye indicating the same point of the
nanowire. Scale bars are 10 nm in all images.

Figure 4 shows a clear change in the NW microstructure, virtually removing most of the
remained amorphous material in Fe-rich parts. It is also noteworthy that, since Fe-rich
areas appear inside the NW, therefore C-rich and O-rich areas should appear in other
areas. Moreover, given that the initial Fe content was low (~40 at. %), the complete
purification throughout the whole nanostructure is not expected to occur whilst keeping
the total volume constant, and similar behaviour was found in the 3D samples B-F with
higher initial metallic content (>75 at. %) (see Supporting Information). At 500 °C the
diameter is not uniform anymore along the length of the nanostructure, considerably

reducing its value below 45 nm in some sections. As illustrated in Figure 5, large Fe
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grains grow in size, at the expense of surrounding smaller grains, to reach lateral sizes
close to the NW width. At 550 °C, the recrystallization of the Fe-rich regions is completed
and has produced the expected large crystals of a-Fe (bcc). This correlates very well with
the result obtained from samples B-F (see Supporting Information), and with the previous
observation of the transformation of amorphous Fe:C:0 as-grown nanocomposites into
a-Fe single-crystals around this temperature [43]. In addition to that, when the component
distribution does not change anymore as a function of time at 550 °C, a temperature
increase to 600 °C is required to stimulate further compositional dynamics. Here, Fe
crystal migration in some areas of the NW is powerfully promoted, with the grain front
advancing with a mean speed of ~26 pm/s (see Video S1). For the sake of comparison,
iron carbon alloy nanoparticles were found to move inside a C nanopillar at 8 nm/s under
comparable temperatures [44]. In the case of 3D Fe-FEBID NWs, the diffusion suggests
being subject to the specific morphology of the regions, the available metallic sources
around the active grain front when they are still present and the possible crystal
accommodation within the NW. The NW segment represented in Figure 5 shows a
remarkable expansion of the Fe content along that section. However, despite not
displaying the whole length of the nanostructure to have a better assessment of the fine
compositional details, it is important to highlight that this local purification leads to the
accumulation of C and O in other regions of the NW as illustrated in Figures 2 and 3. At
700 °C, the NW reveals a final diameter of approximately 30 nm in the thinnest regions.
At this point, it is likely that the growth of large a-Fe crystals is halted as the supply of
small iron particles at close distances has stopped. The adopted configuration resembles
the one obtained for the previous temperature stage and it can be assumed that the
segregation between the components is finished. At 800 °C, the NW suddenly bends at

the upper part, suffering an important deformation and therefore losing the 3D pillar

12
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original shape (see Figure S1). Hence, the large amount of C initially contained inside the
structure not only hampers obtaining a homogeneously purified structure, but also leads
to the collapse of the NW structure at high annealing temperatures. Besides, some Fe
clusters are observed moving around inside the more carbonaceous core areas whereas
the O almost disappears.

To obtain quantitative information about the Fe, O and C relative compositions, STEM-
EELS profiles were performed along the length (Figure 6) and the diameter (Figure 7) of
the NW at each annealing temperature. For the first one, the profiles were acquired
approximately in the same areas depicted in Figures 3 and 5 and by integrating over the
central ~12 nm. For the second one, the plots over the thickness of the nanostructure does
not provide fair information about the overall composition but allow studying the shell
composition and obtaining numerical values of the relative contents of Fe, O and C in
specific sections. In this case, since there is an active displacement of the components
depending on the temperature, we have selected the regions which illustrate the general
behaviour of the composition at the shell and the highest Fe percentage found throughout
the NW for each annealing temperature. Figure 6 indicates that the initial ~40 at. % Fe,
~40 at. % O and ~20 at. % C is homogeneously distributed in the core from 24 °C to 300
°C. However, this calculation considers the contribution coming from the shell because
the whole thickness of the NW is integrated in the STEM-EELS data collection. As shown
in Figure 7(a-d), in this temperature range, a ~7 nm shell composed by ~10 at. % Fe, ~30
at. % O and ~60 at. % C represents nearly the 30 % of the total width. Thus, one can
assume that the real metallic content inside the core is much higher than the one displayed
for the total volume. Another relevant fact is the absence of the standard ~5 nm surface
oxidation layer which typically covers magnetic FEBID nanostructures with higher

metallic content [45]. This suggests the instantaneous formation of a C shell during the
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growth of the original Fe NW, avoiding the natural oxidation process of the metal species
once the nanostructure is removed from the nanofabrication vacuum chamber. As a result,
the O signal decreases from the core to the shell. At400 °C and 450 °C, a strong difference
in the Fe contents along the length has been detected. According to Figure 6(e-f), the
regions where a cluster of Fe appears improve the metallic composition up to the range
between 50-60 at. % at the maximum, as well as the O signal decreases down to ~20 at.
%. These data correlate appropriately with Figure 7(e-f). At 500 °C, the Fe relative
composition exceeds 60 at. % in the areas with the highest metallic content, where the O
is reduced below 20 at. %. At 550 °C, the Fe content in those regions increases to around
70 at. %. Simultaneously, the C content starts to decrease at the shell and percentages
below 50 at. % are obtained for the first time. At the same time, the O signal decreases
drastically in central regions. At 600 °C, looking at the transversal profile analysis shown
in Figure 7(i), the C signal varies the tendency and decreases dramatically down to zero
value in some sections. Consequently, the Fe is expanded all over the NW thickness, the
recrystallization and the local purification is accomplished locally, approaching almost

~95 at. % with the O layer present at the shell.
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Figure 6. STEM—EELS profiles as a function of the length of (a) an as-deposited Fe-
FEBID nanowire and the same nanostructure sequentially annealed at (b) 100, (c) 200,
(d) 300, (e) 400, (f) 450, (g) 500, (h) 550, (i) 600 and (j) 700 °C. The Fe, O and C
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Also, the Fe signal generally coincides with the O one in the external areas, which
demonstrates that metallic material is eventually oxidized. Adding this to the overall
sharp reduction of the diameter, the ferromagnetic diameter shrinks to ~25 nm. Finally,
at 700 °C no significant changes can be noted with respect to the previous temperature,

and further heating is not expected to bring any major improvements on the purity.

4. Discussion

In order to evaluate the degree of Fe purification with temperature, Figure 8(a) displays
the radial dependence of the average Fe composition found in the highest-metallic area
of the NW at each annealing temperature. These higher purification sections may vary
their location from one temperature to another. A clear increase of the highest Fe content
as a function of the temperature can be appreciated in Figure 8(b). Simultaneously, the
diameter evolution in these regions follows the opposite trend, decreasing down to 33 nm,
attaining a remarkable lateral resolution. Thus, sections of virtually pure Fe can be
obtained by means of this annealing treatment from a nanowire with low initial Fe
content, but the full metal purification along the nanowire is not achieved. The obtained
nanoscale phase segregation will entail non-homogeneous physical properties in the
nanowire, which will have a significant impact on the performance of nanodevices based
on this material. As shown in the Supplementary File, in Fe FEBID nanowires with higher
initial Fe content, the annealing process also promotes the phase segregation in areas with
higher and with lower Fe content. We can compare this behaviour with similar annealing
processes conducted in Co 3D NWs grown by FEBID using the Co2(CO)g precursor,
which showed a complete purification and recrystallization of the nanowires at 600 °C
[46]. This indicates that a different mechanism is governing the purification process in

both nanomaterials, with profound implications on their functionality.
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Figure 8. (a) STEM—EELS profiles of the average Fe relative composition as a function
of the radius in the areas with the highest metallic content of the Fe-FEBID nanowire
found at each temperature. (b) Maximum Fe relative composition (circle symbol) and
average total diameter (square symbol) in the selected NW area shown in Figure 4 as a
function of the annealing temperature.

In the case of applications requiring magnetic continuity, such as in magnetic domain-
wall conduits [1], annealed Fe FEBID nanowires would not be appropriate. However, in
the case of magnetic sensing devices such as Hall sensors, the use of a nanomaterial with
purified magnetic areas surrounded by non-magnetic areas could be beneficial [47]. Such
annealed Fe FEBID nanowires may also be of interest to magnetic tips used for Magnetic

Force Microscopy for two reasons: the enhancement of the spatial resolution due to the
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reduction of the nanowire diameter and the diminishment of their magnetic invasiveness,
currently needed in the measurement of magnetic skyrmions [48]. Another potential
application of annealed Fe FEBID nanostructures could be in the field of catalysis, given
that the small metallic nanoparticles formed could act as catalytical centres for the growth

of carbon nanotubes, as shown in the past with Co FEBID nanodots [49].

5. Conclusions

In summary, post-growth annealing treatment under high-vacuum conditions of ultrathin
3D ferromagnetic Fe nanowires (< 50 nm) fabricated by FEBID with the Fex(CO)9
precursor has been carried out. The morphological, compositional and crystallinity
changes as a function of the temperature and time have been monitored in real time inside
a transmission electron microscope, shedding light on the nanoscale processes involved
during the annealing process. According to the obtained results, annealing up to 700 °C
of an as-grown homogeneous nanocrystalline nanowire with an initial metallic content of
about 40 at. % Fe induces the coexistence of Fe-purified and crystallized regions in the
nanowire with other Fe-deficient amorphous regions. Thus, instead of the full metal
purification, this annealing method provokes a strong phase segregation in the nanowire.
Our work underlines the importance of in-situ studies with nanoscale resolution for the
optimization of nanomaterials, and the understanding of their functionality not in terms
of their average physical properties, but of the physical properties of their individual
constituents. Potential applications of these results in magnetic sensing and catalysis have

been discussed.
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