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Focused-electron-beam-induced deposition (FEBID) is the ultimate additive nanofabrication technique for the growth of
3D nanostructures. In the field of nanomagnetism and its technological applications, FEBID could be a viable solution to
produce future high-density, low-power, fast nanoelectronic devices based on the domain wall conduit in 3D
nanomagnets. While FEBID has demonstrated the flexibility to produce 3D nanostructures with almost any shape and
geometry, the basic physical properties of these out-of-plane deposits are often seriously degraded from their bulk
counterparts due to the presence of contaminants. 3D Co nanowires have been used to test the possibilities of FEBID for
engineering the dimensions, composition and magnetism of these nanostructures.
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| 1. Introduction

Three-dimensional (3D) magnetic nanostructures are the playground of a wide range of exciting physical phenomena in
nanomagnetism, where curved geometries enable the onset of new types of exotic magnetic configurations, such as
topologically protected and chiral magnetic textures 2Bl Furthermore, 3D nanomagnets present several key features
to postulate a paradigmatic solution to different challenges that the semiconductor industry must confront in the years to
come to reconcile continued miniaturization, increasing performance and reduced power consumption REI The
transition to 3D nanoarchitectures would overcome the intrinsic areal density limitations of conventional CMOS
technologies caused by increasing leakage currents due to quantum effects 8. They may also reduce the power

consumption by storing and processing memory by ultrafast magnetic domain walls or skyrmions driven by low-power
spin currents AL

Even though the growth of high-purity, narrow 3D ferromagnetic structures may be the gateway to a broad range of
opportunities for both fundamental and technological applications, most standard nanolithography techniques lack the
flexibility to implement complex 3D structures at the nanoscale. For this purpose, additive manufacturing approaches to
nanofabrication present an ideal solution. Among them, focused-electron-beam-induced deposition (FEBID) presents
unique properties to become the ultimate 3D nano-printing technique 2. FEBID is a single-step additive nanolithography
technique based on the local decomposition of the molecules of an organometallic precursor gas, adsorbed on the
surface of a substrate, thus producing a solid deposit 1314l This mechanism is mainly driven by the interaction of the
primary beam and the secondary electrons emitted by the substrate with the adsorbed precursor molecules 22, This basic
principle confers a great control on the material deposit, geometry, and growth conditions to design conducting, insulating,
superconducting, plasmonic or ferromagnetic structures, with virtually any shape and nanometer resolution, in 2D 18 and
3D 4, Over the years, humerous types of FEBID deposits have been developed as structural materials 28], for electrical
contacting 2, nanosensing 29 or plasmonic structures 2. In particular, the growth of 3D ferromagnets by FEBID has
been fruitful and yielded highly sophisticated architectures. Remarkable applications have been developed in magnetic
sensing by functionalization of magnetic probes for magnetic force microscopy 24 and ferromagnetic resonance force
microscopy 23 in materials science and biology 24!, as magnetically driven mechanical nano-actuators 22, 3D domain
wall conduit 28], ferromagnetic designs based on 3D FEBID scaffolds 28 arrays of 3D nanopillars for magnetic logic 27,
3D artificial ferromagnetic lattices 22281 and magnetically chiral 3D architectures 22, Further examples of applications of
3D FEBID ferromagnets have been reviewed recently by Fernandez-Pacheco et al. 29,

One of the main difficulties of FEBID growth for the design of high-performance nanodevices is to obtain the desired
geometry and dimensions with a high level of purity. The presence of a degree of contaminants in the deposit is inherent
to the FEBID process, as some of the precursor residues are easily integrated into the deposit together with the active
material B, while secondary electrons emitted away from beam position induce the formation of an extended halo B2,
These drawbacks have motivated a dedicated effort for optimization of FEBID growth conditions, beginning with the
choice of the gas precursor. Numerous precursor molecules have been explored for the growth of ferromagnetic



materials. A detailed account of the precursors reported in the literature for 2D growth of ferromagnets is beyond the
scope of this review, and has been reported elsewhere 22l but it is worth discussing some key aspects. Most of the
precursors that have been reported are organometallic complexes based on carbonyl (CO) groups, thus C and O are the
expected impurities derived from incomplete precursor decomposition. The most widely used is dicobalt octacarbonyl,
Co,(CO)g, for which 2D deposits with 95 at. % Co content with metallic conduction have been achieved without further
post-processing 24, even in halo-free extremely narrow (<30 nm) nanowires [22l, Co(CO)3NO has also been tested for 2D
FEBID growth, and metal contents of 50-55 at. % have been obtained (361371 |n the case of iron, the main precursors
used are Fe(CO)s B8 and Fe,(CO)q 22, and metal contents above 75 at. % have been obtained. Iron precursors evidence
the importance of residual gases in the deposition chamber, and 95 at. % purity can be achieved in ultra-high vacuum
conditions with Fe(CO)s #Y. The use of heteronuclear precursors allows one to grow alloyed magnetic materials; for
instance, the precursor HCosFe(CO),, has been used to produce CosFe deposits with metallic contents as high as 80 at.
% [l and has also been grown in 3D [28l. The nickel precursors reported are not carbonyl-based; FEBID deposits based
on Ni(CsH4CH3), 42431 or Ni(PF3), 42 do not surpass metal contents of 40 at. %. 3D growth of ferromagnets has been
attempted with precursors that already provide high purity levels in 2D. In the present work, the precursors used are
Co,(CO)g for cobalt and Fe,(CO)g for iron.

Furthermore, 3D growth implies substantial challenges with respect to 2D growth. As the deposit grows vertically, the
geometry of the deposition area changes drastically, and the relevant electron beam interaction is now with the growing
deposit, instead of the substrate. Many key parameters for the FEBID process are bound to change with respect to 2D,
such as the interaction volume of the electron beam, secondary electron emission, precursor molecules adsorption and
diffusion rates, and heat dissipation 441451 A deep understanding of these processes allows engineering the geometrical,
compositional and magnetic properties of 3D ferromagnetic nanowires by FEBID.

| 2. Going 3D: Tuning FEBID Growth Parameters

While 3D FEBID growth has achieved a high degree of architectural complexity with the use of computer-aided design
models 17, for the optimization of the physical properties of 3D ferromagnetic deposits, the simple benchmark design of a
straight vertical nanowire has been used. For this type of geometry, the FEBID growth is performed in spot mode, where a
stationary electron beam is focused into a single point of the substrate for a period of time. To facilitate a detailed, local
characterization of the physical properties of the 3D deposits, these are grown out on the edge of a commercial TEM Cu
grid.

The main growth parameters left are the primary beam energy, the beam current and the precursor gas flux. While the
variation of the primary beam energy by itself does not significantly affect the composition, the interplay between the
beam current and the precursor gas flux is essential to determine the final properties of the 3D nanowire. Indeed, two
growth modes have been evidenced in Co FEBID nanowires, the so-called linear regime and the radial regime 4. The
transition between these two regimes is marked by a sudden change of the nanowire’s diameter, depending on the
balance between the beam current and the precursor gas flux. The latter is parameterized through the working pressure,
AP, defined as the increase of pressure with respect to the base pressure, caused by the precursor gas flux injected
during growth. As shown in Figure 1a—d, for a given beam current of 86 pA, a high AP of 7.3 x 1078 mbar produces long
nanowires with a diameter well below 75 nm, while at low working pressure (AP = 5.1 x 10~% mbar), shorter and thicker
nanowires are grown, of about 120 nm in diameter. Intermediate values of AP give rise to hybrid objects, which evidence
linear growth in the early stages up to a certain height, at which the growth transits into radial regime. It is worth noting
that for higher beam currents, this transition occurs at higher working pressures, i.e., higher precursor gas fluxes. Thus,
the growth rate is determined by the amount of gas molecules delivered (increasing with AP), which is known as the
precursor-limited regime 2. Consequently, the nanowires (or segments of nanowire) grown in the linear regime present a
high growth rate, expressed in terms of nanowire’s length per unit of time, while in the radial regime, nanowires grow more
slowly. The growth mode also reflects on the composition of the nanowire. The radial regime gives rise to the nanowires
with the highest Co content, close to 90 at. % Co, while in the linear regime, the values decrease below 70 at. % Co. This
tendency is observed even for nanowires that present both growth regimes. There is an illustrative example in Figure 1e,
which represents the drastic change in Co content at the transition point between linear and radial regime, determined by
electron energy loss spectroscopy (EELS) in scanning transmission electron microscopy (STEM).
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Figure 1. Growth modes of 3D Co focused-electron-beam-induced deposition (FEBID) nanowires. (a) Dependence of the
transition from linear growth to radial growth with the working pressure increase due to gas injection, AP: (a) 7.3 x 107®
mbar, (b) 6.4 x 107% mbar, (c) 5.9 x 1078 mbar, (d) 5.1 x 10~ mbar. (e) Compositional dependence with the growth mode,
with STEM-EELS elemental maps in the inset, where Co, C and O are depicted in green, blue and red, respectively. The
arrows indicate the direction of the elemental line profile. (f) Magnetic flux lines around the transition point between
sections grown in radial regime (top) and linear regime (bottom). Adapted from Refs. 48149

The microscopic origin of this general behavior is evidently complex and requires careful theoretical simulation. However,
some aspects can be qualitatively understood as a consequence of the more or less efficient thermal dissipation, and its
impact on the gas precursor molecules adsorption/desorption and decomposition. Considering a nanowire growing in the
threshold between the linear and radial regimes, at an early stage of growth, the tip of the nanowire is close to the
substrate and the heat generated by the electron beam is easily dissipated onto the substrate. However, as the growth
continues, the thermal resistance of the deposit increases, and heat is dissipated less efficiently 24, At this point, the
precursor gas may act as a heat-exchange medium. If the working pressure is high enough, thermal dissipation will be
sufficient to maintain the linear growth. However, below a certain working pressure, the temperature at the growth point
will increase, favoring a faster decomposition of the gas precursor molecules adsorbed and producing a wider deposit.
This subtle balance between the heat produced by the electron probe and the capacity to dissipate it is supported by the
fact that, at higher beam current (thus, higher temperature at the growth point), a higher precursor flux (thus, more
efficient heat exchange) is required to operate in the linear regime. In terms of metallic content, high gas precursor flux
favors an incomplete decomposition of the molecules, decreasing the metallic content of the deposit. As a consequence,
high working pressure promotes the growth of narrow, though lower purity, 3D Co nanowires.

The beam current is another critical parameter to tailor the composition of 3D nanowires. Co content increases with the
beam current, sharply at low currents, up to 80 at. % Co for 200 pA, and moderately at higher currents. As the beam
current rises, the precursor molecules are decomposed more efficiently. This also favors the radial regime, as the amount
of heat to be dissipated increases, and therefore, the diameters tend to be higher (48],

Of course, Co content of the 3D nanowires have a direct impact on the magnetism. This can be analyzed by off-axis
electron holography, which is able to quantify the net magnetic induction of ferromagnetic materials 59, Figure le
illustrates qualitatively how the transition from radial to linear regime in a single nanowire causes a reduction of the
magnetic flux lines density, which is associated to the lower magnetic induction (B) caused by the reduced Co content.
Figure 2 represents the magnetic induction flux produced by 3D Co nanowires with different diameters. The widest
nanowire is grown in the radial regime (Eigure 2a) with a diameter of 124 nm and a composition of 87 at. % Co, and has

an average magnetic induction of 1.33 T, which is 75% of the bulk value (Bpyk = 1.76 T). Our estimation does not take into
account the fact that the outer surface of the 3D Co FEBID nanowires is oxidized due to air exposure, producing a non-
ferromagnetic shell. This oxide layer is highlighted by colored bands in the outer regions where the magnetic induction
decays (Figure 2d). The thinnest nanowire is grown in the linear mode (Eigure 2c, 57 nm in diameter) and presents a very
low magnetic induction of 0.41 T (23% of Byyk), in accordance with a much poorer Co content of 41 at. %. This deposit
has a much higher surface-to-volume ratio, so the relative contribution of the oxidized surface is remarkable and it is



reasonable to think that the inner magnetic induction values are greatly underestimated. Finally, Figure 2b depicts the
nanowire with intermediate thickness, grown in the range where radial and linear regimes coexist. This nanowire
evidences values of all physical parameters halfway between the two extreme cases: with a diameter of 81 nm, the
composition and magnetic induction values are 68 at. %. Co and 0.78 T (44% of By), respectively.
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Figure 2. Magnetic properties of as-grown 3D Co FEBID nanowires. (a—c) Magnetic induction (B) flux maps of nanowires
with diameters of 124, 81 and 57 nm, respectively. (d) Cross-sectional profiles of B, where the surface regions are marked
with vertical color bands. Adapted from Ref. 48!

This study demonstrates that the variation of the main FEBID growth parameters enables the tailoring of the structural,
compositional and magnetic properties of the 3D nanowires. They can even be modulated, as evidenced by the observed
change in diameter and composition in a single nanowire at the transition from the linear regime segment to the radial
regime one. This phenomenon could be exploited to engineer pinning of domain walls of exotic nature B2, However,
the key growth parameters and physical properties are mutually dependent, as the Co content, and thus the magnetism,
are directly linked to the growth regime, which determines the average diameter and the growth rate. These interrelations

are summarized in Figure 3, which represents the dependence of the Co content of nanowires grown in the optimal
conditions for a given diameter, together with the net magnetic induction obtained for the three Co nanowires analyzed by
electron holography. It is clear that both the composition and magnetic induction inevitably decrease with the reduction of
the nanowire’s diameter, and the Co content never surpasses 70 at. % Co for diameters below 80 nm. According to the
holography results, this would correspond to a magnetic induction of approximately 0.8 T, which could have a significant
impact on the functionality of the nanowires.
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Figure 3. Composition (in blue) and net magnetic induction (in red) of 3D Co nanowires as a function of the diameter.
Adapted from Ref. (48]

Therefore, to produce 3D Co nanowires with a high aspect ratio, diameters well below 100 nm and with good functional

properties, namely a high (>90 at. %) Co content and a saturation magnetization close to the bulk value, tuning the basic

growth parameters is not enough and post-growth purification procedures 23l or heterostructuring 42 are required.
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