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ABSTRACT: Focused electron beam induced deposition (FE-
BID) is an additive manufacturing technique uniquely suited for
fabricating functional 3D nanostructures for a range of applications,
including spintronic devices. However, the variation of growth
dynamics associated with lateral movement of the electron beam
results in structures with non-uniform composition when fabri-
cating intricate 3D geometries. Herein, we measure changes in
atomic composition and corresponding changes in magnetic in-
duction in 3D ferromagnetic nanostructures with overhanging
elements, e.g. bridges or arches. To investigate the effects of
electron beam lateral movement, we fabricated Co and Fe
nanowire (NW) structures with growth angle relative to the optic
axis varying from 0° to 90°. The (scanning) transmission electron
microscopy techniques of electron energy loss spectroscopy and off-axis electron holography were performed to map the NW elemental
composition and magnetic induction as a function of NW growth angle. Comparison of the results reveals a reduction in metal content
with increased growth angle in FEBID NWs. The magnitude of metal content reduction can be tuned by controlling electron beam
parameters, and ferromagnetic NWs with approximately equal metal content at growth angles from 0° to 60° were fabricated by using
the lowest viable electron beam voltage and the highest viable beam current to reduce the interaction volume and increase the metal
content, respectively.
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Bl INTRODUCTION comprise NWs that are deposited at a constant angle to the
substrate.”'" Since the purity and magnetic properties of the
FEBID material are generally dependent on the orientation of the
electron beam,'' movement of the beam can cause composition
variations in the deposited nanostructures.” Ensuring that func-
tional FEBID nanostructures have a uniform composition when
fabricating complex geometries is crucial for the design of mag-
netic devices, therefore, deposition parameters are tested.

The environmental impact of conventional electronics can be
mitigated by the development of spintronic computing archi-
tectures, which are theoretically more energy-efficient when
handling digital data." Devices including magnetic racetrack
memory for data storage” or magnetic synapses for artificial neural
networks® function by moving and storing data as magnetic do-
main walls in ferromagnetic nanowires (NWs). These designs have
been tested in two-dimensional (2D) racetracks,” but by ex- FEBID Chemical Reactions
panding to three-dimensional (3D) architectures, the component
density per chip area can be increased by angling NWs vertically
with respect to the substrate.* Additionally, the shape anisotropy
and symmetry breaking induced by NW curvature™ can be used
to tune magnetic interactions that control magnetic domain wall
(DW) movement. Complex 3D NW structures can be fabricated

FEBID is performed by injecting a precursor gas into the sample
chamber of a scanning electron microscope (SEM) and irradiating
solid material with the electron beam.”"" This process drives the
dissociation of precursor gas molecules primarily through irradiation
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by secondary electrons (SEs) emitted from the substrate, and other
forms of radiation present in the vicinity of the beam. The reaction
products deposit on surfaces in the vicinity of the reaction volume,
typically forming a deposit of nanocrystalline or amorphous metal.
The primary challenge associated with FEBID is fabricating
nanostructures with desired geometries while maintaining high
metal purity, e.g,, Co, Fe, etc. Inclusion of C & O contaminants and
incomplete dissociation of the precursor gas is inherent to the
FEBID process, which can result in relatively low metallic content *
and loss of ferromagnetic properties. Optimising the deposition
parameters and inclusion of post-processing stages have been
thoroughly investigated to produce deposits with predictable fer-
romagnetic and charge transport behaviours, required for reliable
device operation."”~"> The composition of FEBID material is at-
tributed to the balance between multiple chemical reactions oc-
curring at the site where the electron beam is incident on a sub-
strate.~ This includes adsorption, which involves the formation of a
bond between the precursor gas and the substrate; dissociation of
the precursor molecules via bond cleavage; and the desorption of
reaction products from the surface. The underlying chemical re-
actions have been studied both in isolation and as a combined
deposition reaction. Co and Fe deposition is discussed in this work.

For the commonly used Co,(CO)s precursor gas, autocatalytic
adsorption has been observed to occur spontaneously,'® but can
also be driven by electron impact (EI) ionisation.'”'” Regarding
dissociation, mass spectroscopy experiments have shown that EI
most frequently breaks bonds between Co and organic ligands,
resulting in the creation of ions of the form Co,(CO)g —
Co;_»(CO)g",."” Calorimetry experiments have also shown that
thermal dissociation (TD) at temperatures above 80 °C results in
the deposition of pure Co and the desorption of CO gas,

Co,(CO)s — 3 2Col + 8CO1.' Although the FEBID ma-
terial can contain organic ligands and is not guaranteed to be
ferromagnetic, the conventional beam—matter interactions of
ionisation by scattered electrons and beam-induced heating act to
increase the metal content, which can be tuned by controlling the
electron beam."’

For comparison, the Fe,(CO)y precursor gas also undergoes
Elionisation of the form Fe,(CO)y — ]F"el_z(CO)Oi:w19 and TD

Fe,(CO)y — 280 2Fe| + 9CO1 above 280 °C.'* Additionally,
when Fe,(CO)y is exposed to white light, heat, or electron
beams,”” it partially converts to Fe(CQ)s, which adsorbs au-
tocatalytically.”" In practice, the deposition process for Fe and
Co precursors is similar, but the higher TD temperature for
Fe,(CO)g requires the use of a higher intensity electron beam to
promote TD when depositing Fe NWs.

Experimentally, when the electron beam in an SEM is sta-
tionary or rastering over a flat substrate, the elemental com-
position, magnetisation, electrical resistivity, and geometry of
the deposited structure can be reproducibly controlled.” This is
achieved by tuning several deposition parameters, including the
SEM accelerating voltage, the beam current, the concentration
of precursor gas, and the dwell time at each beam position.
Using these methods, more than 90% metal content has been
achieved regularly in planar films and straight pillars.'***** In
comparison, when fabricating geometrically complex nano-
structures, the position of the electron beam can be controlled
precisely, but beam movement alters the radiation dose ab-
sorbed per unit volume during deposition. Maintaining the high
irradiation required to break metal-carbon bonds and deposit
high-purity ferromagnetic metal is not straightforward when the
beam transmits through a 3D sample and induces codeposition

19186

on multiple surfaces. Therefore, a trade-off must be made be-
tween beam energy, which affects interaction volume, and beam
current, which affects beam intensity.

The metal content of deposited NWs can be further improved
by post-growth treatments, which include thermal annealing,
electron beam curing, reactive gas exposure, and combinations
of each.'***** Thermal annealing has been the most extensively
investigated and successful post-processing treatment for in-
creasing the relative metallic content in FEBID deposits. An-
nealing temperatures in the 300—600 °C range are observed to
induce thermal dissociation of carbonaceous material, which can
diffuse and desorb from the deposit surface."”*® This has been
studied with Co*”*® and Fe**° precursors, resulting in en-
hanced purity and crystallinity of FEBID deposits for most
tested nanostructure geometries. Overall, FEBID of vertical
NWs and flat films has been extensively studied to tune material
functional properties, but FEBID material composition in ob-
lique NWs is geometry-dependent and should be characterised
to inform the fabrication of bespoke 3D nanostructures.

FEBID 3D Printing

The electron beam in an SEM can be programmed to move
laterally along a predefined path, which results in NWs growing
at an angle () relative to the beam-axis, as illustrated in Figure
la. @ = 0° corresponds to a NW that is deposited around a
stationary electron beam, and, in this work, is approximately
perpendicular to the substrate surface (vertical). A laterally
moving beam can be used to fabricate intricate 3D NW
structures, such as double-helices, helical lattices, Moebius
strips, or NW cubes that show curvilinear magnetic
interactions,””"*> and may inform the design of spintronic
devices. To fabricate such 3D nanostructures, predictive models
are used to generate stream files that control the lateral
movement and dwell time of the incident electron beam. Models
based on Langmuir-type approaches’** or atomistic Monte-
Carlocalculations®”*° have been developed to enable FEBID 3D
printing from CAD designs and fabrication of micrometre-sized
FEBID structures from Co or Fe. These model types assume
that material is deposited in thin layers without affecting the
layers underneath, which does not account for TD occurring in
all of the volume heated by the beam and does not predict either
anisotropic growth of oblique NWs” or auto-catalysed crystal-
line growth.”' Such models are most accurate when TD is
limited, and hence lower-purity material is deposited. Methods
have been developed to simulate thermal conductance and
FEBID TD reactions,”” but they have only been tested so far
with Pt and Au.

In practice, the material properties of FEBID NWs are tuned
depending on the intended application. Such optimisations
leverage the observation that NWs exhibit characteristic re-
sponses to changes in deposition parameters.'” Since FEBID
precursor gases for Co and Fe are chemically similar and the
underlying electron scattering interactions are the same,*® the
effects of changing deposition parameters are also similar. They
can be observed by depositing two NWs side-by-side; starting
with NW “A” changing one deposition parameter, and then
depositing NW “B”. The observed characteristic effects are:

EO0. When nothing is changed, A and B are approximately
identical. This indicates that the deposition is consistent,
and is a necessary condition for the accuracy of FEBID
CAD modelling.”****

https://doi.org/10.1021/acsanm.6c02497
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Figure 1. FEBID 3D printing process. (a) Schematic diagram of FEBID process, where NW structures are fabricated by injecting precursor gas
through the GIS needle and laterally moving the electron beam along a path defined by stream files in SEM. (b) Streams that define beam position as a
function of time, during deposition. (c) Tilt-corrected SE SEM image of FEBID Co NWs fabricated by executing the streams in (b). The inset shows
the sample-aligned coordinate system used later in the analysis. To fabricate oblique nanostructures (c), the beam must be stationary at each position

for an amount of time corresponding to (b).

E1l. When the beam current is increased, B will have a larger
volume and higher metal content than A, as demonstrated
for Co and Fe.'>*>*” There is an upper limit to the beam
current beyond which randomly oriented crystalline
growth is observed >>!0%!

E2. When the beam is defocused, B will have a larger diameter
and lower metal content than A. This has been observed
for Co, Fe, and Pt'33%4>%

E3. When B is annealed at a temperature in the 300—600 °C
range, its metal content will increase, as seen for both Co
and Fe.”’ ™"

E4. When the beam accelerating voltage is increased, the
geometry of B will be different from A. If the SEM beam is
moving laterally during deposition, then the cross-section
of B will be more elongated (elliptical) than the cross-
section of A. This has been observed for Fe, Co, FeCos,
and Pt 210214344

ES. If the lateral movement speed of the beam is increased, the
metal content of B will decrease relative to A. This is
measured for Co and Fe NWs in this work.

In this work, Co NWs are fabricated with € = 0° to test effects
E0-E3 and verify that the FEBID system is functioning normally.
Then Co NWs and Fe NWs are fabricated with 0° < 8 < 90° at
different accelerating voltages to quantify effects E4 & ES and
test whether ES is material-agnostic. Furthermore, correlations
among 6, metal content, and magnetic induction in ferro-
magnetic NWs are measured; to develop methods for improving
oblique NW composition uniformity and inform the develop-
ment of FEBID 3D-printing algorithms for ferromagnetic
nanostructures.

B METHODS

Sample Fabrication

A dual-beam Thermo Fisher Scientific HELIOS Xe plasma focused ion
beam (FIB) SEM was used to ion-mill flat substrates from a copper film,
which could be electrically grounded during TEM and SEM imaging.

NWs were deposited on the copper substrates using FEBID. The gas
injection system (GIS) heated solid precursor material to induce
sublimation, and the precursor gas was injected through the GIS
needles positioned at an approximately 250 pm height above the
substrate surface and a 100 um lateral distance from the deposition
point. Co and Fe needles were inserted at 40° and 60° angles relative to
the SEM beam, respectively. The needle orientation in the lateral plane
was at a 50° angle clockwise from the +X’ direction. For FEBID, the
Co0,(CO)s and Fe,(CO), precursors were heated to 29 °C and 37 °C,
respectively. Nine sets of FEBID NWs were fabricated: first, five sets to
characterise NWs deposited using a stationary electron beam as ref-
erence samples; and secondly, another four sets to measure the
composition change in NWs deposited with a laterally moving electron
beam. Table 1 lists the details of each sample set, including the pre-
cursor gas, beam accelerating voltage and current. For completeness,
the base pressure in the SEM chamber was recorded before and during
deposition, and to indicate the reaction rate, the vertical NW height to
deposition time ratio (growth rate) is recorded. Compositional analyses
and beam conditions for each individual NW are provided in the
Supporting Information." The arrows in the dataset titles indicate
whether the deposition was at @ = 0° (1) or @ > 0° (/). All NWs were
deposited sequentially, from left to right. For each deposition, the
electron beam was focused to achieve minimum NW diameter. The
samples were plasma-cleaned with an oxygen-argon 1:3 mixture for
1S s to reduce amorphous carbon growth during scanning TEM
(STEM) imaging. Calibration EELS measurements showed that 15 s of
plasma-cleaning removed an approximately S nm thick layer from the
carbon-rich Co NW surface and changed the number of O and Co
atoms by less than 1%.

The NW structures were fabricated using stream files that encode the
beam’s X'- and Y'-deflections (in the substrate plane) as functions of
deposition time. Vertical NWs were deposited using a stationary beam
for 120 s, whilst oblique NWs were deposited by keeping the beam
stationary for 40 s and then moving it laterally in the X'-direction at a
constant rate for up to 80 s. The stream files were generated using the
F3ast software package’ and were calibrated to increase X’-deflection in
approximately 2.5 nm steps at rates from O to 8 steps per second. The
electron beam dwell time at each coordinate is shown in Figure 1b. For
the COS/kV dataset, each stream in Figure 1b moves the SEM beam at a
different rate; therefore, the deposited NWs in Figure lc grow at
different angles relative to the vertical NW. Samples from all datasets

https://doi.org/10.1021/acsanm.6c02497
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Table 1. Deposition Parameters for FEBID Samples”

dataset title beam voltage (kV) beam current (pA)

deposition pressure (Pa)

base pressure (Pa) growth rate (nm/s) precursor gas

COanneal,30kv1 30 21 — 340 0.9 x 107* 0.5 x 107* 6—10 C0,(CO)s
Cosonvt 30 170 — 2800 22 x107* 0.7 x 107 8-26 Co,(CO)s
Cosivy 5 170 — 2800 22x 107* 07 x 107* 11-22 Co,(CO)s
Fesorvi 30 170 — 11000 15 x 107* 02 x 107* 6—20 Fe,(CO),
Fegpy 5 170 — 11000 12107 02 x107* 6—20 Fe,(CO)y
Cozony 30 690 22x 107* 07 x 107* 8 Co,(CO)s
Cosy - s 340 22 x107* 0.7 x 107 11 C0,(CO)s
Fezory,» 30 2800 0.8 x 107* 02 x 107* 5 Fe,(CO),
Fegiy 5 2800 10 x 107* 02 x 107 7 Fe,(CO),

“Each dataset corresponds to a series of NWs deposited by executing the stream files in one area of the sample.

are shown in Figure 2. Datasets Co;okv' Cogkv, Colnneal,30kv‘ Fe;okw
and Fegkv are used to find deposition parameters that enable controlled
deposition of vertical ferromagnetic NWs. Datasets Cos/llv' Co?i)kw
FeS/kV, and Fe3/OkV use the parameters that deposit ferromagnetic
material to fabricate oblique NW structures. For calibration, NWs in
the dataset Colnneal,?y()kv
pressures, and characterised before and after annealing at 350 °C for
30 min to verify consistency with previous works.'*'>*>** The NWs
were annealed in situ at high vacuum using a Gatan 628 single-tilt TEM
heating holder. In summary, stream files are defined to fabricate oblique
FEBID NWs with growth angles ranging from 0° to 90° and are
executed using different precursor materials, accelerating voltages, and
beam currents.

The precursor gas pressure was held constant during stream file
execution, with fluctuations not exceeding 2 X 1075 Pa, which accounts
for pressure changes of less than 15% and is assumed to have negligible
effects on composition or growth rate.”> The spatial distribution of
precursor gas concentration depends on GIS alignment*® and can affect
NW deposition reaction rate, geometry, and atomic composition.22
Although local gas concentrations were not measured, they are assumed
to be constant because GIS alignment and chamber pressure were
constant during deposition.

were fabricated with lower currents and gas

Elemental Mapping

A JEOL ARM200cf operated at 200 kV (University of Glasgow)
equipped with a cold field emission gun, a CEOS (Corrected Electron
Optical Systems GmbH) probe corrector and a Gatan 965 Quantum
ER spectrometer was used to perform STEM electron energy loss
spectroscopy (EELS) elemental mapping. A dual EELS system with a
high-speed electrostatic deflector*®*’ allowed for the simultaneous
acquisition of high-loss and low-loss spectra from select areas of the
FEBID NWs. The spectra were acquired using a 0.5 eV/pixel dis-
persion, 2.5 mm aperture, 29 mrad convergence semi-angle and 36
mrad collection semi-angle. Principal component analysis (PCA)** was
utilised to remove X-ray signatures and reduce noise in high-loss
spectra by reconstructing from the first 150 components, such that
PCA would alter quantification results by less than 0.1% in sample areas
with high signal-to-noise ratio (SNR), but provide smoothing in areas
of low SNR. Spectra with more than 10* counts per energy channel in
the fitting region were quantified using the Gatan Digital Micrograph
elemental quantification plugin.*’ Supporting Information Figure S10
compares high-loss EELS spectra from 20 nm wide centre bands of
NWs with 130 nm and 30 nm projected thicknesses, showing that
sufficient EELS signal was acquired for all NWs. The measurement
error stems from the combined contributions of Poisson noise and
uncertainties of fitting Hartree-Slater cross sections.’® The uncertainty
for relative atomic content measurement (atom %) in the thickest parts
of the NWs is less than 3% per scanned pixel.

A Cartesian coordinate system was defined to describe composi-
tional distributions in oblique cylindrical NWs (Figure lc inset), with
the z-axis parallel to the TEM beam, the y-axis parallel to the NW
length, and the x-axis parallel to the projected NW diameter. Figure 3

provides an example. The variation along the x-axis in the calculated
EELS map Figure 3a corresponds to the projected distribution of
atomic composition for a model NW with a radially varying compo-
sition and an elliptical cross-section, as shown in Figure 3b. FEBID
NWs exhibit a radially layered structure, which is consistent with a Co
(or Fe) rich core and an outer shell rich in C and O. Hence, care must
be taken when interpreting EELS maps, as they represent the thickness
projection of a radially varying structure, as previously observed.”' This
model is qualitatively consistent with experimental EELS maps of
straight NWs with smooth surfaces. Such as the example shown in
Figure 3c,e, deposited with a 340 pA beam current in the Cogkv sample.
However, one EELS map acquired in projection is insufficient to re-
construct the 3D distribution of atomic composition, thus, the
core—shell structure is assumed based on cross-sectional measurements
in previous works.'> A quantitative model that consistently describes
the internal composition of all FEBID NWs is not presented in this
study, but plausible composition models for illustrative purposes are
discussed in the Supporting Information.” In this analysis, the metallic
atom content is measured as the average concentration of Co or Fe
atoms in the centre band, corresponding to the volume indicated by
dashed lines in Figure 3, defined as the 20 nm wide area around the
projected centre of mass in the EELS compositional map. To enable
comparison, measurements of magnetic induction will also consider
only the average magnetic field within this volume.

Measurement of NW Elliptical Cross-Section Shape

The 3D sample geometry must be known to perform quantitative
measurements of magnetic induction. Therefore, NW cross-sectional
shapes are approximated by ellipses as shown in Figure 3b, with the
semi-major and semi-minor axes of the ellipse labelled r, & 1, re-
spectively. They define a cylinder in 3D space, with coordinates z = r,,
cos(p); x =r, sin(p). Where p is an arbitrary real-valued parameter and
z & x are coordinates. When the sample is tilted by an angle y during
SEM imaging, it is equivalent to a rotation around the X'-axis of the
SEM sample stage. Then, the observed NW width (W) is a tomo-
graphic projection®” of the ellipse, given by the expression

W(y) = 2(;’“ cos(p,,,)sin(}/) + 1 sin(pm)cos(y)). (1)

1 cos(y)
14 sin(y)

where p,, = arctan( ) is the ellipse parameter corresponding to

the point farthest from the origin in the projection plane. The axes can
be measured by imaging the sample at y = 0° and y = 90°, providing
values of W(0°) = 2r;, and W(90°) = 2r,. When the model is accurate,
W measurements at intermediate y values are consistent with eq 1. In
which case, the spatial variation of the projected NW thickness during
TEM imaging is given by

t.(x) =2rp4 |1 — (ﬁ> . (2)

a

This is needed to measure spatially resolved magnetic induction
(B(x)). W measurements from both SEM and STEM were used to

https://doi.org/10.1021/acsanm.6c02497
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Figure 2. SE SEM images of FEBID NWs that are characterised and compared. (a) Collm eal, 30KV (b) CO;OW. (c) Cogkv. (d) CoS/kV. (e) C03/0kv. ()
Fegokv- (g) Fegkv.(h) Fe3/0kv. i) FeS/kV. All images were acquired with the sample tilted by $5° and are shown at the same scale. High-resolution images
and deposition parameters for each NW are available in the Supporting Information.'
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Figure 3. Assumed model of NW atomic composition. (a) Calculation of a compositional map, assuming the NW cross-section (b). (b) Model of an
elliptical cross-section with a pure Co core, intermediate layers, and outer layers rich in C and O. (c¢) STEM EELS compositional map for a vertical NW
in dataset Cogkv. (d) Colour map for (a—c). (e) STEM annular dark field (ADF) image identifying the location where (c) was acquired. FEBID NWs
are modelled as multi-layered structures with elliptical cross-sections. Black arrows indicate the semi-axes of the ellipse, the insets show the coordinate
system, and the dashed lines identify the volume where the composition was measured.

calculate t, because this approach reduces uncertainty and ensures
consistency between instruments. The SEM images were acquired
using an SE detector and have a 2.2 nm pixel size. STEM images were
acquired with 2 nm pixel size using either an ADF detector or the EELS
spectrometer. For all NWs, the W(55°) measurements were within §
nm of eq 1, which is equivalent to an r, measurement error lower than 2
nm and is assumed to be consistent with the model. Uncertainties in r,
and r, are assumed to be equal to the pixel size and were propagated in
calculations of t, and B.

Magnetic Characterisation

Off-axis electron holography™ is performed to reconstruct the mag-
netic phase shift (¢,,) of an electron wave passing through the sample
and calculate B. Electron holograms were acquired using an image
aberration-corrected FEI Titan G2 60—300 TEM operated at 300 kV
(Ernst Ruska-Centre for Microscopy and Spectroscopy with Electrons)
in magnetic-field-free conditions (Lorentz mode). Images and electron
holograms were recorded using a direct electron counting Gatan K2
detector. A 100 V voltage was applied to the electron biprism, resulting
in a hologram fringe spacing of approximately 3 nm. The total phase
shift (¢) was reconstructed using Holoworks™* and Holoview™® ex-
tensions for the Digital Micrograph Software package.*® Maps of ¢ are
reconstructed with 5 nm spatial resolution, determined by the size of
the virtual aperture selecting the hologram sideband. The phase maps
showed 0.01 rad noise corresponding to the root-mean-square (RMS)
difference between two vacuum reference images. Since the z-axis is
defined as being parallel to the TEM electron beam direction and the
y-axis is parallel to the NW centreline, the Aharonov-Bohm effect’” can
be expressed as

19189

p=p,V)+ ¢, (A) = hiv_/ Vdz + %/Azdz. (3)
where @, and ¢,, are the electrostatic and magnetic contributions to
the total phase shift (¢), respectively, e is the charge of an electron, 7 is
the reduced Planck constant, v is the relativistic electron speed, Vis the
electrostatic potential, A, is the z-component of the magnetic vector
potential, and dz is a path element along the z-axis. The integral is over
the full trajectory of the beam. To separate ¢@,, from @, the NWs are
magnetically saturated by tilting the sample to large opposite +70°
a-tilt angles, applying a 1 T magnetic field using the objective lens of the
microscope, and acquiring electron holograms at 0° a-tilt angle for the
opposite remnant states. Assuming that the NW states after each
saturation are equivalently opposite states of magnetisation (M), the
half-difference of the two ¢ maps corresponds to @m>® The M reversal
is assumed to be complete because the ¢ gradient in vacuum around the
NWs had changed sign and kept the same magnitude. Since B =
curl(A), the thickness-averaged magnetic induction component parallel
to the y-axis is given by

B,(x) = e (4)

where t, is the NW thickness in projection along the z-axis, given by eq
2. The measurement of B, is used to compare the strength of the
magnetic induction fields created inside the NWs.
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B RESULTS

Comparison of Vertical NW Composition

To ensure consistency of analysis for all deposits, the vertical
FEBID NW samples Cogokv and Col‘meal’30kV (Figure 4a—c)
provided a compositional reference. Figure 4d shows an EELS
elemental map acquired from the blue square in Figure 4a and
reveals the metallic core and carbonaceous shell of the NW, as
seen in previous works.">*® In Figure 4e, the thickness-averaged
cobalt content measured from the central 20 nm band (Figure
4d, rectangle) is compared to the other beam currents used for
NWs in Co;okw ColnneaL?)OkV’ and Cos/(‘)kv samples. The sys-
tematic EELS fitting uncertainty is <3% for all points. In
agreement with previous works, NWs with the highest metal
content are deposited using hi§her beam currents and exhibit
uneven surface topography.'®****° Figure 4e also demon-

strates that annealing the Colnneal,é}okv NWs at 350 °C for
30 min is an effective method of increasing the mean Co
content, and correctly focusing the beam is important for de-
positing with high initial Co content.'”** Supporting Infor-
mation ' contains composition maps of all NWs, which are used
for comparison in this subsection. It is assumed that the right
side of the carbon-rich shell in Figure 4d is thicker primarily due
to surface topography, as EELS maps acquired at a higher el-
evation along the NW indicate similar composition with re-
duced asymmetry. Furthermore, composition maps for vertical
NWs deposited left-to-right with spacings from 300 nm to 500
nm do not show consistently increased shell thickness on the
right side that might indicate codeposition induced by proximity
effects.”® In summary, the compositional analysis agrees with
previous observations that the deposited metal content scales
generally with electron beam current,” but high currents result in
less consistent surface topologies.

Calibration of Oblique NW Shape and Composition
Measurements

To enable comparison, all NWs are characterised using the same
methods. Since the NW cross-sections can be elliptical, the NW
diameter is measured twice by tilting the SEM stage and ac-
quiring images at y = 0° and y = 55° tilt, as shown respectively
in Figure 5a,b. The projected NW width is measured as the full-
width at half-maximum (FWHM) of the intensity line profiles in
the SEM images, as shown by the lines corresponding to W(55°)
and 2ry,.

STEM EELS elemental maps are acquired with 2 nm reso-
lution to characterise areas of interest, as shown in Figure Sc.
The sample orientation during STEM imaging is equivalent to a
y = 90° tilt, therefore the projected NW widths in the EELS
maps can be used to determine r,. Additionally, the radius of the
calibration element (r) is the same in all projections, thus r
measurements can be compared between SEM and STEM
EELS. Based on an EELS thickness measurement, the SEM
detects the NW edge at the position where the projected
material thickness is ¥ 0.5 nm, which is significantly below the
pixel size and does not require correction. Furthermore, the
W(55°) measurement is within two pixel-widths (5 nm) of eq 1,
showing that the NW cross-sectional shape is consistent with an
ellipse that has semi-axes r, and r;,. Comparisons between NWs
will be presented in a later section.

The deposition consistency is evaluated by ensuring that all
nanostructures include a NW calibration element deposited
with a stationary beam, such as the vertical sections shown in

Figure Sb. EELS maps are used to compare the Co content in
the calibration element, as shown in Figure 5d. The histograms
of Co content measurements in the NW centre bands, corre-
sponding to the rectangular boxes in Figure 5S¢, are shown by
shaded areas between error bars (violin plots). The 8 = 0° NW
is the outlier, as the SEM beam is stationary, thus it transmits
through the NW and irradiates the bottom layers for the entire
deposition time. Consistent calibration sections indicate that the
deposition parameters do not vary significantly across the
nanostructures, enabling comparison of the oblique NW sec-
tions. The growth angle € is defined relative to the SEM optical
axis, as shown in Figure Sc. The Co content in the oblique NWs
is compared in Figure Se. This process is repeated to find
correlations between metal content and € in all oblique NW
samples.

Correlation between Composition and Growth Angle

Having established fabrication and characterisation methods
consistent with the expected results for vertical NWs, oblique
NWs are characterised. Figure 6 presents the variation of NW
composition and shape as a function of 6, for samples CoS/kV,
C°3/okvr FeS/kV, and Fe3/(')kV (Figure 6a), which were fabricated by
laterally moving the SEM beam during deposition. Figure 6b
shows that the mean metal at. content (Co or Fe) in the 20 nm
centre band decreases with increasing 6 for all NWs. The av-
erage metal content loss per degree of growth angle is repre-
sented by the slope of a linear regression fit. It is (0.11 +
0.05)%/° for the Fesfkv sample, (0.20 + 0.02)%/° for Fes/okvr
(0.41 + 0.04)%/° for Co,, and (0.45 + 0.05)%/° for CoZy -
The length of r, is shown in Figure 6c, revealing that the NW
cross-sectional area shrinks during lateral beam movement.
Figure 6d displays the r,/r, ratio as a function of 6, indicat-
ing that the NW cross-section becomes more elliptical if a 30 kV
accelerating voltage is used and the beam is moved laterally,
confirming previous works.”* Comparison between r, and 7, is
shown in Supporting Information Figure S11, indicating that the
minor axis also decreases as a function of 6. The results show
that Fes/;(V maintains the highest metal content and the most
circular cross-section shape when 6 is increased. Additionally,
Supporting Information Figure S12 shows a correlation between
at. content measurement and NW cross-sectional area. Overall,
FeS/kV is the only dataset where 6, r,, and metal at. content
measurements are weakly correlated.

Micromagnetic Simulations of Cylindrical FEBID NWs

The micromagnetic simulations were performed using
Mumax3°”*’ to determine M configurations that are energet-
ically stable in cylindrical FEBID NWs comprising nano-
crystalline or amorphous impure Co. To qualitatively evaluate
possible M configurations, FEBID NWs can be approximated as
uniform cylinders.31’61 The exchange stiffness is A, = 1.5 X
10™"" J/m and the saturation magnetisation is M, = 8 X 10° A/
m, based on previous FEBID simulations®" and measurements
of Co samples of different purities.”**"** The simulation pa-
rameters for nanocrystalline impure Fe are similar®® and pro-
duce equivalent results. A cubic mesh with 2.5 nm voxel size is

280~
used for an exchange length ., = TR 6 nm.

To investigate magnetic configurations in FEBID NWs, 1 ym
long cylinders of Co and Fe are simulated using micromagnetics.
The diameters are varied in the range from 60 nm to 240 nm,
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Figure 4. Comparison of vertical Co FEBID NWs deposited at 30 kV. (a-c) Vertical NWs from samples Cogow, Collm eal, 30ky» and C°3/okw respectively.
The scale is identical in all three images, annotations show the beam current during deposition, and the © superscript identifies when the SEM beam
was defocused. (d) EELS atomic composition map of the NW section corresponding to the blue box in (a). (e) Atomic Co content (%) in the NWs
that are as deposited (standard), annealed, or deposited with a defocused beam. The error bars represent the range of Co content values measured in
the centre band, and the violin plots represent the value histograms. The systematic uncertainty is 3%. The abscissa scale is log,. (f) Horizontal line-
trace through (d), showing atomic content of all elements and the width of the centre band.
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Figure 5. Measurement of cross-section shape and Co content for the CoS/kv sample. (a) 0° and (b) 55° tilt SEM images of NWs, respectively. The
lines indicate the locations of high-resolution STEM EELS scans. (c) STEM EELS map displayed over a STEM ADF map of NW No. S. The boxes
indicate the locations of high-resolution STEM EELS scans, € is the NW growth angle, and black lines correspond to width measurements relating to
eq 1. (d) Co content in NW regions corresponding to the horizontal blue lines in (b), used to verify consistency. (e) Co content in NW regions

corresponding to the angled green lines in (b).

and the initial M states are aligned parallel to the y-axis (magenta
arrow in Figure 1), such that the simulation emulates a relax-
ation after being subject to a saturating external field.”" Cor-
responding energetically stable configurations are shown in
Supporting Information Figure S13. Whilst magnetic flux clo-
sure is always visible at the cylinder ends, the majority of the
volume is magnetised parallel to the long axis if the cylinder
diameter is below 160 nm. For diameters above 160 nm, various
vortex configurations are observed. Micromagnetic simulations
of NWs with elongated cross-sections corresponding to ge-
ometries in the experimental dataset show that oblique NWs are
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also predominantly magnetised parallel to the long axis. The M
configuration corresponding to the most elliptical NW with r, =
62.5 nm and r;, = 25 nm is shown in the Supporting Information
Figure S14. Based on these simulations, the oblique NWs in
Figure 6 are expected to be uniformly magnetised. Hence,
simulations show that the thickness-average of B, calculated
from ¢,, using eq 4 corresponds to the average magnitude of B.

The recorded B, values represent a measurement of average
B magnitude in volumes where the demagnetising field is non-
negligible, and the NW material comprises both ferromagnetic
and paramagnetic regions. However, since the NWs are

https://doi.org/10.1021/acsanm.6c02497
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Figure 6. Variation in oblique NW composition and shape as a function of growth angle. (a) SE SEM images of the Cos/llvr Co3/(;kv, FeS/kv, and FeS/kv
NWs. (b) Mean atomic content of metal (Co or Fe) in the NW centre bands as a function of 6. Error bars in (b) are not drawn to improve graph
readability, but would represent 3% systematic uncertainty and less than 2% random error for each point. The lines represent linear regression fits for
each dataset. (c) The length of the major axis of the elliptical NW cross-section, as a function of 6. Error bars correspond to STEM image pixel size. (d)
Ratio of the major and minor axes of the cross-section, as a function of €. Error bars correspond to one standard deviation of random error. For all
tested precursor gases, accelerating voltages, and beam currents, the NW metal content and cross-sectional area decrease with increasing beam

movement speed.

unidirectionally magnetised and have a length-to-projected-
diameter ratio greater than 5:1, Byi is indicative of the satu-
ration induction By, which is an intrinsic material property.
Based on modelling of the demagnetising fields, the average By, is
expected to be from 10% to 20% greater than B, for such NW
geometries ,** but would require 3D characterisation to identify
variations in non-ferromagnetic NW shell thickness that limit
the accuracy of the micromagnetic simulations.

Magnetic Induction in Oblique NWs

Figure 7 presents magnetic imaging of NWs in Cos/kv and Feﬁ)kV
samples as a function of growth angle 6, and by implication
metal content, respectively. These samples consist of nanowires
in which the metal content shows a similar dependence on 6,
even though during deposition the accelerating voltage, beam
current, and precursor gas were different for each sample. Figure
7a shows magnetic induction maps reconstructed from electron
holography of the COS/kV NWs deposited using a 340 pA beam
current. To create magnetic induction maps, the ¢,, images
underwent Gaussian smoothing and the cosine was amplified
(XS) to produce magnetic phase contours with 27/S rad
spacing, and colour wheels are used to show the projected B
direction. Figure 7b shows line traces of ¢,, as a function of 6,
from which, after adjusting for variations in NW cross-sectional
area, the mean B, value in the 20 nm centre bands was calculated
(Figure 7c). The error in By_ represents the combined uncer-
tainty of projected NW thickness measurements and the
standard deviation of B, in the centre bands. It should be noted
that the lowest-purity NW deposited at § > 70° was observed to
warp during STEM EELS mapping, creating a site where a
magnetic domain wall regularly forms after saturating the
sample. Hence, the ¢,, line trace was acquired off-centre, so that
it is in the middle of a uniformly magnetised region.
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For comparison, Figure 7d—f show magnetic induction maps
of the Fe3/0kv NWs deposited using a beam current of 2800 pA
(Figure 7d), line traces of ¢,,, as a function of 8 (Figure 7e) and
the calculated mean B, value in the centre bands (Figure 7f). In
both C°5/kv and Fe3/0kv samples, the NWs grown at larger angles
are observed to contain a lower percentage of metal atoms, and
the B, value reduction is 2 mT and 7 mT per degree of 6,
respectively. As noted above, the outliers to this trend occur at 6
~ 0° in both datasets due to the stationary electron beam
transmitting through the length of the NW for the entire du-
ration of deposition, thereby altering the geometry and com-
position of the lower layers.

Figure 8 summarises the correlation between NW metal
content and By measurement. The data in Figure 7c and Figure
7f are plotted with respect to the metal content in each oblique
NW and are compared with the literature. The two red data
points in the top right of Figure 8a correspond to the thermally
annealed NWs and agree with previous works'>* characterising
annealed Co FEBID NWs (Figure 8a, black dots and dashed
lines). The underlying magnetic induction maps for annealed
NWs are available in the Supporting Information Figure S15. All
other blue data points correspond to CoS/kV NWs, which are not
annealed, and lie outside the range of the referenced study. For
FEBID NWs, Byi is smaller than 1.75 T By for pure bulk Co.2>%
For the Fe{(')kv NWs, the values of Byin Figure 8b are lower than
the 2.1 T value measured for pure bulk iron.*® Bjis lower than B,
because it is affected by the demagnetising field and represents
the thickness-average in NWs with radially varying composition,
but it is indicative of the variation in effective B, which scales
with the percentage of metal atoms in the material. Overall, the
B field created in ferromagnetic NWs is affected by growth angle
due to changes in elemental composition.

https://doi.org/10.1021/acsanm.6c02497
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Figure 7. Magnetic characterisation of the C°5/kv (a-c) and Fe3/okv (d—f) samples. (a,d) Magnetic induction maps with contour spacings of 27/5 rad.
(b,e) Line traces of ¢,, are from areas corresponding to the white boxes in (a) and (d), respectively. The measured ¢,, gradient is consistently smaller
for higher . The centre bands are denoted by dashed lines. (c,f) Correlations between 6 and B, in the centre bands.

B DISCUSSION

In this work, we have fabricated and analysed oblique FEBID
NWs to determine improved parameters for depositing ferro-
magnetic material in oblique geometries. Characteristic FEBID
NW variations in response to changes in deposition parameters
were observed, including increases in metal content with in-
creased electron beam current, precise focusing of the electron
beam, or thermal annealing of the NWs at 350 °C for
30 min."”**** These conditions were all considered to find
optimal beam currents for fabricating obliquely angled (0° <
6 < 90°) Co and Fe NWs at 5 kV and 30 kV accelerating
voltages. In all samples, increasing the electron beam lateral
movement speed characteristically increases 6, but reduces NW
cross-section area, metal content, and the magnitude of B.
Oblique NWs that were the most symmetrical and had the
highest metal content (without annealing) were deposited using
the combination of the lowest tested accelerating voltage (S kV),
the highest beam current (2.8 nA), and the Fe,(CO)g precursor.

The beam current is increased by increasing the spot size,’”
which enables more electrons to pass through the condenser
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aperture at the expense of beam broadening. The corresponding
increase in precursor ionisation and beam-induced heating
promotes deposition with higher atomic metal content, but NW
diameter is increased. The highest beam current of 2.8 nA used
in this study resulted in a NW diameter lower than 150 nm.
Micromagnetic simulations demonstrated that, in 1 ym long Co
or Fe cylinders with diameters < 150 nm, M is mostly uniaxially
oriented, because small diameters strengthen magnetic shape
anisotropy. Hence, small-diameter NWs are investigated due to
the enhanced magnetic signal associated with uniaxial magnetic
configurations, which is advantageous for spintronic device
applications.” Additionally, excessively high beam currents can
lead to unpredictable NW surface topographies (Figure 4a).
Especially for the Fe,(CO)o precursor, which dissociates to
Fe(CO)s™ during irradiation, FEBID can produce randomly
oriented crystalline iron composed of single-crystal grains up to
1 um in length.”' Consequently, the maximum viable beam
current is limited by the NW diameter and required growth
predictability.

https://doi.org/10.1021/acsanm.6c02497
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Figure 8. Correlations between NW metal content and associated magnetic properties. (a) Correlation between mean B, and atomic Co content for
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magnetic induction created by the NWs. Comparison with previous works shows that the correlation is affected by structural differences within the
NWs, resulting from thermal annealing and lateral beam movement. Adapted from 'S available under a CC-BY 4.0 license, copyright 2021C. Magén,

J. Pablo-Navarro, and J. M. De Teresa.

The optimal electron beam acceleration voltage is often
sample-specific because the electron energy affects the optical
power of the SEM lenses, and alters the scattering interaction
cross-sections in the NW and the substrate.”"%” In this study, a
minimum accelerating voltage of 5 kV was used, as lower
voltages compromised imaging resolution and reduced the
ability to achieve good focus. At 5 kV, the cross-sections of
oblique NWs are circular (Figure 6d) since the interaction
volume is comparable to the NW diameter and secondary
electrons are generated in a localised spot.”® At 30 kV, highly
elliptical cross-sections are observed due to secondary electrons
being generated along a line as the beam transmits through the
NW. Additionally, the vertical growth rate in oblique NWs is
larger at S kV compared to 30 kV (Figure 6a), whereas Table 1
shows an inverse relationship of vertical NWs growing faster at
30 kV than at 5 kV, when using high beam currents. This is
attributed to the smaller interaction cross-sections of 30 kV
electrons,” resulting in electrons imparting less energy during
transmission through the sample surface. Despite sample
specificity, the 0.1—5 kV range is considered advantageous for
FEBID of oblique NWs due to the smaller interaction volume,
where the incident beam provides an approximately point-like
source of secondary electrons' " and leads to more consistent
deposition.

Of the tested precursors, the Fe,(CO)y molecule is more
stable than Co,(CO)s, as indicated by the higher required beam
currents (Table 1) and threshold temperature for TD.'® In
Figure 6b, the elemental composition of Fe NWs, in comparison
to Co, is less affected by variations in electron beam movement
speed. This is attributed to improved confinement of deposition
reactions, as molecules outside the immediate vicinity of the
beam are less impacted by scattered electrons or conducted heat.
It should be noted that other FEBID precursor gases are
available ,* and HCo3Fe(CO),, has been used to successfully
deposit oblique ferromagnetic NW structures.'

NW arrays,”" artificial spin ices,'” and 3D data storage”
prototypes can be fabricated with FEBID. Achieving uniform
composition throughout these structures is essential to ensure
reproducible and reliable device performance. We have dem-
onstrated that >75% metal content can be maintained during
deposition of oblique NWs angled by 0° < # < 60°, when the
deposition parameters are chosen to confine the reaction vol-
ume to dimensions no larger than the NW diameter, whilst using
the highest viable beam current. However, NWs grown at angles

19194

of @ > 60° from the optic axis exhibit a twofold decrease in
magnetic signal (V¢,,) due to their reduced NW cross-sectional
area. It may be possible to correct this effect by increasing the
NW diameter in associated CAD modelling software.” The
lowest observed decrease in metal at. content was, on average,
(0.11 # 0.05)% per degree of 0. Better material uniformity may
be achieved by investigating how precursor gas concentration
affects oblique NWs, or by using accelerating voltages below S
kV, which would require the introduction of additional sample
features to enable fine focus. Alternatively, the substrate may be
tilted to deposit oblique nanostructures with less lateral beam
movement. Additionally, the metal content and resultant
magnetic induction (Figure 8) may be increased by thermal
annealing observed in vertical NWs (Figure 4), but the optimal
temperature for preserving nanostructure uniformity would
need to be determined. Figure 8a has shown that metal atom
content measured in projection is not the only parameter af-
fecting the magnetic induction created by NWs, and this may be
investigated by characterising magnetic fields for a wider range
of FEBID nanostructures. Overall, selecting deposition pa-
rameters to limit the reaction volume and use the highest viable
electron beam current can improve the compositional unifor-
mity of oblique ferromagnetic FEBID NWs, which is beneficial
for the fabrication of uniform 3D nanostructures.

Bl CONCLUSIONS

Strategies are discussed for optimising deposition parameters to
improve material uniformity in 3D ferromagnetic FEBID
nanostructures. This work demonstrates inherent variation in
the material properties of oblique FEBID NWs deposited with a
laterally moving electron beam, as compared to a stationary
beam, and shows that these properties can be tuned by adjusting
the deposition parameters. Higher-energy electron beams
penetrate further into a material, which can delocalise the de-
position reactions by irradiating a larger volume. FEBID of
oblique Co NWs using a 30 kV beam reveals a reduction in
cross-section area and a decrease in metal content by up to 0.4%
per degree of growth angle relative to the optic axis. TEM
characterisation confirms that the reduction of NW purity re-
sults in a corresponding weakening of the magnetic induction.
Ensuring uniform NW composition enhances the consistency of
functional 3D nanostructures fabricated with FEBID. Conse-
quently, oblique NWs fabricated using different combinations of
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SEM electron beam current, accelerating voltage, and precursor
gas type were characterised to assess compositional variations.
By using the deposition conditions of: 5 kV accelerating voltage;
2.8 nA beam current; and the Fe,(CO)y precursor gas, the
average decrease in NW metal content was limited to (0.11 +
0.05)%/°, and the NW cross-sectional shape was preserved for
growth angles up to 60°. In summary, it was shown that metal
content in oblique NWs is dependent on the growth angle, but
variations in material properties can be minimised by using a
precursor gas and accelerating voltage that confine the depo-
sition reactions to an interaction volume no larger than the NW
diameter.
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