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Abstract
To increase the efficiency of current electronics, a specific challenge for the next generation of
memory, sensing and logic devices is to find suitable strategies to move from two- to three-
dimensional (3D) architectures. However, the creation of real 3D nano-objects is not trivial.
Emerging non-conventional nanofabrication tools are required for this purpose. One attractive
method is focused-electron-beam induced deposition (FEBID), a direct-write process of 3D
nano-objects. Here, we grow 3D iron and cobalt nanopillars by FEBID using diiron
nonacarbonyl Fe2(CO)9, and dicobalt octacarbonyl Co2(CO)8, respectively, as starting materials.
In addition, we systematically study the composition of these nanopillars at the sub-nanometer
scale by atom probe tomography, explicitly mapping the homogeneity of the radial and
longitudinal composition distributions. We show a way of fabricating high-purity 3D vertical
nanostructures of ∼50 nm in diameter and a few micrometers in length. Our results suggest that
the purity of such 3D nanoelements (above 90 at% Fe and above 95 at% Co) is directly linked to
their growth regime, in which the selected deposition conditions are crucial for the final quality
of the nanostructure. Moreover, we demonstrate that FEBID and the proposed characterization
technique not only allow for growth and chemical analysis of single-element structures, but also
offers a new way to directly study 3D core–shell architectures. This straightforward concept
could establish a promising route to the design of 3D elements for future nano-electronic
devices.

S Online supplementary data available from stacks.iop.org/NANO/27/355301/mmedia

Keywords: three-dimensional (3D) nanostructures, focused electron beam induced deposition
(FEBID), chemical analysis at sub-nanometer scale, atom probe tomography (APT), cobalt, iron

(Some figures may appear in colour only in the online journal)

Introduction

Research on the fabrication of three-dimensional (3D) ferro-
magnetic nanostructures may provide appealing pathways
towards future nanoelectronics. Novel approaches for their
forthcoming implementation in information storage devices and
logic based on 3D nanostructures have been recently addressed
[1, 2]. However, moving from traditional two-dimensional (2D)
structures towards the third dimension requires the use of non-
conventional nanolithography techniques as well as advanced

characterization techniques that can characterise real 3D
nanostructures.

Focused-electron-beam induced deposition (FEBID) is a
non-conventional nanolithography technique which has
unique capabilities to produce nano-objects compared to
conventional ones (such as electron beam lithography). It is a
mask-less and single-step process, fabricating functional
(magnetic, superconducting, metallic, insulating) nanomater-
ials with arbitrary shape. In addition, it can be used for direct-
write of real 3D nano-objects (see figure 1). However, the
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metallic content of the nanostructures is hardly ever above
50 at% [3–7]. In the case of magnetic materials, Co2(CO)8
and Fe2(CO)9 are commonly used as starting materials to
grow cobalt and iron deposits, respectively. These molecules
are adsorbed on a surface from the gas phase and are then
dissociated into non-volatile and volatile products (i.e. CO
and CO2) by a focused-electron-beam (FEB) under the spe-
cific experimental conditions. The non-volatile products are
attached to the surface resulting in a deposit whereas the
volatile ones are pumped away. In general, the final deposit is
a mixture of carbon, magnetic element (Co or Fe in our
specific case) and oxidized compounds, thus producing in
some cases non-appropriate properties for the desired appli-
cation. Despite its potential for the synthesis of high-purity
2D nanostructures (∼95 at% Co or ∼80 at% Fe) [8–14], the
use of FEBID to create 3D nanostructures with a similarly
high purity has been quite limited [15–18]. One reason is that
as compared to 2D nanoelements establishing high purity is
much more sensitive to tuning the proper beam energy,
growth mechanism, and surface diffusion [19–21]. To
increase the magnetic element concentration—which has a
direct impact on their magnetic properties—different strate-
gies on 3D nanopillars have already been explored. For
example, systematic studies have been reported on the influ-
ence of the electron beam current [22, 23] and the use of a
heated substrate [24]. It has been found that using high cur-
rents (above of nA range) in a FEBID process produces 3D
nanostructures with ∼90 at% of cobalt content [23] and
∼75 at% [17] of iron. In contrast, using low currents (∼pA
range) produces structures with less than ∼85 at% Co [15, 24]
and ∼60 at% Fe [16]. It has been argued that beam-induced
heating at higher currents is one of the main causes of deposit
purification using these special starting materials
[8, 9, 23, 25]. However, high currents normally imply larger
beam diameter and hence wider structures [26] while—as
mentioned before—low currents normally have a detrimental

effect on purity [15, 16, 24]. As a consequence, 3D nano-
objects already reported in the literature are still far from the
purity, diameter and aspect-ratio (length/diameter) desired for
the aforementioned applications. Thus, in order to fabricate
high-purity and narrow 3D nanomagnets (above 90 at% of
magnetic element and ∼50 nm in diameter), the key para-
meters involved in FEBID process need to be studied in
depth. Some relevant parameters are the electron beam cur-
rent [26], the electron beam voltage [27–29] and the precursor
molecular flux [28, 29], among others.

Furthermore, the chemical characterization of these 3D
materials with sub-nanometer resolution is challenging.
Experimental approaches based on transmission electron
microscopy have been used for this purpose, providing 3D
structural and compositional information of materials
[17, 30, 31]. However, they are seriously limited by the
resolution (∼10 nm), the complex methods to project from 3D
data to 2D, and data processing for a subsequent 3D recon-
struction [32]. Addressing these fundamental limitations
requires a proper characterization tool that enables the study
of 3D materials, identifying the position of their atoms in all
three dimensions in space at the sub-nanometer scale. One of
the most appropriate methods for this local observation is
atom probe tomography (APT) [33]. APT is based on the
evaporation of atoms in the form of ions from tip-shaped
objects by means of an electric field. These ions are projected
onto a position-sensitive single ion detector [34]. Based on
these positions and the time-of-flight between the tip and the
detector a 3D reconstruction of the analyzed volume is cre-
ated [35]. The reconstructed volume contains the estimated
position of the detected ions in the sample with (sub-) nan-
ometer precision and their chemical identity [36, 37]. The
method distinguishes itself from all other known material
analyses methods by its ability to find the accurate position
and the chemical identity of a large fraction of the atoms
originating from a small volume.

In the present work, we create vertical 3D iron and cobalt
nano-objects of ∼50 nm in diameter and a few micrometers in
length by using FEBID. By controlling the deposition para-
meters, in particular the beam voltage, we tune the metallic
concentration. We utilize APT to investigate the atomic
composition of the nanopillars at the sub-nanometer scale. By
APT analysis, we confirm that high-purity nano-objects are
grown at high electron beam voltage. From the elemental 3D
reconstruction, their homogeneity along their diameter and
length are also evident. Our results indicate that the purity of
these 3D nano-elements is a result of the so-called mass-
transport-limited (MTL) growth regime, in combination with
heat generated by the primary beam working at high voltage
(30 kV). We have optimized the process conditions to fully
dissociate precursor molecules. Finally, we demonstrate a
novel approach to fabricate 3D core–shell architectures with
fascinating opportunities for more complex devices. In their
exploration, we again profit from the combination of FEBID
and the APT for their growth and chemical analysis.

Figure 1. Illustration of the focused electron beam induced
deposition process for the fabrication of 3D vertical nano-objects,
iron in this specific case.
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Results and discussion

3D iron and cobalt nanostructures

In order to grow high-purity and narrow 3D nano-objects
(above 90 at% of magnetic element and ∼50 nm in diameter),
we efficiently tune and investigate the influence of the FEBID
parameters. The strategy is described in the methods section.
By using low beam currents (44 and 98 pA), the growth of
narrow nanopillars is guaranteed [26] as shown in a SEM
image of one typical structure (3D iron nano-object of 50 nm
in diameter and 2.84 μm in length) depicted in the inset of
figure 2(a).

Here, we study the influence of the electron beam voltage
(5 and 30 kV) on the nanopillar shape and size at the
nanoscale. Our results indicate that higher electron beam
voltage causes a narrower and smoother shape of nanopillars,
and a lower deposition rate. In particular, pillars grown at
30 kV present a smooth surface with no protrusions (see inset
of figure 2(a)), but lateral ‘platelet’ type growth appears in
pillars grown at 5 kV (see inset of figure S4(a)). This occurs
because their shape and size strongly depend on the effective
interaction volume of the FEB within them [27]. The FEB
contributions into the deposition process mainly consist of
primary (PE), secondary (SE), back-scattered (BSE) and
forward-scattered electrons (FSE). In general, the vertical
growth is governed by PE and SE, while the lateral growth is
dominated by the BSE and FSE yield [27]. The voltage of the
PE has a strong influence on the SE yield, since it increases
with the PE voltage, reaches a maximum value (which cor-
responds with voltage values around a few hundreds of eV),
and then smoothly decreases [28, 29]. The deposition rate
normally follows a similar trend as the SE yield. Thus, low
voltages lead to a smaller interaction volume of the PE and
confine their scattering within the 3D nanostructure. This
produces a wider base width and a lateral ‘platelet’ type
growth attributed to PE and FSE, respectively. Whereas high
voltages favor the escape of these electrons from the pillar,
and a bigger interaction volume of the PE. Thus no ‘platelet’
growth is observed, and a narrower structure and a lower
dissociation cross section are achieved. In addition, the high
voltage could enhance the heating effect on the deposited
nanostructure [19, 21, 38]. This temperature rise decreases the
amount of adsorbed precursor molecules on the surface by
decreasing the residence time. Certainly, the available pre-
cursor molecules near the FEB interaction strongly influence
the growth rate and efficiency. In our particular experimental
conditions (see methods section for details), we do consider
that the most limiting factor for the growth of 3D nano-
objects is the amount of impinging precursor molecules on the
surface where the FEB interacts. Thus, the growth regime is
governed by the MTL regime. In the next section, we will
show that high-purity nanostructures can be achieved in the
MTL regime; in which precursor molecules are most effi-
ciently decomposed by the FEB contributions [12].

Composition of 3D nanostructures at the sub-nanometer scale

The chemical composition of 3D nanostructures at the sub-
nanometer scale is studied by APT (see section methods for
details).

First, we examine the composition of an iron nanopillar
of 50 nm in diameter and 2.84 μm in length grown at 30 kV
and 44 pA (see figure 2). Its atomic concentration as a func-
tion of the radial and longitudinal distributions, is depicted in
(a) and (b), respectively. The inset of figure 2(a) shows a
SEM image of such a nanopillar, indicating with arrows the
initial point (center of the nanopillar for radial profile and top
part of the nanopillar for depth profile) and direction of the
compositional distribution shown in (a) and (b). These find-
ings clearly indicate that the pillar is extremely homogeneous

Figure 2. APT results in an Fe pillar grown at 30 kV and 44 pA.
(a) Compositional concentration (atomic%) as a function of the
nanopillar radius (full cylinder volume). The starting point, zero,
is the center of the nanopillar. Inset shows the SEM image of the
Fe pillar with 50 nm in diameter and 2.84 μm in length.
(b) Compositional concentration (atomic%) as a function of the
nanopillar thickness (cylinder volume 0<depth<450, radius=
20 nm). The starting point, zero, is the top of the nanopillar.
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along its diameter and thickness. Moreover, it is composed of
∼93 at% iron, ∼1 at% oxygen and ∼6 at% carbon, which is
the maximum Fe concentration reported in 3D nanomagnets
grown by FEBID so far. The 3D reconstruction of the ana-
lyzed volume (12.5×106 atoms) is shown in figure 3(c) and
put over its SEM image in the inset. A similar APT study has
been carried out for an iron pillar grown at 5 kV and 98 pA,
with dimensions of 60 nm in diameter and 1.6 μm in length
(see figure S1 in the supplementary information, available at
stacks.iop.org/NANO/27/355301/mmedia). The atomic
concentration in this specific pillar is also homogeneous along
its diameter and thickness except for the first 10 nm, and it is
composed of ∼78 at% iron, ∼15 at% oxygen and ∼7 at%
carbon. This indicates that some iron atoms are oxidized into
FexOy as depicted in the collected mass spectra (see figure S2
in the supplementary information available at stacks.iop.org/
NANO/27/355301/mmedia). Now, the mean of the atomic
concentration of the Fe pillar grown at high (30 kV) as a
function of its radial and longitudinal distributions is com-
pared with the mean of the atomic concentration of the pillar
grown at low electron beam voltage (5 kV) (figures 3(a) and

(b)). From these results, one can conclude that high voltage
leads to high-purity Fe pillars in contrast with pillars grown at
5 kV, in which the carbon concentration keeps almost con-
stant but oxygen increases. Moreover, as mentioned in the
previous section, high voltage produces a narrower pillar,
with smoother shape (50 nm in diameter) in contrast with that
achieved at low voltage (60 nm in diameter).

In addition to the chemical investigation of 3D Fe nano-
objects, we make a similar analysis to the other magnetic
material that can be grown with FEBID, cobalt. Comparing
the atomic concentration (mean±standard deviation) of Co
pillars estimated from their radial and longitudinal distribu-
tions (see figures 4(a) and (b)), we see that the pillar grown at
30 kV is composed of ∼97 at% cobalt, less than ∼1 at%
oxygen and ∼2 at% carbon, whereas that one grown at 5 kV is
composed of ∼89 at% cobalt, ∼5 at% oxygen and ∼6 at%
carbon. This atomic analysis shows that pillars are mainly
made of metallic cobalt atoms. Moreover, the results clearly
indicate that such pillars are extremely homogeneous along
their diameter and thickness except for the first ∼1 nm in
depth for the one grown at 30 kV, and for the first ∼5 nm in

Figure 3. APT results of 3D Fe nano-objects grown at 5 and 30 kV with a resolution of 0.1 nm. (a) Mean of the compositional concentration
(atomic%) and standard deviation of nanopillars grown at 5 and 30 kV as a function of the nanopillar radius. (b) Mean of the compositional
concentration (atomic%) and standard deviation of nanopillars grown at 5 and 30 kV as a function of the nanopillar thickness. (c)
Compositional three-dimensional reconstruction of Fe nanopillar grown at 30 kV. Inset shows the compositional 3D reconstruction on the
SEM image of the 3D nano-object.
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depth for the one grown at 5 kV, in which the oxygen con-
centration increases. This indicates that some cobalt atoms are
oxidized into CoxOy at the top part of the pillars and, in
addition some precursor molecules are partially dissociated at
low voltage as observed in the collected mass spectra [25]
(see figure S5 in the supplementary information). The indi-
vidual results of APT of these 3D Co nano-magnets grown at
different electron beam voltage are shown in the Supple-
mentary information (see figure S3 for pillar grown at 30 kV
and S4 at 5 kV). We have also included in that section their
atomic concentration as a function of the radial and long-
itudinal distributions and the 3D reconstruction of the ana-
lyzed volume in the pillar grown at 5 kV. The 3D
reconstruction of the analyzed volume in the pillar grown at
30 kV is shown in figure 4(c) and put over its SEM image in
the inset. The analyzed volume of ions in both of them is
above of ∼8×106. Once again, we notice that high electron
beam voltage produces a 3D high-purity Co nano-object in

contrast with that one grown at low voltage, in which carbon
and oxygen atoms are visibly present. Additionally, high
electron beam voltage causes a smooth shape, while the
‘platelet’ shape growth is achieved at low voltage as already
observed in Fe pillars.

To give another perspective of the homogeneity in our
nanopillars, 2D elemental distributions of (a) Co and (b) Fe
pillars grown at 30 kV with their normalized radius are
depicted in figure 5. In the case of Co pillars, one can see that
differences in cobalt element concentration and carbon along
the analyzed full cylinder volume are less than 5 at%, and less
than 0.6 at% O. For the Fe pillar, one can distinguish that
differences in iron element concentration along the analyzed
full cylinder volume are less than 2 at%, less than 2.5 at%
carbon and less than 2 at% oxygen. We do confirm that pillars
grown at high voltage are extremely pure and homogenous
along their thickness and diameter. The homogeneity how-
ever is less pronounced in pillars grown at low voltage (see

Figure 4. APT results of 3D Co nano-objects grown at 5 and 30 kV with a resolution of 0.1 nm. (a) Mean of the compositional concentration
(atomic%) and standard deviation of nanopillars grown at 5 and 30 kV as a function of the nanopillar radius. (b) Mean of the compositional
concentration (atomic%) and standard deviation of nanopillars grown at 5 and 30 kV as a function of the nanopillar thickness. (c)
Compositional three-dimensional reconstruction of Co nanopillar grown at 30 kV. Inset shows the compositional 3D reconstruction on the
SEM image of the 3D nano-object.
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figure S6 in the supplementary information, available at
stacks.iop.org/NANO/27/355301/mmedia). Our outcomes
suggest that purity of these 3D nano-objects is directly
associated to the MTL growth mechanism regime and heating
generated during the growth process by PE at high voltage.

This scenario creates an equilibrium state in which precursor
molecules adsorbed on the surface are most efficiently
decomposed by the FEB contributions. Lower voltages
induce the higher deposition rate and lower heating effect,
incorporating residual species present in the process chamber

Figure 5. APT results of 3D nano-objects grown at 30 kV. 2D elemental distribution (normalized radius) of (a) Co (full cylinder volume) and
(b) Fe (full cylinder volume).
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Figure 6. APT results of 3D Co & Fe nano-objects grown at 30 kV and 44 pA with a resolution of 0.1 nm. (a) Compositional three-
dimensional reconstruction of the nanopillar. Colored atoms indicate iron (blue) and cobalt (red). (b) 2D elemental distribution with a
normalized radius and along the full radius thickness.
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and partially dissociated compounds into the nanopillar,
respectively.

Finally, we show an experimental evidence of a 3D core–
shell nanostructure composed of iron-cobalt materials grown by
FEBID. Figure 6(a) shows a 3D reconstruction of the analyzed
volume (80 nm in diameter and 60 nm in length), where blue
colored dots indicate iron atoms and the red colored cobalt
atoms. The amount of atoms analyzed by APT was above of
∼8×106. The 2D elemental distribution of full thickness
shown in figure 6(b) evidences that the outer part (shell) of the
nanopillar is mainly composed of cobalt atoms. Its atomic
concentration as a function of the radius and depth is above of
∼95 at% in Co, the rest being carbon and oxygen. However, the
inner part (core) is mainly composed of iron, cobalt and oxygen.
The carbon concentration is less than ∼5 at%. Whereas from the
center of the nanopillar to the edge of the core, the oxygen
ranges from 7 at% to 18 at%, the cobalt from 0 to 40 at%, and
the iron from 80 at% to 40 at%. The concentration gradient
observed in the inner part of the nanopillar is due to both pre-
cursor gases were present in the process chamber at some stages
of the deposition process. We do consider this example as a
proof-of-concept for a novel promising route to fabricate 3D
core–shell nanostructures of high purity by FEBID.

Summarizing, the electron beam voltage in the MTL
growth regime plays a key role in the purity of 3D nano-
objects grown by FEBID, thus being one of the key condi-
tions to produce homogeneous cobalt and iron nanopillars of
high purity. At low voltage however, FEBID produces a
structure consisting of carbonaceous species and oxidized
compounds together with magnetic atoms. The evident dif-
ferences found in chemical nature of pillars in this systematic
study might explain the broad variety in transport and
magnetic properties previously reported in 3D Fe and Co-
based nanostructures [15, 17, 18, 39]. Thus, high-purity pil-
lars grown at high beam voltage in the MTL growth regime
would exhibit similar magnetic behavior [40] as 2D iron and
cobalt nanostructures grown by FEBID [8–14] and other
nanolithography methods.

Conclusions

Many authors argue that one of the most important limitations
of FEBID to be considered as an alternative nanolithography
method compared to well-established processes is the low
purity of FEBID nanostructures. Here we have demonstrated
that tuning the crucial deposition parameters high-purity 3D
cobalt and iron nano-objects can be fabricated.

A detailed APT study has been performed to investigate
the composition of 3D Fe and Co nanopillars grown by
FEBID using as starting materials Fe2(CO)9 and Co2(CO)8,
respectively. Pillars grown at high electron-beam voltage in
the MTL growth regime present ∼93 at% of iron content and
∼97 at% of cobalt and could exhibit comparable magnetic
properties [40] as 2D materials grown by FEBID [8–14].
Conversely, deposits grown at low electron beam voltage
show ∼78% of iron content and ∼89% of cobalt content.
These breakthroughs indicate that the MTL growth regime

and heating are crucial features in FEBID that leads to high-
purity 3D nanomagnets [40].

High-purity and high aspect-ratio 3D nano-architectures
arranged in periodic arrays could provide a stronger, more
efficient and faster response in terms of e.g. data processing,
storage, power consumption compared to that achieved with
the use of 2D systems. FEBID could provide a promising tool
in research fields such spintronics, nanomagnetism and plas-
monics [41, 42], creating novel and complex 3D architectures
for applications in magnetic data storage and logic.

Methods

Growth of the 3D nano-objects

Cobalt and iron vertical nanopillars have been fabricated at
room temperature by FEBID on silicon substrates, using
Co2(CO)8 and Fe2(CO)9 respectively, as precursor materials.
The FEBID process was carried out in a FEI Nova Nanolab
600 dual beam equipment provided with individual gas injec-
tion systems (GIS) for each precursor. Such GIS’s use a small
needle with 160 μm in diameter positioned at an angle of
∼12.5° in the case of Co GIS and ∼16.5° in the case of Fe GIS
with the horizontal sample, ∼70 μm from the interest area in x,
y and ∼50 μm from the substrate in z direction. The base
pressure in the deposition chamber is ∼5×10−7 mbar and the
pressure during the growth process is ∼2.7× 10−6 mbar for
cobalt and ∼4.5×10−6 mbar for iron. The electron beam
voltages and currents were 5 kV, 98 pA and 30 kV, 44 pA. The
FEB was set to a single spot mode, in which it is in a fixed
position. Other FEBID parameters, such the pitch, refresh time
and dwell time are set by using the spot mode. Total deposition
time was from 120 to 480 s depending on the used voltage and
nanopillar length. For in situ visualization of nanostructures
SEM inspection was performed in the same instrument.

APT characterization

APT was carried out using a LEAP 4000X-HR from Cameca.
The system is equipped with a laser generating picosecond
pulses at a wavelength of 355 nm. For the analysis, the nano-
pillar is placed in an ultra-high vacuum chamber (less than
1×10−10 mbar) and cooled down to a temperature between 20
and 75 K. The experimental data are collected at a laser pulse
rate of 100–200 kHz with laser power of 20–35 pJ per pulse.
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