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Abstract
Functional nanostructures fabricated by focused electron/ion beam induced processing (FEBIP/
FIBIP) open a promising route for applications in nanoelectronics. Such developments rely on
the exploration of new advanced materials. We report here the successful fabrication of nickel-
based deposits by FEBIP/FIBIP using bis(methyl cyclopentadienyl)nickel as a precursor. In
particular, binary compounds such as nickel oxide (NiO) are synthesized by using an in situ two-
step process at room temperature. By this method, as-grown Ni deposits transform into
homogeneous NiO deposits using focused electron beam irradiation under O2 flux. This
procedure is effective in producing highly pure NiO deposits with resistivity of 2000Ωcm and a
polycrystalline structure with face-centred cubic lattice and grains of 5 nm. We demonstrate that
systems based on NiO deposits displaying resistance switching and an exchange-bias effect
could be grown by FEBIP using optimized parameters. Our results provide a breakthrough
towards using these techniques for the fabrication of functional nanodevices.

S Online supplementary data available from stacks.iop.org/NANO/27/065303/mmedia

Keywords: focused electron beam induced deposition (FEBID), focused ion beam induced
deposition (FIBID), electron beam irradiation, nickel and nickel oxide wires, electrical
properties, resistance switching, exchange-bias effect

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

1. Introduction

Focused electron/ion beam induced deposition (FEBID/
FIBID) are direct write techniques based on the dissociation
of precursor molecules adsorbed on a substrate surface where
the focused electron beam (FEB) or focused ion beam (FIB) is
scanned over them. By the FEB/FIB induced process, the
molecules are partially decomposed into a volatile part and a
non-volatile part. The latter is attached to the substrate surface
forming a specific deposit [1, 2].

FEBID and FIBID are single step processes, versatile
regarding the explored materials and have full control on
dimensions and shape at the nanoscale. Thus, advanced
functional nanostructures with diverse electronic and magn-
etic properties can be fabricated [3–11]. Together with their
unique ability for the fabrication of real 3D nanostructures
[12, 13], these nanofabrication methods could have potential
applications in nanoelectronics and nanomagnetism [14–17].

The main drawback of deposits grown by FEBID/FIBID
is their low purity which could impair their functionality. The
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low metallic content in these deposits is caused by the
incomplete precursor molecule dissociation and the lack of
volatile products resulting from this process. The most used
precursors are based on carbon, for example the standard
metal-organic compounds, like (CH3)3Pt(CpCH3) and
(CH3)3PtCp leading to deposits mainly composed of carbon
with a metal content that ranges from 15 at.% Pt to 46 at.% Pt.
Their typical resistivities range from 2×104 μΩcm to
1.8×108 μΩcm for Pt FEBID [7, 18, 19] and from
61.5 μΩcm to 108 μΩcm for Pt FIBID [6, 7, 20–23]. Higher
purities can be obtained by carbon-free precursors like
Pt(PF3)4, which results in FEBID deposits with a metallic
content ranging from 58 at.% Pt to 81 at.% Pt and lower
resistivities, from 30 μΩcm to 650 μΩcm [24]. However, the
best results in FEBID in terms of purity are reported
using starting materials based on carbonyl compounds, like
Co(CO)8 and Fe2(CO)9. Thus, highly pure FEBID deposits
with metallic content above of 95 at.% Co and above 80 at.%
Fe have been grown, achieving resistivities of 40 μΩcm [25]
and 100 μΩcm [10], respectively.

In this study, suitable Ni precursor candidates in terms of
purity of the deposits have been discarded either for their high
toxicity (Ni(CO)4) or synthesis feasibility. Thus, for the
synthesis of nickel-based deposits we used a nickel-carbon-
based precursor, the bismethylcyclopentadienyl-nickel
(MeCp)2Ni. The deposited material is usually composed of 10
at.% Ni and has resistivities of 1Ωcm [26]. However, it is
possible to decrease the carbon content increasing the purity of
deposits with in situ and ex situ treatments summarized in the
review article by Botman et al [27]. Besides that, in situ pur-
ification strategies such as heating the substrate during
deposition [28], FEB irradiation under oxygen flux with [29–
31] or without annealing [32–34], and pulsed laser irradiation
[35, 36], have been reported in recent years. On the other hand,
diverse ex situ purification methods have also been explored
recently [19, 37–43]. Some of these studies prove the fabri-
cation of pure materials such as platinum and gold by focused
electron beam induced processing (FEBIP) [32, 34, 39]. Fur-
thermore, for broadening the application fields of focused beam
induced processing, alloys and binary systems using two pre-
cursor materials have also been reported [44–49].

In the present paper, we explore further steps in this
research area. First, we study as-grown Ni deposits fabricated
by FEBID and FIBID techniques. Secondly, we report for the
first time a procedure to synthesize binary oxide (nickel
oxide, NiO) FEBIP deposits at room temperature. The fabri-
cation method of the latter consists of two sequential in situ
steps: (1) Ni FEBID and (2) FEB irradiation under O2 flux.
Since nickel oxide presents resistance switching [50, 51] and
antiferromagnetic (AFM) behaviour [52], it is an interesting
candidate to utilize in explorative research on next generation
non-volatile memories. Finally, we briefly explore two
potential applications, reporting the first successful growth of
NiO wires by FEBIP displaying resistive switching and
exchange coupling in Co/NiO bilayers, indicative for an
exchange-bias effect.

The deposits have been studied using energy dispersive
x-ray spectroscopy (EDS), high resolution transmission

electron microscopy (HRTEM), electrical measurements by
four-probe method at temperature range (from 295 K to 5 K)
and magneto-optical Kerr microscopy.

2. Experimental details

2.1. Ni deposits grown by FEBID and FIBID

Ni deposits were grown in a FEI Helios NanoLab 650 Dual
Beam System. The bismethylcyclopentadienyl-nickel
(MeCp)2Ni was used as a precursor material. The Ni gas
injection system (GIS) uses a standard needle 500 μm in
diameter positioned at an angle of ∼30° with the horizontal
sample, 100 μm from the interest area in x, y and 50 μm from
the substrate in the z direction. The deposits were grown on a
boron doped Si substrate with a few nanometres of native
SiO2 on top, except for the Ni deposits used for electrical
measurements which were grown on pre-patterned gold
contacts on Si/SiO2 (500 nm) substrates.

Typical deposition parameters used for the FEBID pro-
cess were: voltage= 5 kV, current= 1.6 nA, dimensions
(L× w× t)= 1× 1× 0.4 μm3; dwell time=10 μs,
overlap= 50%, pitch= 8.8 nm, scanning mode= serpentine,
Tprecursor= 57 °C, Pbase∼1× 10−6 mbar, Pprocess∼
1× 10−5 mbar (since we cannot give real data of the effective
pump speed for (MeCp)2Ni molecules in our equipment, the
molecular flux (molecules/cm2s) that reaches the surface has
not been estimated). The resultant volume per dose using
these parameters was ∼5.9×10−3 μm3 nC−1. Similar to other
metal–organic precursors, variations on voltage, current and
dwell time did not significantly improve the metal content (15
at. % ± 5 at. %) on the Ni deposits [7, 26, 53, 54]. Thus, the
reported parameters in our study were chosen to improve
volume per dose and deposition resolution.

Typical deposition parameters used for the FIBID pro-
cess were: voltage = 30 kV, current = 24 pA, dimensions (L 
× w × t) = 1 × 1 × 0.7 μm3; dwell time = 200 ns, overlap = 
− 150%, pitch = 32 nm, scanning mode = serpentine, Pbase∼
1 × 10−6 mbar, Pprocess∼ 7.5 × 10−6 mbar, Tprecursor = 57 °C. 
The resultant volume per dose using these para-meters was 
∼0.97 μm3 nC−1.

2.2. Focused electron beam induced processing under O2 flux

The post-treatment consists of a FEB irradiation under O2 flux
at room temperature. The O2 GIS uses a needle 160 μm in
diameter positioned at an angle of 16.5° with the horizontal
sample, 100 μm from the interest area in x, y and 100 μm
from the substrate in the z direction. The FEB irradiation
parameters were: voltage=5 kV, current=26 nA, pattern
dimensions (L×w)=1×1 μm2; dwell time=10 μs,
overlap=50%, pitch=7.7 nm, scanning mod-
e=serpentine, Pbase∼1×10−6 mbar, maximum
Pprocess∼6.5×10−5 mbar.

After performing the Ni deposition and closing the Ni
GIS we waited forat least 15 min before starting the e-beam
post-irradiation to avoid undesirable Ni deposits under the
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FEB irradiation. To study the contribution of the O2 mole-
cular flux that reaches the surface [54], it was increased from
∼9.1×1018 molecules (cm2 s)−1 to ∼7.7×1019 molecules
(cm2 s)−1 varying the PO2

from 7.6×10−6 mbar to
6.4×10−5 mbar. To investigate the FEB dose contribution,
it was increased from 0 μC μm−2 to 12 μC μm−2.

2.3. Composition of as-grown Ni deposits and post-treated Ni
deposits

The composition of deposits was studied in situ by energy
dispersive x-ray spectroscopy (EDS) using a detector with
∼135 eV energy resolution calibrated for a Si Kα line and
EDAX Genesis software. The spectra were collected at an
acceleration voltage of 5 kV and electron beam current of
0.80 nA.

2.4. Microstructure of as-grown Ni FEBID deposits and post-
treated NiO deposits

The microstructure of deposits was studied by high resolution
transmission electron microscopy (HRTEM) in a JEOL
ARM200FCS equipped with a 100 mm2 Centurio SDD EDS
detector. The compositional analysis was carried out by per-
forming EDS in scanning TEM—high angle annular dark
field (HAADF) mode. The sample preparation for this ana-
lysis was performed by the standard SEM/FIB lamella
preparation method.

2.5. Study of the electrical transport properties

As mentioned in section 2.1, pre-patterned substrates with
four gold (100 nm in thickness) electrodes on top of Si/SiO2

substrates fabricated by UV lithography and lift-off processes
were used for the electrical transport study. We have depos-
ited Ni wires with dimensions 12×1×0.2 μm3 by FEBID
and FIBID on top of these substrates. A FEB irradiation dose
of 2.6 μC μm−2 was employed in those wires that we want to

oxidize into NiO wires. The deposition and the FEB irradia-
tion parameters were already mentioned in sections 2.1 and
2.2. The samples were wire-bonded on a specific chip carrier
for the electrical measurements. The four-point probe mea-
surements were performed in an ex situ electrical transport
setup with Keithley sourcemeters 2400, 6430 and a He flow
cryostat at different temperatures ranging from 295 to 5 K. By
FIB cross-sectional view of the wires after the electrical
characterization, their real thickness was measured for
determining their resistivity.

2.6. Fabrication of exchange biased bilayer

Fabrication of bilayer wires composed of Co (ferromagnetic,
FM)/NiO (AFM) layers were carried out by FEBIP pro-
cesses. First, NiO wires with dimensions 10×1×0.07 μm3

were fabricated using our two sequential in situ step method
detailed in sections 2.1 and 2.2 and sketched in figure 1.
Second, high-purity Co FEBID deposits with dimensions
10×1×0.02 μm3 were grown on top of the NiO wires
forming bilayer wires, and on top of a piece of silicon sub-
strate to use them as magnetic signal reference. Cobalt
deposits were grown in a FEI Nova Nanolab 600 dual beam
system using Co2(CO)8 as a precursor material. By tuning
deposition parameters, cobalt content above 90 at.% in Co
deposits was obtained, ensuring their ferromagnetic behaviour
[25]. The magnetic characterization of Co/NiO wires has
been studied by magneto-optical Kerr microscopy. Since the
shape anisotropy and in-plane magnetization govern the
magnetization reversal in Co wires, a longitudinal Kerr effect
configuration and an in-plane magnetic field oriented parallel
to the easy axis were used. The hysteresis loops are obtained
by measuring the intensity of the image of the Co/NiO and
Co wires as a function of the magnetic field providing their
magnetic information.

Figure 1. Sketch illustrates the two-step sequential process for the fabrication of NiO deposits. The colour scheme for the circles depicted in
the sketch indicates the different atoms which compose the starting materials, volatile products and non-volatile products. Red circles
represent the carbon atoms, green ones the hydrogen atoms, light blue ones the nickel atoms and dark blue ones the oxygen atoms. (a) Step 1:
Ni FEBID process. (b) Step 2: FEB irradiation under O2 flux at room temperature.
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3. Results and discussion

3.1. Ni deposits grown by FEBID and FIBID

In this section we report on a study of Ni deposits grown by
FEBID and FIBID (see section 2.1 for experimental details).

First, we have investigated the composition of Ni FEBID
deposits as a function of the electron beam current, voltage
and dwell time. As expected in deposits grown by FEBID
using organometallic precursors, no significant changes in Ni
content (18 at.% Ni, 82 at.% C) were observed above the nA
range [1]. Regarding the beam voltage and the dwell time, we
did not observe noteworthy composition changes in the stu-
died range (from 1 kV to 5 kV and from 10 μs to 500 μs). We
conclude that it is not possible to produce highly pure Ni
deposits by FEBID just by tuning the deposition parameters.
Second, rather than FEBID we explored FIBID to grow Ni. A
typical Ni FIBID deposit (see section 2.1 for experimental
details) has a composition of 22 at.% Ni, 69 at.% C and 9 at.
% Ga. An EDS spectrum of a typical deposit is shown in the
supporting information. As in the case of FEBID, by tuning
the deposition parameters the composition of Ni FIBID
deposits does not exhibit sizeable changes. Although our
results substantially improve the values already reported in
the literature [26].

The slight differences in the Ni content in deposits grown
by FEBID and FIBID were not considerable mainly due to the

incomplete dissociation of the precursor molecule under our
specific experimental conditions. While a certain Ga content
is added in the latter ones due to the Ga+ FIB. Similar
behaviour has been reported for platinum deposits grown by
FEBID and FIBID using organometallic compounds as pre-
cursor materials [7, 53]. As a conclusion, the use of Ga+ FIB
instead of FEB does not notablyimprove the quality of
deposits in terms of Ni content. Since the gallium contribution
into the Ni deposits could impair the functionality of the final
deposits, from now on we decided to focus the post-treatment
study on deposits grown by FEBID.

3.2. Post-treated Ni deposits

Inspired by reports on the purification of FEBID deposits,
transforming them in pure metals using an in situ method
[32, 34, 39], we attempted to apply this method to our Ni
FEBID deposits. The clue of this approach is a post-treatment
process at room temperature based on the FEB irradiation
under oxygen flux, which produces the carbon removal from
deposits. The FEBIP post-treatment process applied to the as-
grown Ni FEBID deposits is extensively described in
section 2.2 and sketched in figure 1.

In order to investigate the effect of the FEB post-irra-
diation under O2 flux to as-grown Ni deposits, they were
exposed to two different FEB doses at a series of O2 fluxes. In
figure 2(a), we clearly identify a dependence in the

Figure 2. (a) Dependence of the composition of post-treated Ni FEBIP deposits on the O2 flux (indicated as the oxygen pressure,
P P PO process base2 )= - at two FEB doses. Solid lines indicate a FEB dose of 2.4 μC μm−2, dashed lines indicate a FEB dose of 4.8 μC μm−2.
(b) Typical EDS spectra of as-grown Ni FEBID and post-treated NiO deposits. (c)–(e) SEM images of FIB cross-sectional view of Ni FEBIP
deposits are indicated in the bottom panels. (c) As-grown Ni FEBID deposit; (d) post-treated Ni FEBIP deposit exposed to O2 flux,
J∼9.1×1018 molecules (cm2 s)−1 (PO2 =7.6×10−6 mbar) and FEB dose: 2.4 μC μm−2; (e) post-treated Ni FEBIP deposit exposed to
O2 flux, J∼7.7×1019 molecules (cm2 s)−1 (PO2 =6.4×10−5 mbar) and FEB dose: 4.8 μC μm−2.
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composition of deposits on FEB dose and O2 flux (indicated
as the oxygen pressure, P P P .O process base2 )= - The nor-
malized content of Ni and O increases as a function of the O2

flux and FEB dose (solid lines: 2.4 μC μm−2, dashed lines:
4.8 μC μm−2), while the C content decreases till ∼10 at.%.
EDS spectra of as-grown Ni and optimized post-treated Ni
deposits are shown in figure 2(b). By FIB cross-sectional
view of the Ni FEBIP deposits, the effect of the FEB post-
irradiation into the deposit thickness was investigated.
Figures 2(c)–(e) show SEM images of post-treated Ni
deposits. The image of figure 2(d) is a typical example of
post-processed deposits which are composed of two different
layers, a NixOy layer (bright contrast) on top of the carbo-
naceous Ni layer (dark contrast), except for the last one which
is a homogeneous NiO deposit (see figure 2(e)). We surely
observe the decrease in the total thickness from ∼400 nm in
the as-grown Ni FEBID (figure 2(c)) to ∼70 nm in the NiO
deposit (figure 2(e)) due to the carbon matrix removal during
the post-treatment process.

The first appreciable effect of the proposed post-treat-
ment process at room temperature is the amorphous carbon
removal from the Ni FEBID deposit, where contributions of
both O2 flux and FEB irradiation are required, as has been
recently reported with a MeCpPtMe3 precursor by Villamor
et al [32]. It indicates that the process could be limited by the
oxygen flux, thus a high O2 concentration becomes crucial for
the process. In addition, SEM images illustrate that our post-
treated FEBIP procedure (FEB irradiation under O2 flux) is a
top–down process, which suggests that the carbon removal
and the Ni oxidation is starting from the surface of the as-
grown Ni deposit. This method involves the total thickness of
the deposit decreasing and the oxygen reactive species could
penetrate deeper into the deposit.

The second effect of our method is the oxidation of Ni
atoms forming a continuous and homogeneous nickel oxide
deposit. Figure 2(e) shows a highly pure NiO deposit
(1×1×0.07 μm3) according to its microstructure measured
by TEM and electron diffraction as will be depicted in
section 3.2.

The mechanism which governs our proposed post-treat-
ment is explained in the following. By FEB interaction with
the Ni deposit, the generated secondary and backscattered
electrons dissociate and ionize the O2 molecules adsorbed on
it, resulting in radicals, ionized oxygen molecules and ionized
oxygen atoms. These species react with the carbon matrix
forming volatile products such as carbon monoxide (CO) and
carbon dioxide (CO2), while the Ni atoms oxidize them into a
NixOy compound.

Moreover, results from Monte Carlo simulations using
the CASINO package [55] provide information about the
electron trajectories in the sample and the x-ray generation
(see supporting information). Evaluating the maximum value
of the penetration depth of electron trajectories in as-grown Ni
deposit and post-treated one, similar values (∼110 nm) for the
two different deposits were found. In addition, the maximum
value of the penetration depth of electron trajectories that will
escape the sample surface is ∼30 nm for the two different
deposits as well. Furthermore, for these deposits the x-ray
intensity of each element exhibits similar values as a function
of the deposit depth. Thus, no large differences in the NiO
composition along the thickness could be produced during the
post-treatment process.

In order to identify the role of contributions such as FEB
dose, FEB penetration depth and O2 flux in the fabrication of
NixOy deposits, we made three batches of Ni FEBID deposits
with dimensions 1×1×1.5 μm3 exposed to three different
post-treatment processes. In the first batch, as-grown Ni
deposits were exposed to an O2 flux (J∼7.7×1019 mole-
cules (cm2 s)−1, P 6.4 10 mbarO

5
2 )= ´ - at 5 kV and at

different FEB doses ranging from 0 to 12 μC μm−2. Figure 3
shows compositional analysis (in atomic %) extracted from
the EDS spectra and the thickness of NixOy layer in those
deposits. In accordance with the experiments previously
shown in figure 2(a), the Ni and O content increase whereas
the C content decreases as a function of the FEB dose.

In particular, the C content is lower than 10 at.% at the
highest FEB dose, indicating that the fabrication of highly pure
NiO is feasible for thicker as-grown Ni deposits. Figure 3(b)
shows that the thickness of the NixOy layer on top of the

Figure 3. Ni FEBID deposits exposure under O2 flux (J∼7.7×1019 molecules (cm2 s)−1, PO2 =6.4×10−5 mbar) at different FEB doses
ranging from 0 to 12 μC μm−2. (a) Composition of Ni FEBIP deposits. (b) NixOy thickness. Linear fit is indicated.

5
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carbonaceous Ni linearly increases with FEB dose. During this
process, the top part of the as-grown Ni FEBID deposit is
transformed into a NixOy layer with ∼200 nm thickness. These
results are consistent with the FEB dose-limited mechanism
which governs the process in our specific experimental con-
ditions. Taking into account this linear dependence, it is fea-
sible to fabricate NixOy deposits in a wide range of thicknesses,
limited just by the FEB penetration depth. For higher FEB
doses (results not shown here), two effects could be noticed.
The first is the complete carbon removal from a certain
thickness of our deposit which corresponds with the FEB
penetration depth as previously mentioned. The second is that
the metallic nickel could be transformed into nickel oxide
(NiO) and dinickel trioxide (Ni2O3).

In the second batch, deposits were exposed to the same
O2 flux (J∼7.7×1019 molecules (cm2s)−1,
P 6.4 10 mbar ,O

5
2 )= ´ - but at fixed FEB dose

(2.4 μC μm−2) and varying the FEB voltage, ranging from 5
to 25 kV. Figure 4 shows such a dependence of the FEB
voltage in the post-treatment process. It is well known that the
efficiency in the FEBIP in terms of yield in both additive and
subtractive processes is inversely proportional to the FEB
voltage [2, 56]. This provides a clear evidence of the essential
role of low energy electrons which reach the substrate surface
dissociating adsorbed molecules. This argument is fully
consistent with the results shown in figure 4 where the
thickness of the NixOy layer on top of the Ni deposit linearly
decreases with the FEB voltage in the studied range. As the
FEBIP process is less efficient at higher beam voltage, for the
same final result a higher FEB dose will be required.

In the third batch, deposits were again exposed to
O2 flux (J∼7.7×1019 molecules (cm2s)−1, PO2 =
6.4 10 mbar ,5 )´ - but without FEB irradiation for the same
time and O2 flux as used in the first batch of deposits (max-
imum time ∼23 min). EDS analysis on a cross-sectional
sample prepared from these deposits showed a small oxygen

contribution in the surface of the deposit and no carbon
removal, which is a key point of this process. Their overall
composition is not modified (Ni-carbonaceous matrix along
the full thickness of the deposit), except for their first nano-
metres. The measured oxygen content is comparable to those
observed in samples exposed to ambient conditions for one
week, which indicates that some Ni grains embedded in the
first nanometres of the amorphous carbonaceous matrix have
been oxidized. We highlight that neither a NixOy layer on top
of the carbonaceous matrix nor the carbon removal from the
deposit were observed. This insight certainly proves the
essential role of both the FEB irradiation and O2 flux in the
synthesis of highly pure NiO deposits and in the proposed
mechanism. Moreover, this method works at room temper-
ature, which is very valuable for future applications.

3.3. Microstructure of as-grown Ni FEBID and highly pure NiO
deposits

In order to figure out the microstructure of the as-grown Ni
deposits and highly pure NiO, high resolution transmission
electron microscopy (HRTEM) and selected area electron
diffraction (SAED) studies on typical samples (see section 2
for experimental details) have been carried out. Additionally,
TEM-EDS analysis on this highly pure NiO deposit is shown
in the supporting information available at stacks.iop.org/
NANO/27/065303/mmedia.

A HRTEM image of the as-grown Ni FEBID deposit is
shown in figure 5(a). The microstructure of these deposits is
mainly composed of very small Ni clusters, 1–2 nm embed-
ded in an amorphous carbon matrix. The SAED pattern in the
inset of the image displays two diffuse rings. This set of rings
can be assigned to neither Ni nor NiO phases. This effect
could be explained by the amorphous nature of the Ni-con-
taining clusters, explaining a diameter of the rings deviating
from those expected for crystalline Ni.

Concerning the microstructure of the NiO deposit, it
reveals a polycrystalline structure with crystals of ∼5 nm, as
shown in figure 5(b). A study of the microstructure along the
deposit thickness (not shown here), displayed that all the
observed SAED patterns are identical, indicating that the
crystal structure is the same throughout the entire film. The
ring patterns studied in the SAED image suitably match the
rocksalt structure of NiO, which is cubic (fcc, Fm-3m,
a=0.418 nm). The experimental lattice spacings examined
in the inset of the figure 5(b) (0.242, 0.209, 0.147, 0.125 and
0.119 nm) are consistent with the distance between (111),
(200), (220), (311) and (222) lattice planes of the NiO
structure, respectively. We highlight that these patterns do
match neither the cubic Ni structure, nor the hexagonal Ni2O3

phase. This cubic structure could also correspond to the
paramagnetic phase of NiO above the Néel temperature
TN=523 K [52]. Below TN the cubic NiO crystal structure
where the Ni2+ spins is ferromagnetically ordered and could
experience antiferromagnetic behaviour [57, 58].

In summary, we proved that the tuned post-treatment
method proposed here transforms the as-grown Ni FEBID
into a homogeneous NiO deposit, with a cubic structure.

Figure 4. NixOy thickness as a function of FEB voltage in the post-
treatment process. FEB dose of 2.4 μC μm−2 and O2 flux
(J∼7.7×1019 molecules (cm2 s)−1 , PO2 =6.4×10−5 mbar).
The red line indicates the linear fit of the data. SEM images of a
cross-sectional view of two deposits post-treated at 20 kV and 5 kV.
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3.4. Study of the electrical transport mechanism

By using a four-probe method in an ex situ setup (described in
section 2.4), the electrical transport mechanism for as-grown
Ni FEBID, Ni FIBID and highly pure NiO deposits has been
studied.

We have systematically measured the current (I) as a
function of voltage (V) in as-grown Ni FEBID wires at dif-
ferent temperatures, ranging from 295 K to 5 K such as shown
in figure 6. A linear I–V behaviour at 270 K in the studied
voltage range (from −1 to 1 V), which corresponds to
∼1×106Ω in resistance and ∼40Ωcm in resistivity, has
been observed. This resistivity value is ∼6×106 times
higher than in bulk Ni (6.7 μΩcm). I–V measurements
become non-linear at lower temperatures as expected in
semiconductor materials such as the typical nanogranular
deposits grown by FEBID [7]. The later dependence may
occur by electron hopping between Ni nanograins, mainly
described by a tunnelling conduction mechanism. For

temperatures below 50 K, the non-linear behaviour becomes
more pronounced, following an exponential-type energy
barrier conduction dependence as observed in the inset of
figure 6. The conductance increases with the voltage, as is
consistent with semiconductor materials in the regime of
hopping conduction [59].

To achieve further insight into the electrical behaviour of
as-grown Ni FEBID and a Ni FIBID wires, the dependence of

Figure 5. HRTEM images and electron diffraction patterns of a typical (a) as-grown Ni FEBID deposit and (b) NiO deposit.

Figure 6. Four-probe I–V measurements of as-grown Ni FEBID
deposits at different temperatures. The inset shows the detailed
measurements at 50 and 20 K.

Figure 7. Dependence of the resistivity as a function of the
temperature (T −0.5). (a) As-grown Ni FEBID wire, (b) as-grown Ni
FIBID wire. The inset in (a) shows ρ versus T in both wires.
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the resistivity (ρ) as a function of the temperature has been
studied (see figure 7).

ρ was calculated from R ,w t

L
r = ´ where w is the width,

t the thickness and L the length of the wire. The width and
length were measured by SEM inspection, while the thickness
was measured using a FIB cross-section process.

In general, resistivity strongly drops with temperature.
This behaviour is again consistent with the hopping regime
for low metallic doped amorphous semiconductors, with a
low conductance of 0.025Ω−1 cm−1 in Ni FEBID and
8.8Ω−1 cm−1 in Ni FIBID deposits at room temperature. In
particular, for the Ni FEBID deposit, the lowest value of ρ
(275 K) corresponds to ∼1×106Ω in resistance, while the
highest one to ∼7×109Ω (5 K). In the case of the Ni FIBID
deposit, the lowest value of ρ (295 K) corresponds to
∼3.6×103Ω in resistance, while the highest one to
∼8.8×106Ω (5 K). The resistivity of the Ni FIBID deposit
is 0.113Ωcm at room temperature, ∼1.7×104 times higher
than in bulk Ni and ∼3.5×102 times lower than as-grown Ni
FEBID. The conduction in the semiconducting amorphous
matrix is increased in those wires because the higher metallic
(∼1.7 times) content. In conclusion, both types of wires
experience a semiconductor behaviour and appropriately
follow the equation ρ(Τ)∼ρ0exp(T0/T)

1/2 where ρ0 is the
pre-exponential factor and T0 is the characteristic temperature
(see figure 7). This behaviour indicates that the electronic
conduction is dominated by electron hopping in a band of
localized states, which needs to overcome an activation
energy to move them from one state to another. This mech-
anism is well described as variable range hopping [60] and
has been already studied in granular FEBID and FIBID
structures [6, 7].

Finally, electrical measurements were carried out in
highly pure NiO deposits. Their electrical resistivity is
∼2000Ωcm at room temperature, being ∼73 and ∼1.8×104

times higher than our as-grown Ni FEBID and Ni FIBID,
respectively. For NiO thin films a range of resistivity values
from 1Ωcm to 105Ωcm have been reported in literature [61–
63]. Such strong differences could be due to alterations in
stoichiometry and/or microstructure. Most excitingly, current
versus voltage measurements in our NiO wires reveal a
reproducible resistance switching phenomenon at relatively
low voltages (see figure S5 in the supporting information).
The origin of these conducting paths is not fully understood,
although it could be related to the microstructure, nickel
defects and oxygen vacancies in our NiO deposits [50, 51].
To understand the voltage switching behaviour and its related
mechanism further study will be needed which is beyond the
scope of the present study.

3.5. Co/NiO exchange biased bilayers

Another area of interest concerns the physics of FM/AFM
bilayers. This type of system is attractive because its potential
applications in magnetoelectronic nanodevices such as spin
valve systems. FM/AFM systems can experience at their
interface an exchange anisotropy (exchange bias), when the
AFM spins at the interface are aligned with the FM spins. By

using such an interface coupling effect it is possible to pin
the magnetization direction of the FM layer, resulting in a
shift of the hysteresis loop along the field direction and/or a
coercive field increase [64, 65]. Because of its well-known
cubic crystallographic structure (see section 3.4) and anti-
ferromagnetic order, NiO deposit is considered a good can-
didate for a FM (Co or Fe)/AFM bilayer system [66].

Figure 8 shows the hysteresis loops for a Co wire and a
Co/NiO bilayer (see section 2.6 for experimental details),
where 50 averaged intensity values of the images result in the
measured signal for each applied magnetic value. The noise
over the signal is around 20%.

An increase in Hc is observed in the Co/NiO bilayer
compared to the Co wire taken as a reference. The exper-
imental hysteresis loop shows a coercivity enhancement of
ΔHc∼1.5 mT, almost 40% with respect to the reference.
Such an effect could be explained in terms of the small
magnetic anisotropy of the NiO deposit due to its nanometric
sized and polycrystalline structure (see section 3.3), which is
able to pin the magnetization of the Co layer just enhancing
its coercivity. This behaviour is well established in systems
that display an exchange-bias effect. By annealing the sam-
ples very close to the TN (250 °C) and zero field cooling, the
coercivity enhancement vanishes, indicating that the
exchange coupling in the Co/NiO bilayer is responsible for
the noticed coercivity enhancement. Thus, we believe that our
FEBIP NiO is indeed a promising candidate for exchange
biased magnetic devices, entirely made by FEB processes.

4. Conclusion

We have successfully fabricated and characterized Ni deposits
fabricated by FEBID and FIBID techniques using (MeCp)2Ni
as a precursor. The first type has a Ni content of 18 at.% and
is composed of very small Ni clusters (1–2 nm in size)
embedded in an amorphous carbonaceous matrix. Its

Figure 8. Hysteresis loops extracted from magneto-optical Kerr
measurements on Co/NiO wire and Co wire used as a reference.
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resistivity value at 270 K is ∼40Ωcm. The Ni deposits grown
by FIBID have a higher metallic content and their resistivity
is 0.113Ωcm at room temperature. Both kind of deposits
experience an electronic conduction mechanism governed
by electron hopping in a band of localized states. This
mechanism is well known for nanogranular systems as vari-
able range hopping.

Additionally, we have demonstrated for the first time a
successful method to synthesize binary oxides at room
temperature by FEBIP. The fabrication method consists of
two sequential in situ steps: (1) Ni FEBID and (2) FEB
irradiation under O2 flux. By tuning the FEB dose and O2 flux
for the second step, it results in well-defined and homo-
geneous highly pure nickel oxide deposits. These deposits
have a polycrystalline structure with a grain size of ∼5 nm
which properly fits with the cubic (fcc) rocksalt. Their elec-
trical measurements showed a resistivity value of ∼2000Ωcm
at room temperature and a non-ohmic behaviour.

We have shown the first effective growth of a resistive
switching NiO wire [50, 51] and an exchange biased (Co/
NiO) wire [52] by FEBIP. These results are highly interesting
in view of future applications in memory resistors and devices
exploiting an exchange-bias effect.

This work could give new insights and inspire further
research on synthesis of compounds such as binary oxides,
magnetic alloys, broadening the horizon of focused beam
induced processing techniques for high-speed data processing
devices and high-density memories.

Supporting information

Compositional analysis of Ni deposits. Monte Carlo simula-
tions via CASINO software. EDS analysis in post-treated NiO
deposit at the nanoscale.
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