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erromagnetic nanostructures are cur-

rently at the core of many applications

in nanotechnology, such as those re-
lated to magnetic information storage and
sensing,’ whereas new applications such as
magnetic logic® and biosensing® are being
intensively studied. Thus, with the increas-
ing need for size reduction and integration,
the growth of ultrasmall ferromagnetic na-
nostructures and their precise characteriza-
tion is perceived as one of the bottlenecks
to push forward these technologies.

Focused electron-beam-induced deposi-
tion (FEBID) techniques rely on the use of a
focused beam of electrons, normally pro-
vided by a scanning electron microscope
(SEM), dissociating a precursor gas to create
a local nanodeposit.*~” Several advantages
of FEBID compared to other growth techni-
ques can be cited: growth on any substrate
and at the targeted place thanks to the SEM,
arbitrary shape of the deposit, immediate
check of the deposit success with the SEM,
high lateral resolution, etc.

The main issue concerning the applicabil-
ity of FEBID compared to other nanolitho-
graphy techniques is the nanodeposit
composition. If the precursor molecules
are not completely dissociated by the elec-
tron beam, unwanted residual elements will
be present, jeopardizing the functionality of
the nanodeposit. It is usual to produce
metallic deposits with the targeted element
being less than 50%.*”7 In the case of
magnetic nanodeposits, the content of the
magnetic element is of utmost importance
as the magnetic properties can quickly de-
grade with the presence of residues. The
situation is fortunate when using Co,(CO)g
gas precursor and high beam currents be-
cause heating effects can assist the molecule
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ABSTRACT We have successfully grown ultrasmall cobalt nanostructures (lateral size below
30 nm) by optimization of the growth conditions using focused electron-beam-induced deposition
techniques. This direct-write nanolithography technique is thus shown to produce unprecedented
resolution in the growth of magnetic nanostructures. The challenging magnetic characterization of
such small structures is here carried out by means of electron holography techniques. Apart from
growing ultranarrow nanowires, very small Hall sensors have been created and their large response
has been unveiled.

KEYWORDS: magnetic nanostructures - focused electron-beam-induced deposition -
electron holography - Hall sensors - nanowires

dissociation process®® and produce nearly
pure cobalt nanodeposits, as some of us have
previously shown."®

However, the use of high electron beam
currents is counter-productive for the high
lateral resolution of the nanodeposits,
which is the main drawback for the use of
this technique in the growth of small-size
magnetic-based devices. Previous work
could only demonstrate functional cobalt
nanostructures with lateral size down to
150 nm."" The ultimate resolution of the
FEBID technique is extremely high as shown
by van Kouwen et al. in ref 12, where 3 nm
Pt-based dots were grown. Thus, novel ap-
proaches to attain the ultimate resolution of
the FEBID technique in the case of magnetic
materials, different from the use of high
beam currents, are needed.

In the present article, we use a Schottky
* Address correspondence to

field-emission electron gun with optimized
deposition parameters in order to grow
cobalt nanostructures by FEBID with unpre-
cedented lateral resolution and nearly pure
cobalt content. For example, cobalt nano-
wires with lateral size below 30 nm can be
grown. These nanowires could find applica-
tions in information storage, sensing, and
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Figure 1. Co atomic percentage in the nanodeposits as a function of the Co,(CO)g precursor flux, also monitored by means of
the chamber vacuum pressure. Growth was performed with 3 kV electron beam energy and 21 pA current. An SEM image of
the typical cobalt squares grown is shown in the inset. The relative change of precursor flux is here defined by the expression:

Precursor flux (%) = 100 x (Pprocess — Pbase)/Poase-

logic, but their magnetic characterization is challen-
ging, requiring advanced techniques such as electron
holography used here. One application of these nano-
deposits is shown by growing cobalt nano-Hall probes
with an active area close to 100 x 100 nm? and
sensitivity in the range of 0.1 Q/T.

RESULTS AND DISCUSSION

First, we describe the experiments performed to
achieve the optimized growth of cobalt nanostructures
with low beam current. Previous results with the same
precursor used by us, Co,(CO)g, indicate that certain
tuning of the Co content can be achieved by finding
appropriate growth parameters.”® Following this ap-
proach, we fix a low beam current (in the pA range) as
desired to obtain narrow structures and study the
influence of the precursor gas flux. In fact, it has been
reported that the diameter of the electron beam
increases proportionally to the square root of the beam
current, thus being a limiting factor for the lateral
resolution.' In the experiment, cobalt squares with
dimensions of 100 nm in lateral size and 100 nm in
thickness were grown on silicon. The base pressure in
the growth chamber is 1.3 x 10~ mbar, and when the
precursor valve is completely open, the pressure rises
to 1.8 x 10> mbar. By gradually opening the gas valve,
the precursor flux can be tailored and the chamber
pressure will change accordingly and will be moni-
tored. The cobalt nanosquares were grown at a beam
energy of 3 kV and beam current of 21 pA. As readily
noticed in Figure 1, a clear trend is observed in the
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cobalt content as a function of the precursor gas flux. A
cobalt content around 65%'° is obtained with the
lowest and the highest precursor flux used. However,
at intermediate precursor flux values, the cobalt con-
tent can be optimized up to 93%. These results can be
understood in the following way. At low precursor flux,
where the growth is performed within the precursor-
limited regime, dissociation of residual species present
in the process chamber will play a role producing
sample contamination.'® At high precursor flux, where
the growth is performed within the electron-limited
regime, the precursor molecules are refreshed too
quickly for the electron beam to decompose comple-
tely all of the precursor material, which will become
incorporated in the nanodeposit. At intermediate pre-
cursor flux, where the growth is performed between
both regimes, it is possible to reach a perfect balance
between the precursor flux, the electron beam current,
and the time that the electron beam stays in each point
(coined “dwell time”, tgwen, 145 in the present case). Itis
thus possible to produce the total decomposition of
the precursor material, whereas the incorporation of
residual species is avoided. In those growth conditions,
small Co nanostructures with high purity can be
created.

The fabrication of ultrasmall structures with high
Co content requires a fine-tuning of the different
parameters, the dwell time becoming relevant too, as
shown herafter. We performed experiments where the
precursor flux is kept constant at 5.6 x 10~® mbar, the
total electron dose per deposit is also kept constant,
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Figure 2. (a) Variation of the Co content of the 600 x 600 nm? squares as a function of their dwell time for four different beam
currents. The dose and flux were kept constant in all of the samples. The color lines are just a guide for the eye. (b) Average
height as a function of the dwell time in Co nanowires grown at 21 pA and 10 kV. The blue line is just a guide for the eye.
(c) Three-dimensional plot of the AFM image of the wires used for the study represented in (b).

28.7 nm

Figure 3. (a) SEM image of a cobalt nanowire with dimensions of 3 um in length, 29 nm in width, and 30 nm in thickness grown
at3 kV, 21 pA (image taken at tilting angle of 52°). Azoom-in image is shown in the inset (image taken at tilting angle of 0°). (b)
SEM image of a cobalt nanostructure (L shape) with dimensions of 3 #m in length for the horizontal partand 1 um in length for
the perpendicular part, 40 nm in width, and 30 nm in thickness, grown at 3 kV, 21 pA (image taken at tilting angle of 0°). (c)
SEM image of one cobalt Hall sensor based on four independent 75 nm wide cobalt lines and the central square 150 nm wide
active area (image taken at tilting angle of 0°). (d) SEM image of one cobalt Hall cross with a width less than 30 nm (image

taken at tilting angle of 0°).

and for different electron beam currents, the dwell time
is varied. Squares of size 600 x 600 nm? were grown
in this experiment, and the obtained Co content is
shown in Figure 2a for the different electron beam
currents as a function of the dwell time. For 10 kV and
2.1 nA deposition parameters, the Co content is below
65% in all of the studied range of dwell time values,
reflecting the lack of full gas replenishment during
deposition and the contamination of the deposit
with residual chamber molecules. The cobalt content
decreases when the dwell time increases because the
gas consumption increases at each addressed point.
Figure 2a also shows that the metallic content increases
significantly when decreasing the beam current as a
consequence of the growth in the precursor-limited
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regime. For all of the studied beam currents, the increase
of the dwell time further decreases the metallic content
for the same reason. The effect of the dwell time is
remarkable when using a beam current of 0.13 nA, for
which the Co percent increases from 75 to 90% when the
dwell time decreases from 50 us to 500 ns. The growth
parameters for the highest metal content in this case are
slightly different from those found in Figure 1 due to the
different geometry, which affects the loop time (time
spent by the beam to pass again on the same point) and
thus the precursor replenishment. These results allow us
to conclude that for small Co nanodeposits one has to
find the right combination of precursor flux, beam
current, and dwell time in order to attain the highest
Co content (>90%). Furthermore, the average height of
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Figure 4. Hallresistivity in the same Co Hall sensor shown in
Figure 3c at 300 and 10 K. The inset shows the field
sensitivity as a function of the magnetic field at 300 K.

the deposits grown with the same electron dose is
strongly influenced by the dwell time as can be noticed
in Figure 2b,c, as previously reported for other precursor
gases.'>'® The relevant information inferred from these
experiments is that, for low beam currents allowing the
growth of narrow structures, it is always possible to find
the right combination of dwell time and precursor flux in
order to attain cobalt content above 90%.

The quantitative modeling of the growth mechan-
isms as a function of the above-mentioned relevant
parameters due to the existence of the residual back-
ground gases along with the precursor molecules is
beyond the scope of the present article. However, it
can be mentioned that other authors have tackled this
important issue’® and have highlighted the role that
could be played by autocatalysis phenomena.'”

Once the growth conditions for small Co nanode-
posits were mastered, we created two types of func-
tional magnetic nanostructures: (1) nano-Hall probes
for nanosensing;'®'? (2) high-purity ultranarrow nano-
wires with perspectives in applications related to
spintronics?® and magnetic logic based on domain
wall manipulation.?'

Ultrasmall Hall sensors offer the possibility to in-
crease the detection sensitivity down to the order of
108y (¢o = h/2e is the flux quantum).'® The fabrica-
tion of such devices at nanometric scale is of out-
standing interest in biosensing for the detection of
biological moieties conjugated to magnetic nanopar-
ticles and in general for different nanosensing applica-
tions (scanning Hall microscopy, nanomagnetometry,
proximity switching, current sensing, etc.).>>%3 By using
FEBID, we have grown Co Hall nanoprobes, as those
ones shown in Figure 3c,d.

In Figure 4, the Hall resistivity of the sensor displayed in
Figure 3c is represented as a function of the applied
magnetic field at 300 and 10 K. The Hall resistivity is given by

VHt

—— = uo(RoH + RsM)

i m

PH =
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where W, is the measured Hall voltage, t is the cobalt square
thickness, and / is the bias current. The py, has contributions
from the ordinary (OHE) and anomalous (AHE) Hall effect,
where R, and Rs are the ordinary and anomalous Hall
coefficients, respectively. H is the applied magnetic field,
and M is the magnetization. The lines in Figure 4 correspond
to the individual contributions from the OHE and the AHE.
The crossover from the low-field behavior, positive in sign
and dominated by the AHE, to the high-field behavior,
negative in sign and dominated by the OHE, takes place
around 1.7 T, as occurs in polycrystalline Co thin films** and
in Co grown by FEBID at high beam current.'® It is
noteworthy that low-Co-content Hall sensors grown by
FEBID do not present this clear crossover between the
AHE and the OHE.'®"

The maximum room-temperature Hall resistivity of
the narrow sensors investigated here is around 2.7
uQcm, 1 order of magnitude higher than that obtained
previously in Co nanodeposits grown at high beam
current.'® The difference should be ascribed to the
relatively higher longitudinal resistivity of the present
cobalt nanodeposits (due to the slightly lower metallic
content) as there is a clear correlation between Hall
resistivity and longitudinal resistivity.?> The field sensi-
tivity (S)) is an important parameter to characterize the
Hall sensors (inset of Figure 4c¢):

oV /0B

S |

(2)

The low-field S, of the studied Hall sensors ranges
between 0.13 and 0.07 Q/T. The obtained §, values are
similar to those reported in ref 18 for lower-content Co
sensors, but the important figure of merit of nanoscale
Hall sensing is the minimum magnetic flux detectable
(Gemin)- IN 1ef 19, Prmin is estimated to be around 2 x 10°
¢o, Which is better than previously reported values in
other nano-Hall probes. In the thermal noise regime, ¢in
is proportional to the longitudinal sensor resistance and
the sensing area. As both, the longitudinal resistance
and the sensing area, are significantly lower in our high-
purity narrow Co-based sensors than in ref 19, we expect
to improve the figure of merit ¢, more than 1 order of
magnitude. First, we expect an improvement of a
factor of 3 due to the smaller sensing area: a factor of
10 smaller area but a decrease of the maximum current
attainable in a factor of 3. Second, an improvement of a
factor of 10 due to the lower longitudinal resistance can
also be expected. Dedicated experiments are required
to confirm this issue, which constitutes an exciting
future research line in nanoscale sensing.

The second type of functional nanostructures ad-
dressed in the present study is represented by narrow
nanowires grown using 3 kV beam energy and 21 pA
beam current. The corresponding SEM images are
displayed in Figure 3a,b, showing an impressive high
lateral resolution, around 30 nm, significantly better
than previous achievements, where high beam current
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Figure 5. Electrostatic (a) and magnetic (b) contributions to the electron beam phase shift across a Co nanowire with a
thickness of 9 nm and a width of 30 nm. The magnetic flux deduced from the “magnetic phase image” is superimposed over
the electrostatic phase shift image. (c) Cosine of 38 times the magnetic phase image allowing a better visualization of the
magnetic flux within and out of the nanowire. (d) Phase shift profile extracted from the right part of figure (b) where the

magnetic induction is constant (see text).

was required to obtain high Co purity."" As the mag-
netic nanostructures become narrower and narrower,
they impose stringent conditions for their precise
characterization. Fortunately, these Co nanostructures
can be directly grown on top of thin SisN4, membranes,
allowing their nanoscale quantitative magnetic char-
acterization by means of Lorentz transmission electron
microscopy (LTEM) and electron holography (EH) pre-
sented hereafter. LTEM and EH were performed on a
Titan-Cube microscope fitted with a Cs image corrector
and a Lorentz lens. LTEM is a standard TEM tool for
studying the magnetic configurations in nanostruc-
tures in the range of a few hundred nanometers in
size,?® thus not being accurate enough for quantitative
magnetic measurements in small magnets, in particu-
lar, for nanostructures smaller than ~50 nm. LTEM
analyses have nevertheless been performed on Co
deposits (see Supporting Information) for qualitative
studies of the magnetic configuration in wider wires.
However, quantitative magnetic measurements on
such small nanostructures can be achieved by
EH.>’3° To image the remnant magnetic state and
get quantitative measurements of the magnetization
in even thinner Co deposit, we performed EH on wires
of different size. EH allows the amplitude and the phase
shift of a high energy electron wave that has passed
through a material to be recorded. The phase shift ¢ is
sensitive to electric and magnetic fields in the
sample?’?23" and is given by the expression

o) = Ce / V(x, z)dz —%//.BL(x,z)dxdz (3)

where x is a direction in the plane of the sample, zis the
incident electron beam direction, C¢ is a constant
dependent on the accelerating voltage of the micro-
scope (6.53 x 10° rad V' m~" at 300 kv), V is the
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electrostatic potential of the sample, in our case asso-
ciated solely to the mean inner potential (MIP) of the
wire, and B, is the component of the magnetic
induction (both inside the sample and in the sur-
rounding leakage fields) perpendicular to both x and
z. To separate the magnetic contribution to the
electrostatic one, on each single wire, we took one
hologram then switched the sample upside down
then took a second hologram. The calculated phase
images obtained present the same electrostatic con-
tribution, while the magnetic one is reversed in sign.
Image calculations then allow separating the electro-
static contribution (deject) and the magnetic contribu-
tion (pmag) to the phase shift of the electron beam.
These two contributions are reported in Figure 5a,b,
respectively. The electrostatic contribution ¢eject. =
Ce X Vet depends on the thickness and the mean inner
potential Viyp, which itself depends on local composition
and density. The thicknesses of the different Co nano-
wires have been measured by AFM, so the MIP can then
be determined. It is found to vary from wires to wires
between 11and 17 V. This is slightly lower than what has
been measured by De Graef et al** (26 V) and to the
theoretical values®” because of the lower density of such
nanocrystalline Co wires compared to bulk cobalt.

In Figure 5¢, we report the cosines of 38 times the
magnetic contribution, which better visualizes the
phase gradient corresponding to the magnetic flux.
The integration of the magnetic component @uag.
along the beam path across the sample permits mea-
suring the magnetic induction B;:

h a¢Mag(X)
o 2

B =
1) et ox

(4)

The latter only depends on the physical constant “e”
and “R”, the sample thickness “t", and phase shift across
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the field of view. Measuring the phase shift across the
wires of different thicknesses then allows calculating
the magnetization within these wires.?® Figure 5d dis-
plays the phase shift profile extracted from Figure 5bin
an area far from the tip of the wire, so that the magnetic
induction is expected to be constant in intensity and
direction and concentrated within the Co wire (as
checked in Figure 5c). In such 9 nm thick Co wire, the
magnetic induction is found to be equal to 1.8 T, which
agrees quite well with the bulk magnetization value of
cobalt. A second sample with thickness of 37 nm was
measured by EH showing reduced magnetization
about 20% with respect to the bulk value. Such reduced
magnetization could be explained by an overestimation

EXPERIMENTAL SECTION

For these experiments, we used the Co,(CO)g precursor
provided by Strem Chemicals Inc.,, which is stabilized with
1-5% hexane (the CAS number is 10210-68-1). In situ composi-
tional analysis of the nanodeposits have been performed by
energy-dispersive X-ray microanalysis (EDS) after previous EDS
calibration at 3 kV. The samples were inserted in the chamber
the day before the deposition is done so that the minimum
pumping time is 12 h. The Si;N4 membranes do not receive any
cleaning treatment in order not to damage them before the
deposition and are always stored in the clean room. The Si
substrates are cleaned with ultrasound, 3 min in acetone and
then 3 more min in isopropyl alcohol.

Additional information on the parameters used during the
growth of the different structures is provided hereafter. The
current densities in the experiment are the following ones for
the beam currents used: 8.1 x 10° A/m? (for 0.033 nA), 1.2 x 10°
A/m? (for 0.13 nA), 1.4 x 10° A/m” (for 0.54 nA), 1.5 x 10° A/m?
(for 2.1 nA).

In the case of the squares reported in Figure 1, the following
parameters were used: refresh time = 0, pitch = 4.74 nm, writing
strategy = bottom to top scan and multipass. The total dose can
be calculated as (current x time)/area = 0.021 nA x 103 s/0.15
um x 0.15 um = 96 nC/um?. In the case of the squares reported
in Figure 2a, refresh time = 0, writing strategy = bottom to top
scan, multipass and the total dose is always kept to the value of
100 nC/um?The loop time (time needed to pass again on the
same point) for the shorter dwell time (500 ns) is the following
one: 15.3 ms/5.6 ms/1.55 ms/0.42 ms, respectively, for the 0.033
nA/0.13 nA/0.54 nA/2.1 nA currents. In order to calculate the
loop time for longer dwell time, one just needs to multiply these
values by the dwell time divided by 500 ns. In the case of the
nanowires reported in Figure 2b,c, there is no refresh time and
the total dose is 118 nC/um?. The Co/C/O composition of the
wires is 83:15:2, 85:11:4, 87:11:2, 84:10:6, and 85:10:5, respec-
tively, for the dwell time values of 2, 5, 10, 20, and 50 us. The
number of passes is 2790, 1117, 559, 280, and 112, respectively,
for the dwell time values of 2, 5, 10, 20, and 50 us. In the case of
the 29 nm line shown in Figure 3a, the loop time is 635 us and
the total dose is 118 nC/um?. The pattern for the deposition of
the L-shaped wires shown in Figure 3b consisted of two single
pixel lines deposited in parallel. The direction of deposition
was right to left in the horizontal wire and bottom to top in
the vertical one. The refresh time was set to 0, and the pitch
was 4.74 nm. In the structures grown in Figure 3, the
composition (in atomic percentage) measured by EDS after
growth of the 150 nm squares is Co/C/O = 93:5:2, whereas in
the case of the 30 nm lines, it is 90:8:2. The composition of the
Hall sensors shown in the article is Co/C/O = 88:8:4 for the
sample with $;=0.13 Q/T and Co/C/O = 84:9:7 for the sample
with S, = 0.07 Q/T.
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of its thickness in the AFM measurements or a lower
cobalt content.

CONCLUSIONS

In conclusion, it has been demonstrated that ultrasmall
functional Co magnetic structures with lateral size below
30 nm can be grown by the focused electron-beam-
induced deposition technique by fine-tuning of the rele-
vant growth parameters. Their magnetization has been
quantitatively characterized by electron holography. This
growth technique has been applied to the creation of
nano-Hall probes with large potential applications in
nanosensing and the creation of ultranarrow nanowires
for potential applications in magnetic storage and logic.

The FEBID process depends on aspects which can vary with
the substrate such as the rate of secondary electrons reaching
the surface layer, the precursor sticking coefficients, the sub-
strate roughness, the water or contaminant molecule adhesion
to the surface, etc. In order to investigate this point, we have
grown cobalt nanodeposits in the same conditions on three
different substrates: Si substrates, Si//SiO, (300 nm) substrates
and SizN, (50 nm) membranes. Those conditions are as follows:
current of 21 pA, voltage of 3 kV, dwell time of 1 us, no refresh
time, square geometry with dimensions of 100 x 100 X
100 nm® grown during 102 s and flux optimized for the maxi-
mum Co composition. The EDS results indicate only very
slight differences in the deposit composition. Thus, we find
that the Co/C/O compositions are 85:6:10, 91:2:7, and 85:7:8,
respectively, for the Si substrate, Si//SiO, substrate, and SizN,4
membrane, which indicates irrelevant influence of the substrate
on the cobalt growth in the used growth conditions.

The magnetic field produced by the TEM coils in the shown
experiments is less than 3 mT. In the whole TEM experiment, the
objective lens is switched off to work in field-free conditions. As
the magnetic field in the area of the sample is very small (less
than 3 mT) and the shape anisotropy is very high due to the high
nanowire aspect ratio (length at least 10 times greater than
width and thickness), the nanowire is expected to show a
monodomain state with the sample magnetization pointing
along the nanowire's axis.
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