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Submicrometer Hall devices fabricated by focused electron-beam-induced
deposition
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Hall devices having an active area of abouts500 nmd2 are fabricated by focused
electron-beam-induced deposition. The deposited material consists of cobalt nanoparticles in a
carbonaceous matrix. The realized devices have, at room temperature, a current sensitivity of about
1 V/AT, a resistance of a few kilo-ohms, and can be biased with a maximum current of about
1 mA. The room-temperature magnetic field resolution is about 10mT/Hz1/2 at frequencies above
1 kHz. © 2005 American Institute of Physics. fDOI: 10.1063/1.1856134g
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Magnetic sensors having submicrometer spatial re
tion are key elements in several fundamental studies as
as industrial applications.1–4 Hall effect devices are emergi
as one of the most suitable solutions.4–9 The ordinary Hal
effect is due to the Lorentz force acting on charge carrie
metals, semi-metals, and semiconductors.5 Magnetic materi
als show additional “Hall phenomena” which are, gener
speaking, generated by spin–orbit interactions: the so-c
extraordinary10–16 and planar Hall effects.17–20

The local deposition of materials using a focused e
tron beam in the presence of a volatile precursor is a w
established technique for the maskless fabrication of su
crometer structures such as functionalized tips for scan
probe microscopy,21–26 electrodes for local conductivi
measurements,27 solder bonds for carbon nanotub
studies,28 nanowires,29–33 and nanodots.34 In this letter we
demonstrate the possibility to grow highly sensitive cob
carbon submicrometer Hall devices by means of a foc
electron beam. This flexible “single-step” process repres
an alternative to the conventional “multisteps” metho
which are usually based on a combination of opticalsor elec-
tron beamd lithography and focused ion beam milling. T
realized devices show a strong extraordinary Hall ef
whereas the ordinary and planar Hall effectssin most of the
devicesd are relatively small.

Figure 1 shows a schematic representation of the
ized devices. The SiO2 layer sabout 100 nmd is obtained by
dry oxidation. The electrodes are realized by lift-off usin
Au s300 nmd /Tis20 nmd layer. The Co–C deposit is obtain
by decomposing dicobalt octacarbonylfCo2sCOd8g with the
electron beam of a scanning electron microscopesCambridge
S100d. The deposition is performed at room temperature,
chamber background pressure of about 10−3 Pa. The depos
ited material consists essentially of cobalt nanoparticlesa
few nanometers in diameterd embedded in carbonaceous m
trix sfor further details see Refs. 21–23d. With a beam energ
of 25 keV and a beam current of about 0.5 nA, we obta
beam diameter of about 200 nm at the focus. With a b
speed of 30 nm/s si.e., a line dose of abo
108 electrons/nmd, the Gaussian-type deposit has he
ranging from 50 to 100 nm and full width at half maximu
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sFWHMd from 300 to 600 nm. This corresponds appro
mately to one atom in the deposit every 100 electrons in
beam. The larger FWHM values in some of the devices
be attributed to insufficient charge dissipation through
isolating SiO2 films at the back side of the substrate. T
local charge build-up at the place where the primary elec
beam impinges the substrate enlarges the beam diamete
consequently, increases the widthsand decreases the heigd
of the deposit. Thicknesses and widths of the Co–C dep
are evaluated by scanning electron microscopysSEMd sPhil-
ips XL-30d and atomic force microscopysAFMd sNanoSur
EasyScand. Figure 2 shows SEM and AFM images of two
the realized devices. The time required for the growt
these cross-shaped devices is about 15 min.

As clearly visible in Figs. 2sad and 2sbd, the depositio
process produces a halo-deposit around the main c
shaped deposit.29,30 This large-area thin film is deposited
back-scattered electronssBSEd and their generated second
electrons. The lateral size of the halo corresponds to
BSE-exit-area, the diameter of which can be approxima
expressed by means of the Bethe rangesi.e., 7.5mm for Si
and 0.7mm for Au at 25 keV30d. This explains the narrow
halo formations on the Au electrodes. The number of b
scattered electrons is about 15% for the SiO2 s100 nmd /Si
substrate. From these values, the average halo thickne
the substrate can be roughly estimated to about 2 nm

l:
FIG. 1. sad Schematic cross section and top viewsnot to scaled of the
realized devices. The magnetic induction is applied:sbd out-of-plane,scd

in-plane at 45°.
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order to check if a significant current passes through
parasitic deposit, we fabricate some “open” devices by
moving from the writing program the 1-mm-long central re
gion of the two single-line scansfsee Figs. 2sbd and 2sddg.
These devices have resistances higher than 1 MV si.e., more
than two orders of magnitude larger than the resistance o
complete deviced. Consequently, we can safely consider
the active area of the complete device is abouts500 nmd2.
The halo formation can be avoided using a low energy
cused electron beamse.g., at 1 keV the diameter of the e
area on bulk Si is about 30 nmd. This experiment is straigh
forward in SEMs equipped with a field-emission gun
cannot be performed in our setup, where the thermoio
gun-generated beam loses dramatically its resolution a
beam energies.29

Figures 3 and 4 show the results of room tempera
galvanomagnetic measurements performed on the com
device shown in Fig. 2. Each arm of the cross-shaped d
has a length of about 7mm, a FWHM of 500 nm, and
thickness of about 50 nm. Hall voltage, bias voltageV, and
offset voltage are linearly dependent on the bias curren
expected when a good ohmic contact is established bet
the Au/Ti electrodes and the Co–C deposit. The resistan
2 kV, which corresponds to a resistivity of about
310−6 V m si.e., two orders of magnitude larger than p

FIG. 2. SEM images:sad complete device,sbd “open” device. AFM image
sintensity scale 60 nmd: scd complete device,sdd “open” device.
FIG. 3. Hall voltage as a function of the out-of-plane magnetic induction.
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Cod. For I =1 mA, the offset voltage is about 8 mVsi.e.,
about 0.5% of the bias voltaged. Figure 3 shows the Ha
voltageVH as a function of the externally applied magn
inductionB si.e., B=m0H, whereH is the externally applie
magnetic fieldd. The magnetic induction is applied “out-o
plane” as shown in Fig. 1sbd. The current sensitivitySI is
about 0.9 V/AT in the linear regionsi.e., below 1 Td. Since
the device thickness is about 50 nm, this corresponds
Hall coefficientRH of about 5310−8 V m/T ssimilar to tha
reported for Fe–Pt, Fe–Si, Ni, and LaBaMnO3 thin films,10–15

and Fe–Cr multilayers16d. The resistance between the b
current contacts varies by less than 0.5% from 0 to 2.2 T
magnetic inductions higher than 1 T, the Hall voltage s
ratessabove 1 T the Hall voltage varies by only a few
crovoltsd. This means that in the deposited material the
traordinary Hall effect largely dominates the ordinary H
effect. The absence of a significant hysteresis in theVH–B
curve seems to indicate that the remanent magnetizat
small. This should allow one to use these devices
“weakly invasive” quantitative magnetic imaging at l
magnetic fields. However, more detailed investigations
required to fully elucidate the magnetic properties of
Co–C nanowire deposit.

For practical uses as magnetic sensor, one of the
important characteristics is the magnetic field resolution
can define the magnetic field resolutionsin T/Hz1/2d as
Bmin=N/SII, whereN is the noise voltage spectral dens
measured at the Hall voltage contactssin V/Hz1/2d. Figure 4
shows the measured magnetic field resolution as a fun
of frequency for bias currents of 0.1 and 1 mA. At frequ
cies above 1 kHz we haveBmin,10 mT/Hz1/2 for I =1 mA,
which corresponds approximately to the thermal noise o
resistance between the Hall voltage contactss6 nV/Hz1/2 for
the 2 kV tested deviced. At frequencies below 1 kHz, th
noise grows approximately as 1/f1/2, as expected for a 1f
noise. At 1 Hz, the magnetic field resolution is ab
200 mT/Hz1/2. The achieved “high-frequency” magne
field resolution represents one of the best results for
netic sensors having a spatial resolution better than 1mm
operating at room temperature. We are currently invest
ing the possibility to efficiently suppress the low-freque
noise by spinning current techniques.35

In a series of fifteen devices like that in Fig. 2, the c
rent sensitivity varies from 0.8 to 1.2 V/AT, the resista
from 1.5 to 5 kV, and the maximum bias current fro

FIG. 4. Magnetic field resolution as a function of frequency.
0.5 to 1 mAsat higher currents, the devices break down ei-
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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ther at the center of the cross or at the Au/Ti contad.
These differences could be explained by slight variation
the dimensions and nanostructure of the nanowires ind
by the above-mentioned charge effects. When the mag
field is applied in the sensor planefsee Fig. 1sbdg, most of the
devices show a very small planar Hall effectsi.e., in-plane
current sensitivities below 0.1 V/ATd. However, three o
them show in-plane current sensitivities as large as 3 V
in the linear region below 10 mTssee Fig. 5d. Presently, w
do not have any convincing explanation for the large di
ences in the measured in-plane current sensitivities.

The magnetic and spatial resolution of focused elec
beam-induced deposition Hall devices can probably be
nificantly improved by a careful optimization of deposit
parameters such as precursor, beam current, beam e
beam size, beam speed, temperature, and substrate. St
the-art scanning electron microscopes should allow the
rication of devices of dimensions down to 10 nm.32–34 The
possibility to grow truly three-dimensional devices of na
metric dimensions, on planar substrate as well as cantil
tips, might represent an advantage with respect to con
tional “two-dimensional” structuring technologies. Applic
tions as probes for scanning magnetic microscopy with
micrometer spatial resolution might become possible.

This work has been supported by the Top Nano 21
gram of the Swiss Innovation Promotion AgencysKTI/CTI d.
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