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We describe the fabrication of multiterminal semiconductor/ferromagnet probes for a new technique
to study magnetic nanostructures: spin-filter scanning tunneling microscopy. We describe the
principle of the technique, which is based on spin-polarized tunneling and subsequent analysis of the
spin polarization using spin-dependent transmission in the probe tip. We report the fabrication of the
probes having a submicron semiconductor/ferromagnet heterostructure at the end of the tip. © 2009
American Institute of Physics. �DOI: 10.1063/1.3068128�

The continuous reduction in critical feature sizes in both
magnetic data storage and semiconductor technologies re-
quires characterization techniques with ever higher spatial
resolution. The emerging field of spintronics1 also requires
appropriate techniques to study spin-related phenomena in
magnetic nanostructures.2 Scanning probe techniques3 such
as magnetic force microscopy �MFM� and spin-polarized
scanning tunneling microscopy �SP-STM� are frequently em-
ployed. MFM is versatile because it does not require ultra-
clean nor conducting samples. However, as it relies on mag-
netic stray fields, the data interpretation are not always
straightforward, while the typical best resolution is limited at
around 20 nm,4,5 which is close to the critical feature size in
magnetic nanostructures.

SP-STM is a powerful technique in terms of the wealth
of electronic information it provides, including the position
of exchange-split features in the local density of states
�LDOS�,6 and has proven capable of the ultimate resolution
by imaging magnets at the atomic scale.7,8 SP-STM is usu-
ally performed in the differential conductivity mode6 where
its need for exchange-split states to produce strong features
in the LDOS, low temperatures, and its spectroscopic nature
limits its applicability and makes the extraction of quantita-
tive magnetic information more difficult. To obtain the
sample tunneling spin polarization �TSP� with SP-STM, one
must know the corresponding TSP of the last atoms of the tip
�magnitude and direction�, which may not be a trivial matter.
Thus, it would be highly desirable to have a technique ca-
pable of measuring directly and quantitatively the sample
spin polarization at Fermi level and with atomic resolution.
This is of importance for assessing spin transport in new
materials and devices.9

Here we propose a novel technique, namely, spin-filter
scanning tunneling microscopy �SF-STM�. As in SP-STM,
this new technique relies on spin-polarized tunneling be-
tween tip and sample to extract magnetic information from
surfaces. The difference is that in SF-STM, the spin analysis
occurs within the tip in a semiconductor/ferromagnet
heterostructure—after tunneling. The novel tip design con-

sists of a top metallic surface where tunneling takes place,
followed by a semiconductor/ferromagnet heterostructure in
which transmission is spin dependent �see Fig. 1�. There are
two separate contacts to the tip, one to the metallic surface,
the other to the semiconductor. Magnetic contrast is provided
by the dc measurement of the current collected in the semi-
conductor, which acts as an information channel independent
of the tunneling current.

SF-STM combines principles used in ballistic electron
emission microscopy10–12 and devices such as the spin-valve
transistor and the magnetic tunnel transistor.13 The operating
principle is as follows. Electrons from the surface of a mag-
netic sample tunnel into the SF-STM probe due to a negative
bias VT applied to the sample �see Fig. 2�. This tunneling
current IT originates from near the Fermi level of the sample
and is spin polarized if the sample surface is magnetic. The
electrons enter states at an energy of eVT above the Fermi
level of the tip metal and subsequently suffer elastic and
inelastic scattering during transport through the metal stack.
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FIG. 1. Schematic of tip-sample configuration used for SF-STM. A bias VT

is applied between the magnetic sample and the metal layer stack on the tip,
resulting in a spin-polarized tunneling current IT. A small portion of the
carriers is able to transmit the normal metals and the ferromagnetic layer of
the tip, cross the semiconductor/metal interface, and enter the semiconduc-
tor, forming the collector current IC. The magnitude of IC is dependent on
the spin polarization of the sample because the transmission from the ferro-
magnetic metal into the silicon is spin dependent. The semiconductor/metal
contact is defined only at the apex of the tip via SiO2 isolation of the rest of
the structure.
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A ferromagnetic layer in this stack causes the scattering in
the tip to be spin dependent, with usually stronger attenua-
tion of minority-spin electrons.13,14 After scattering in the
metal stack, some electrons can reach the semiconductor/
metal interface with the proper energy and momentum re-
quired to overcome the Schottky barrier at this interface and
be collected into the semiconductor,11,13,15 forming the col-
lector current IC. IC depends on the relative alignment of the
magnetization of the sample and the ferromagnetic layer in
the tip, in analogy with the prototypical polarizer-analyzer
optical experiment.12 More precisely, the relative change in
IC between parallel and antiparallel states of sample and tip
is proportional to �i� the TSP near Fermi level of the sample
and �ii� the spin asymmetry of the transmission of the mag-
netic layer in the tip. As shown before,13,16 the latter can be
made close to unity, allowing quantitative determination of
the sample TSP. We note that the principle is well established
in the planar device geometry of the magnetic tunnel
transistor.16 However, since in SF-STM IT originates from an
atomic scale region of the sample, high resolution quantita-
tive magnetic imaging becomes possible while effectively
decoupling topographic information �contained in the mag-
nitude of IT� from the spin information.

In the remainder of this paper we describe the fabrica-
tion process developed for the SF-STM probes and study the
results in order to assess their use in SF-STM. For the real-
ization of this technique probes have been fabricated in the
form of silicon double pyramids terminated with submi-
crometer Schottky diodes serving as the active elements for
tunneling/spin filtering �see Fig. 3�a��. The double pyramid
structure was chosen for two reasons. First, there is the need
for a large and high-aspect-ratio probe to be able to approach

a flat sample while allowing for a small deviation of the
tip-sample alignment. Second, the apex of the probe must
have a small area where the semiconductor/metal interface is
defined, resulting in a diode contact with a high resistance
��G��. This is required to obtain a sufficient signal to noise
ratio to detect IC.11 This is most easily achieved by first etch-
ing a large bottom pyramid and then in a more controlled
way a small pyramid on top. A similar approach has been
previously followed for the fabrication of near-field scanning
optical microscopy probes.17

The probes are made from n-type silicon �100� sub-
strates. The process starts with the formation of a thin pad
oxide �SiO2� and deposition of a silicon nitride �Si3N4� layer.
A circular pattern of 10 �m diameter is defined in the nitride
by photolithography, serving as a mask to define the small
pyramid later in the process. Then a thick oxide is thermally
grown and patterned in a larger concentric circle by a second
photolithographic step. This oxide mask is used to define the
large bottom pyramid having a height of 120 �m and a
40 �m top mesa by anisotropic wet etching of silicon in a
hot solution of potassium hydroxide �KOH�.18,19 Then the
remaining oxide mask is removed and the nitride mask is
used to define the smaller top pyramid also in KOH solution,
with a height of �15 �m. The small pyramid has a top area
less than 1 �m capped by the nitride mask, as shown by
scanning electron microscopy �SEM� in Fig. 3�b�.

Next, the structure is again thermally oxidized to pro-
duce a SiO2 electrical isolation layer everywhere except in
the top area of the small pyramid, where the nitride cap
prevents oxidation as in standard local oxidation of silicon
�LOCOS�.20 During this process the top silicon becomes
rounded due to the formation of oxide beaks in a geometry

FIG. 2. Energy diagram of the tip-sample configuration for SF-STM. Spin-
polarized electrons tunnel from the Fermi level of the magnetic sample to
states above the Fermi level in the metallic layer of the tip. Due to spin-
dependent scattering in the ferromagnetic thin film in the tip, one spin ori-
entation will be more strongly attenuated. Therefore the collected signal IC

provides information on the sample spin polarization. Measuring the value
of IC for different relative alignments �parallel or antiparallel� of sample and
tip magnetization allows quantitative determination of the spin polarization
of IT.

FIG. 3. Characterization of the SF-STM tip morphology. �a� SEM image of
a complete double pyramid formed by anisotropic wet etching of Si using
KOH solution. �b� SEM image of the small top pyramid before removal of
the Si3N4 mask, visible as the circular disk on the top of the pyramid. �c�
AFM profiles of a SF-STM tip apex just after removal of the Si3N4 mask
and thin SiO2 pad �light-gray profile� and after further removal of 105 nm of
SiO2 to expose the submicrometer Si surface �thick black profile�. Dotted
lines represent the expected Si /SiO2 interface on the oxidized walls of the
pyramid. The removed Si3N4 cap is schematically shown by the dashed
structure above the tip.
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similar to fully recessed LOCOS.21 After removal of the ni-
tride cap and some oxide by wet chemical etches, the sub-
micrometer rounded silicon top is exposed, as shown by
atomic force microscopy �AFM� �see Fig. 3�c��. The last step
is a HF dip to remove any native oxide from the top Si area
and to cover the probe with the metal layer stack using a
molecular beam epitaxy system at a pressure of 10−10 mbar.
The layer stack includes first a gold layer of �10 nm to
create a high-quality interface with the silicon of 0.8 eV
Schottky barrier height, then the thin ��5 nm� ferromagnet
for spin-dependent filtering, and finally a thin gold cap layer
that provides an inert surface to allow ex situ tip transfer to
the SF-STM system. We note that STM probes do not need
to be perfectly sharp to provide atomic resolution, as previ-
ously shown in SP-STM experiments using tips with 0.5 �m
radius.6

Electrical transport between the two terminals �metal
layer and semiconductor� of the SF-STM probes show I-V
curves with rectifying behavior consistent with Schottky di-
odes. By defining wider top areas during formation of the
small pyramid, it is possible to form surfaces where accurate
characterization of the diode area by optical microscopy or
AFM is possible. Analysis of such structures shows Schottky
barrier heights of 0.8 eV and zero-bias resistances in excess
of 1 G�, which indicates the feasibility of using such tips
for magnetic imaging via the newly proposed technique.

In conclusion, we have presented the concept of a new
STM-based technique to study the spin polarization of mag-
netic surfaces near the Fermi level. The technique is based
on spin-polarized tunneling and spin analysis after tunneling
in a multiterminal semiconductor/ferromagnet tip. To realize
this we have designed two-terminal probes with submi-
crometer top areas where tunneling and spin analysis take
place. The process designed for fabrication of the tips results
in proper geometries and electrical properties. This work

shows the promise of a new and complementary technique to
study transport in spintronic materials and devices.

The authors thank T. Banerjee and E. Haq for sharing
their expertise on ballistic electron magnetic microscopy and
W. Koelmans for early contributions to the tip fabrication
process. We also thank J. G. M. Sanderink and M. H. Siek-
man for technical support.

1S. A. Wolf, A. Y. Chtchelkanova, and D. M. Treger, IBM J. Res. Dev. 50,
101 �2006�.

2M. R. Freeman and B. C. Choi, Science 294, 1484 �2001�.
3U. Hartmann, J. Magn. Magn. Mater. 157–158, 545 �1996�.
4L. Abelmann, A. van den Bos, and C. Lodder, in Magnetic Microscopy of
Nanostructures, edited by H. Hopster and H. P. Oepen �Springer-Verlag,
Berlin, 2005�, Chap. 12, pp. 253–283.

5M. R. Koblischka, U. Hartmann, and T. Sulzbach, J. Magn. Magn. Mater.
272–276, 2138 �2004�.

6M. Bode, Rep. Prog. Phys. 66, 523 �2003�.
7S. Heinze, M. Bode, A. Kubetzka, O. Pietzsch, X. Nie, S. Blugel, and R.
Wiesendanger, Science 288, 1805 �2000�.

8Y. Yayon, V. W. Brar, L. Senapati, S. C. Erwin, and M. F. Crommie, Phys.
Rev. Lett. 99, 067202 �2007�.

9I. Žutić, J. Fabian, and S. Das Sarma, Rev. Mod. Phys. 76, 323 �2004�.
10W. J. Kaiser and L. D. Bell, Phys. Rev. Lett. 60, 1406 �1988�.
11M. Prietsch, Phys. Rep. 253, 163 �1995�.
12W. H. Rippard and R. A. Buhrman, Appl. Phys. Lett. 75, 1001 �1999�.
13R. Jansen, J. Phys. D 36, R289 �2003�.
14W. H. Rippard and R. A. Buhrman, Phys. Rev. Lett. 84, 971 �2000�.
15J. Smoliner, D. Rakoczy, and M. Kast, Rep. Prog. Phys. 67, 1863 �2004�.
16B. G. Park, T. Banerjee, J. C. Lodder, and R. Jansen, Phys. Rev. Lett. 99,

217206 �2007�.
17R. Chelly, Y. Cohen, A. Sa’ar, and J. Shappir, IEEE Trans. Electron De-

vices 49, 986 �2002�.
18H. Seidel, L. Csepregi, A. Heuberger, and H. Baumgartel, J. Electrochem.

Soc. 137, 3612 �1990�.
19Y. Backlund and L. Rosengren, J. Micromech. Microeng. 2, 75 �1992�.
20E. Kooi, J. G. van Lierop, and J. A. Appels, J. Electrochem. Soc. 123,

1117 �1976�.
21E. Bassous, H. N. Yu, and V. Maniscalco, J. Electrochem. Soc. 123, 1729

�1976�.

07D520-3 I. J. Vera Marún and R. Jansen J. Appl. Phys. 105, 07D520 �2009�

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp

http://dx.doi.org/10.1126/science.1065300
http://dx.doi.org/10.1088/0034-4885/66/4/203
http://dx.doi.org/10.1126/science.288.5472.1805
http://dx.doi.org/10.1103/PhysRevLett.99.067202
http://dx.doi.org/10.1103/PhysRevLett.99.067202
http://dx.doi.org/10.1103/RevModPhys.76.323
http://dx.doi.org/10.1103/PhysRevLett.60.1406
http://dx.doi.org/10.1016/0370-1573(94)00082-E
http://dx.doi.org/10.1063/1.124578
http://dx.doi.org/10.1088/0022-3727/36/19/R01
http://dx.doi.org/10.1103/PhysRevLett.84.971
http://dx.doi.org/10.1088/0034-4885/67/10/R04
http://dx.doi.org/10.1103/PhysRevLett.99.217206
http://dx.doi.org/10.1109/TED.2002.1003717
http://dx.doi.org/10.1109/TED.2002.1003717
http://dx.doi.org/10.1149/1.2086277
http://dx.doi.org/10.1149/1.2086277
http://dx.doi.org/10.1088/0960-1317/2/2/002
http://dx.doi.org/10.1149/1.2133008
http://dx.doi.org/10.1149/1.2132680

