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In this review, the fabrication of porous silicon/magnetic nanocomposite materials and
their physical properties are elucidated. Especially, the investigation of the presented sys-
tems with respect to their magnetic properties is reported. Furthermore, the influence of
the semiconducting matrix on the properties of the nanocomposites is highlighted. The
main focus will be put on silicon used as template material. In general, the nanocompos-
ite systems are fabricated in a two-step process, first by anodization of a silicon wafer to
achieve porous silicon structures, and second by electrodeposition of a magnetic mate-
rial into the pores. The morphology of the porous silicon template offers straight pores,
grown perpendicular to the wafer surface. The magnetic nanostructures deposited within
the pores lead to specific properties of the composite dependent on their size and shape.
Due to their mutual arrangement, magnetic coupling between these structures can occur,
whereas, coupling between adjacent pores depends on the porous silicon morphology. In
the first section, different types of such template/metal systems are reviewed and second
an experimental part follows implying the porous silicon formation as well as the subse-
quent metal deposition process. Third, the magnetic and optical properties of the systems
are described. In the fourth chapter, the influence of the semiconducting matrix on these

properties is elucidated and finally some prospects and conclusions are addressed.
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INTRODUCTION

Due to the miniaturization and integration of numerous micro-
electronic devices, low dimensional structures are under exten-
sive investigation with respect to a simple and low-cost fabrica-
tion process but also concerning their specific properties. Beside
lithographic bottom-up or top-down procedures, self-assembled
arrangements of nanoparticles are also a key-topic in many of
today’s research fields. Self-organization of nanoparticles depends
strongly on the interactions between them resulting in specific
one-, two-, or three-dimensional arrangements. To avoid agglom-
eration of the particles and to stabilize them in general, they
are coated with a surfactant. The kind of surfactant determines
the inter-particle interactions and thus influences the resulting
assembly. A further possibility of self-organization of particles is
template guided. Porous materials are suitable candidates, whereas
in most cases, the templates themselves are formed by self-
organization. Beside, e.g., trench etched polymers (Chou St et al,,
1995), porous alumina (Masuda and Fukuda, 1995; Masuda et al.,
1997), and porous InP (Gerngross et al., 2013), porous silicon
is a well-known and often-employed material. The pore forma-
tion is self-organized, nevertheless the morphology is tunable in a
broad range and even quasi-regular arrangements can be achieved
(Rumpf et al., 2010a).

Porous silicon, a versatile material, which has been discovered
in the mid 1950s (Uhlir, 1956) and has been extensively investi-
gated in the 1990s (Canham, 1990; Lehmann and Gosele, 1991;
Koshida and Koyama, 1992; Zhang, 2001), is nowadays still an

often-employed material in many research fields. After Canham
showed in 1990 that microporous silicon emits light in the visible
atroom temperature due to quantum confinement, optoelectronic
applications have been under intense discussion. The demon-
stration of electroluminescence by Koshida in 1995 pursued this
research direction. Concurrent investigations of this material have
been related to the tunable morphology and porosity (Foll et al.,
2002; Lehmann, 2002), especially with respect to sensing of vari-
ous molecules (Sailor, 1997; Buriak, 2006). After Canham found
that porous silicon is biocompatible and biodegradable (Canham,
1995), this realm was booming (Anglin et al., 2008; Fernandez-
Moure et al., 2014). Due to its tunable morphology (Foll et al.,
2002) and high surface area (Buriak, 2006), it is applicable in var-
ious fields such as gas-sensors (Boarino et al., 2000), bio-sensors
(Gupta et al., 2013), optics (Torres-Costa et al., 2005), and many
more. The pore-diameters can be varied among the microporous
regime (2—4 nm), mesoporous regime (5-50 nm), and macrop-
orous regime (several tens of micrometers). Also its utilization as
template material is of interest, e.g., for the deposition of various
metals inside the pores (Fukami et al., 2008; Rumpf et al., 2012a;
Gerngross et al., 2013). A further advantage to this material is
the formation by self-organization (Kompan, 2003) and therefore
expensive and time consuming nanopatterning by lithography can
be avoided in many cases.

Magnetic nanostructures attract great attention since many
years. They are under investigation for magnetic applications such
as high density magnetic storage (Sellmyer and Skomski, 20065
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Shin et al., 2012) but also for biomedical applications (Pankhurst
et al., 2003; Tartaj et al., 2003). The adjustability in their size,
shape, and mutual arrangement is examined especially concern-
ing the magnetic properties. Single domain (Goya et al., 2003)
and superparamagnetic (Sinwani et al., 2014) particles are cru-
cial in many realms. Their incorporation in a matrix material to
determine the magnetic properties or for stabilization is also wide-
spread. Such nanostructured magnetic materials offer completely
different properties compared to their bulk materials. A big advan-
tage of nanostructured materials is the tunability of their magnetic
properties due to their size, shape, and mutual arrangement.

To fabricate nanostructures (wires), template-assisted meth-
ods are used to achieve three-dimensional arrangements of such
nanostructures. Such arrays are investigated to get knowledge
about the mutual interactions of the magnetic nanostructures,
e.g., dipolar coupling (Vazquez et al., 2004) or magnetization
reversal mechanisms (Uhlir et al., 2012). A further key-topic is
the combination of nanostructured materials, nanocomposites,
which are used to process new materials with unique physical
properties (Wen and Krishnan, 2011; Wang and Gu, 2015). The
intrinsic material characteristics are modified due to the reduced
size or the material composition or due to interactions between the
nanostructures. Magnetic semiconductors, which are in general
magnetic ion-doped semiconductors, are under intense investiga-
tion since the last decade. The main goal of this research is the
applicability in spintronics. A drawback of these systems is that so
far their functionality at room temperature is limited (Dietl and
Ohno, 2014). Nevertheless, there is a lot of progress in the choice
of the used materials and thus the anticipation is high.

A further route to combine semiconductors and magnetic
materials is the incorporation of magnetic nanostructures within
a semiconducting template. This incorporation can occur in dif-
ferent ways, either, e.g., by deposition, infiltration, evaporation, or
atomic layer deposition. The deposition can be performed elec-
trochemically (Rumpf et al., 2014) or electroless (Nakamura and
Adachi, 2012). For the infiltration of magnetic material into a
porous structure, usually ready synthesized magnetic nanoparti-
cles in solution (Granitzer et al., 2010) are used. In the follow-
ing nanocomposite systems consisting of a porous silicon tem-
plate with deposited magnetic nanostructures will be addressed.
Thereby, the fabrication of the systems and the arising distinct
properties will be emphasized.

SELF-ORGANIZED POROUS TEMPLATES FOR METAL DEPOSITION

One attractive and often utilized template especially for the depo-
sition of metal nanostructures is porous alumina (Masuda and
Fukuda, 1995; Masuda et al., 1997). The pore-arrangement offers
a honey-comb like structure and the pores are quite smooth. The
pore-diameter is tunable in a regime from about 20 nm up to a
few hundred nanometers. In the last decade, magnetic materi-
als such as Ni, Co, and Fe have been deposited within this kind
of templates and the resulting magnetic properties have been
investigated intensely (Ramazani et al., 2012; Zhang et al., 2013).
Recently, porous InP membranes have been employed for the
deposition of magnetic metals whereas the deposition process has
been examined by FFT-impedance spectroscopy (Gerngross et al.,
2014).

A further self-organized template is porous silicon, which is
also used for the deposition of magnetic or non-magnetic metal
structures into the pores. Already in the 1990s, metal has been
deposited within microporous silicon, on the one hand to improve
the electric contact in the case of electroluminescence investiga-
tions (Ronkel et al., 1996) and on the other hand to influence
the luminescence of the material (Huang, 1996; Herino, 1997).
Mesoporous silicon with oriented pores of about 20 nm in diam-
eter and thick pore-walls of about 50 nm has been employed as
template for the deposition of Ni-wires, which show a magnetic
anisotropy due to their shape (Gusev et al., 1994). Porous silicon
formed by self-organization has been used with diameters between
25 and 100 nm and concomitant pore-distances between 60 and
40 nm for filling with different magnetic materials (Granitzer etal.,
2012a). Depending on the pore-diameter and the concomitant
pore-distance, the pore-arrangements offer more or less regu-
larity. A quasi-regular pore-arrangement can be achieved with
pore-diameters between 45 and 100 nm, whereas smaller diam-
eters lead to higher irregularity (Rumpf et al., 2011). A further
approach to fabricate regular porous silicon pore-arrangements is
the pre-patterning of the silicon substrate by a porous alumina
template (Zacharatos et al., 2008, 2009).

EXPERIMENTS

FORMATION OF NANOSTRUCTURED SILICON

In general, porous silicon can be fabricated by various procedures,
wet and dry etching, or a further possibility is high power laser
ablation (Laiho and Pavlov, 1995). One kind of a dry etching
process is reactive ion etching (RIE) (Tserepi et al., 2003). These
dry etching techniques are used in general to fabricate microp-
orous, luminescent porous silicon, whereat a regular arrangement
of the pores is not necessary. The most common techniques are
wet etching processes such as anodization, stain etching, or metal
assisted etching. In the following, these wet etching techniques
are briefly addressed especially because the main advantage of
these techniques is the tunable morphology and the fabrication of
quasi-regular pore-arrangements by self-organization.

Stain etching is an electroless pore formation technique, which
has been already described in 1960 (Turner, 1958) and (Archer,
1960). In this process supplementary to the HF solution, an oxi-
dizing agent such as nitric acid solution is added. A lot of progress
concerning the stain etching mechanism has been gained recently
by Kolasinski (2010) who explained the self-limiting pore forma-
tion process and showed that hole injection into the silicon valence
band initiates the etching and it is rate determining in the overall
etch process. By using V,0s as oxidant, Kolasinski and Barclay
(2013) explained the stoichiometry of the reaction.

The findings are also important for metal-assisted etching for
which metal nanoparticles (Ag, Au, Pd, Pt) are deposited on a
silicon surface. This process also works electroless. It is mainly
used to fabricate silicon nanowires or macropores. So far, lit-
erature deals with models in which holes are produced at the
metal/silicon interface but which is inappropriate. An explanation
of the pore formation has been recently given by Kolasinski (2014).
The metal particles are charged with holes by the oxidizing agent
resulting in an electric field, which enables the pore formation by
anodization. In contrast to the common anodization process in
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the case of metal-assisted etching, the anodization is localized to
the individual metal particles.

Pore formation by anodic dissolution of a silicon wafer leads
to a tunable morphology in a broad range, whereas the pore-
diameter, inter-pore spacing, and porosity depend on the kind of
doping, doping density, electrolyte composition, and electrolyte
concentration as well as on the applied current density (Foll et al.,
2002). To achieve straight pores grown perpendicular to the sur-
face with diameters <100 nm, one choice is to use highly n-doped
silicon, which is anodized in a 10 wt% hydrofluoric acid solution.
The bath temperature is at room temperature and the current den-
sity is kept constant at 100 mA/cm?, which means the etching is
performed under breakthrough conditions. The resulting pore-
diameter is about 60 nm and the concomitant distance between
the pores is around 40 nm. Figure 1 shows a top-view scanning
electron micrograph (SEM) of a typical porous silicon template.

A further parameter of the porous silicon morphology is the
dendritic structure of the pores. In the investigated morphol-
ogy regime, the pores offer such a dendritic growth (Rumpf
et al, 2010b). Nevertheless, the occurring branches between
adjacent pores are not connected, so the pores are separated
from each other. The length of the dendrites increases with

FIGURE 1 | The top-view SEM image of a porous silicon sample shows
pores with an average diameter of 60 nm and a mean distance
between the pores of 40 nm.

decreasing pore-diameter and reaches a maximum of about twice
the pore-diameter in the case of small pore-diameters of about
25-30 nm.

To reduce the dendritic structure of the pores, a method devel-
oped in the Koshida’ laboratory, magnetic field-assisted etching,
has been employed (Hippo et al., 2008). A magnetic field of 8 T
applied perpendicular to the sample surface facilitates the directed
growth of the pores due to a controlled motion of the holes,
which are responsible for the pore formation. As a result, the pore-
diameter is decreased and the dendritic pore-growth is drastically
reduced.

Such different porous silicon templates are used for filling
the pores with a ferromagnetic metal by electrodeposition. The
deposition process is performed by a pulsed technique and as
electrolyte an adequate metal salt solution is employed. On the
one hand, the pulsed technique prevents the exhaustion of the
electrolyte and on the other hand blocking of the pores at the
pore-opening is avoided. By varying the electrochemical parame-
ters, especially the applied current density and the pulse duration
of the current, the shape and size of the deposited nanostructures
can be adjusted (Rumpf et al., 2010c). For the deposition of Ni,
either the so-called Watts electrolyte (0.2 M NiCl,, 0.1 M NiSO4)
or a NiCly-solution (170 g/l NiCl,) has been used (Rumpf et al.,
2010b). For the deposition of Co-nanostructures within the pores,
a CoSOy4-solution with a pH value of 4.5 has been employed. Con-
sidering the pulsed deposition of Ni, a modification of the pulse
duration from 40 to 5s results in an elongation of the deposited
structures. By applying 40s pulses, more or less spherical Ni-
particles could be achieved (Figure 2A). A reduction of the pulse
duration to 10 s leads to ellipsoidal structures of about 500 nm in
length (Figure 2B) and by reducing the pulse duration further to
5 s nanowires up to 4 um in length could be obtained (Figure 2C).
A modification of the applied current density results in a change
of the packing density of the deposits.

In using the equivalent deposition parameters in the case of Co,
spherical and ellipsoidal structures with an aspect ratio of about
five have been obtained (Rumpf et al., 2012a). The packing den-
sity within the pores can be modified similar as in the case of
Ni-deposition and thus also the magnetic coupling between the
Co-structures can be tuned.

CHARACTERIZATION METHODS
For the structural characterization of such nanocomposite sys-
tems, the most powerful method is electron microscopy, whereas

The diameter of all structures coincides with the pore-diameter (~60 nm).

FIGURE 2 | (A) Deposited Ni-particles of about 60 nm in diameter. (B) Ellipsoidal Ni-structures of about 500 nm in length. (C) Ni-wires of about 4 um in length.
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scanning electron microscopy (SEM) is more appropriate in many
cases as transmission electron microscopy (TEM). Images of the
cross-section can also be used to estimate the filling factor of the
porous silicon template. In this case, it has to be taken into account
that SEM not only shows the top surface but also the electrons have
a certain depth of penetration dependent on the energy of the pri-
mary electrons. In employing TEM, a difficile sample preparation
is necessary, which is often a problem in the case of porous struc-
tures. Preparation side-effects can effect a slight modification of
the pore-structure and also sputtering and re-deposition of silicon
has to be considered. A further important feature is the utilization
of back-scattered electrons (BSE) to achieve an element sensitive
image. Energy dispersive X-ray (EDX) spectroscopy and mapping
play a key role to get a survey of the elemental distribution within
the pores (Rumpf et al., 2012b).

Fourier transform infrared spectroscopy (FTIR) has been used
to figure out the oxidation status of the porous silicon template
(Granitzer et al., 2009). Raman-spectroscopy is an appropriate tool
to investigate stress caused by the porous silicon formation as well
as by the metal filling within the pores (Granitzer et al., 2009).

Magnetic characterization of the samples has been performed
by a superconducting quantum interference device (SQUID) and
by a vibrating sample magnetometer (VSM). The magnetic field
was adjustable between 6 T in the case of the SQUID and £9T
in the case of the VSM. The temperature can be varied between
4 and 300 K with both instruments. The magnetization has been
measured in two directions, with the magnetic field applied par-
allel to the pores (easy axis) and perpendicular to the pores (hard
axis), respectively.

MAGNETIC AND OPTICAL PROPERTIES OF THE
NANOCOMPOSITES
Due to the possibility to deposit magnetic nanostructures tunable
in their size, shape, and also in their spatial arrangement within
the pores, specific magnetic properties can be achieved (Rumpf
et al., 2010c). A three-dimensional array of self-assembled fer-
romagnetic nanostructures renders possible especially to modify
the coercivity, remanence, and magnetic anisotropy by tuning the
electrochemical parameters and thus the mutual arrangement of
the deposited nanostructures. The metal deposits can be modified
in their spatial arrangement within the pores by the deposition
parameters, especially the applied current density and the pulse
duration of the current. A further parameter of modification is
the morphology of the template, which allows to vary the wall-
thickness and thus the magnetic interactions between nanostruc-
tures of adjacent pores. The coercivity increases with decreasing
length of the nanostructures and also by decreasing magnetic cou-
pling between metal deposits within adjacent pores (Granitzer
et al., 2012b). Figure 3 shows the dependence of the coerciv-
ity on the temperature for deposited Ni-wires and Ni-particles
within a porous silicon template. The coercivity for deposited par-
ticles is always higher than for wires due to demagnetizing effects.
Similar results concerning the coercivities and remanence have
been reported from metal wires deposited within porous alumina
templates (Bahiana et al., 2006).

Considering the magnetic properties of Ni-structures depen-
dent on the shape, one sees that the coercivity as well as the
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FIGURE 3 | Temperature dependency of coercivities measured in easy
axis (magnetic field parallel to the pores) and hard axis (magnetic field
parallel to the pores) magnetization, respectively (Rumpf et al., 2012b).

Table 1| Coercivity and remanence in easy axis (magnetic field applied
parallel to the pores) and hard axis (magnetic field perpendicular to
the pores) magnetization in dependence on the Ni-structure length.

Hc,1 (Oe) (Mr/Msg) L Hc,i (Oe) (Mg/Msg)y
Ni-particles 520 57 400 50
Ni-ellipsoides 350 49 280 39
Ni-wires 280 41 190 32

The diameter of the structures coincides in all cases with the pore-diameter.

remanence increase with decreasing structure—length when dipo-
lar coupling between the deposits can be neglected. In Table 1,
a summary of the magnetic properties is given. In the case
of elongated metal structures, a magnetic anisotropy between
the two magnetization directions, easy axis and hard magne-
tization occurs. To investigate the crystalline structure of the
deposited metal structures, XRD is a suitable tool. It has been
reported that Ni-wires within mesoporous silicon are polycrys-
talline (Dolgiy et al., 2013) and also Co-wires deposited within
an InP membrane offer a polycrystalline structure with very
small grain size (Gerngross et al., 2014). From our preliminary
electron back scatter diffraction (EBSD) experiments, we also
found that Ni-deposits within porous silicon are polycrystalline.
Due to the fact that the deposits are polycrystalline, the mag-
netocrystalline anisotropy can be neglected and thus the main
anisotropy contribution can be attributed to the shape of the
structures.

If the distance between the deposited Ni-particles within the
pores decreases and a densely packed arrangement is achieved,
magnetic coupling between the particles takes place resulting in
the magnetic behavior of elongated Ni-structures (quasi-wires).
Figure 4 shows cross-sectional images of Ni-particles deposited
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60 nm.

FIGURE 4 | (A) High filling fraction of Ni-particles within porous silicon and (B) low filling density of Ni-particles within the pores. The average particle size is

with a high and a low filling factor, respectively, within porous
silicon.

The values of the coercivity and the remanence for interacting
Ni-particles within the pores are comparable with the ones of Ni-
wires deposited within porous silicon, Hc (easy axis) =290 Oe,
Hc (hard axis) =210 Oe.

Optical methods such as FTIR and Raman-spectroscopy have
been used to get knowledge especially about the porous silicon
template, its surface, and the interface to the deposited metal struc-
tures. By FTIR, the oxidation status of the porous silicon has been
figured out and Raman has been used to see if any stress occurs
due to the pore formation and the subsequent metal deposition.
As etched porous silicon offers a hydrogen terminated surface,
which can be seen in FTIR-spectra exhibiting SiH-modes around
2087,2115,and 2138 cm ™. After aging, the sample in ambient air
for 30 min oxide bands around 2250 cm™! occur, which indicate
the formation of a native oxide layer (Granitzer et al., 2009). These
results are also confirmed by TEM showing an oxide layer of about
2nm on the porous silicon wall (Figure 5). After metal deposi-
tion within the pores, also oxide bands around 2250 cm™~! appear
accompanied by additional peaks around 2964 cm™!, which are
due to some SiOyx modifications. These additional oxide bands
occur during the metal deposition because the reduction of the
metal ions is accompanied by an oxidation of the silicon matrix
(Sasano et al., 2000).

Raman-spectra show a peak at 522 cm™! for bare silicon and a
slight shift to 520 cm™! for porous silicon. Ni-deposition within
the pores leads to a further shift of the peak to 505 cm™!, which
is due to compressive stress and shows the increasing mismatch
between bulk silicon and the porous layer (Granitzer et al., 2009).
Figure 6 shows the peak shift of the Raman spectra between porous
silicon and Ni-filled porous silicon.

Magneto-optical experiments, investigating the transverse
magneto-optical Kerr-effect have been reported on Co deposited
within porous silicon (Gan’shina et al., 2005). A correlation among
the porosity of the template, the microstructure of the deposited
Co, and the magnitude of the Kerr-effect has been found. An
enhancement of the magneto-optical response of Ni-nanowires
deposited within porous alumina with respect to bulk Ni has been
observed (Melles et al., 2003).

FIGURE 5 | TEM image of an individual porous silicon pore in top view
showing the native oxide layer covering the pore-wall (Granitzer et al.,
2009).

INFLUENCE OF THE TEMPLATE ON THE PROPERTIES OF THE
NANOCOMPOSITE

Due to the fact that the pores of the porous silicon templates offer
a branched structure (Figure 7), the effective distance between
the pores is in the range of 15 nm, which leads to an increase of
the magnetic coupling between metal deposits. Concomitant to
the porous structure, the metal deposits exhibit the same shape.
For these investigations, Ni-wires of a few micrometers in length
have been deposited. It could be shown that the magnetic coupling
between metal wires of adjacent pores decreases with a decrease
of the dendrite-length (Granitzer et al., 2012b). This behavior is
accompanied by an increase of the coercivity with decreasing den-
dritic growth. Also the magnetic anisotropy between easy axis and
hard axis magnetization is increased. In Table 2, the coercivities in
dependence on the dendrites are presented.
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The magnetic behavior of the nanocomposite is strongly influ-
enced by the morphology of the template. As a result of the rough
pore-walls, the deposited metal structures exhibit strong stray
fields due to their branches, which also diminish the coercivity.

The best results concerning a reduction of the dendritic pore-
growth could be achieved by magnetic field assisted etching. Aver-
age pore-diameters of about 25 nm with branches below 10 nm
could be fabricated and thus also the stray fields effected by the
dendrites are reduced, which leads to magnetic properties similar
to an isolated nanowire. The decrease of the length of the dendrites
has two effects, on the one hand an increase of the effective distance
between the pores and on the other hand less magnetic stray fields
caused by the branches of the metal deposits. This results in less
magnetic coupling between metal structures of adjacent pores and
an increase of the magnetization reversal field of the nanowires.

Considering such magnetic nanocomposite systems, one sees
that the magnetic properties of the specimens can be tuned in var-
ious ways. First, the morphology of the template can be adjusted
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FIGURE 6 | The Raman peak of porous silicon shifts from 522 to
505 cm~" for porous silicon with Ni filling (Granitzer et al., 2009).

and thus the magnetic coupling between metal structures of adja-
cent pores can be tuned. Second, the size and shape of the metal
deposits can be tuned, and a third parameter is the filling den-
sity and spatial distribution within the pores, which influences the
magnetic coupling between deposits within the pores.

Such ferromagnetic/semiconducting composite materials are
potential candidates for applications and they are compatible in
today’s microtechnology due to the silicon base material. It would
be possible to integrate such structures on a chip by using litho-
graphy and produce porous silicon selective on localized regions
(Hourdakis and Nassiopoulou, 2014).

PERSPECTIVES AND CONCLUSION
Self-organized porous systems can be used as template for various
materials. The deposition of metals allows to utilize the obtained
nanocomposite for numerous applications such as sensor tech-
nology, optics, biomedicine, and many more. In incorporating
magnetic materials within porous structures, three-dimensional
arrays of nanomagnetic structures can be fabricated whereas the
magnetic properties are variable through the interaction of the
structures and their regularity and morphology of the template.
So far, such nanocomposite systems are restricted to basic research
but there is a high application potential. In using silicon as tem-
plate material, the implementation of such nanostructured arrays
into today’s microtechnology becomes possible resulting in, e.g.,
miniaturized magnetic sensors integrated on a chip. Furthermore,
the silicon/ferromagnet systems could be utilized in spintronics
applications integrated on a chip. In considering spintronics, an
advantage of silicon is the rather long spin lifetime, which is due to
low spin orbit coupling, zero hyperfine coupling, and degenerate
spin states. Furthermore, the spin lifetime in silicon is enhanced,
e.g., by reducing electron—phonon scattering processes (Li et al.,
2012) or by applying strain, which lengthens the spin coherence
time and spin transport length (Tang et al., 2012).
Three-dimensional arrangements of self-organized magnetic
nanostructures within a porous template material offer specific
magnetic properties, which are tunable by the electrochemical
parameters. On the one hand, the size and shape of the deposits can

B

o
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FIGURE 7 | (A) Cross-sectional SEM image of a porous silicon template showing the dendritic pore-growth. (B) BSE-image of Ni-wires deposited within the
pores of porous silicon showing their branched structure coinciding with the dendritic pore-growth.
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Table 2 | Coercivity dependence on the length of the dendrites.

Dendrite length (nm) Hc (Oe) Mg/Mg
<10 (magnetic field assisted etched) 650 0.85
20 355 0.42
30 320 0.35
50 270 0.28
60 100 0.21

The deposited Ni-nanowires exhibit an aspect ratio of about 40.

be adjusted by modifying the pulse duration and on the other hand
their mutual arrangement within the pores can be varied by chang-
ing the current density. The porous silicon template can be used to
tune the magnetic interactions between deposits in adjacent pores.
Furthermore, the morphology of the template especially the more
or less dendritic pore-growth influences the magnetic behavior. A
branched pore-structure reduces the effective distance between the
pores and therefore increases the magnetic coupling and also gives
rise to stray fields and strong demagnetizing fields. In conclusion,
one can say that template-assisted assemblies of nanostructures
allow to tune the properties of nanocomposites in many ways to
achieve desired specimens.
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