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Fabrication of CoFe2O4 ferrite nanowire arrays in porous silicon
template and their local magnetic properties∗
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CoFe2O4 ferrite nanowire arrays are fabricated in porous silicon templates. The porous silicon templates are pre-
pared via metal-assisted chemical etching with gold (Au) nanoparticles as the catalyst. Subsequently, CoFe2O4 ferrite
nanowires are successfully synthesized into porous silicon templates by the sol–gel method. The magnetic hysteresis loop
of nanowire array shows an isotropic feature of magnetic properties. The coercivity and squareness ratio (Mr/Ms) of ensem-
ble nanowires are found to be 630 Oe (1 Oe = 79.5775 A·m−1 and 0.4 respectively. However, the first-order reversal curve
(FORC) is adopted to reveal the probability density function of local magnetostatic properties (i.e., interwire interaction
field and coercivity). The FORC diagram shows an obvious distribution feature for interaction field and coercivity. The
local coercivity with a value of about 1000 Oe is found to have the highest probability.
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1. Introduction
Recently, one-dimensional (1D) magnetic structures, es-

pecially magnetic nanowire arrays, have attracted much at-
tention due to their unique potential applications in magnetic
integrated nanosystems, perpendicular magnetic records, mi-
crowave absorbing and spintronic nanodevices.[1–4] Cobalt
spinel ferrite CoFe2O4 (CFO) is well known for its high
coercivity, giant magnetostriction, unique light-induced co-
ercivity change, and remarkable chemical stability. CFO
has various applications, such as humidity sensors, pho-
todetectors, biomedical, magnetoelectric devices.[5–7] Lately,
it was reported that magnetic nanowires can be fabricated
by many approaches such as electrospinning, sol–gel, hy-
drothermal and electrodeposition methods.[8–10] Pirouzfar et
al. have synthesized CFO nanowires with high coercivity val-
ues via the sol–gel route by using anodized aluminum oxide
(AAO) as template.[9] Besides, Xu et al. have fabricated CFO
nanowires with the preferred crystalline orientation along the
length direction of nanowires by electrodeposition in AAO
templates.[10] As shown in these studies, most CFO nanowire
arrays or other ferrite nanowire arrays were fabricated in AAO
templates.[11,12] However, the AAO templates are very fragile
and easy to break into pieces, which are required to be han-
dled with special caution. Therefore, it makes them extreme
difficult to be assembled into sturdy devices. Currently, there
is a trend towards incorporating many functions into silicon
substrates, such as systems on chips.[4,13] Therefore, it is very
important to be capable of fabricating CFO nanowire array in
silicon, which will be compatible with semiconductor industry

in future for the integrated nanosystems. In this paper, we re-
port the fabrication of CFO nanowire array on silicon substrate
and its magnetic properties. To the best of our knowledge,
no one else has done this before. Since porous silicon was
discovered,[14] it has attracted lots of attention due to its poten-
tial applications in optoelectronics, chemical and biochemical
sensing devices.[15,16] Usually, porous Si is prepared by elec-
trochemical etching under anodic bias in fluoride-containing
solutions.[17] Recently, a new method based on metal-assisted
chemical etching has attracted increasing attention for its sim-
plified and low-cost fabricating process.[18,19] In this paper, we
first prepare the porous silicon templates by a technique named
metal-assisted chemical etching through using Au nanopar-
ticles as the catalysts. Then the CFO nanowire arrays are
fabricated into the channel of porous silicon by the sol–gel
method. The local magnetic properties of CFO nanowire ar-
rays have been investigated by taking the first order rever-
sal curve (FORC). The conventional magnetic hysteresis loop
taken by a conventional magnetometry, such as vibrating sam-
ple magnetometry (VSM), usually shows the ensemble aver-
age properties over a whole sample. Especially there are more
than millions of nanoscale elements in a nanodot (or nanowire)
array, and the variations of magnetic properties of individ-
ual elements (such as coercivity, switching fields) are essen-
tially important. Using the FORC method, much meaning-
ful information about these variations can be obtained such as
the distribution of magnetic properties, the quantitative phase
analysis of mixed magnetic phases materials and distinguish-
ing the reversible and irreversible magnetization switching
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processes.[20–23]

2. Experimental details
2.1. Preparation of porous silicon template

Single crystalline p-type silicon (200 Ω·cm) wafers were
successively washed by immersing into acetone for 10 min,
ethyl alcohol for 10 min and 5% HF for 5 min, which can
remove the organic contaminants and a thin silicon diox-
ide layer. Polystyrene-block-poly(2-vinylpyridine) (PS-b-
P2VP) diblock copolymer (Mn,NMR = 1.2× 104 g/mol, PS20-
b-P2VP190) was synthesized in our laboratory, and it was dis-
solved in toluene to form a 5-mg/ml solution. Subsequently,
the experiments were carried out in three steps, which were
schematically shown in Fig. 1. Firstly, PS-b-P2VP thin films
were formed on the silicon substrates by spin coating at room
temperature, typically at 5000 rpm and 30 s. The coated
silicon substrate was then immersed in the HAuCl4 solution
(5 mg/mL) with methanol for 2 min to load HAuCl4 solu-
tion into the P2VP cores. Then the HAuCl4-loaded film was
immersed into the sodium citrate solution (0.03 M) at 60 ◦C
for 15 min to reduce HAuCl4 precursors into Au nanoparti-
cles in the P2VP cores. Secondly, the thin film containing
Au nanoparticles was heated with an alcohol lamp for 25 min
to remove the organic copolymers. Thirdly, after obtaining
the ordered Au nanoparticle on the silicon surface, the silicon
wafer was etched in an aqueous solution containing HF, H2O2

and H2O (HF/H2O2/H2O = 1/5/10, volume ratio) at 60 ◦C for
1 h.

PS b P2VP

Si

step 1

step 2

step 3

Fig. 1. (color online) Schematic procedures of preparation of porous
silicon template.

2.2. Preparation of CoFe2O4 nanowires

Metal nitrates were used as the cationic sources, and citric
acid and polyethylene glycol (PEG 20000) as the monomers
for forming the polymeric matrix. Citric acid and PEG were
dissolved in deionized water by stirring at 80 ◦C to make the
first solution. Co(NO3)2·6H2O and Fe(NO3)3·9H2O were dis-
solved in deionized water with a molar ratio of 1:2, and then
mixed with the first solution. The molar ratio of total nitrates

to citric acid was 1:1. The weight ratio of CoFe2O4 to PEG
was 1:2. The final solution was stirred at 80 ◦C for 3 h to in-
duce esterification and form a sol. The porous Si template was
immersed in this sol with the aid of ultra sound. The sol in the
porous Si template was dried in air at 80 ◦C for 1 h. Excess sol
on the template surface was carefully wiped off and then was
sintered in a furnace at 800 ◦C for 1 h.

2.3. Characterizations of porous Si and CoFe2O4
nanowire

The morphologies of Au nanoparticles, CoFe2O4

nanowire, surface, and cross section of porous Si template
were investigated by a scanning electron microscope (SEM).
The composition of CFO nanowires was checked by an en-
ergy dispersive spectrometer (EDS). The phase of nanowires
was examined by x-ray diffraction (Cu Kα radiation). The
static magnetic properties were investigated by a vibrating
sample magnetometer (VSM). Using the conventional VSM,
the FORC method requires to take a series of partial hystere-
sis curves (FORC curves), which fill the interior of a major
hysteresis loop of sample. For each FORC curve, the sam-
ple was firstly saturated at a large positive field (Hs). Subse-
quently, the applied field was reduced to a reversal field (Ha),
the sample was saturated again starting from Ha. The magneti-
zation of each applied field (Hb) on the FORC curve is denoted
as M(Ha,Hb). For a set of FORC measurements, it must be
noted that the field spacing should be equal (i.e., ∆Hb = ∆Ha).
According to the statistical model (called “Preisach model”)
which describes a set of hysterons that constitute a major hys-
teresis loop, the probability density function ρ(Ha,Hb) (also
called FORC distribution) of the hysterons ensemble can be
calculated by the following mixed second derivative:

ρ(Ha,Hb) =−
1
2

∂ 2M
∂Ha∂Hb

. (1)

To study the local static magnetic properties, the FORC dis-
tribution is often plotted in the coordinate system (Hu,Hc),
where Hu is the local interaction field and Hc is the local co-
ercivity. The relationships between two coordinate systems
(Ha,Hb) and (Hu,Hc) are given as Hc ≡ (Hb −Ha)/2 and
Hu ≡ (Ha +Hb)/2.

3. Results and discussion
PS-b-P2VP consists of a nonpolar PS block covalently

linked to a polar P2VP domain. It spontaneously forms a
monodisperse PS corona and P2VP core micelles in toluene
which is a selective solvent for the PS block and nonselec-
tive solvent for P2VP. When it is coated by spin coating onto
the clean silicon wafer with a rotation speed of 5000 rpm, the
polymer molecules are self-assembled into a thin film with
P2VP nano domains surrounded by PS corona.[24] Once the
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PS-b-P2VP thin film is immersed into HAuCl4 solution with
methanol (a selective solvent for the P2VP core), core-corona
inversion is induced in-situ without ruining the film.[25] The
HAuCl4 is then loaded into the P2VP due to the pyridine com-
plexing reaction.[26] Subsequently, the Au nanoparticles can
be obtained by reducing the HAuCl4 solution in the sodium
citrate solution. Finally, the polymer layer is removed with an
alcohol lamp without disturbing the nanoparticle pattern.[27,28]

In our experiments, the arrangement of Au nanoparticles on
the silicon surface is shown in Fig. 2(a). As shown in the
figure, the mean diameter of Au nanoparticles is 50±10 nm,
which determines the minimum pore size of porous silicon
template.

(a)

H2O2 reduce

(b)

Fig. 2. (color online) (a) Arrangement of Au nanoparticles on the surface of
silicon template, and (b) mechanism of porous silicon preparation by metal
assisted chemical etching.

After the array of Au nanoparticles is obtained, the silicon
template with the surface modified by Au is immersed into an
aqueous solution containing HF and H2O2. The mechanism of
the Au-assisted chemical etching is illustrated in Fig. 2(b). It
is well accepted that the chemical or electrochemical reactions
occur preferentially near an Au nanoparticle. At a cathode site,
H2O2 is reduced at the metal surface through the following re-
action:

Cathode reaction: H2O2 +2H+→ 2H2O+2h+. (2)

Simultaneously, the injection of holes into silicon through the
metal takes place. At an anode site, silicon is oxidized and dis-
solved. The anodic reaction can be indicated by the following
equation:

Anode reaction:

Si+6HF+nh+→ nH2O+H2SiF6 +
4−n

2
H2 ↑, (3)

where n is the number of holes per dissolved silicon atom.
Taking into account the cathodic reduction of H2O2, the over-
all chemical reaction can be expressed as[29–31]

Overall reaction:

Si+6HF+
n
2

H2O2→ H2SiF6 +nH2O+

[
4−n

2

]
H2 ↑ . (4)

The size of the pores of a porous silicon template can be con-
trolled by the concentration ratio between HF and H2O2 in the

etching solution, etching temperature and etching time. Un-
der our optimized etching condition, the Au-modified silicon
is treated at 60 ◦C for 1 h in the etching solution containing
HF, H2O2, and H2O (HF: H2O2: H2O = 1:5:10, volume ra-
tio). The obtained porous silicon template is shown in Fig. 3.
Figure 3(a) shows the top view of template. It can be seen
that many nanoscale pores have been obtained by the etching
procedures. The sizes and spacings of pores are found not
uniform. The size of the pore is found to be larger than that
of Au nanoparticle, which indicates that the etching process
takes place not only in the longitudinal direction, but also in
the transverse direction. The cross section of a porous silicon
template is shown in Fig. 3(b). Clearly, the channel of pore is
straight. The length of pore channel is about 400 µm.

(a)

(b)

0.58 mm

0.56 mm

1 mm

Fig. 3. SEM images of (a) top view and (b) cross section view of porous
silicon template.

The CFO nanowires are shown in Figs. 4(a)–4(d). Sin-
gle nanowires are shown in Figs. 4(a) and 4(c). The nanowire
arrays are shown in Figs. 4(b) and 4(d) after the porous sili-
con template has been dissolved away. It is seen that the CFO
nanowires fabricated by the sol–gel approach are straight, well
crystallized and smooth in the pores of porous silicon. The di-
ameter of the nanowire is measured to be about 200 nm, which
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is smaller than the diameter of pore (see Fig. 4(a)). It is be-
lieved that the volume reduction of CFO nanowire is due to
the evaporation of water and citric acid during calcination at
800 ◦C. From the perspective of CFO sensors, the interspace
between the CFO nanowire and template is helpful to increase
the sensing surface. It can also be seen in Fig. 4(d) that the
diameters of nanowires are nearly homogeneous. The compo-
sition of the nanowire has been examined by the EDS mea-
surements as shown in Fig. 5. Clearly, Fe, Co, and O elements
are identified. The detected silicon element is from the silicon
template. The XRD pattern of porous silicon template embed-
ded with CFO nanowires is shown in Fig. 6. It can be learned
that CFO nanowires are well crystallized, and single spinel
phase is found for the obtained CFO nanowire array. No other
phases are detected.

(a) (b) (c)

(d)

200 nm 200 nm 200 nm

1 mm

Fig. 4. (color online) (a)–(d) SEM images of CoFe2O4 nanowires.
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Fig. 5. (color online) Composition analysis of CoFe2O4 nanowire array.
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Fig. 6. XRD pattern of CoFe2O4 nanowires array.
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Fig. 7. (color online) First order reversal curves of CoFe2O4 nanowire
arrays. Hysteresis loops in the inset are measurements in two different
directions of applied field.

The static magnetic properties of CFO nanowires in
porous templates are studied by using the hysteresis loops as
shown in Fig. 7. The hysteresis loops are obtained with the
applied magnetic fields along the longitudinal (HL) and the
transverse (HT) direction of nanowires. It is shown that their
hysteresis loops are almost identical, which means that the
CFO nanowires fabricated each show an isotropic behavior
see the inset in Fig. 7. The coercivity (Hc) of CFO nanowire
array is found to be 630 Oe. The squareness ratio (Mr/Ms)

is about 0.4. As mentioned before, the FORC method can
be used to study the local magnetic properties for nanostruc-
tured materials. For our studies of CoFe2O4 nanowire array,
the FORC diagram is shown in Fig. 8(a). Obviously, the dis-
tributions of coercivity values and inter-wire interactions are
wide. Among some nanowires, there are no magnetic inter-
actions. For some nanowire elements, the interaction is pos-
itive. For other nanowire elements, the interaction is nega-
tive. To show the distribution of coercivity values, the profile
of coercivity with zero magnetic interaction (i.e. Hu = 0) is
shown in Fig. 8(b). It is interesting to show that the coercivity
value varies from 200 Oe to 3000 Oe. The coercivity with a
value about 1000 Oe has a highest probability as depicted in
Fig. 8(b). The observed distributions of Hu and Hc are due
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to the inhomogeneous responses of nano elements to the ap-
plied magnetic field. Besides, the dimensional differences,
i.e., differences in the diameter and spacing of nanowires)
among nanowires are the other cause. As shown in Fig. 3,
the nanopore sizes and spacings are not identical, which will
also result in the observed distributions of Hu and Hc values.
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Fig. 8. (color online) (a) FORC diagrams of CoFe2O4 array, and (b)
coercivity profile.

4. Conclusions
In this study, cobalt spinel ferrite nanowires are synthe-

sized by a sol–gel method into the porous silicon template
which is fabricated by the Au-assisted chemical etching pro-
cedure. It is found that the pore size is dependent on the
size of Au nanoparticle. The spacing between nanopores is
dependent on the spacing between Au nanoparticles on sili-
con substrate. For the ensemble CFO nanowires, conventional
hysteresis loops show that the magnetic properties of CFO
nanowire array in porous silicon template are isotropic. How-
ever, the FORC diagram derived from a series of first order
reversal curves shows the wide distributions of local magnetic
properties (Hu and Hc). For instance, the local coercivity with
a value of about 1000 Oe is found to have the highest probabil-

ity. The inhomogeneity of pore sizes and pore spacings is one
of the causes responsible for the distribution of local magnetic
properties.
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