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Abstract. Magnetic nickel ferrite (NFO), NiFe2O4, thin films were fabricated using the chemical solution deposition
method on (100)-oriented silicon substrates. The effects of an annealing process on the crystallization and magnetic
properties of NFO thin films were investigated. Two annealing methods were used, namely layer-by-layer multiple rapidannealing process and single slow-annealing process. The results showed that the appropriate pyrolysis temperatures range
from 400 to 500°C. NFO thin films crystallized well when they were annealed at 750°C or above. The NFO thin films
fabricated using the single slow-annealing process (NFO-S) show better crystallinity compared to the films fabricated
using the layer-by-layer multiple rapid-annealing process (NFO-R) when the annealing temperatures were low. NFO-R
thin films show preferred (400) orientation growth and the relative intensity of the (400) peak raises with the annealing
heating rate. Fine magnetic hysteresis loops and good magnetic properties were observed in both NFO-S and NFO-R thin
films. A saturation magnetization of 277 emu cm-3 was derived for the NFO-S thin films, compared to a 230 emu cm-3 for
the NFO-R thin films, which is a very high value compared with former reported values for NFO thin films.
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Introduction

Soft ferrites have a lot of fascinating applications in
transformers, inductor cores, microwave devices and so on.
NiFe2O4 (NFO), namely nickel ferrite, is one of the technologically important soft ferrites due to its good ferromagnetic properties and higher resistivity which would
lower the eddy current losses. The continuous tendency to
miniaturize applied devices has increased demand for
magnetic thin films [1]. NFO is currently the subject of
intensive scientific investigation because of its new potential applications in magnetoelectric and spintronic devices
[2–5]. Furthermore, the tendency to integrate these applications into semiconductor devices makes the fabrication of
NFO on silicon substrates a meaningful work [6–8]. The
NFO thin films have been fabricated on SrTiO3, glass,
sapphire, magnesium oxide substrates and so on [9–12].
Much more work is needed to develop the fabrication of
NFO thin films on silicon substrates. Among various thin
film preparation methods, chemical solution deposition and
spin-coating processes have the advantages of low cost,
convenience of stoichiometry control, chemical homogeneity and so on. Here, the effects of the annealing process
on the crystallization, microstructures and magnetic properties of NFO thin films were reported. NFO thin films were
prepared by a chemical solution deposition method on

silicon substrates with nontoxic acetates, instead of nitrates
(nitrates produce harmful NOx gases during combustion
[13,14]), as the raw materials.

2.

Experimental

Nickel acetate (Ni(CH3COO)24H2O) and ferrous acetate
(Fe(CH3COO)2) were used as the raw materials, with glacial acetic acid, distilled water and acetylacetone as the
solvents. The mixture of raw materials in stoichiometric
proportion and solvents was refluxed to obtain the clear
precursor solution, which was then aged and filtered before
performing the spin-coating process. The resulting solution
with a concentration of about 0.14 M was spin-coated on
silicon (100) substrates at 3000 r min-1 for 30 s. Subsequently, the films were dried at 150°C and pyrolysed at
different temperatures (400–500°C) for 4 min using a rapid
thermal processing furnace. A heating rate of 20°C s-1 was
used for all samples when they were heated from 150°C to
pyrolysis temperature. Then two kinds of annealing processes were tried. One is the layer-by-layer multiple rapidannealing process, which means rapid annealing of the
pyrolysed films for 5 min layer-by-layer before every following spin-coating process. The other is the slowannealing process, which means slow annealing of the films
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for 10 min only once after the multiple spin-coating, drying
and pyrolysing processes were completed.
The thermogravimetric–differential thermal analysis
(TG–DTA) of NFO solution-derived powder was conducted
by using a NETZSCH STA 449C TG/DTA (NETZSCH
Group, Germany). The phase structures of the derived NFO
thin films were characterized by X-ray diffraction (XRD;
Rigaku D/max 2550V instruments), and the microstructures
were observed using field-emission scanning electron
microscopy (JSM-6700F FE-SEM). The physical property
measurement system (PPMS, Quantum Design) was used to
investigate the magnetic properties of NFO thin films.

3.

Results and discussion

Figure 1 shows the TG–DTA curves of NFO solution-derived
powder. It can be observed that there is a broad exothermic
peak and a large weight loss ranging from 300 to 500°C,
which corresponds to the pyrolysis and combustion of the
organic components. The metal organic compounds seem to
completely transform into metal oxides after 500°C because
no weight loss can be observed in the TG–DTA beyond that
temperature. Thus, a temperature range of 400–500°C is
chosen to investigate the influences of pyrolysis temperature
on the crystallization of NFO thin films.
The influence of pyrolysis temperatures was studied by
pyrolysing the films at different pyrolysis temperatures
whereas other annealing process conditions were remained
unchanged. The XRD patterns of NFO thin films pyrolysed
at different temperatures ranged from 400 to 500°C and
annealed at 750°C are shown in figure 2. The thin films
pyrolysed at 450 and 500°C show a little better crystallization than the one at 400°C. This may be a result of the
fact that the pyrolysis of organic components occurs in a
wide temperature range as shown in figure 1. A moderate
temperature of 450°C therefore appears to be appropriate
for pyrolysis.

Figure 1.

TG–DTA curves of the NFO solution-derived powder.

Figure 2. XRD patterns of NFO films pyrolysed at different
temperatures and annealed at 750°C (r for NFO).

To find out the optimal annealing process, a series of thin
films were prepared at different annealing temperatures,
ranging from 550 to 850°C. The films were prepared by using
layer-by-layer multiple rapid-annealing process as mentioned before (hereinafter named NFO-R) and single slowannealing process (hereinafter named NFO-S), respectively.
The XRD results of NFO-S and NFO-R samples are presented
in figures 3 and 4. Some common results can be observed
from these two figures. NFO-S and NFO-R thin films
annealed at 550°C have already shown the signs of crystallization, and the crystallinity enhances as the annealing
temperature increases. NFO-S and NFO-R thin films show
well crystallization when the annealing temperature reaches
750°C or above, which is a relatively low crystallization
temperature compared to the reported 900°C annealing
temperature using similar wet chemical deposition methods
[13,15]. Some different items can also be derived from these

Figure 3. XRD patterns of NFO-S films annealed at different
temperatures for 10 min.
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Figure 4. XRD patterns of NFO-R films annealed at different
temperatures for 5 min in each cycle.

Figure 5. XRD patterns of NFO thin films annealed with
different heating rates.

two figures. The NFO-S thin films annealed at 650 and 550°C
have better crystallinity than the corresponding NFO-R thin
films. The NFO-R thin films show preferential (400) orientation compared to the NFO-S thin films.
Figure 5 shows the XRD patterns of NFO thin films
annealed at 850°C with different heating rates in the
range of pyrolysis to annealing temperatures. The relative
intensity of the (400) peak (set the intensity of the (311)
peak as 100%) is used to describe the degree of the (400)
orientation of NFO thin films. Generally, relative intensity
of the (400) peak raises with the increase of the heating
rate. The relative intensity of the (400) peak raises from
19.6 to 71.6% when the heating rate increases from 0.03
to 100°C s-1. The increase of relative intensity of the
(400) peak slows down after the heating rate exceeding
50°C s-1. Althammer et al [16] reported (004)-oriented
NFO thin films, but the expensive (004) magnesium
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gallate (MgGa2O4) single-crystal substrates and complicated pulsed laser deposition (PLD) were used. Our
chemical solution deposition method could thus be a
cheap and simple candidate method to fabricate oriented
NFO thin films. For the (400)-oriented NFO-R thin films,
a possible explanation could be that rapid heating rates
may cause a delay in the nucleation and crystallization
process, which then result in crystallization of the NFO
film at relatively higher temperatures. High-temperature
processing had been reported to produce better oriented
growth of thin films compared with low temperatures
[17–20]. Nucleation at a higher temperature implies that
the crystalline process may occur with a lower driving
force. The (400)-oriented nuclei of NFO may have lower
surface energies on the (001) silicon substrate than the
(311)-oriented nuclei. Therefore, the rapid-annealing process was observed to be beneficial for the growth of
(400)-orientation nuclei.
The topography and cross-section SEM micrographs,
shown in figure 6, reveal different microstructures between
NFO-S (figure 6a and b) and NFO-R (figure 6c and d) thin
films. The NFO-R thin films have columnar structure-like
closely standing pillars on silicon substrates, whereas the
NFO-S thin films have ball-like grains. The typical thickness is about 120 nm for both NFO-R and NFO-S thin films.
The effects of the annealing process on the microstructures
of NFO thin films on Si substrates may stem from the fact
that the layer-by-layer multiple rapid-annealing process
facilitates heterogeneous nucleation and suppresses homogeneous nucleation at the same time [21]. If the thin films
are fabricated by the single slow-annealing process, the
homogeneous nuclei in the bulk of the films grow together,
and the ultimate ball-like grains are acquired, with no
preferential orientation growth. For NFO-R thin films, the
dominant one is heterogeneous nucleation. Subsequent
layers crystallized at the interface of the former layers and
the columnar microstructures were produced [22,23].
Figure 7 presents the magnetic properties of NFO-S and
NFO-R thin films at room temperature. Well magnetic
hysteresis loops have been derived from both NFO thin
films. The saturation magnetization (Ms) of NFO-S and
NFO-R thin films are 277 and 230 emu cm-3, respectively, which is very close to the bulk value [24]. Furthermore, they are much higher than the Ms of the reported
NFO thin films (only 30 emu cm-3) used as the magnetic
phase in multiferroic composite thin films fabricated by
using the PLD method on the SrTiO3 substrate [25] and
the Ms of the NFO thin films (100 emu cm-3) fabricated
by using the PLD method on the Si (100) substrates [26].
The saturation magnetization of our film was also better
than that of the NFO powder, which was reported to have
a saturation magnetization of 37 emu g-1, equal to 191
emu cm-3 [27]. The M–H hysteresis loops are magnified
near the coercive field (Hc). It can be observed that they
have symmetric loops for both NFO-S and NFO-R thin
films, without deviation from the origin point. NFO-S thin
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Figure 6. Topography and cross-section SEM images: (a) and (b) for NFO-S thin films and (c) and (d) for NFO-R thin films.

competitive candidates for the magnetic and electromagnetic devices.

4.

Figure 7. Typical magnetic hysteresis loops of NFO-S and
NFO-R thin films at room temperature.

films have softer magnetic properties compared to the
NFO-R thin films, having a coercive field of 180 Oe relative to the 220 Oe of NFO-R thin films. The NFO-R thin
films show (400)-oriented growth compared to NFO-S
films. On contrary, the easy magnetization direction of
NFO is h111i. The (400)-oriented grains may therefore
have lower saturation magnetization and larger Hc compared to the (311)-oriented grains. It may then explain the
observed differences in Hc and saturation magnetization of
NFO-R and NFO-S films. The NFO thin films prepared by
our optimized-annealing process have well crystallization
and perfect magnetic properties, which make them

Conclusions

The NFO thin films were prepared on silicon (100) substrates by using the chemical solution deposition method.
As revealed by the experiments, the pyrolysis temperatures between 400 and 500°C are suitable to decompose
nickel and ferrous acetates. Temperatures, which are equal
to or above 750°C, are opportune to achieve good crystallization for both single slow-annealing process and
layer-by-layer multiple rapid-annealing process. The NFOS thin films show better crystallization compared to the
NFO-R thin films when they are annealed at lower temperatures. The NFO-R thin films show a preferential (400)
orientation and the relative intensity of the (400) peak
raises with the increase of the heating rate. Both NFO-S
and NFO-R thin films show perfect hysteresis loops and
good magnetic properties. The NFO-S thin films have an
Ms of 277 emu cm-3, being better than the 230 emu cm-3
for the NFO-R thin films. Our chemical solution deposition-derived high-quality NFO thin films are promising
candidates for multiferroic composites and electromagnetic devices.
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