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Nickel-zinc (Ni-Zn) ferrite Nip;Zng3Fe,04 thin films were fabricated on Si(00 1) substrate by a sim-
ple chemical method. The microstructure and magnetic properties were systematically investigated.
X-ray diffraction results show that all samples have a single-phase spinel structure with the space group
of Fd3m. The results of field-emission scanning electronic microscopy show that the mean grain size
increases from 10 to 32 nm with increasing the annealing temperature from 500 to 900 °C. The magnetic
properties of Nip7Zng3Fe,04 ferrite thin films exhibit a strong dependence on the annealing tempera-
ture. The coercivity increases from 25 to 80 Oe and the saturation magnetization increases from 146 to
283 emu/cm?® with increasing the annealing temperature, which is in favor of modern electronic device
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1. Introduction

In the past decades, nickel-zinc (Ni-Zn) ferrites have been
widely used as high-performance microwave devices due to their
high resistivity, high Curie temperature, strong mechanical hard-
ness, excellent soft magnetic properties at high frequency, and
chemical stability [1-4]. Ni-Zn ferrite is a type of mixed spinel
in which tetrahedral (A) sites are occupied by Zn%* and Fe3* ions,
whereas the octahedral (B) sites are occupied by Ni2* and Fe3*
in the cubic spinel lattice. These two antiparallel sublattices form
a ferrimagnetic structure, in which Ni?*and Fe3*are coupled by
superexchange interactions through the 0%~ ions.

At present, bulk Ni-Zn ferrite components employed in dis-
crete devices at microwave frequencies are not compatible with
the rapid developments of electronic applications towards miniat-
uration, high density, integration, and multifunction. Thus, more
attention has been attracted to solve these difficulties in per-
forming the required miniaturization for complex devices [5].
Ni-Zn ferrite films may play an important role in facilitating
the design and fabrication of devices such as micro-inductors,
micro-transformers, and microwave nonreciprocal devices [6]. The
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ferrite thin films incorporated into magnetic integrated circuits are
expected to replace the current surface mounting modules in the
near future.

The successful growth of magnetic Ni-Zn ferrite films is an
important step towards their future incorporation as inductors
and transformers into integrated circuits operating at high fre-
quency. Several Attempts have been made by researchers to deposit
Ni-Zn ferrite films by a variety of techniques including alterna-
tive sputtering technology [7], pulsed-laser deposition [8], and
spin-spray plating [9]. However, most of them cannot be eco-
nomically applied on a large scale because they require high
vacuum system, complicated experimental steps, and high reac-
tion temperatures. Additionally, the higher coercivity in Ni-Zn
ferrite films compared with bulk materials, which leads mainly
to eddy current loss, has become a barrier in the way of applica-
tions.

In this study, the chemical solution deposition (CSD) was applied
to synthesize Nig7Zng3Fe;0,4 ferrite thin films on Si(100) sub-
strates. As aresult, the annealing temperature for the crystallization
is comparatively low (500°C) as to obtain homogeneous films
with small grain size, and the coercivity of Ni-Zn ferrite films
is also low, which are required for fabrication of devices. Using
CSD method is useful to achieve the low-temperature fabrication
of magnetic ferrite films, which is an efficient way to fabricate
integrated thin film devices. The composition Nig7Zng 3Fe;04 was
selected because its magnetic properties are superior to those of
other composition in NixZn;_xFe;04 (0 <x < 1) system in previous
report [10].
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2. Experimental procedure

Ni-Zn ferrite Nig;Zng3Fe;04 films were prepared by the CSD
method. The starting materials were high-purity nickel nitrate hex-
ahydrate Ni(NOs ),-6H0, zinc nitrate hexahydrate Zn(NO3 );-6H- 0O,
and ferric citrate pentahydrate FeCgHs507-5H;0. The starting
materials were dissolved in a mixture of ethylene glycol and 2-
methoxyethanol at 70 °C and stirred at this temperature for 30 min.
The transparent solution with brown color was shaken in ultrasonic
cleaner 20 min and stirred at room temperature for 20 h in order
to get a well-mixed solution. The total concentration of the metal
ions was 0.2 M. The films were prepared by spin-coating method
on Si(100) substrates using rotation speed of 4000 rpm and time
of 50s, and then the as-deposited films were baked at 300°C for
30min in order to expel out the organics. The spinning-coating and
dry procedures were repeated for four times in order to obtain films
with desired thickness. The dried films were annealed at selected
temperatures varying from 500 to 900°C in the air for 20 min in
order to get crystallized films.

The crystal structure was examined by Philips X’pert PRO X-ray
diffractometer (XRD) with Cu Ka radiation at room tempera-
ture. Field-emission scanning electronic microscopy (FE-SEM, FEI
designed Sirion 200 type) was carried out to check the morphol-
ogy and thickness. Surface root-mean roughness was estimated
by atomic force microscope (AFM Park Scientific Instruments
designed, Autoprobe CP type). Magnetic measurements were con-
ducted with a SQUID magnetometer (MPMS, Quantum design).

3. Results and discussion

The room temperature XRD patterns of Nig;Zng3Fe,04 ferrite
thin films annealed at different temperatures are shown in Fig. 1. All
of peaks can be indexed to a single-phase spinel structure with the
space group of Fd3m. With increasing the annealing temperature,
the relative intensity of the peak (113) enhances gradually while
the full width at half-maximum (FWHM) of the peak (1 1 3) reduces.
This indicates Nig 7Zng 3Fe; 04 ferrite grains grow larger and larger
with increasing the annealing temperature. According to the low
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Fig. 1. XRD results of the Nig;Zng3Fe;04 ferrite films on Si(100) substrates
annealed at different temperatures from 500 to 900 °C.

angle (113) peak central positions, the ferrite lattice parameter
was estimated to be 8.362 +0.002 A.

Fig. 2(A)-(E) shows the FE-SEM results for different
Nig7Zng3Fe;04 films annealed at different temperatures. It is
clearly seen that the grain size increases with increasing the
annealing temperature. The mean grain size is 10, 15, 18, 23, and
32 nm for the films annealed at 500, 600, 700, 800, and 900 °C,
respectively. Moreover, it is seen that the grain size are rather
homogenous. Fig. 2(F) shows the cross-sectional SEM result of
the film annealed at 500°C. It can be seen that the thicknesses of
the film is about 200 nm. Additionally, it is observed that the film
thickness is independent of the annealing temperature.

The surface morphologies of the Nig 7Zng 3Fe;04 films have been
characterized by AFM. The typical image is shown in Fig. 3(A) for
the sample annealed temperature 800 °C, which reveals a rather
smooth surface. The surface roughness is in the root-mean square
(RMS) range from 1.5 to 4.5 nm. The result of the surface rough-

Fig. 2. FE-SEM micrographs of Nig7Zng3Fe;04 ferrite films annealed at different temperatures: (A) 500°C, (B) 600°C, (C) 700°C, (D) 800°C, (E) 900°C, and (F) is the

cross-sectional SEM micrographs of films annealed at 500 °C.
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Fig. 3. (A) AFM image of Nig7Zng3Fe, 04 ferrite film surface annealed at 800 °C and (B) the dependence of surface roughness on annealing temperatures.

ness is shown in Fig. 3(B) as a function of annealing temperature.
The surface roughness is strongly dependent on the annealing
temperature. That is, the surface roughness linearly increases
with the annealing temperature. When the annealing temperature
increases, Nig7Zng3Fe,04 ferrite grains with higher energy have
enough mobility on the thermal substrate. Larger Nig7Zng3Fe;04
grains can enhance the surface roughness. The mean grain size
estimated through Image Processing in PSI ProScan software from
AFM image of the Nig7Zng3Fe;04 film annealed at 800 °C is about
28 nm, which is slightly larger than that estimated from FE-SEM
micrographs.

The M (H) loops at 300K under external fields from —20 to
20kOe, which are parallel to the film plane, are shown in Fig. 4.
It is seen that all Nig7Zng3Fe,04 ferrite films exhibit hysteresis
behavior in the M (H) curves, indicating the characteristic of fer-
rimagnetism, which confirms the desired Ni-Zn ferrite films were
successfully obtained.

Fig. 5(A) presents the annealing temperature dependence of the
coercivity (H¢). The value of H. refers to the strength of the magnetic
field required to reduce the magnetization of the magnetic sam-
ple to zero, after the saturation magnetization of the sample has
been reached. It is found that the H, is enhanced with the increas-
ing annealing temperature. To understand H. mechanism clearly,
the critical size of a monodomain particle can be estimated by the
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Fig. 4. Room temperature M (H) hysteresis loops of the Nip7Zng3Fe;04 ferrite thin
films annealed at different temperatures. The inset contains the minor loops.

following formula [11]:

9ow
Dm = 1
"= (1)

where oy, =(2kgTc|K11/a)?, K1, Te, Ms, kg, a are the wall density
energy, magnetocrystalline anisotropy constant, Curie tempera-
ture, Boltzmann constant and, lattice constant, respectively. For
Nig7Zng3Fe,0, ferrite, M; =270 Gs, Tc=860K, a=8.345 x 10~8 cm,
and |K;|=6.5x 10%erg/cm? [12], which give the value of Dy
~72.9nm. The calculated value is larger than that of our sample.
Therefore, our samples should exhibit the monodomain behavior.
According to Herzer’'s random anisotropy model [13], the grain
size has a large influence on H¢, that is, H. decreases with a
decrease in grain size. This can be understood by the fact that as the
domain contains many grains, the magnetocrystalline anisotropy is
averaged over many grains and various orientations. The reduced
anisotropy leads to a decrease in coercivity with decreasing grain
sizes.

Fig. 5(B) exhibits the dependence of the saturation magneti-
zation on the annealing temperature (Ms) with the applied fields
paralleling to the film surfaces. It is seen that M exhibits an increas-
ing tendency with increasing the annealing temperature. The
enhancement in magnetization can be attributed to the improve-
ment of the crystallinity during annealing processing, leading to
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Fig. 5. (A) The coercivity H. as functions of annealing temperature of the

Nig7Zng3Fe;04 ferrite thin films and (B) the dependence of the saturation mag-
netization M on annealing temperature.
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the change in degree of inversion parameter due to the increase in
grain size [14,15], and the decreased spin disorder in the shell [16].

4. Conclusions

In conclusion, the CSD method was used to prepare
Nig7Zng 3Fe;04 ferrite thin films. The effects of annealing temper-
ature on the microstructure as well as the magnetic properties
were investigated. The FE-SEM results showed that uniform
Nig7Zng 3Fe;04 films with thicknesses of 200 nm can be obtained,
while the grain size increases with increasing the annealing
temperature. The excellent magnetic properties including room
temperature Mg and H. indicate the Ni-Zn ferrite films can be
considered as a potential candidate for modern miniaturization of
electronic devices.
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