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Abstract

Ni1−xZnxFe2O4 (NZFO) (x¼0.0–0.7) films were prepared by a photosensitive sol–gel route utilizing nickel acetate, zinc acetate and ferric
nitrate as starting materials. The saturation magnetization of the NZFO film showed a parabolic tendency with Zn substitution. For Zn substitution
of 0.5, the saturation magnetization reached the maximum value of 683 emu/cm3 with a relative low coercivity of 56 Oe at room temperature.
The phase constituents and surface morphology of the films were characterized by X-ray diffractometer (XRD), Raman spectroscopy, X-ray
photoelectron spectroscopy (XPS), field emission scanning electron microscopy (FESEM) and transmission electron microscopy (TEM). Through
a direct patterning process, a fine-patterned Ni0.5Zn0.5Fe2O4 film was obtained by a photochemical reaction between the chelated complexes and
UV light.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Micro-fabrication technology has attracted much attention in
the areas of integrated circuits, quantum devices and high
density data storage. In the past decades, scientists have been
trying to explore new types of small structures, or downsize
the existed structures [1,2]. Fine-patterning process is one of
the key procedures for realizing the large-scale integrated
circuits. As a traditional and effective lithography technology
[3–6], the dry etching process usually requires complex
lithographic patterning steps with high cost. In addition, the
the dry etching may also degrade the properties of films due to
the pollution from hazardous materials, which limits its use for
some functional materials such as inorganic films. Meanwhile,
some newly-developed techniques, such as the photochemical
deposition method and the photosensitive sol–gel method,
have been successfully applied to prepare fine patterns [7–10].
Since the photosensitive gel film can behave as the photoresist
of itself during the preparation process, it can greatly simplify
the lithography process. Moreover, using the photosensitive
sol–gel route, the deposition of the patterned superconducting
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thin film and semiconducting thin film has been realized
[11,12]. So far, few literatures have been reported on preparing
magnetic ferrite films using this method. It is well known that
Ni–Zn ferrite possesses low dielectric losses and tunable
magnetic inductions, which make them potential candidates
for spintronics or higher-frequency devices [13–16]. Therefore,
fine-patterning of Ni–Zn ferrite is of great importance for
electro-magnetic devices.
In this work, Ni1−xZnxFe2O4 (Later called NZFO) (x=0.0–

0.7) thin films were prepared using photosensitive sol–gel
method. The magnetic properties, phase constituents, surface
morphology and cross-section morphology of the fired films
were characterized. The purpose is to fabricate Ni–Zn ferrite
films and film micro-patterns with better magnetic properties.
2. Experimental

Nickel acetate (Ni(CH3COO)2 � 4H2O), zinc acetate
((CH3COO)2Zn � 2H2O) and ferric nitrate (Fe(NO3)3 � 9H2O)
were chosen as the sources for Ni, Zn and Ti ions. They were
individually mixed with 2-methoxyethanol (MOE) and acetyl-
acetone (AcAcH) at the molar ratio of M:AcAcH:
MOE=1:0.6:40 (M=Ni, Zn and Fe) to make three solutions,
ghts reserved.
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Fig. 1. XRD patterns of NZFO (x¼0) films fired at different temperatures.

Fig. 2. Magnetic hysteresis loops for NZFO thin films (x¼0.0, 0.1, 0.2, 0.3,
0.4, 0.5, 0.6, and 0.7). The inset shows the saturation magnetization (Ms) and
coercivity (Hc) of thin films as a function of Zn substitution (x).

Fig. 3. Raman spectra of the NZFO thin films (a) x¼0 and (b) x¼0.5.
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namely, the Ni-solution, Zn-solution, and Fe-solution. Subse-
quently, these precursors were mixed according to the molar
ratio of Ni:Zn:Fe=(1−x):x:2 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6,
and 0.7) to obtain a NZFO colloid with the total metallic ion
concentration of 0.15 mol/L. After that, the colloid was aged
for 24 h. The NZFO gel films were coated on the Si substrates
through a dip-coating method. Then, the film was pre-dried at
200 1C for 5 min to remove the residual organic compounds.
These processes of the coating–drying were repeated three
times. Finally, the pre-dried solutions were held at 400–650 1C
for 1 h to obtain the crystallized film.

The fine-patterned of Ni1-xZnxFe2O4 films were fabricated
as follows: First, the coated NZFO gel films were dried at
40 1C for 10 min, followed by irradiated under ultraviolet
light. Second, the gel films were rinsed in a butyl alcohol
solutionto get the patterned gel films. The pattern gel films
were finally converted to patterned inorganic films through
heat treatment.

The magnetic properties were tested using vibrating sample
magnetometer (Versalab, Quantum Design). The phase con-
stituents and crystallinity were characterized by X-ray diffrac-
tion using CuKα radiation (XRD-7000, Shimadzu). The
Raman measurement was performed in backscattering geome-
try on a Raman spectroscope (LabRAM HR800, HORIBA
Jobin Yvon) with a radiation of Arþ laser at 633 nm. The
cross-section morphology and the corresponding selected area
electron diffraction of the films were performed by transmis-
sion electron microscopy (JEM-3010, JEOL). The chemical
bonding states were determined by X-ray photoelectron
spectroscopy (XPS) (Kratos, Shimadzu). XPS spectra were
obtained with monochromatic Al Kα (1486.71 eV) line at a
power of 150 W (10 mA, 15 kV). The charge neutralizer was
used to compensate for surface charge effects, and the binding
energies were calibrated using the C1s hydrocarbon peak at
284.8 eV. The surface morphology of the films was observed
by field emission scanning electron microscopy (JSM-7000F,
JOEL). The optical absorption of the films was performed on a
Fourier transform infrared spectroscopy (IR Prestige-21, Shi-
madzu) and a UV–vis spectrometer (V-570, Shimadzu). The
morphology of the patterned gel films were examined using an
optical microscope (BX51 TRF, Olympus).

3. Results and discussion

3.1. Phase constituents, morphology and physical properties

Fig. 1 shows the XRD patterns of the NZFO (x¼0) films
fired at different temperatures of 400 1C, 500 1C, 550 1C,
600 1C and 650 1C. As seen from Fig. 1, the films began to
crystallize at the temperature above 500 1C. With the increase
of the firing temperature, the crystallinity of the film was
improved. At 650 1C, the film showed a better crystallinity
with a cubic spinel structure (ref. JCPDS no.74-2081), and no
second phase was presented.

Fig. 2 shows the magnetization versus applied magnetic
field for NZFO (x¼0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, and 0.7)
thin films (fired at 650 1C) at room temperature. All films
showed a soft magnetic characteristic. From the inset shown in
Fig. 2, the saturation magnetization (Ms) exhibited a maximum
value at x¼0.5. Meanwhile, the coercivity (Hc) decreased with
the increase of Zn content. For the Zn content of 0.5, the Ms
reached the maximum of 683 emu/cm3 and a relative low
Hc value of 56 Oe, in which the value of Ms was higher than
the data reported by the literatures [16–19]. Therefore,
Ni0.5Zn0.5Fe2O4 film was selected to prepare fine-patterned
Ni–Zn ferrite film.



Fig. 6. Cross-section TEM micrographs for Ni0.5Zn0.5Fe2O4 film. The inset is
the selected area electron diffraction patterns taken from the Cross-section
micrographs.
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Fig. 3 shows Raman scattering data of NiFe2O4 and
Ni0.5Zn0.5Fe2O4 thin films at room temperature. thin films. As
seen from Fig. 3, the widened peaks marked with dash lines
indicated that both films presented the characteristics of (Ni, Zn)
Fe2O4 ferrite , which were also demonstrated by Chen et al.
[20]. Similar Raman spectra indicated that both films presented
a same crystalline structure. Comparing with NZFO film of
x¼0, a little blue shift and the decrease of relatively peak
intensity were observed for the Ni0.5Zn0.5Fe2O4 film. More-
over, no other peaks presented in the Raman spectra, indicating
no impurity phase in the specimens.

Fig. 4 is the XPS spectra of Ni0.5Zn0.5Fe2O4 film. As seen
from the inset, the electron spectra of Zn 2p3/2 (Fig. 4a), Ni
2p3/2 (Fig. 4b), and Fe 2p3/2 (Fig. 4c) were observed at
1022.2 eV, 854.9 eV, and 710.4 eV, respectively, which were
in good agreement with the reported results for bulk NiFe2O4

and ZnFe2O4 [21–24].
Fig. 5 is the surface morphology of Ni0.5Zn0.5Fe2O4 film

fired at 650 1C. It is evident that the Ni0.5Zn0.5Fe2O4 film had
uniform spherical grains with an average particle size of 43
nm, and no large pores on the film surface. Fig. 6 is the cross-
section TEM image of the Ni0.5Zn0.5Fe2O4 film. It can be
seen that the Ni0.5Zn0.5Fe2O4 film had the thickness of
approximate120 nm and the average grain size of the film
Fig. 4. XPS spectrums of the Ni0.5Zn0.5Fe2O4 film. The inset is the high-
resolution spectra of Zn 2p3/2 (a), Ni 2p3/2 (b), and Fe 2p3/2 (c), respectively.

Fig. 5. The surface morphology of Ni0.5Zn0.5Fe2O4 film.

Fig. 7. FT-IR spectra of different solutions of (a) AcAcHþMOE, (b) Fe
(NO3)3 � 9H2OþMOE, (c) Fe(NO3)3 � 9H2OþMOEþAcAcH, (d) Ni
(CH3COO)2 � 4H2OþMOE, (e) Ni(CH3COO)2 � 4H2OþMOEþAcAcH, (f) Zn
(CH3COO)2 � 2H2OþMOE, (g) Zn(CH3COO)2 � 2H2OþMOEþAcAcH.
about 40 nm, which agreed well with that of the surface
micrograph. From the inset of the selected area electron
diffraction pattern (SAED), it can further verify that the films
prepared had the nanosized polycrystalline structure.
3.2. Photosensitivity and fine-patterning of the solution and
gel film

Fig. 7(a–g) shows the FT-IR spectra of the gel films derived
from different solutions. There were three characteristic peaks
located at 1726, 1702 and 1625 cm−1 for the mixed solution of
AcAcH and MOE, which corresponded to the νC¼O mode of
AcAcH (see Fig. 7(a)). After adding AcAcH into Fe-solution,
two additional peaks occurred at about 1560 and 1529 cm−1

indicating that a chemical reaction happened between the
AcAcH and the Fe(NO3)3 � 9H2O. This reaction led to the
formation of UV-photosensitive Fe(AcAc)(NO)2 inside the gel
film [25]. Similar phenomena were also found after adding
AcAcH into the Ni-solution and Zn-solution (see Fig. 7(d–g)).



Fig. 10. Optical micrograph of an in-situ patterned Ni0.5Zn0.5Fe2O4 gel film.
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The UV spectra of the mixed solutions were shown from
Fig. 8. As seen from Fig. 8a, a characteristic absorption peak at
272 nm was observed for AcAcH. From Fig. 8b, Fig. 8c and
Fig. 8d, the absorption peaks respectively shifted to 282 nm
(for Fe ion), 297 nm (for Ni ion) and 342 nm (for Zn ion) after
introducing Fe, Ni and Zn into the mixed solution of AcAcH
and MOE. The red shift indicated that the chelate reaction
occurred between metal ions and AcAc−, which can be
expressed by Eq. (1), Kim et al. [26] believed that this is
due to the electron transition from π to πn during the formation
process of the chelates.

(1)

Fig. 9 is the UV–vis absorption spectra of Ni0.5Zn0.5Fe2O4

gel film. It is obvious that the absorption band remarkably
decreased when gel films were irradiated by the UV light with
a suitable wavelength. The absorption of gel films gradually
decreased with prolonging UV irradiation, and finally disap-
peared after 15 min. This indicated the chelate decomposed
during irradiating process. Hence, the intensity of the absorp-
tion band decreased with the increase of irradiation time.

It was reported that UV irradiation had a significant effect
on the dissolution of gel films in appropriate organic solvents
Fig. 8. UV–vis spectra of different solutions of (a) AcAcHþMOE, (b) Fe
(NO3)3 � 9H2OþMOEþAcAcH, (c) Ni(CH3COO)2 � 4H2OþMOEþAcAcH,
(d) Zn(CH3COO)2 � 2H2OþMOEþAcAcH.

Fig. 9. UV–vis spectra of Ni0.5Zn0.5Fe2O4 film irradiated by UV light.
with the decomposition of the chelates [12,25]. Fig. 10 shows
the optical micrograph of an in-situ patterned Ni0.5Zn0.5Fe2O4

gel film. One can see that the non-irradiated part was dissolved
away while the irradiated part was left, thus obtaining the fine
patterns of Ni0.5Zn0.5Fe2O4 gel films. Ni0.5Zn0.5Fe2O4 gel
films with the fine patterns can be further heat-treated to
fabricate fine-patterned inorganic films.

4. Conclusions

Using nickel acetate, zinc acetate and ferric nitrate as
starting materials, AcAcH as chelating agent, Ni1−xZnxFe2O4

(NZFO) (x¼0.0–0.7) precursor solutions were prepared. At a
firing temperature of 650 1C, the films presented a nanocrystal-
line structure with a cubic spinel crystallography. When Ni/
Zn¼1, the saturation magnetization of the fired films reached
the maximum value of 683 emu/cm3 with a relative low Hc of
56 Oe. Due to the chelating reaction between AcAcH and
metallic ions, the coated NZFO gel film presented photosensi-
tivity. The fine-patterned Ni0.5Zn0.5Fe2O4 gel film was suc-
cessfully fabricated through UV irradiation, rinsing and heat
treatment.
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