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Abstract Nickel zinc ferrite (Ni0.4Zn0.6Fe2O4) films on

Si (100) substrate were synthesized using a spin-coating

method. The crystallinity of the Ni0.4Zn0.6Fe2O4 films with

the thickness of about 386 nm became better as the

annealing temperature increased. The films have smooth

surface, relatively good packing density and uniform

thickness. The volatilization of Zn is serious at 900 �C.

With the increase of annealing temperature, the saturation

magnetization Ms increases in the temperature ranging

from 400 to 700 �C, however, decreases above 700 �C, and

the coercivity Hc increases in the temperature range

400–800 �C, decreases above 800 �C. After annealed at

700 �C for 2 h in air with the heating rate 2 �C/min, the

film shows a maximum saturation magnetization Ms of 349

emu/cc and low coercivity Hc of 66 Oe. The Ms is higher

than others which prepared by this method, however, the

Hc is lower. The Ms of Ni0.4Zn0.6Fe2O4 films annealed at

700 �C increases with increasing annealing time and the Hc

changes slightly.

Keywords Ni0.4Zn0.6Fe2O4 films � Spin-coating method �
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1 Introduction

Spinel type Ni–Zn ferrites are of great interest due to their

potential applications in microelectronics, magneto-optics

and microwave device. Many methods, such as sputtering

[1–3], pulsed laser deposition (PLD) [4], spin-spray [5–7],

chemical co-precipitation method [8–10], combustion

method [11–13], hydrothermal method [14, 15] and sol–gel

method [16–18] which are used to fabricate Ni–Zn ferrites

films. Among them, sol–gel spin-coating method has

unique advantages such as excellent composition control

and low temperature process. Moreover, microstructure

and grain size of thin films can be controlled by annealing

temperature. Besides, the equipment is cheap and the high

vacuum is not necessary.

Bulk Ni–Zn ferrite has been intensely studied due to its

remarkable magnetic properties and low production cost.

However, the Ni–Zn ferrite employed in discrete devices at

microwave frequency is not compatible with the rapid

developments of electronic applications with miniaturation,

high density, integration and multifunction. To solve these

difficulties in performing the required miniaturization for

complex devices, special focus has been placed on Ni–Zn

ferrite films. The ferrite films play an important role in

facilitating the design and fabrication of devices such as

micro-inductors, micro-transformers and electromagnetic

interference (EMI) suppressors, due to their chemical sta-

bility and mechanical resistance, as well as their low eddy

current loss and high resistivity. In addition, they are

essential in read-head technology, and in the fabrication of

micro-transformers or electromagnetic noise suppressors.

Deposited on semiconductors, they are also considered as

good non-reciprocal components on a microwave mono-

lithic integrated circuit. The ferrite films incorporated into

magnetic integrated circuits are expected to replace the

current surface mounting modules in the near future.

In this paper, Ni0.4Zn0.6Fe2O4 films were fabricated

using spin-coating method. The composition Ni0.4Zn0.6

Fe2O4 was selected because its magnetic properties are

superior to those of other composition in NixZn1-xFe2O4
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(0 B x B 1) system in previous report [3, 19]. The effects

of the structural properties, composition, crystallization

temperature and annealing time on magnetic properties of

the Ni–Zn thin films were investigated.

2 Experimental

The Ni0.4Zn0.6Fe2O4 films were prepared by spin-coating

method. Analytical grade nickel acetate (Ni(CH3COO)2�
4H2O) (3.2 mmol), zinc acetate (Zn(CH3COO)2�2H2O)

(4.8 mmol) and iron nitrate (Fe(NO3)3�9H2O) (16.0 mmol)

were used as starting chemicals. The above three chemicals

were dissolved in 2-methoxyethanol to form a mixed

solution. The concentration of the solution was adjusted to

0.2 mol/L by 2-methoxyethanol. The solution was stirred

for 3 h and placed for 24 h at room temperature to form the

stable precursor used for following process. Then the wet

films were deposited by spin-coating method with

5,000 rpm for 40 s on Si (100) substrates. The obtained

films were dried at 120 �C for 5 min to remove the mixed

solvents, and then heated at 400 �C for 5 min to pyrolyze

and exclude the organic substances. The operation of spin-

coating, drying and heating were repeated to get the

required thickness of the films. Finally, the as-deposited

films were annealed at 400 �C for 120 min in the air and

cooled slowly in the furnace. The thickness of the films was

about 386 nm with 10 layers. And the Ni0.4Zn0.6Fe2O4

films annealed at the temperatures ranging from 400 to

900 �C for 120 min.

The phase identification of the films was performed by

X-ray diffraction (XRD) on a Rigaku D/Max-2400 with Cu

Ka radiation. The surface morphologies and thickness of

the films were characterized by scanning electron micros-

copy (SEM) on a Hitachi S-4800, which is equipped with

an energy-dispersive X-ray spectrometer (EDS). Static

magnetic measurement was carried out on a Lakeshore

vibrating sample magnetometer (VSM) with a maximum

magnetic field of 12 kOe. The direction of the applied

magnetic field was parallel to the film plane.

3 Results and discussion

The XRD patterns of Ni0.4Zn0.6Fe2O4 films were annealed

at different temperatures (400, 500, 600, 700, 800 and

900 �C) for 120 min are shown in Fig. 1. There are char-

acteristic peaks of spinel Ni–Zn ferrites in X-ray patterns of

all samples, which exhibits the Ni–Zn ferrites are the main

crystalline phases. The well-defined peaks corresponding

to cubic spinel ferrite also increase and the crystallinity of

the ferrite films become better with increasing annealing

temperature.

Figure 2 shows the crystal size for Ni0.4Zn0.6Fe2O4 films

annealed at various temperatures. The average crystal size

was calculated by the Scherrer equation from the broad-

ening (311) peaks of spinel [20],

D ¼ 0:9k
b cos h

ð1Þ

where D, k, b, h are the crystal size, X-ray wavelength, the

full width at half maximum value and the diffraction angle,

respectively. The average crystal size of all samples

increases with annealing temperature. When the annealing

temperature increases, Ni0.4Zn0.6Fe2O4 grains with higher

energy have enough mobility on the thermal substrate.

Figure 3 shows the SEM images of the surface topog-

raphy and cross section of the Ni0.4Zn0.6Fe2O4 films

annealed at different temperatures. It is clearly seen that the

Fig. 1 XRD patterns of Ni0.4Zn0.6Fe2O4 films annealed at 400, 500,

600, 700, 800 and 900 �C for 120 min

Fig. 2 Crystal size D of Ni0.4Zn0.6Fe2O4 as a function of annealing

temperature T
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grain size increases with increasing the annealing temper-

ature. As seen from Fig. 3a, the film annealed at 600 �C

shows a dense film structure, a smooth surface and a rel-

atively good packing density. It is observed that some

porosities emerge on the surface of the film after annealing.

The mean grain size is about 30 nm, 70 nm and 100 nm for

the films annealed at 600, 800 and 900 �C, respectively, the

grain size is strongly dependent on the annealing temper-

ature. Moreover, the grain size is rather uniform and the

film appears to be dense with a rather smooth surface. SEM

images of the films show no any crack. Estimated from

Fig. 3d, the thickness annealed at 600 �C is 386 nm and

the film has good adhesion to substrates.

Figure 4 shows Energy dispersive absorption spectros-

copy of Ni0.4Zn0.6Fe2O4 films annealed at different tem-

peratures. The peaks of the elements Ni, Zn, Fe, and O

were observed and have been assigned. The Atom Conc %

of Ni and Zn of the films annealed at different temperatures

are given in Table 1. The Atom Conc % content of Ni and

Fe keep steady. However, the Atom Conc % content of Zn

decreases from 6.05 at 600 �C to 3.88 at 900 �C. This

phenomenon consists with Sharma et al. [21], which shows

the volatilization of Zn is very serious at high temperatures.

Figure 5 shows the magnetic hysteresis loops of the

samples annealed at different temperatures, using a

vibrating-sample magnetometer (VSM) measured at room

temperature with 12 kOe to reach saturation values. With

the increase of annealing temperature, the saturation

magnetization Ms increase in the temperature ranging from

400 to 700 �C, decrease above 700 �C, and the coercivity

Hc increase in the temperature ranging from 400 to 800 �C,

decrease above 800 �C. After annealed at 700 �C for 2 h in

air with the heating rate 2 �C/min, the film shows a max-

imum saturation magnetization Ms 349 emu/cc and low

coercivity Hc 66 Oe. The Ms is higher than others which

prepared by this method, however, the Hc is lower.

The results can be explained by grain growth and vol-

atilization of zinc in Ni0.4Zn0.6Fe2O4 films. The increase of

annealing temperature results in an enhancement of crys-

tallization, an increase of grain size, and a decrease of

volume of grain boundary, which help promote the mag-

netization of Ni0.4Zn0.6Fe2O4 films and thus lead to an

increase of Ms. However, above 700 �C, the decrease of Ms

is probably due to volatilization of zinc as is demonstrated

in EDS. Figure 6b presents the annealing temperature

dependence of the coercivity Hc. It is found that the Hc

Fig. 3 SEM images of Ni0.4Zn0.6Fe2O4 films annealed at different temperatures: a 600 �C, b 800 �C, c 900 �C, d is the cross-sectional SEM

micrographs of films annealed at 600 �C
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enhanced with the increasing annealing temperature and

then decreases when the temperature is 900 �C. To

understand Hc mechanism clearly, the critical single

domain size can be estimated by the following formula

[22],

Dm ¼
9rw

2pM2
s

ð2Þ

where rw ¼ 2kBTc k1j j=að Þ1=2
, k1, Tc, Ms, kB, a are the wall

density energy, magnetocrystalline anisotropy constant,

Curie temperature, Boltzmann constant and lattice con-

stant, respectively. For Ni0.4Zn0.6Fe2O4 film, Ms = 270 Gs,

Tc = 860 K, a = 8.4 9 10-8 cm, and |k1| = 6.5 9 104

erg/cm3 [23], which give the value of Dm about 70 nm. The

calculated value is larger than that of samples below

800 �C, but smaller than the sample annealed at 900 �C.

(a) (b) (c)

Fig. 4 Energy dispersive absorption spectroscopy photograph of Ni0.4Zn0.6Fe2O4 films annealed at different temperatures: a 600 �C, b 800 �C,

and c 900 �C

Table 1 The atom conc % of Ni and Zn of the films annealed at

different temperatures: (A) 600 �C, (B) 800 �C, and (C) 900 �C

Temperature

(�C)

Atom conc %

of Ni

Atom conc %

of Zn

Atom conc %

of Fe

600 4.45 6.05 19.13

800 4.38 5.22 19.55

900 4.88 3.88 19.45

Fig. 5 The magnetic hysteresis

loops of the Ni0.4Zn0.6Fe2O4

films annealed at 400, 500, 600,

700, 800 and 900 �C for

120 min, recorded at room

temperature. Inset: the

expanded of the magnetic

hysteresis loops
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Therefore, the Hc initially increases and then decreases as

the annealing temperature increases.

Figure 7 shows the Ms and Hc of Ni0.4Zn0.6Fe2O4 films

annealed at 700 �C for different annealing time. The Ms

and the Hc increase with increasing annealing time. In

combination with the previous analyses about crystal

structure and surface morphology, it is not difficult to

understand the change of Ms and Hc. It can be explained by

grain growth of Ni0.4Zn0.6Fe2O4 films. Figure 8 presents

the Ms is better with the increase of calcination time,

however, the Hc changes slightly. The increase of anneal-

ing time results in an enhancement of crystallization, and a

decrease of volume of grain boundary, which help promote

the magnetization of the films and thus lead to an increase

of Ms.

4 Conclusions

Nickel zinc ferrite Ni0.4Zn0.6Fe2O4 films have been syn-

thesized using a spin-coating sol–gel process. The film has

a smooth surface, a relatively good packing density and

uniform thickness, and the volatilization of zinc is very

serious at high temperature. With the increase of annealing

temperature, the saturation magnetization Ms increases in

the temperature ranging from 400 to 700 �C, decreases

above 700 �C, and the coercivity Hc increases in the tem-

perature ranging from 400 to 800 �C, decreases above

800 �C. After annealed at 700 �C for 2 h in air with the

heating rate 2 �C/min, the film shows a maximum satura-

tion magnetization Ms of 349 emu/cc and low coercivity Hc

of 66 Oe. The Ms is higher than others which prepared by

this method, however, the Hc is lower. The Ms is better

with the increase of calcination time at 700 �C, however,

the Hc changes slightly.
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