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ABSTRACT

Nanocrystalline ferrite thin films of Ni;_xZnyFe,04 (with x=0.0-1.0, in the steps of x=0.2) were pre-
pared successfully by chemical bath deposition (CBD) method using nickel (II) chloride, zinc (II) chloride
and iron (II) chloride as a constituent materials. The prepared thin films were characterized by X-ray
diffraction (XRD) technique, scanning electron microscopy (SEM), infrared spectroscopy (IR) and UV-vis
spectrophotometer at room temperature. X-ray diffraction studies revealed the formation of single phase
spinel structure of the film. The crystallite size was determined using Scherrer formula and it is found
to be of the order of 16-20 nm. The surface morphological studies of the films under investigation were
carried out by SEM technique. The SEM images were used to obtain grain size which is of the order of
32-36 nm. IR spectra show two prominent peaks around 600 cm~" and 400 cm~!. Optical studies were
carried out using UV-vis spectrophotometer. The band gap values are varies from 1.55eV to 1.66eV
for varying zinc composition. The experimental results show that, CBD method allows the synthesis of

X-ray diffraction

nanocrystalline Ni;_yZnyFe; 0,4 films with cubic spinel phase.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

In recent years an impressive research work on the growth and
characterization of ferrite thin film has been appeared in the litera-
ture due to their wide range of technological application in various
field. The magnetic properties of ferrite thin films are very sensitive
to growth process and the method used for the preparation. Ferrite
thin films with the spinel structure are potentially interesting both,
scientifically and academically. Ferrite thin films are very important
for the fabrication of memory [1], sensors [2], microwave devices
[3], etc., because of their important magnetic and electrical prop-
erties, high chemical stability [4] and easy preparation. Currently,
various techniques for fabricating ferrite thin films are available,
which include pulsed laser deposition [5,6], sputtering [7], ferrite
plating [8], dip coating process [9], spray pyrolysis [10], electro
deposition [11], etc. Compared to other methods chemical bath
deposition method offer better compositional comfort, low tem-
perature, short duration of processing, low cost, etc. This method is
most economic, simple and convenient for the deposition of ferrite
thin films.

Nickel ferrite is the most suitable material for device appli-
cations [12,13]. Nickel ferrite has a technological importance in
electrical and magnetic industries and has been used as a highly
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reproducible humidity [14] and gas sensor material [15,16]. Nickel
ferrite is known to have an inverse spinel structure. The substitu-
tion of Zn-ions in nickel ferrite can lead to an interesting magnetic
structure. In bulk form, nickel-zinc ferrite has been studied for
its structural, electrical and magnetic properties by many work-
ers [17,18]. Nickel-zinc spinel ferrite is a very important magnetic
material due to its high electrical resistivity, high saturation mag-
netization and high magnetic permeability. In the literature, studies
on the nickel ferrite thin film synthesized via electrochemical
method [11] and chemical bath deposition method [19] have been
reported. Liu et al. [20] and Sun et al. [21] have fabricated Ni-Zn and
Ni-Cu-Zn spinel ferrite thin films successfully by sol-gel method.
Their results on Ni-Zn and Ni-Cu-Zn ferrite thin film shows excel-
lent soft magnetic performance. However, to our knowledge zinc
substituted nickel ferrite thin films synthesized by chemical bath
deposition technique have not been studied in detail for its struc-
tural, magnetic and optical properties. Considering the importance
of nickel and substituted nickel ferrite thin film for various appli-
cations, in the present work we have investigated the structural
and optical properties of Zn substituted nickel ferrite thin films
prepared by chemical bath deposition technique.

2. Experimental details

Alkaline bath for Ni-Zn ferrite thin films was prepared by AR grade chemi-
cals using double distilled water. Bath consists of 0.1 M solution of NiCl,, ZnCl,
and 0.2 M solution of FeCl,. These salts were used as a source of cations. Adding
NH4OH solution (source of oxygen ions) made the bath alkaline with pH as 10, as
well as the complexing agent. The deposition was carried out on stainless steel sub-
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strate of the size 50 mm x 15 mm x 0.25 mm as well as on glass substrate of the size
75mm x 25mm x 1.35 mm for optical studies. The metallic substrates were pol-
ished using zero fine grade polish paper to appear like mirror. It is then washed
with detergent solution with the help of cotton and flowing water. It is etched with
2% dilute HCI for approximately 20 s and ultrasonically cleaned with double distilled
water. Finally substrate was dried in air.

Samples with the chemical formula Ni;_y ZnyFe;04 (x varying from 0.0 to 1.0
in steps of 0.2) were prepared by chemical bath deposition method. First, ultrason-
ically, cleaned stainless steel substrate was immersed in combined alkaline nickel
(I1) chloride, zinc (II) chloride, and iron (II) chloride solution bath. When the bath
attains the temperature of about 60 °C, the precipitation of the mixed solution was
started. During the precipitation heterogeneous reaction occurred on the substrate
and deposition of Ni;_yZnyFe;04 took place on the substrate. The film formation
started after about 15 min and completed within nearly 120 min at 60°C. During
the process nickel, zinc and iron hydroxides absorbed onto the substrate.

NiCl +ZnCl, + 4NH40H — Ni(OH); + Zn(OH); + 4NH4Cl 1)
FeCl, + 2NH4OH — Fe(OH), -+ 2NH,4Cl 2)

Afterwards, the substrate was rinsed with anionic precursor i.e. double distilled
water at room temperature, where oxygen ions reacts with pre-absorbed nickel, zinc
and iron hydroxide on the substrate to form Ni-Zn ferrite film and also to remove
nickel, zinc or iron complex species. The films are dried in hot air flow which results
into oxidation of some iron atoms from +2 oxidation state to +3 oxidation state to
form iron oxyhydroxide as required to form Ni-Zn ferrite [22,23].
hotairdrying,

—" "FeOOH + H,0 1 (3)
0,

Fe(OH),

The iron oxyhydroxide thus formed get mixed with the nickel hydroxide and zinc
hydroxide to form the Ni-Zn ferrite thin film. The reaction mechanism is mentioned
as below:

. 450 °C . 1
Ni(OH), + Zn(OH), + 2FeOOH — Ni — Zn Fe;04 + 3H,0 1 + i02 1 (4)

The Ni-Zn ferrite thin films produced by CBD technique finally was annealed
at 450°C for 3 h to form pure Ni-Zn ferrite with cubic spinel phase, removing any
hydroxide content and complete crystallization of the film takes place.

By changing deposition time on stainless steel substrate, the thickness of the film
was controlled. Thickness of annealed Ni-Zn ferrite thin film was measured using
thickness profiler AMBIOS (XP-1). The structural characterization of the prepared
Ni-Zn ferrite film was carried out using X-ray diffraction technique in the 26 range
of 20-80° on Philips X-ray diffractometer, using Cu-Ko (A =1.5406 A) radiations.
The average crystallite size of the Ni-Zn ferrite thin film was estimated from the full
width at half maximum (FWHM) of the most intense diffraction line (311) using
Scherrer formula [24]. Microstructural study was accomplished using scanning elec-
tron microscopy (SEM). SEM images of the films were obtained on JEOL JSM-6360
unit. FT-IR spectrum was recorded using Perkin-Elmer infrared spectrometer model
783 in the range 350-1000 cm~'. The optical absorption of the films was measured
using a Systronic spectrophotometer —119.

3. Results and discussion
3.1. Film thickness

The properties of the ferrite thin films are sensitive to thick-
ness of the film. The preparative parameters such as concentrations,
deposition time period and temperatures. were optimized to obtain
uniform thickness of the film. The film thickness obtained by using
thickness profiler is typically between 0.4 pm and 3.5 wm depend-
ing upon the deposition time and temperature. The variation of film
thickness as a function of deposition time for a typical composition
x=0.6 (when bath temperature is 60 °C) is shown in Fig. 1. It can be
seen that the film thickness increases with deposition time up to
20 min and then remains constant for further increase in deposition
time. The Ni-Zn ferrite thin film has maximum terminal thickness
of about 3.5 pm. The optimized preparative parameters for Ni-Zn
ferrite thin films are listed in Table 1. Using these optimized param-
eters, Ni-Zn ferrite thin films with varying composition has been
prepared and was used for further characterization.

3.2. Structural analysis
X-ray diffraction studies were carried out on Ni-Zn thin films

with a view to investigate structural properties. Fig. 2 repre-
sents XRD patterns for pure (a) NiFe,04 (x=0.0) and (b) ZnFe,04

Fig. 1. Variation of thickness with deposition time for typical composition x=0.6.

Table 1
Optimized preparative parameters for Ni-Zn ferrite thin films.

Concentration of cationic precursor 0.1 M NiCl; +0.1 M ZnCl;, +0.2 M FeCl,

Anionic precursor H,O0
Complexing Agent NH4OH
PH of cationic precursor ~10
Deposition temperature 60°C

Deposition time 120 min

Fig. 2. XRD patterns for (a) NiFe;04 (x=0.0) and (b) ZnFe;04 (x=1.0).
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Table 2
Values of lattice constant ‘a’, crystallite size and grain size for Ni-Zn ferrite thin film.

Lattice
constant ‘a’ (A)

Composition x Crystallite size (nm) Grain size (nm)

XRD SEM
0.4 8.339 18 -
0.2 8.351 20 =
0.4 8.356 18 -
0.6 8.397 20 32
0.8 8.403 18 36
1.0 8.426 16 =

(x=1.0). The XRD pattern shows the reflections corresponding to
(220),(311),(400),(322),(422),(511) and (440), which are
allowed peaks of the cubic spinel structure. The plane (311) is
most intense whereas others are relatively low intense. The small
peak intensities in XRD pattern, revealed the existence of fine grain
nanocrystalline with most of the part as amorphous. The analysis
of XRD pattern revealed the formation of single phase cubic spinel
structure.

Using the XRD data, lattice constant ‘a’ was determined and the
values are presented in Table 2. It can be seen from the values of lat-
tice constant that, lattice constant increases linearly with increase
in zinc concentration x. The linear increase in lattice constant with
Zn content obeys Vegard’s law [25]. The increase in lattice constant
is attributed to the fact that, the Ni2* (0.74 A) ions of smaller ionic
radii are replaced by Zn2* (0.84A) ions of larger ionic radii. Our
results on the variation of lattice constant with Zn substitution are
fairly agree well with those reported in the literature [17,26-28].
The variation of lattice constant with zinc substitution is shown
in Fig. 3. The values of lattice constant for x=0.0 and x=1.0 i.e.
for NiFe, 04 and ZnFe, 04 are in good agreement with the reported
value of lattice constant [29].

The crystallite size of all the samples was obtained using the
Scherrer formula given by:

_0.9%
" Bcosb

where, A is the X-ray wavelength, 0 is the Bragg’s angle and f is the
full width of the diffraction line at half the maximum intensity.
The most intense peak (31 1) was considered for the determi-
nation of the full width at half maxima (FWHM). The values of
crystallite size are given in Table 2. The crystallite size obtained
from XRD data is of the order of 16-20 nm. Thus, the nanocrys-
talline formation of Ni-Zn ferrite thin film was confirmed from the
values of crystallite size. The scanning electron microscopy studies
were undertaken for the samples with x=0.6(a) and x=0.8(b), and

(5)

Fig. 3. Variation of lattice constant ‘a’ with composition ‘x’.

Fig. 4. SEM images for typical samples (a) x=0.6 and (b) x=0.8.

images are shown in Fig. 4. The SEM images clearly indicate the well
grown grains. These SEM images are used to obtain the grain size.
The grain size obtained from SEM images is also listed in Table 2.

3.3. FT-IR studies

The thin films of Ni-Zn spinel ferrites were characterized by
infrared spectroscopy. Typical IR spectra for the samples with
x=0.6(a) and x=0.8(b) are shown in Fig. 5. Two absorption bands
are clearly seen in the IR spectra revealing the characteristic feature
of spinel ferrite. IR spectra are similar to the other well known spinel
ferrite [30]. The absorption bands are seen at around 400 cm~! and
600cm1, and are attributed to intrinsic vibrations due to tetrahe-
dral (A) group and octahedral (B) group respectively. The values
of absorption bands are given in Table 3. On the basis of FT-IR
spectral results, it can be concluded that, chemical bath deposition
(CBD) method results into deposition of single phase cubic spinel
nanocrystalline Ni-Zn ferrites at relatively low temperature.

Table 3
Values of absorption bands (v and v;) for Ni-Zn ferrite thin films.

Composition x Absorption bands

vy (cm™1) vy (cm™1)
0.0 404.01 591.13
0.2 410.99 555.10
0.4 400.19 583.05
0.6 410.51 575.05
0.8 411.78 571.23
1.0 409.14 564.02
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Fig. 5. IR absorption spectra of typical samples (a) x=0.6 and (b) x=0.8.

3.4. Optical studies

The optical properties of Ni-Zn ferrite thin film deposited on
glass substrate was studied using UV-vis spectrophotometer. The
absorbance of the thin films deposited on glass substrate was mea-
sured in the wavelength range 400-1000 nm by substracting the
absorbance of the glass substrate, which was taken as reference.
The UV-vis characterization of the thin film was used to obtain
band gap energy. The UV-vis absorbance spectra of Ni-Zn thin film
on a glass substrate for typical samples (x=0.8 and 1.0) is shown
in inset of Fig. 6(a and b) respectively. The absorption is due to
only ferrite nano-particles. The absorption spectrum reveals that
the Ni-Zn ferrite thin films has low absorbance in visible region and
close to infrared region, however, absorbance in UV region is high.
Our result of the optical behavior is analogues to those reported
by Bilecka et al. [31] for cobalt ferrite thin film synthesized via
microwave assisted non-aqueous sol-gel process.

The UV-vis data were analyzed from the following classical rela-
tion for near edge optical absorption in semiconductors which gives
relation between the optical band gap, absorption coefficient and
energy (hv) of the incident photon.

_ n/2
o A(hv — Eg)
hv

where A is a constant independent of hv [32], Eg is the semicon-
ductor band gap and n is a number equal to 1 for direct gap and

(6)

Fig. 6. Variation of absorbance with wavelength for typical samples (a) x=0.8 and
(b)x=1.0.

4 for indirect gap compound. The plots of (¢hv)? versus hv of the
annealed films are shown in Fig. 6. Since the plots of (ahv)? versus
hv are almost linear, the direct gap nature of the optical transition
in Ni-Zn ferrite films is confirmed. The band gap energies were
obtained by extrapolating the linear portion of (a¢hv)? — (hv) plot
to the energy axis for zero absorption. The estimated band gap for
compositionsx=0.8 and x=1.0 are 1.63 eV and 1.66 eV. Fig. 7 shows

Fig. 7. Variation of optical band gap with different compositions ‘x".
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the variation of optical band gap with different compositions x. It
is observed from Fig. 7 that, the energy band gap increases with
increase in Zn concentration. The band gap value is influenced by
various factors such as film thickness, crystallite size, structural
parameter, carrier concentrations, presence of impurities, and devi-
ation from stoichiometry of the film and lattice strain [33]. The
increase in band gap in the present case may be attributed to the
increase in structural parameter (lattice constant) with Zn con-
centration. The band gap values (1.55-1.66 eV) were nearly equal
to experimental values reported for bulk Ni-Zn ferrite material
(1.50-1.66eV) [34].

4. Conclusions

Successful deposition of nanocrystalline Ni-Zn thin film was
carried out by chemical bath deposition (CBD) technique on a glass
substrate. As deposited Ni-Zn films are amorphous. After anneal-
ing at 450 °C for 3 h Ni-Zn ferrite thin film with cubic spinel crystal
structure was formed indicating the removal of hydroxide phase
and completion of crystallization process as evidenced by XRD and
FT-IR spectrum. It is observed from SEM images that the film cov-
ered the substrate well with a homogeneous and uniform surface.
The band gap obtained from UV-vis data increases with Zn sub-
stitution suggesting that the structural change occurring in the
composite is responsible for such a variation.
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