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1 Introduction

ABSTRACT

Ferrite films are promising materials for power inductor applications. In this
work, we investigated the structural and magnetic properties of Nig35Cug -
Zn 45Fe;Oy films to understand the correlation between annealing temperature,
grain size, crystallite size, lattice constant, microstrain, dislocation density, and
magnetic properties. The films were deposited at room temperature on Si sub-
strates using sputtering method. Films were annealed post-deposition to tune
the microstructure. The crystallinity and spinel structure of the films were
confirmed by x-ray diffraction (XRD) analysis. Scanning electron microscopy
revealed that films were crack-free, and a linear growth in the grain size with an
increase in annealing temperature was observed. The crystallite size, lattice
constant, microstrain, and dislocation density calculated from the XRD data
indicate that the lattice imperfection decreased when films were annealed at
higher temperatures, resulting in an increase in the value of saturation mag-
netization. Crack-free films with maximum saturation magnetization of 387
emu/cc were obtained from the film annealed at 800 °C.

for the films of NiCuZn. There are many challenges
associated with integrating these films with Si, large-

Nickle copper zinc (NiCuZn) ferrite find applications
in multilayer chip inductor, low temperature co-fired
ceramic (LTCC), electromagnetic shielding sheet,
ferrite core, etc., owing to their high resistivity, low
eddy current losses, high permeability, high satura-
tion magnetization, and chemical stability [1-6].
NiCuZn ferrite films are being considered for appli-
cations such as power inductors, noise suppressors,
and radio frequency-integrated inductors [7, 8].
Though there is a large body of literature available
for NiCuZn bulk, much work has not been reported
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area deposition, and obtaining good magnetic prop-
erties from the films.

Recently, NiCuZn ferrite films of varying compo-
sitions where Ni = 0.2-0.55, Cu = 0.1-0.2, and Zn =
0.25-0.6 have been prepared using different deposi-
tion techniques [9-12]. The fabrication processes used
for preparing ferrite films and post-growth annealing
temperatures are seen to greatly influence the
resulting magnetic properties. Fang et al. prepared
(NiolzcuO.zzn()bO)l.ogg (Fe203)0,97/PDMS composite
films using the solid-state reaction method, which
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resulted in saturation magnetization of 61.77 emu/g
[10]. Liu et al. used spin coating method to deposit
the films and achieved saturation magnetization of
2525 emu/cc from NigszCugiZng¢Fe,O4 films
annealed at 650 °C [11]. Feng et al. studied Niggx-
Cu,,Zn,Fe;0O, thin films deposited by sol-gel method
and observed a maximum saturation magnetization
value of about 271.56 emu/cc for x = 0.45 when the
film was calcined at 600 °C [12]. Gao et al. reported a
saturation magnetization value of 300 emu/cc from
the Nig4Cug,Zng4Fe,O, films annealed at 800 °C
[13]. Lee et al. used DC sputtering to deposit Nigs.
Cug2Zng 3Fe;,O, films and obtained saturation mag-
netization of 262 emu/cc from the films annealed at
800 °C [9].

These results suggest that high annealing temper-
atures are required to achieve high values of satura-
tion magnetization from these films. However,
annealing temperatures of 800 °C and higher have
been reported to result in unwanted phases, such as
SiO, and FeSiO; and formation of cracks [14, 15]. In
our previous work, we investigated Nig35Cu.o-
Zng 45Fe;O, films prepared by sol-gel method and
achieved saturation magnetization of 261 emu/cc
after annealing the film at 600 °C [16]. Further
annealing at 700 °C or higher temperatures resulted
in cracks in the films and degradation of saturation
magnetization. This can be attributed to high stress
and low density of the films prepared using the sol-
gel process. To investigate this further, we used RF
sputtering to deposit Nip35Cup2Zng45Fe,0, (here-
after referred to as NCuZF) films on Si substrate. The
sputtering technique is known for obtaining large-
area deposition, high adhesion, homogeneous ele-
ment distribution, and dense films [17-19]. In gen-
eral, process parameters during growth, such as
sputtering pressure [15, 20], oxygen pressure [21, 22],
and sputtering power [23, 24] as well as post-growth
parameters such as annealing temperature
[16, 25, 26], annealing time [9, 13, 27], and anneal-
ing/cooling rate [27, 28] have been reported to play a
significant role in the magnetic properties. In this
work, we report structural and magnetic properties
of NiCuZn ferrite films deposited on Si substrate
using sputtering. Crack free films with a high value
of maximum saturation magnetization of 387 emu/cc
was achieved from these films, which, to the best of
our knowledge, is the highest reported value so far.
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2 Experimental

A ceramic target of Nig35Cug2Zng45Fe;04 composi-
tion (obtained from Toshima Manufacturing Co. Ltd.)
with a diameter of 2 inch and thickness of 0.125 inch
was used for the deposition. Films of NCuZF were
deposited on Si (100) substrates using RF sputtering.
The base pressure of the chamber was 2 x 107 torr.
High-purity gases (Ar ~ 12.5 and O, ~ 0.5 sccm)
were used to maintain the background pressure. RF
power of 100 W was used for the deposition of all
films. The deposition was carried out at room tem-
perature, and the as-deposited films were annealed at
four temperatures (500, 600, 700, and 800 °C) for
10 min using a rapid thermal annealing process.
Annealing was carried out in an oxygen environment
using a flow rate of 2000 sccm.

The structural properties of the NCuZF films were
characterized by X-ray diffractometer (XRD) and field
emission scanning electron microscope (FESEM).
XRD was conducted with a Bruker D8 discover unit
using Co K, radiation. Surface morphology was
obtained using Apreo FESEM. Energy-dispersive
spectroscopy (EDS) was used to obtain the elemental
distribution of NCuZF films. Magnetic properties of
NCuZF films were measured using a vibrating sam-
ple magnetometer (VSM). The film thickness was
measured using Dektak profilometer. All measure-
ments were taken at room temperature.

3 Results and discussion
3.1 Structural properties

Figure 1 shows XRD pattern for the NCuZF as
deposited film and films post-annealed at 500, 600,
700, and 800 °C. The as-grown films were amorphous
and post-growth annealing helped in introducing
crystallinity in the films. The intensity of films
annealed at 500 °C was low as compared to the films
annealed at higher temperatures. All films showed
peaks attributed to the (111), (220), (311), (222), (400),
(422), (511), and (440) planes. The presence of these
peaks confirms the formation of cubic spinel struc-
ture and the absence of any intermediate phases,
which is in agreement with the reported literature for
other compositions of NiCuZn ferrite [29]. It was
observed that the peaks shifted slightly to higher
angle with the higher annealing temperature. For this
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Fig. 1 XRD pattern for the NCuZF as-deposited and post-
annealed films, where annealing was done at 500, 600, 700, and
800 °C

Work, ICDD-04-020-7944 for Ni0,6Cu0.1Zn0.34Fe1,92_
Op.92 composition was used for indexing the peaks.

The XRD data were used to calculate the crystallite
size (D) [30], lattice constant (a) [31], microstrain (¢)
[32], and dislocation density (J) [33] using the fol-
lowing equations:

_ K}L
~ PBcosh
A 2 2 p
aiZsinQ 4k +1
_ Peot0
Ty
n
6:§

where / is the wavelength of the X-ray (in nanome-
ters), f is the full width of the diffraction peak at half
the maximum intensity (FWHM in radians), K is a
constant related to crystalline shape (K = 0.9 used for
this work),0 is the Bragg’s angle (in radian or degree),
(hkl) are the miller indices of planes, and n = 1 (which
gives the minimum dislocation density).

Peaks of (400) plane from films annealed at 500,
600, 700, and 800 °C were used for fitting the data to
obtain FWHM and for calculating the crystallite size,
lattice constant, microstrain, and dislocation density.
The calculated values of crystallite size, lattice con-
stant, microstrain, and dislocation density along with
the data used for peak analysis are presented in
Table 1. Crystallite size of ~ 15.5-34 nm was
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obtained for films annealed at 500-800 °C which
confirms the nanocrystalline formation of NCuZF
films. The crystallite size was seen to increase with
annealing temperature. Further, the microstrain and
dislocation density were observed to decrease with
annealing temperature, which is an indication of a
decrease in lattice imperfection. This could be due to
the reduction of grain boundaries as the crystallite
size increased [32]. A slight decrease in the lattice
parameter with annealing temperature was also
observed for these films, which could be attributed to
the cation distribution between tetrahedral and
octahedral sites [34]. The cation distribution was
drawn using VESTA software and the crystal struc-
ture of NCuZF is presented in Fig. 2, where Zn*"
occupies A site (tetrahedral), Ni** and Cu®* occupy B
site (octahedral), and Fe®* can move either site.

To further understand the surface morphology of
these films, FESEM images were recorded. Fig-
ure 3(a—c) represents the FESEM images of the films
annealed at 600, 700, and 800 °C. The grain size of
films deposited at RT and annealed at 500 °C could
not be measured as the grains for these films were not
well developed, whereas well-developed grains were
observed from the films annealed at 600, 700, and
800 °C. The grain size was obtained by measuring the
diameter of individual grains using the line param-
eter in FESEM. The grain size values presented in
Table 2 were obtained by averaging the measure-
ments of ~ 20 grains. A linear increase in the grain
size with an increase in annealing temperature was
observed. Smaller grains have higher surface energy
compared to larger grains. As a result, smaller grains
diffuse to larger grains to minimize the total energy.
Consequently, larger grains become larger and
smaller grains become smaller and even vanish[14].
No cracks were observed in these films.

Figure 4(a—d) represents the EDS spectrum of the
films annealed at 500, 600, 700, and 800 °C. The
spectrum shows the presence of Fe, Ni, Cu, and Zn,
which are the main constituents of NCuZF. The
atomic ratio of Ni, Zn, Cu, and Fe calculated from
these EDS spectra did not show a significant variation
with respect to change in annealing temperature

3.2 Magnetic properties

Figure 5 shows the magnetization as a function of
applied field for NCuZF films annealed at 500, 600,
700, and 800 °C. All the magnetization curves
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Table 1 Peak Analysis of X-ray diffraction data and calculated values of crystallite size, lattice constant, microstrain, and dislocation

density

Sample 20 (°) Height FWHM Highest peak  Crystallite size ~ Lattice Micro strain ~ Dislocation density
(counts) ()] (counts) (D) (nm) parameter (A) (1073) ao® lines/mz)

500 °C 43.196 7 0.55 311) 9 15.51 8.367 6.07 4.16

600 °C  43.284 40 0.34 (400) 40 25.1 8.351 3.74 1.59

700 °C 4332 41 0.301 (400) 41 27.87 8.345 3.31 1.29

800 °C 43.33 50 0.251 (400) 50 34.04 8.342 2.76 0.86

B site
(Octahedral)
Fe®*,Ni?*,Cu?*

o*

A ssite
(Tetragonal)
Fe3*,Zn?*

Fig. 2 Crystal structure of NCuZF film

exhibited “S-shape” hysteresis loop which is a typical
characteristic of ferrimagnetic materials. The satura-
tion magnetization values of NCuZF films annealed
at four different temperatures are summarized in
Table 2. The saturation magnetization (M) of 219
emu/cc was obtained from the film annealed at
500 °C. A significant change in saturation magneti-
zation was observed for the film annealed at 600 °C,
with the saturation magnetization increasing from
219 emu/cc to 317 emu/cc (~ 45% change). Further
increase in saturation magnetization was observed
from films annealed at higher temperatures. A max-
imum saturation magnetization of 387 emu/cc was
obtained from the film annealed at 800 °C (~ 77%
change from 500 °C annealed film). Kancharla et al.
obtained saturation magnetization of 139 emu/cc for
CoFe,O, films which were annealed at 500 °C[35].
Regmi et al. reported saturation magnetization of 290
emu/cc for NiFe,O, film deposited at 650 °C[36].
Pradhan et al. achieved saturation magnetization of
363 emu/cc from Nig g5Zng 35Fe,04 films deposited at
800 °C[37].

@ Springer

As observed from the XRD results, the films
annealed at 500 °C were not highly crystalline,
whereas films annealed at temperatures above 500 °C
resulted in better crystallinity. This could be one of
the factors why lower values of magnetization were
obtained from films annealed at 500 °C. The increase
in saturation magnetization with annealing temper-
ature can also be attributed to the change in grain
size. Films annealing at higher temperatures resulted
in larger grains compared to those annealed at lower
temperatures. When the grain size increases, domain
walls are formed. The movement of these domain
walls under a magnetic field can also be attributed to
the increased magnetization [38]. Moreover, magne-
tization in ferrites depends on the occupancy of metal
ions in their preferred sites. For NCuZF, Ni?* and
Cu®* have a preference for the octahedral site and
Zn*" has a preference for the tetrahedral site whereas
Fe®" can move from an octahedral to tetrahedral site.
However, at lower annealing temperatures, Zn*" can
occupy the tetrahedral site, thus resulting in lower
magnetization. Higher annealing temperatures can
help metal cations to be distributed in preferred sites
(tetrahedral) resulting in an increase in the magneti-
zation value [38—40]. The saturation magnetization
(My) is inversely proportional to lattice parameter
[27]. Further, from the data of Table 1, the lattice
parameter is observed to decrease from 8.367 to 8.342
when the annealing temperature increased from 500
to 800 °C. This decrease in lattice constant values
with increase in annealing temperature is also
reflected in the saturation magnetization.

The coercivity values obtained from the magneti-
zation data presented in Fig. 5 are summarized in
Table 2. The coercivity of the films increased with the
increase in grain size until a critical grain size was
reached. In magnetic films, grains smaller than criti-
cal grain size act as a single domain, defined as a
group of magnetic spins oriented in the same
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Table 2 Structural and
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magnetic properties of NCuZF

Annealing temperature (°C) Grain size (nm) Saturation magnetization (emu/cc) Coercivity (Oe)

films annealed at 500, 600,

700, and 800 °C 500

600
700
800

na 219 23.5
25.9 317 59
45.65 342 98
58 387 97

direction [41]. The magnetic stability of a single
domain gets affected by thermal energy. When the
grain size is smaller, thermal agitation is smaller,

500 nm

Fig. 3 FESEM images of NCuZF films annealed at different
temperatures: a 600, b 700, and ¢ 800 °C

resulting in fewer fluctuations in the magnetic spin
orientations. Therefore, films with smaller grains
showed lower coercivity, and films with larger grains
showed higher coercivity. On the other hand, grains
that are larger than the critical grain size act as multi-
domain, and a weak magnetic field can shift domain
walls easily in a multi-domain grain resulting in a
reduction of coercivity [41, 42]. An increase in the
coercivity value was observed until the grain size
reached 45.65 nm and coercivity value decreased
when the grain size reached 58 nm. From the results,
it can be concluded that the critical grain size for the
transition of single domain to multi-domain is
between 45.65 and 58 nm. Murali et al. calculated the
critical grain size value of a single domain to be
50.2 nm for NiZn ferrite, which is in the range
reported by authors for NCuZF films prepared using
sol-gel [42].

4 Conclusions

Nig35Cup2Zng45Fe,04  films  were  successfully
deposited using RF sputtering. The grain size of the
films was seen to increase with annealing tempera-
ture, whereas the microstrain and dislocation density
were observed to decrease with annealing tempera-
ture. The saturation magnetization (M) of the films
increased with the annealing temperature, which is
attributed to the larger grains present in those films.
The results indicate that the lattice imperfection
decreased when films were annealed at a higher
temperature, which helped in obtaining the high
value of saturation magnetization. The highest satu-
ration magnetization value of 387 emu/cc was
obtained for the film annealed at 800 °C. The coer-
civity value increased with increasing grain size until
critical grain size was reached. Crack-free films
obtained in this work with a high value of saturation
magnetization can be used in many applications.

@ Springer



391 Page 6 of 8

——500 °C

-
i=]
N
X
]
o 'S
s
¥ ¥ « x x
e = s x §% S
o = o
T A T T T T T T T
1.0 60 65 70 75 80 85 9.0 95 10.0
keV

@ Springer

9.0 95 10.0

] Mater Sci: Mater Electron (2023) 34:391

«Fig. 4 EDS spectrum of NCuZF films annealed at different
temperatures: a 500, b 600, ¢ 700, and d 800 °C
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Fig. 5 Magnetization as a function of applied field for NCuZF
films annealed at 500, 600, 700, and 800 °C
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