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Abstract In the present study, highly crystallized spinel
NiZnCo ferrite films were prepared by spin-spray ferrite
plating, employing a reaction solution (containing Fe?*,
Ni**, Zn** and Co**) and an oxidizing solution (KNO, +
CH;COOK). The solutions were sprayed independently
onto a glass substrate maintained at 90 °C. Series of films
with various Zn and Co compositions were prepared and
their structural and magnetic properties were studied. The
films had a columnar structure perpendicular to the
substrate surface as confirmed by scanning -electron
microscopy (SEM) studies and showed no preferential
orientation confirmed by X-ray diffraction (XRD). The
films had a saturization magnetization M, of 325-520 emu/
cc and H, of 5-12 Oe. At the optimized compositions, we
obtained an initial permeability of around 190
(Nig.18Zng ¢Coq goFe,> 204_5) and resonance frequency f, of
300 MHz (Nio_16ZHO_2C00.02F62_6204,J). Such films with
high permeability can be employed as trimming layers of
inductors to increase the inductance and films with high
resonance frequency can be used as electromagnetic noise
suppressors at high frequency.
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Introduction

Ferrites are known to have combination of properties that
are unique to themselves, like high resistivity, chemical
inertness, temperature-coefficient of permeability, magne-
tostriction and economy of materials and manufacturing
[1, 2]. As an added advantage, the properties are easily
tunable as required for a particular application. For most of
the application, the main consideration is the permeability
and resonance frequency [3]. Soft magnetic films with real
permeability above several hundred megahertz can be used
as trimming layers of planar inductors to increase their
inductance [4]. Materials with high imaginary permeability
in the gigahertz range can be used as conducted noise
suppressors, which reduce the electromagnetic interference
on printed circuit board [5]. Since high resistivity is
required for these applications, ferrite films are one of the
superior candidates.

Ferrite films are usually prepared by physical vapor
deposition techniques such as, evaporation, sputtering,
molecular beam epitaxy, pulsed laser deposition, etc
[6-10], nevertheless these techniques are energy intensive
and involves high temperature processing. On the other
hand, wet chemical/soft solution processes attract a great
interest because of its low process temperature, simplicity
and economic considerations.

Spin-spray technique is a kind of soft solution process, an
outstanding technique by which highly crystallized spinel
ferrite films are obtained at low deposition temperature
(<100 °C) without post annealing [11]. Spin-spray tech-
nique was previously employed for making various ferrite
films (M,Fe;_,0,4, where M = Mn, Zn, Co., etc.) [4, 12].

In this work, we prepared NiZnCo ferrite films with
varying composition and the structure and morphology
were analyzed. The dependence of magnetic properties like
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saturation magnetization (M,), coercivity (H_.) and perme-
ability on the composition of the films were studied. The
purpose of this study, was to prepare ferrite films with a
wide range of permeability and resonance frequency.

Experiments
Film preparation

The films were deposited by spraying a reaction solution of
FeCl, + NiCl, + ZnCl, + CoCl, and an oxidizing solution
of KNO, + CH;COOK independently onto a rotating disc
mounted with glass substrates. The spin-spray apparatus
and the experimental conditions are shown in Fig. 1. The
temperature of the substrate surface was maintained con-
stant at 90 °C by spraying distilled water before starting
with the spraying of reaction and oxidizing solutions.
Micro cover glass 30 x 40 mm were used after a pre-
liminary plasma treatment for 2 min. The film composition
was varied by changing the initial concentration of ZnCl,
(0.2mM-0.8mM) and CoCl, (0.1 mM-0.6 mM) in the
reaction solution. The concentration of NiCl, (5.2 mM)
and FeCl, (16.6 mM) was kept constant in all the experi-
ments. Spray duration was 30 min in all the experiments.

Characterization

X-Ray diffraction (XRD) studies were carried out to
identify the crystal structure. Microstructure and film
thickness were observed by cross-sectional scanning elec-
tron microscopy (SEM) images. The elemental
composition was estimated by inductive coupled plasma

Reaction
solution

Oxidizing
so.fu"ﬁon

N, Na

+ Nebulizer

+ Rotating pillar

Fig. 1 Schematic illustration of ferrite plating apparatus

spectroscopy (ICPS). The magnetic properties like satura-
tion magnetization (M;) and coercivity (H.) were estimated
with the hysteresis loops measured by a vibrating sample
magnetometer (VSM). The complex permeability (u' =
W —j i) of the films up to 3 GHz were measured by the
Shielded loop coil permeance meter [13].

Results and discussion
Principle of ferrite plating

A schematic illustration of the mechanism involved in the
ferrite plating is given in Fig. 2. The principle involves the
adsorption of Fe** onto a substrate mediated by OH™
groups and further oxidation of Fe** to Fe**, when mixed
with an oxidizing solution maintained at a suitable pH
using a buffer. Fresh Fe** ions are again adsorbed on the
pre-adsorbed layer of Fe** and Fe®* forming a ferrite layer.
Since the ferrite layer thus formed has OH™ group on the
surface, the process is repeated and the film increases in
thickness. The metal ions (Fe?*, Fe’*) are chemically
bonded onto the substrate by coordination bonds interme-
diated by hydroxyl groups. Hence, the ferrite plated films
have strong adhesion to the substrate, though prepared at
low temperature. The main process parameters were con-
centration of metal chloride solution, oxidizing agents, pH
of the oxidizing solution, etc.

Structure and morphology

By varying the concentration of ZnCl, and CoCl, in the
reaction solution from 0.2 mM to 0.8 mM and 0.1 mM to
0.6 mM respectively their concentration in the film varied
from 0.2 to 0.8 (C,) and 0.01 to 0.06 (C,,). The Ni content
of the film was almost constant (0.17-0.2). The XRD
results confirmed that the films had highly crystalline spi-
nel structure without any preferential orientation. Figure 3a
shows the XRD patterns of the prepared films with

7 = 0-0.6. A peak shift towards lower angles can be
noticed in accordance with the lattice expansion with Zn
concentration. Figure 3b shows the calculated lattice
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Fig. 2 Schematic illustration of the mechanism of ferrite plating
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Fig. 3 (a) XRD spectra of NiZnCo ferrite; (b) lattice constant in
MnZnCo Ferrite films plotted as a function of Cz,

constants for Zn = 0-0.6. By replacing the Fe ions with Zn
ions, the lattice constant increased because the ionic radius
of Zn is larger than that of Fe [14].

Figure 4 shows the representative SEM image of the
film. From the SEM image, it can be inferred that the film
had a columnar structure grown perpendicular to the

Fig. 4 Representative cross sectional SEM image of the as-prepared
NiZnCo ferrite film

@ Springer

substrate surface. The deposition rate can be estimated to
be 35.6 nm/min. The columnar diameter of the ferrite-
plated films generally varies between few hundred
nanometers. Smaller grains are formed at the initial stages
of the growth that becomes distinct columns later.
Recently, we succeeded in preparing fine-grained films
with uniform columnar diameter throughout the length,
which is an important factor in controlling the film resis-
tance, results to be published.

Magnetic properties

Figure 5 describes the dependence of M, and H, on the Zn
and Co content (C,, and C,) of the film. With an increase
in Zn, both M and H, decreased. Although M; and H,
remained constant with increase Cc, up to 0.03, it
decreased on further increase of C,. The Fe content (Cg,)
in the film decreased from 2.5 to 2.2 with an increase of
C,, (or C¢,) while the Ni (Cy;) remained almost constant.
Figure 6a and b shows the dependence of real permeability
and resonance frequency on C, of the film respectively.
The real permeability u’ at lower frequency increased with
Zn concentration, a maximum g’ of 189 was obtained with
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Fig. 5 M, and H, for different Zn and Co concentration (C,, and
Cc,) of the films



J Mater Sci (2008) 43:2372-2376

2375

200 -

150

100

Permeability (u)

50

100 1000
Frequency [MHz]

100 - Resonance frequency

804 :0.6

60

Permeability »"

40

20 1

—rr —— 7
100 1000
Frequency [MHz]

Fig. 6 Permeability and resonance frequency of NiZnCo ferrite films
with C,, = 0.2-0.8 (Co concentration was maintained at C, = 0.02)

Cz, =0.6. The films with permeability above 100
(Cz,=0.4-0.8) can be used as trimming layers for
inductors. The resonance frequency f, (where ¢’ becomes
maximum) decreased from around 300 MHz to less than
100 MHz with increase in Cz,. Further maintaining C, at
0.6, the content of Co was varied. When C., = 0.02, the
highest real permeability of about 189 was recorded
(Fig. 7). This indicates that a small amount of Co helped to
increase the low frequency permeability. In accordance
with the Snokes’ limit, films with high initial permeability
has to compromise for the resonance frequency [15]. A
maximum resonance frequency was noticed when C¢, = 0.
The decrease in the f, can be ascribed to the local mag-
netocrystalline anisotropy field, which decreases with
increasing the Zn/Co content in the film. The increased
permeability of these films can be due to decrease in the
H,. When C,, was further increased up to 0.2, the p/
decreased and f, increased, and a very high resonance
frequency of 3.3 GHz was attained for Nig»37Zng 34C0g 23.
Fe, 0, [16], though with a low initial permeability.
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Fig. 7 Permeability and resonance frequency of NiZnCo ferrite films
with C¢, = 0.0-0.06 (Zn concentration was maintained at C, = 0.6)

Figure 8 is the plot of the product of imaginary per-
meability and frequency (u'x-f), which is proportional to
the noise suppression effect of the film [10]. By varying the
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Fig. 8 Plot of i’ X f for NiZnCo ferrite films
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Zn concentration (Cz, = 0-0.8), the frequency from where
the noise absorption starts can be tuned. When Cz, = 0.2,
the noise suppression effect was found to be relatively
good, since it had an absorption of up to 48% at 3 GHz and
almost zero at 100 MHz. These types of films can be used
as low pass filters.

Conclusion

Ferrite films were prepared by spin-spray technique, a kind
of soft solution process, at a very low temperature of
90 °C. The obtained films were highly crystallized and had
columnar structures perpendicular to the substrate surface.
Composition of the films was optimized in order to get high
initial permeability or high resonance frequency. Perme-
ability of  around 190 was  obtained for
Nig,18Zng ¢Cog.02Fe> ,04_s film having a resonance fre-
quency of 80 MHz. Film having high resonance frequency
of 300 MHz had an initial permeability of 100
(Nig,.16Znp,Cog poFes 6204 _5). From the output of the
study, it is clear that the ferrite films with a wide range of
permeability and resonance frequency can be prepared by
spin-spray technique depending on specific requirements.

Acknowledgement This study was partially supported by Murata
Science Foundation, Japan.

@ Springer

References

1. Goldman A (2005) Modern ferrite technology, 2nd edn. Springer,
New York
2. Kim CK, Lee JH, Katoh S, Murakami R, Yoshimura M (2001)
Mater Res Bull 36:2241
3. Gilles MF, Coehoon R, Van Zon JBA, Alders D (1998) J Appl
Phys 83:6855
4. Matsushita N, Chong CP, Mizutani T, Abe M (2002) IEE Trans
Magn 38:3156
5. Matsushita N, Nakamura T, Abe M (2003) IEEE Trans Magn
39:3127
6. Satou M, Namikawa T, Kaneko T, Yamazaki Y (1977) IEEE
Trans Magn 13:1400
7. Gilles MF, Coehoon R, Van Zon JBA (1998) J Appl Phys
83:6855
8. Horng L, Chern G, Kang PC, Chen MC, Lee DS (2004) IEEE
Trans Magn 40:2799
9. Williams CM, Chrisley DB, Lubitz P, Grabowski KS, Cotell CM
(1994) J Appl Phy 75:1676
10. Na JG, Kim CS (1996) IEEE Trans Magn 32:3611
11. Abe M (2000) MRS Bull 51:51
12. Matsushita N, Abe T, Kondo K, Yoshida S, Abe M (2005) J Appl
Phys 97:10G106
13. Yamaguchi M, Yabukami S, Arai KI (1996) IEEE Trans Magn
32:4941
14. Lee JS, Ha TW, Jeong JH, Kim IW, Yi SS (2004) Phys Stat Sol
(a) 201:1901
15. Nakamura T (2000) J Appl Phys 88:348
16. Kondo K, Yoshida S, Ono H, Abe M (2007) J Appl Phys
101:09M502



	NiZnCo ferrite films by spin spray technique: morphology �and magnetic properties
	Abstract
	Introduction
	Experiments
	Film preparation 
	Characterization 

	Results and discussion
	Principle of ferrite plating
	Structure and morphology
	Magnetic properties 

	Conclusion
	Acknowledgement
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


