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Co-based  granular  thin  films  with  in-plane  anisotropy  were  deposited  on  Si substrate  by magnetron
sputtering.  The  films  have  a phase  structure  of Co  nanocrystallites  and  amorphous  Zn–O  inter-granular
phases.  The  Co  nanograins  with  uniform  size  of  8–10  nm  are  evenly  distributed  in the  amorphous  matrix.
This  structure  gives  the  films  relatively  high  resistivities.  The  as-deposited  films  with  thickness  larger
than  100  nm  have  low  coercivity  (<10  Oe)  along  both  easy  and  hard  directions.  The  dynamic  properties
in  the  frequency  range  up  5 GHz  for the  films  with  various  thicknesses  have  been  investigated.  High  val-

′ ′′

o–Zn–O
hin films
anogranular
agnetic properties

ermeability

ues of  permeability  (� up to  560  and  � up to 1000)  and  ferromagnetic  resonance  frequency  (FMR)  up
to 4.1  GHz  have  been  obtained  in  these  films.  The  FMR  frequency  decreases  with  increasing  thickness,
because  of  the  increases  in  real  and  imaginary  permeabilities.  The  high  frequency  characteristics  have
complicated  dependences  on the  resistivity,  anisotropy  field,  and  magnetization.  The  microwave  proper-
ties of  Co–Zn–O  films  can  be  adjusted  in a  relatively  wide  range  by  changing  film  thickness,  which  makes
these  films  promising  for absorber  applications.
. Introduction

Nanogranular systems, i.e. composites comprising of nano-sized
etallic grains embedded in an insulating host matrix, exhibit

pecial optical, electrical and magnetic properties [1].  Magnetic
anogranular films have been actively studied due to their poten-
ial applications as the materials with giant magnetoresistance [2],
ard magnetic properties [3] and high resistivity soft magnetic
roperties [4].  In particular, granular films such as CoAlO, FeSiO and
eCoZrO have been extensively studied [5–8]. These films have rel-
tively high electrical resistivity (�), large saturation magnetization
Ms), large anisotropy field (Hk) and low coercivity (Hc), therefore
hey have excellent � − f response and are excellent candidates for
igahertz applications. Most previous investigations on Co based
anogranular films were focused on Al–O or Si–O matrix; Co–Zn–O
ystem has received relatively little attention. Actually, Co doped
nO with low Co concentration has been extensively studied as a

iluted magnetic semiconductor (DMS). Recently, Song et al. [9]
tudied the Co–Zn–O thin films with various oxygen contents and
ound that with decreasing oxygen concentration, the behavior of
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as-deposited film transferred from DMS  to nanogranular soft mag-
nets. As a good insulation material with high resistivity, ZnO can
be used as the matrix for magnetic nanogranular films. Increase of
Co concentration in Co:ZnO system will also lead to soft magnetic
film. Following our previous work on the continuous FeTaN [10],
FeZrN [11] films and granular CoAlO [12], CoFeSiN [13] films, here
we report the structure and high frequency behavior of the CoZnO
thin films with various thicknesses.

2. Experiment

Co-based granular thin films were fabricated on the Si substrates with size of
5  mm × 10 mm at room temperature using rf magnetron sputtering. A 2 in. Co disc
with five ZnO chips was employed as the target. The ZnO chips are of circular shape
with a diameter of 8 mm and are fabricated by sintering ZnO powders at 1200 ◦C. An
alignment magnetic field of ∼120 Oe was applied parallel to the substrate surface to
induce an in-plane magnetic anisotropy during deposition. The target-substrate dis-
tance was  fixed as 80 mm.  The base pressure was 3 × 10−7 Torr. The ambient Ar-gas
pressure was 3.0 m Torr and the rf power was  75 W for sputtering. The as-deposited
films were subjected to examination and measurement without post annealing. The
film phase structure and grain size were investigated by small angle X-ray diffraction
(XRD, Philips 1710, 40 kV/40 mA) with Cu-K� radiation using thin film attachment.
The thickness of the film was measured in SEM. The microstructure was character-
ized by high resolution transmission electron microscopy (HRTEM) using a JEOL JEM
3010 equipped with an energy dispersive X-ray spectrometer (EDXS). Ion milling

was  used to prepare TEM samples for plane-view. X-ray absorption fine structure
spectroscopy (EXAFS) and X-ray-absorption near-edge structure (XANES) at the Co
K-edge has been performed on selected sample at the Singapore Synchrotron Radi-
ation Center. The electrical resistivity at room temperature was determined by a
conventional four-probe method. The static magnetic properties were measured
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tion, whose coercivity is around 50 Oe [4],  the granular films have
lower coercivities (Hce = 5–28 Oe, Hch = 3–13 Oe). The reason is that
the Co particles with such a small size in the films are approach-
ing the superparamagnetic limit. The general tendency for the
Fig. 1. XRD patterns for the films with various thicknesses.

sing an M–H  loop tracer and a vibrating sample magnetometer (VSM). The per-
eability spectrum over the frequency range of 0.1–5.0 GHz was characterized by

horted microstrip transmission-line perturbation method using a fixture devel-
ped in National University of Singapore (NUS) and the measurement error for this
ethod has been found less than 10% [14].

. Results and discussion

Using optimized magnetron sputtering process, CoZnO thin
lms with thicknesses from 25 nm to 400 nm were fabricated on
he Si substrates by adjusting the time of deposition. A shiny and
mooth surface was observed for all films. Fig. 1 shows the XRD
atterns for the films with thicknesses of 90, 180 and 270 nm,

ndicating a nanocrystalline structure. The three strong peaks in
RD patterns are corresponding to (1 1 0), (1 0 1) and (0 0 2) crystal
lanes of hcp structured Co phase. No ZnO or cobalt oxide diffrac-
ion peaks were detected in the films. With increase of thickness,
he diffraction peaks become narrower and stronger, indicating
n approach to high crystallinity, possibly because of the increase
f substrate temperature due to extended sputter time. The grain
izes of Co particles in the as deposited films were estimated from
cherrer equation to be roughly 8–12 nm.

The granular structure of the film was confirmed by TEM inves-
igations. As shown in Fig. 2(a) for a film with thickness (t) of
05 nm,  nanogranular structure consisting of Co nanocrystallites
nd amorphous phase has been observed. The nanograins have
pherical shape and a very uniform size of ∼10 nm, which is in
ood agreement with above calculation results from XRD patterns.
he nanograins are evenly distributed in the amorphous matrix.
o verify amorphous structure, we have also examined the film
ith thickness of 90 nm by HRTEM and the image is showed as

ig. 2(b). An average Co particle size of 8 nm was demonstrated. The
DS analysis (not shown here) also confirmed that Zn and O atoms
xisted in the film, indicating the proposed structure. Together with
he conclusions based on similar alloy system, such as CoAlO films
6], we conclude that the matrix is amorphous. This nano-granular
tructure is believed to be responsible for the excellent high fre-
uency properties of the films, as discussed later.

To investigate the local structure of the Co dopant in ZnO lat-
ice, we performed X-ray absorption fine structure spectroscopy
EXAFS) and X-ray-absorption near-edge structure (XANES) mea-
urements at Co K-edge. Fig. 3 is the Fourier Transform (FT) of the
XAFS spectrum for a 270-nm-thick Co–Zn–O film. To obtain the FT,
he raw absorption spectra were background subtracted. The first
eak around R = 2 Å is the contribution to the EXAFS signal of the
rst NN shell, which can be fitted in a single scattering approxima-

ion for the quantitative determination of the interatomic distances
15]. The other peaks (R > 2.6 Å) reflect the contribution of the more
istant neighbors where multiple scattering events become impor-
ant. The pattern is very similar to the pure cobalt particles or films
Fig. 2. Microstructure of CoZnO film showing nanogranular structure ((a). TEM for
405 nm thick film; (b). HRTEM for 90 nm thick film).

[16]. Co0 was  detected in the films and No Co–O or Co–Zn bond
was detected. The results confirmed that Co exists in the films in
the form of Co particles and the oxygen atoms combine with zinc
atoms.

The variations of coercivities with the film thickness are shown
in Fig. 4(a), where Hce is the coercivity along easy direction and Hch
the hard direction. Compared to the Co film without (Zn,O) addi-
Fig. 3. Experimental EXAFS spectrum for the 270-nm-thick Co–Zn–O film.
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Fig. 4. Thickness dependent coercivities (a) and typical hysteresis loops for CoZnO
thin films with thicknesses of 180 nm (b) and 405 nm (c).
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is permeability in vacuum) and the values in Table 1. The estimated
hickness dependent coercivity is that the coercivity decreases with
ncreasing thickness. An exemption only occurs in the very thin
lms with thickness of 25 nm,  possibly due to the effect of film-
ubstrate interaction. This is different from our previous finding in
o–Al–O films, where the coercivity increased with thickness due to
he perpendicular anisotropy for thicker films [12]. Fig. 4(b) and (c)
re the typical M–H  loops parallel and perpendicular to the align-
ng field in the film plane for the films with t = 180, and 405 nm,
espectively. The results indicate that in-plane anisotropy has been
nduced by the applied field. This is different from Fe–Al–O gran-
lar thin films where field-induced anisotropy is hard to obtain
17]. High anisotropy and the dependence of the coercivity on the
hickness in present films indicate that it is also easier to obtain

n-plane anisotropy in Co–Zn–O film than that in Co–Al–O film and
e–Al–O films. The coercivity of the Co–Zn–O film is believed to be
ependent on both thickness and grain structure.
Fig. 5. Real permeability spectra (a) and imaginary permeability spectra (b) for the
thin films with various thicknesses.

Fig. 5(a) and (b) shows the real permeability spectra and imag-
inary permeability spectra over the frequency range 0.3–5.0 GHz
for the films with various thicknesses, respectively. The resistivity,
static and dynamic magnetic properties of the Co–Zn–O films are
shown in Table 1. Based on the common definition, the complex
permeability � is related with real permeability �′ and imaginary
permeability �′′ by � = �′ + i�′′. The permeability �′ up to 560, �′′

up to 1000 and ferromagnetic resonance (FMR) frequency (fr) up
to 4.1 GHz have been obtained in these films. The results also show
that the values of permeability and resonance frequency strongly
depend on the film thickness. Increasing the film thickness gen-
erally leads to a shift of the main resonances towards the low
frequencies and an increase in the level for both real permeability
and imaginary permeability. From Table 1, the real permeability
at low frequencies �′

low, the peaks of real permeability �′
max, the

peak of imaginary permeability �′′
max all increase with the increas-

ing thickness from 90 to 270 nm.  For the 270-nm-thick film, the
values of �′ and �′′ are up to 564 and 1014, respectively. Figs. 4 and 5
show that the high frequency behavior of 25 nm thick film is quite
different from other samples. This is corresponding to its relatively
large coercivities (Fig. 3(a)). The reason for this abnormal behavior
is not quite clear, but it may  be attributed to both film-substrate
interaction and structure difference. It is possible that a very thin
layer with different structure modified the properties of the 25 nm
films. The permeability decreases as the thickness increases from
270 nm to 405 nm possibly due to the appearance of eddy current
loss. As we know, the film thickness is an important factor to control
eddy current loss. If an ac field is applied to a conducting mate-
rial, eddy currents are induced inside the material. These currents
depend on the materials resistivity, permittivity, permeability, and
the ac field frequency. Based on the equation for calculating skin
depth (ı=(2�/(2�f�r�0))1/2, where �r is relative permeability, �0
skin depths of the Co–Zn–O materials based on the following equa-
tion are in the range of 0.5–0.9 �m.  For very thin films, the eddy
current loss should not be responsible for the variation in perme-
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Table 1
The resistivity �, saturation magnetization Ms , coercivity Hc , anisotropy field Hk , real permeability at low frequencies �′

low, the peaks of real permeability �′
max, the peak of

imaginary permeability �′′
max and FMR  fr for the Co–Zn–O films with various thicknesses t.

t (nm) � (�� cm) Ms (kG) Hce (Oe) Hch (Oe) Hk (Oe) �′
low �′

max �′′
max fr (GHz)

25 220 14.2 25.5 8.0 68 20–230 409 512 4.10
90  201 14.5 26.8 10.0 60 130–160 255 468 3.96

145 185 15.0 5.4 6.6 78 180–215 325 563 3.79
180 190 14.7 4.7 5.3 100 215–250 382 745 3.78
270 176  15.0 6.3 2.9 110 235–280 564 1014 3.44
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bility since the thickness is less than the skin depth. Only the
lm with large thickness may  be subjected to eddy current loss.
his explains the reduced permeability of 405 nm-thick film in our
xperiment.

It is found in Table 1 that the resistivity slightly decreases with
he increasing thickness. Relatively higher resistance for a thinner
lm demonstrates the effects of substrate-film interface. The val-
es of the resistivity for the films are larger than 1.7 × 10−4 � cm,
hich is larger than the value (∼0.8 × 10−4 � cm)  for FeTaN
lms [18] and similar to that of Co–Al–O films [12]. The high
esistivities result from the nanogranular film with both the amor-
hous + nanocrystalline structure and the insulation + conducting
tructure. The high resistivity is obviously an advantage for the
pplication of the soft magnetic film since the eddy loss can be
educed by an increasing electrical resistance due to an increasing
kin depth [19].

According to calculations based on the Laudau–Lifshitz equa-
ion, the frequency characteristics of the permeability in magnetic
lms is known to be improved by increase not only in resistivity but
lso in the magnitudes of saturation magnetization Ms and the film
nisotropy field Hk [20]. The values of anisotropy field Hk for each
lm are also shown in Table 1. For the film thickness of 25–270 nm,
he real part of permeability �′′

i
shows a low resonance peak at a

igh Hk, which well agrees with the theoretical calculation by Sohn
t al. [21]. The magnitude of real permeability also roughly agrees
ith that expected from the Stoner and Wolfarth theory, which

ives the permeability at a low frequency. �′ = 4�Ms/Hk [22]. Fig. 4
nd Table 1 also show that the thinner films have larger value of
esonance frequency fr. As we know, the resonance frequency fr
or the film sample is related to the anisotropy field Ha and mag-
etization, i.e., fr = (�/2�)�0

√
HaMS, where � is the gyromagnetic

atio. However, if we consider Ha in above equation as Hk in Table 1,
he experimental results do not agree with the theoretical values.
he reason is not quite clear, but according to Spenato et al. [22],
he anisotropy field should be the effective anisotropy field Hi not
he conventional anisotropy field Hk due to so-called magnetization
ipple in the films. “Magnetisation ripple” has been frequently used
o explain the domain pattern and anisotropy of nanograin-matrix
eterogeneous system such as CoFeHfO [23], FeCoAlO [24] films
nd multilayer systems such as FeCoSiN/Al2O3 [25] and NiFe/Co-
xides [26] films. Spenato et al. [22] found that, in thin amorphous
erromagnetic films with induced in-plane anisotropy, the mag-
etic ripples are strongly frequency dependent at the frequency
igher than 280 MHz. As our films were excited by GHz frequency
eld, we can thus suggest that the magnetic ripples have an impor-
ant effect on the high frequency microwave properties of the
resent Co–Zn–O films. The domain under hard-axis applied fields
robably corresponds to formation of magnetic ripples caused by

ocal variations in anisotropy.
Overall, the results in Table 1 also indicate that, for various appli-
ations, the permeability of the Co–Zn–O can be adjusted in a wide
ange and fr can be adjusted in the frequency range of 3.3–4.1 GHz
y changing the film thickness from 405 nm to 25 nm.  High values of
′, �′′, and fr can be obtained in the films with a range of thicknesses.

[
[
[
[

82 255–360 420 661 3.32

The superior static and dynamic soft magnetic properties of the
Co–Zn–O films with relatively high electric resistivity exhibit the
potential applications in micromagnetic integrated devices such as
inductors for high-frequency integrated dc-to-dc converters and
transformers for power delivery and signal conditioning. They are
also promising coatings for microwave absorbers at GHz frequency
to be used as magnetoelectric wave shield in laboratory, home elec-
tric appliance or communication devices.

4. Conclusions

Anisotropic CoZnO nanogranular films have been fabricated
on the Si substrates by rf magnetron sputtering. The films com-
prise of Co-based nano-crystallites and small amount of (Zn,O)
inter-granular amorphous phase, which gives them high resisiv-
ities. The films with thickness larger than 100 nm have relatively
better magnetic properties. The real permeability up to 560, imag-
inary permeability up to 1010 and FMR  up to 4.1 GHz have been
obtained in the films. By controlling the thickness of the granular
thin films, the resonance frequencies and the values of the perme-
ability are adjustable in the Gigahertz range. It is believed that the
Co-based nano-granular films using Zn-O as matrix can find their
wide applications in microwave devices at high frequencies for
various purposes, such as applications as inductors in micromag-
netic integrated devices and high frequency microwave absorbing
coating.
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