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We have studied obliquely sputtered Co–Zr–O �lms. We found that oblique deposition gives rise to the formation of columnar mor-
phology and thus higher perpendicular magnetic anisotropy in the �lms, which �nally results in the occurrence of stripe domains and
degradation of soft magnetic properties. Applying substrate bias during Co–Zr–O �lm deposition gave some improvement in magnetic
softness with small slope angles, but did not provide any improvement for large angles. Using a multilayer structure Co–Zr–O/ZrO2
effectively eliminates the columnar structure and helps the �lms regain favorable soft magnetic properties.

Index Terms—Co–Zr–O, granular metal-nonmetal �lms, multilayer, nano-composite �lms, oblique deposition, shadowing effect, soft
magnetic properties, stripe domains.

I. INTRODUCTION

SOFT magnetic Co–Al–O, Co–Zr–O, and Co–Pd–Al–O
granular �lms have been developed previously on planar

substrates for their promise in high-frequency micro-inductor
applications [1]–[5]. Such soft magnetic Co-based granular
�lms can possess properties such as high saturation magnetiza-
tion , high in-plane anisotropy �eld , and high resistivity
. It has been found that good soft magnetic properties of the

sputtered �lms are only found in limited composition ranges
[1], [2], [4] and require low sputter pressure [4]. Otherwise
stripe domains appear as a result of perpendicular magnetic
anisotropy, causing poor soft properties. The columnar struc-
ture and slight hcp (002) texture of Co grains account for the
perpendicular anisotropy [4].

However, the characteristics of such granular �lms on tilted
substrates have seldom been explored, even though sloping
surfaces are sometimes inevitable in practical core shapes of
inductors, transformers, and other magnetic devices [6], [7].
This work is the �rst report of the magnetic properties of
obliquely deposited granular Co–Zr–O �lms. Stripe domains
and associated degradation of soft magnetic properties were
observed, although the �lms were sputtered with deposition
conditions similar to those used for the deposition of good soft
magnetic Co–Zr–O �lms on planar substrates in [4]. The stripe
domains imply the existence of a signi�cant perpendicular mag-
netic anisotropy (PMA) in the �lms [8]–[10]. Microstructure
of the �lms was analyzed and used to explain the increase of
PMA. Methods such as applying substrate bias and multilayer
�lm structure were utilized to improve the microstructure and
suppress PMA. The effectiveness of the methods is examined
and explained in Section III.

II. EXPERIMENTS

Single-layer Co–Zr–O �lms were deposited on sloping water-
cooled silicon or glass substrates by DC magnetron sputtering
of a Co Zr (at. %) alloy target in an Ar O atmosphere.
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Fig. 1. Schematic setup for the sputter deposition on sloping substrate.

The substrates were placed on aluminum wedges with angles
30 45 and 55 . A magnetic �eld of about 400 Oe was applied
in the substrate plane in the direction shown in Fig. 1, in order
to induce in-plane anisotropy with the easy axis in the same
direction. This direction is chosen in order to have the hard axis
up and down the slope of the tilted substrate, which would be
the �ux direction in a practial device. The sputter pressure was
kept at about 1.5 mTorr.

In our previous planar �lm deposition work, the Co–Zr–O
�lms were also sputtered from CoZr alloy targets, with
other deposition conditions the same. Those �lms deposited on
planar substrates and with good soft magnetic properties have
resistivity around cm, and a narrow composition
which is around Co Zr O (at. %) [4]. For the obliquely
deposited �lms, oxygen gas �ow rate was carefully controlled
in order to match the resistivity and composition. Film thick-
ness was kept around 600–700 nm.

For multilayer Co–Zr–O/ZrO�lms, the Co–Zr–O and ZrO
layers were alternately deposited by sputtering CoZr targets
and a Zr target, both in an ArO atmosphere. Other parame-
ters were the same as those used in single-layer Co–Zr–O �lm
deposition.

With a vibrating sample magnetometer (VSM) and a–
loop tracer, in-plane hysteresis loops of the �lms were mea-
sured along the directions parallel to the external magnetic
�eld applied in deposition process and along the in-plane or-
thogonal direction. The magnetic domain patterns of the �lms
were recorded by magnetic force microscopy (MFM) with
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Fig. 2. In-plane hysteresis loops of Co–Zr–O �lms deposited on 0; 30 ; 45 ;
and 55 tilted substrates. Note that the 0plot has different horizontal scale.
k represents the direction parallel to the applied external magnetic �eld during
�lm deposition; and? represents the orthogonal direction in the �lm plane. If
in-plane anisotropy is induced by the external magnetic �eld,k also corresponds
to the easy axis; and? corresponds to the hard axis.

zero applied �eld. The electrical resistivity was measured with
the four-point method. Cross-sectional transmission electron
microscopy (TEM) and X-ray diffraction (XRD) were used
to characterize the �lm microstructure and measure crystal
size. All the cross sections of the TEM samples were made
perpendicular to the static magnetic �eld applied during �lm
deposition and perpendicular to the substrate surface.

III. RESULTS AND DISCUSSION

As can be seen in Fig. 2, the single-layer Co–Zr–O �lm on
a 0 substrate has good soft magnetic properties with narrow
easy- and hard-axis hysteresis loops. Large in-plane anisotropy
is also obtained [4]. It has been successfully applied to a
V-groove power micro-inductor [7]. However, for the �lms
deposited on tilted substrates, the coercivityis increased and
permeability is decreased, i.e., the soft magnetic properties
are deteriorated. All the �lms have saturation magnetization

around 12 kG. The shapes of– loops of �lms
on titled substrates are characteristic for stripe domains; the
presence of stripe domains is con�rmed by the MFM images
in Fig. 3. No stripe domains are observed in the single-layer
�lms deposited with the conditions described in Section II. The
occurrence of stripe domains and degradation of soft magnetic
properties are due to an increase in perpendicular magnetic
anisotropy (PMA) [8]–[10], and the increase in PMA can be
ascribed to the shadowing effect which is intrinsic in oblique
�lm deposition [11]–[13]. The shadowing effect can lead to the
growth of signi�cant inclined columnar structures and conse-
quently large perpendicular shape anisotropy. Fig. 4 compares
the microstructures of Co–Zr–O �lms sputtered on 0and 55
slopes. The �lm on a 0 substrate exhibits a uniform structure
with very few columnar features, if any. A severe columnar
structure with the columns 26from the substrate normal is

Fig. 3. MFM images of the Co–Zr–O �lms sputtered on (a) 30and (b) 55
tilted substrates.

Fig. 4. Cross-section TEM images of the Co–Zr–O �lms on (a) 0and (b) 55
titled substrates.

evident in the �lm on 55 slope. Furthermore, the shadowing
effect is expected to be more severe, resulting in larger PMA
for higher angle deposition. According to Fig. 2, larger in-plane
saturation �elds are observed with higher angle �lms, and
in stripe-domain �lms, a higher corresponds to a larger
PMA [8].

A. Effect of Substrate Bias

Applying substrate bias during �lm deposition has become
established as an effective method to eliminate or compensate
for the in�uence of oblique deposition in Permalloy �lms
[12] and Fe-based soft magnetic �lms like FeTaN [13], [14].
In Permalloy, the substrate bias was believed to realign and
densify the NiFe columns, and thus overcome the shadowing
effect [12]. Substrate bias has been reported to play a different
role in FeTaN �lms. Changing �lm stress and the orientation
of Fe grains contributed to suppression of the perpendicular
anisotropy existing in FeTaN �lms on sloping surfaces [13],
[14].

For Co–Zr–O �lms deposited on 30tilted substrates, small
substrate bias did improve the soft magnetic properties. As
shown in Fig. 5, with the RF substrate bias power increasing
from 0 to 15 W, the coercivity along hard axis decreased from
22 to 0.7 Oe, and the saturation �eld decreased from 187 to
102 Oe, whereas further increases of substrate bias power
worsened the soft magnetic properties. For slopes of 45and
55 , substrate bias did not provide any improvement.
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Fig. 5. Dependence of coercivity(H ) and saturation �eld(H ) in the hard
axis direction on substrate bias power for Co–Zr–O �lms deposited on 30tilted
substrates. (The hard axis direction is in the �lm plane and orthogonal to the
direction of applied external magnetic �eld during �lm deposition).

The effect of low substrate bias on Co–Zr–O �lms sputtered
on small-angle substrates can be understood on the basis that
low substrate bias effectively helps overcome a slight shadowing
effect. The worsening of soft magnetic properties with high-
power substrate bias in Co–Zr–O �lms is not usually seen in
other soft magnetic �lms [12]–[14]. We found that high sub-
strate bias leads to larger size and stronger hcp (002) texture of
cobalt particles, and even more severe columnar structure. Fig. 6
is an XRD comparison of Co–Zr–O �lms sputtered on 30tilted
substrates without and with 50 W RF substrate bias. Calculated
cobalt grain size of the �lm without bias is about 6 nm, while
cobalt particles in the �lm with 50 W bias are as large as about
25 nm. The XRD result also displays a very strong cobalt hcp
(002) texture for the �lm with 50 W bias. Fig. 7 shows a severe
columnar structure for this �lm. The effect of high substrate bias
on �lm microstructure can be ascribed to the fact that (002) is
the closest-packed plane of hcp cobalt. Enhanced Ar ion bom-
bardment on �lm surface during deposition caused by substrate
bias may impel the preferred growth of the closed-packed plane
(002) of hcp Co. Therefore, stronger (002) cobalt crystal tex-
ture will be promoted with higher bias. The ion bombardment
may also help remove the loosely bonded cobalt–oxide interface
and drive the continuous growth of cobalt and oxide columns.
Due to this special microstructure, PMA is increased with high
substrate bias. The PMA is composed of perpendicular mag-
netocrystalline anisotropy from preferred hcp (200) orientation
of cobalt crystals and perpendicular shape anisotropy from the
columnar structure. We know that since <001> is the easy direc-
tion of hcp cobalt, a (002) texture means that the easy axes of
cobalt crystals are inclined to be aligned along the �lm normal.
Eventually the increased PMA lead to stripe domains and dete-
rioration of soft magnetic properties.

As implied by the larger saturation �elds as can be seen in
Fig. 2, Co–Zr–O �lms sputtered on larger angle substrates un-
derwent a larger shadowing effect. Low substrate bias would
not be strong enough to overcome large shadowing effect, while
high bias would give rise to a worse effect as has been discussed
in the 30 case. Consequently, substrate bias did not help get soft
magnetic properties in Co–Zr–O �lms deposited on substrates
with substrate angle larger than 45.

Fig. 6. XRD of Co–Zr–O �lms deposited on a 30sloping surface without and
with 50 W RF substrate bias.

Fig. 7. Cross-section TEM image of Co–Zr–O �lm deposited on a 30sloping
surface with 50 W RF substrate bias.

Fig. 8. (a) In-plane hysteresis loops and (b) cross-section TEM image of a mul-
tilayer [Co–Zr–O =(ZrO ) ] �lm deposited on 55 tilted substrates.

B. Multilayer Structure

Better than applying substrate bias, adopting a multi-
layer structure Co–Zr–O/ZrO did effectively help regain
the soft magnetic properties for large substrate tilting an-
gles. Fig. 8(a) shows in-plane – loops of a multilayer
[Co–Zr–O (ZrO ) �lm with a 55 substrate angle.
Good soft magnetic properties were observed.

Fig. 8(b) is a bright �eld cross-section TEM image of the
multilayer �lm. A �ne and uniform granular structure can be
observed in each Co–Zr–O layer, similar to the structure in
granular �lms deposited on planar substrates [1], [2], [4]. An
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Fig. 9. Multilayer �lm [Co–Zr–O =(ZrO ) ] : (a) dark-�eld high-
resolution image of the �rst several layers, (b) qualitative elemental concentra-
tion across the �rst two layers. S: substrate, F: �lm.

enlargement of the �rst two Co–Zr–O and ZrOlayers near
the substrate is shown in Fig. 9(a). Fig. 9(b) illustrates the
qualitative elemental concentration across the �rst Co–Zr–O
and ZrO layers. The ZrO layers can be considered as sub-
strates for each thin Co–Zr–O layer above whose growth thus
can be treated almost individually. According to the theory of
oblique �lm deposition, columnar morphology and shadowing
effect do not develop severely until the �lm is thick enough
[11]. Therefore, it is not surprising that the columnar structure
in the multilayer �lm was prevented, and the perpendicular
magnetic anisotropy (PMA) due to the micro-shape anisotropy
was avoided. On the other hand, the nonmagnetic oxide layers
can also compensate for the PMA, if any. With the suppression
of perpendicular magnetic anisotropy, good soft magnetic
properties were �nally restored. Multilayer �lms were also
tested with 0 substrates angle, and found to exhibit similar
good soft magnetic properties.

The choice of the thickness of Co–Zr–O layers,and the
thickness of ZrO layers, , is based on the following ideas:
First, should be small enough so that in each Co–Zr–O layer,
the columnar structure does not have an opportunity to develop.
Second, should be large enough for ZrOto form contin-
uous interlayers and prevent the continuation of any nascent
columnar formation; and it also should be small enough to allow
adjacent Co–Zr–O layers to be magnetically coupled. Tests with
other layer thicknesses were consistent with these hypotheses.

IV. CONCLUSION

Co–Zr–O �lms deposited on sloping surfaces have been in-
vestigated. Observed stripe domains and degradation of soft
magnetic properties are ascribed to the shadowing effect associ-
ated with the oblique deposition. Substrate bias and multilayer
structure were used to attempt to compensate for the shadowing
effect.

For small slope angles, a low substrate bias was effective,
whereas a high bias caused separate growth of Co and Zr–O
oxide columns which leads to even worse magnetic properties.

For large-angle depositions, utilizing a multilayer
Co–Zr–O/ZrO structure is a more ef�cient approach to
overcome the shadowing effect and regain good soft properties.
Insertion of thin oxide layers prevented the development of
columnar structure through �lm thickness.

We conclude that, for micro-inductive devices using cobalt-
based core �lms and having signi�cant sloping portions, it is
bene�cial to utilize a laminated structure for the core �lms. For
deposition on �at, planar substrates, either single-layer or mul-
tilayer structures can work well.
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