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Soft granular Co–M–O films have promise for application in high-frequency thin-film inductors. But
granular Co-based films are often found with perpendicular anisotropy, which can result in stripe
domains and poor hysteresis behavior. Film microstructure was analyzed for Co-rich Co–Zr–O
granular films with and without stripe-domain behavior. It is suggested that perpendicular anisotropy
originates from columnar structure with Co columns perpendicular to film plane. The appearance of
columnar structure is determined by sputter pressure and oxygen content. ©2005 American
Institute of Physics.fDOI: 10.1063/1.1851711g
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I. INTRODUCTION

As a core material in thin-film inductors for hig
frequency integrated dc–dc converters and similar app
tions, soft Co-based granular films of the form Co–M
sM =nonmagnetic metaldwith high saturation magnetizatio
Ms, high electrical resistivityr, and high in-plane anisotrop
field Hk should have great advantages over other metal-
soft magnetic materials. High resistivity and high anisotr
field are beneficial to obtain low loss and high power den
in thin-film inductor applications,1 and are usually unde
stood to arise from the particular granular structure of fi
in which nanoscale metallic magnetic grains are embe
in nonmagnetic insulating oxide.2

Co–M–O granular films are generally prepared u
sputtering.2,3 Electrical resistivity and anisotropy field can
adjusted by controlling the ratio between cobalt and ox
Decreasing the Co/oxide ratio usually increases the elec
resistivity. On the other hand, to keep high enough satur
magnetizationMs, a high fraction of cobalt is desire
Ohnumaet al.2,3 have also reported that favorable soft m
netic properties can only be obtained in a limited comp
tion range. Outside of this range, a strong perpendic
component of anisotropy often occurs, which can resu
stripe domains4 which increase coercivity and lower perm
ability. Although the coercivity will decrease to a very sm
value when the material with stripe-domain behavio
driven in unipolar field which is often the case in induc
application, the large residual magnetizationBr results in a
reduced flux swing and thus in inferior performance.5,6 Stripe
domains also result in reduced permeability; low perme
ity is beneficial in some inductor applications, but does
make up for the reduced flux swing.6 Additionally, we found
that sputter pressure during film deposition also affects
currence of stripe-domain behavior. In this paper, we ana
the microstructure of the Co–Zr–O films with good soft
havior and the Co–Zr–O films with stripe-domain beha
sputtered at different deposition conditions, and propos
origin of the perpendicular anisotropy effects which ca
stripe-domain behavior.
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II. EXPERIMENT

Co–Zr–O films, 1mm thick, were deposited by dc ma
netron sputtering on water-cooled glass slides and Si
strates in an Ar+O2 atmosphere, using a CoZr alloy tar
sCo:Zr=85:15 atomic ratiod. The base pressure of the c
ber was better than 3310−7 torr. Sputter power was set
100 W; sputter pressure and oxygen introduction were
ied. A Halbach magnet array providing a 40-mT in-pl
field was used to induce in-plane anisotropy in the fi
Magnetic properties and electrical resistivity were meas
with a vibrating sample magnetometersVSMd and the con
ventional four-point method, respectively. Film cro
sectional images were taken with a scanning electron m
scopesSEMd, and composition was characterized by en
dispersive spectroscopysEDSd. Surface topographies we
observed with an atomic force microscopesAFMd. X-ray
diffraction analysis was also carried out.

III. RESULTS AND DISCUSSION

It was found that soft magnetic properties of
deposited Co–Zr–O films are affected by sputter pressur
oxygen gas introduction. No significant difference was
served between films on glass or Si substrates. Good
properties never occurred in films fabricated at sputter
sures higher than about 1.5 mtorr. At lower sputter press
Co–Zr–O films with oxygen concentration within a cert
range showed good soft properties, which is consistent
the fact reported in reference.3 The lower the pressure, t
wider the oxygen range over which favorable properties
found. Below we select four Co–Zr–O film samples s
tered at different pressures or oxygen partial pressur
examine the relationship between microstructure and
netic properties, and then suggest the origin of perpendi
magnetic anisotropy.

Table I lists sputter pressure, composition, electrical,
magnetic properties of these samples. The hysteresis lo
films A, as shown in Fig. 1sad, is characteristic of stri
domain behavior.7 Films C and D have similar loops as fi
A. The hysteresis loop of film B, shown in Fig. 1sbd, is
typical for soft magnetic films with large in-plane anisotro
Comparing samples A and B, which have similar comp

tion, we see that the film deposited at 1.2 mtorr sputter pres-
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sure exhibits good soft behavior, while the film prepare
5 mtorr has stripe-domain behavior. Samples B, C, an
were all sputtered at a pressure of 1.2 mtorr, but only sa
B has good soft magnetic properties. This is because sa
B was deposited with oxygen concentration in the middl
the range in which good soft magnetic properties re
whereas samples C and D were deposited with oxygen
centrations below and above this range, respectively.

The microstructure of the Co–Zr–O films was analy
to deduce the mechanism of perpendicular anisotrop
sponsible for the stripe-domain behavior in films A, C,
D. First, these four samples have similar x-ray diffrac
sXRDd patterns, as shown in Fig. 2, in which only cob
peaks are visible, and cobalt hcps002d is the stronges
Therefore, these films show hcps002d preferred orientatio
to some degree, because the strongest peak iss101d in the

TABLE I. Sputter pressurePs, composition, electric
coercivity Hch of four Co–Zr–O granular films. T
behavior. Type SF: hysteresis loop of soft magne

Sample A

Ps smtorrd 5 1
Composition Co65.4Zr6.7O27.9 Co65.5Z
r smV-cmd 340
Ms sTd 1.09 1
Hch sOed 70
Loop type type SD ty

FIG. 1. Magnetization curves of Co–Zr–O films:sad sample A, with stripe
domain behavior; andsbd sample B, with soft magnetic properties. Loo
were measured in film plane.i and' represent directions parallel and p
pendicular to the dc magnetic field applied during film deposi

respectively.
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,
-
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XRD pattern of hcp cobalt powder. Cobalt grain sizes
calculated to be 3–6 nm based on Debye–Scherrer me

Cross sections were then analyzed using SEM, as s
in Fig. 3. From the cross-sectional images, noticeable d
ence in structure between films with and without str
domain behavior can be observed. In sample A with st
domain behavior, the film has obvious columnar struc
with columns perpendicular to the film plane. Samples C
D also show evidence of some columnar structure. In
trast, sample B with good soft properties does not show
structure. Based on the SEM cross section in Fig. 3sbd and
the surface topography in the AFM image in Fig. 4, we c
clude that the structure of sample B is likely to be th
dimensionallys3Dd isotropic. All the samples have simi
surface topography.

From above it has been noted that Co–Zr–O gran
films of interest have similar grain sizes, crystalline ph
and orientation. What finally determines perpendicular an
tropy appears to be the columnar structure. The columns
be composed of nanosized cobalt granules separated b
magnetic Zr–O and voids. Avoiding columnar structure h
to produce good soft magnetic properties and can
achieved by adjusting film deposition parameters. In par
lar, decreasing sputter pressure and keeping oxygen co
in a narrow range have been found to decrease perpend
anisotropy, resulting in favorable magnetic properties.
former approach is readily confirmed by a well-known
that high sputter pressure promotes column growth by
creasing the Ar-ion bombardment.8 The influence of oxyge

sistivityr, saturation magnetizationMs, and hard axis
SD: hysteresis loop of materials with stripe-domain
aterials.

C D

1.2 1.2

27.7 Co76.4Zr7.5O16.1 Co65.5Zr5.4O29.1

88 460
1.41 1.13
55 45

F type SD type SD

FIG. 2. X-ray diffraction patterns of Co–Zr–O granular films A, B, C,
al re
ype
tic m

B

.2
r6.8O

332
.19

2.5
pe S
D. All indicated peaks belong to hcp Co.
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on the structure is not fully understood and needs fu
study.

IV. SUMMARY

The influence of sputter pressure and oxygen conte
magnetic properties of Co–Zr–O granular films has been
served:

s1d Co–Zr–O films sputtered at high pressure have st
domain behavior, resulting from strong perpendic
magnetic anisotropy.

s2d If Co–Zr–O films are deposited at relatively low spu
pressure, perpendicular anisotropy will also appear i
oxygen ratio in the films is outside of a particular regi

FIG. 3. SEM cross-sectional images of Co–Zr–O granular films A, B, C
D.
r

n
-

-

The occurrence of strong perpendicular magnetic a
tropy is suggested to originate from columnar structure
columns perpendicular to film plane.
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