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We have studied obliquely sputtered Co-Zr—O Ims. We found that oblique deposition gives rise to the formation of columnar mor-
phology and thus higher perpendicular magnetic anisotropy in the Ims, which nally results in the occurrence of stripe domains and
degradation of soft magnetic properties. Applying substrate bias during Co—Zr—O Im 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—0/Zr0O
effectively eliminates the columnar structure and helps the Ims regain favorable soft magnetic properties.

Index Terms—Co-Zr-0O, granular metal-nonmetal Ims, multilayer, nano-composite Ims, oblique deposition, shadowing effect, soft
magnetic properties, stripe domains.

I. INTRODUCTION -

FT magnetic Co—Al-O, Co-Zr-0O, and Co-Pd-Al-O
ranular Ims have been developed previously on planar
substrates for their promise in high-frequency micro-inductor
applications [1]-[5]. Such soft magnetic Co-based granular
Ims can possess properties such as high saturation magnetiza-
tion My, high in-plane anisotropy eldi;, and high resistivity
p. It has been found that good soft magnetic properties of the

\ Substrate table _
sputtered Ims are only found in limited composition ranges

[1]_’ [2]’ [4] a,‘nd require low sputter pressure [4] OtherWlsgig. 1. Schematic setup for the sputter deposition on sloping substrate.
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 t
perpendicular anisotropy [4].

However, the characteristics of such granular Ims on tilte
substrates have seldom been explored, even though sloql
surfaces are sometimes inevitable in practical core shapes?

Substrate H

h1ehe substrates were placed on aluminum wedges with angles
(°, 45°, and 55. A magnetic eld of about 400 Oe was applied
the substrate plane in the direction shown in Fig. 1, in order
duce in-plane anisotropy with the easy axis in the same
. . . ffection. This direction is chosen in order to have the hard axis
inductors, transformers, and other magnetic devices [6], [ p and down the slope of the tilted substrate, which would be

Th'.s work is th? rst report of the magnetic p'ropert|es Othe ux direction in a practial device. The sputter pressure was
obliquely deposited granular Co—Zr—-O Ims. Stripe domamﬁe t at about 1.5 mTorr

and associated degradation of soft magnetic properties wer n our previous planar Im deposition work, the Co—Zr-O

observed, although the Ims were sputtered with deposﬂmyf_‘S were also sputtered from GeZr,s alloy targets, with

conditio_ns similar to those used for the deposi_tion of good SQBther deposition conditions the same. Those Ims deposited on
magnetic Co-2r-O I.m s on planar. su_bstrates n [4]..The StBSianar substrates and with good soft magnetic properties have
domamg imply the emstepce ofasigni cant perpgndmular ma esistivity around300 + 50 pQ-cm, and a narrow composition
nf?ﬁ ar|1|sotropy (P'\IAA) ('jn thg Imsd [t8]—[10|]. _Mlt(r:]rostructure ngch is around Cgy 52Zrs.sO027.7 (at. %) [4]. For the obliquely

ot the Ims was analyzed and used to expiain e increase g posited Ims, oxygen gas ow rate was carefully controlled

lIDMAt' Metthods SUCht.?S "jjpf'y.'”g subs:;]ate plas ?nd th|t'|a>(frorder to match the resistivity and composition. Film thick-
m structure were utilized to improve the microstructure an ?ﬁ_s was kept around 600—700 nm.

suppress PMA. The effectiveness of the methods is examined: multilayer Co-Zr—0/Zr@ Ims, the Co-Zr—O and Zr@

and explained in Section lll. layers were alternately deposited by sputtering-@otargets
and a Zr target, both in an A/O, atmosphere. Other parame-
ters were the same as those used in single-layer Co—Zr—-O Im
Single-layer Co—Zr-O Ims were deposited on sloping watedeposition.
cooled silicon or glass substrates by DC magnetron sputtering/Nith a vibrating sample magnetometer (VSM) and®aH
of a CasZr15 (at. %) alloy target in an AFO, atmosphere. loop tracer, in-plane hysteresis loops of the Ims 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 Ims
Digital Object Identi er 10.1109/TMAG.2007.907503 were recorded by magnetic force microscopy (MFM) with
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Fig. 3. MFM images of the Co-Zr-O Ims sputtered on (ay3ind (b) 53
tilted substrates.

Fig. 2. In-plane hysteresis loops of Co—Zr-O Ims deposited oy30°; 45°;
and 55 tilted substrates. Note that thé @lot has different horizontal scale.
k represents the direction parallel to the applied external magnetic eld duri
Im deposition; and? represents the orthogonal direction in the Im plane. If
in-plane anisotropy is induced by the external magnetic klalso corresponds
to the easy axis; an®@l corresponds to the hard axis.

zero applied eld. The electrical resistivity was measured witl Substrate

the four-point method. Cross-sectional transmission electrc a)
microscopy (TEM) and X-ray diffraction (XRD) were used

to characterize the Im microstructure and measure crystéily. 4. Cross-section TEM images of the Co-Zr—O Ims on (a}@d (b) 55
size. All the cross sections of the TEM samples were ma#i#d substrates.

perpendicular to the static magnetic eld applied during Im

deposition and perpendicular to the substrate surface.

Substrate

evident in the Im on 58 slope. Furthermore, the shadowing
effect is expected to be more severe, resulting in larger PMA
Ill. RESULTS AND DISCUSSION for higher angle deposition. According to Fig. 2, larger in-plane

As can be seen in Fig. 2, the single-layer Co-Zr-O Im Oﬁaturgtion eIds_HS are obsgrved with higher angle Ims, and
a O substrate has good soft magnetic properties with narrdf Stripe-domain Ims, a higherl, corresponds to a larger
easy- and hard-axis hysteresis loops. Large in-plane anisotrgMA (8l.
is also obtained [4]. It has been successfully applied to a .
V-groove power micro-inductor [7]. However, for the ImsA' Effect of Substrate Bias
deposited on tilted substrates, the coercivityis increased and  Applying substrate bias during Im deposition has become
permeability,, is decreased, i.e., the soft magnetic propertiestablished as an effective method to eliminate or compensate
are deteriorated. All the Ims have saturation magnetizatidior the in uence of oblique deposition in Permalloy Ims
4w M, around 12 kG. The shapes di—H loops of Ims [12] and Fe-based soft magnetic Ims like FeTaN [13], [14].
on titled substrates are characteristic for stripe domains; ttmePermalloy, the substrate bias was believed to realign and
presence of stripe domains is con rmed by the MFM imagedensify the NiFe columns, and thus overcome the shadowing
in Fig. 3. No stripe domains are observed in the single-layeffect [12]. Substrate bias has been reported to play a different
Ims deposited with the conditions described in Section Il. Theole in FeTaN Ims. Changing Im stress and the orientation
occurrence of stripe domains and degradation of soft magneadicFe grains contributed to suppression of the perpendicular
properties are due to an increase in perpendicular magnetigsotropy existing in FeTaN Ims on sloping surfaces [13],
anisotropy (PMA) [8]-[10], and the increase in PMA can bgl4].
ascribed to the shadowing effect which is intrinsic in oblique For Co-Zr-O Ims deposited on 30tilted substrates, small
Im deposition [11]-[13]. The shadowing effect can lead to theubstrate bias did improve the soft magnetic properties. As
growth of signi cant inclined columnar structures and conseshown in Fig. 5, with the RF substrate bias power increasing
quently large perpendicular shape anisotropy. Fig. 4 compafesm 0 to 15 W, the coercivity along hard axis decreased from
the microstructures of Co—Zr—O Ims sputtered chd&hd 55 22 to 0.7 Oe, and the saturation eld decreased from 187 to
slopes. The Im on a 0 substrate exhibits a uniform structurel02 Oe, whereas further increases of substrate bias power
with very few columnar features, if any. A severe columnarorsened the soft magnetic properties. For slopes dfatisl
structure with the columns 26from the substrate normal is55°, substrate bias did not provide any improvement.
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. . . . Fig. 6. XRD of Co—Zr-O Ims deposited on a 3Gloping surface without and
Fig. 5. Dependence of coercivifH .) and saturation eldH.) in the hard \ith 50 W RF substrate bias.

axis direction on substrate bias power for Co—Zr-O Ims deposited 6riigéd
substrates. (The hard axis direction is in the Im plane and orthogonal to the
direction of applied external magnetic eld during Im deposition).

The effect of low substrate bias on Co—Zr—O Ims 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 Ims is not usually seen in
other soft magnetic Ims [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 Ims sputtered orf 3iked
substrates without and with 50 W RF substrate bias. Calculated
cobalt grain size of the Im without bias is about 6 nm, while
cobalt particles in the Im with 50 W bias are as large as abowly. 7. cross-section TEM image of Co-zr-O Im deposited on a 8@ping
25 nm. The XRD result also displays a very strong cobalt heprface with 50 W RF substrate bias.
(002) texture for the Im with 50 W bias. Fig. 7 shows a severe
columnar structure for this Im. The effect of high substrate bias
on Im microstructure can be ascribed to the fact that (002) is
the closest-packed plane of hcp cobalt. Enhanced Ar ion bom-
bardment on Im 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) orientatiafg. 8. (a) In-plane hysteresis loops and (b) cross-section TEM image of a mul-
of cobalt crystals and perpendicular shape anisotropy from tfyer [Co-Zr-Qo nm=(ZrOz2)4 nm]15 Im deposited on 53 tilted substrates.
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 Im normab- Multilayer Structure
Eventually the increased PMA lead to stripe domains and deteBetter than applying substrate bias, adopting a multi-
rioration of soft magnetic properties. layer structure Co—Zr-0O/ZrQ did effectively help regain
As implied by the larger saturation elds as can be seen the soft magnetic properties for large substrate tilting an-
Fig. 2, Co—Zr-O Ims sputtered on larger angle substrates ugles. Fig. 8(a) shows in-plan&—H loops of a multilayer
derwent a larger shadowing effect. Low substrate bias woUldo—Zr—Oigpnm /(ZrO2)4 nm]15 M with a 55° substrate angle.
not be strong enough to overcome large shadowing effect, wh@®@od soft magnetic properties were observed.
high bias would give rise to a worse effect as has been discusselig. 8(b) is a bright eld cross-section TEM image of the
inthe 30 case. Consequently, substrate bias did not help get swiiltilayer Im. A ne and uniform granular structure can be
magnetic properties in Co—Zr—O Ims deposited on substratebserved in each Co-Zr—O layer, similar to the structure in
with substrate angle larger than°45 granular Ims deposited on planar substrates [1], [2], [4]. An
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For large-angle depositions, utilizing a multilayer
Co-Zr-0/ZrQ structure is a more efcient approach to
overcome the shadowing effect and regain good soft properties.
Insertion of thin oxide layers prevented the development of
columnar structure through Im thickness.

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

Fig. 9. Multilayer Im [Co—Zr—019 nm=(ZrOz2)4 nml1s: (a) dark- eld high- ACKNOWLEDGMENT
resolution image of the rst several layers, (b) qualitative elemental concentra- __ .
tion across the rst two layers. S: substrate, F: Im. This work was supported by AF Contract #FA8650-05-C-

7201, GEGR PO#700118315, and by the National Insi-
tute of Standards and Technology (NIST) under Grant

enlargement of the rst two Co-Zr—O and ZsQayers near 60NANB2D0120.
the substrate is shown in Fig. 9(a). Fig. 9(b) illustrates the
qualitative elemental concentration across the rst Co-Zr—O " o § h
: _[1] s. Ohnuma, H. Fujimori, S. Mitani, and T. Masumoto, “High-fre-

and ZrQ layers. T_he ZrQ layers can be considered as sub quency magnetic properties in metal-nonmetal granular Imk,”
strates for each thin Co—Zr—O layer above whose growth thus  Appl. Phys.vol. 79, pp. 5130-5135, 1996.
can be treated almost individually. According to the theory of [2] S. Ohnuma, H. J. Lee, N. Kobayashi, H. Fujimori, and T. Masumoto,
oblique Im deposition. columnar morpholoay and shadowin Co-Zr-O nano-granular thin Ims with improved high frequency

q p ’ ) p gy. } g soft magnetic properties|EEE Trans. Magn.vol. 37, no. 4, pp.
effect do not develop severely until the Im is thick enough 2251-2254, Jul. 2001.
[11]. Therefore, it is not surprising that the columnar structure [3] S: Ohnuma and T. Masumoto, “High frequency magnetic properties
h . . and GMR effect of nano-granular magnetic thin Im§gripta Mater,
in the mululgyer Im was prevented, aqd the perpen_d|cular vol. 44, pp. 1309-1313, 2001.
magnetic anisotropy (PMA) due to the micro-shape anisotropy [4] Y.Sun, W.Li, P. Dhagat, and C. R. Sullivan, “Perpendicular anisotropy
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