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for integrated inductor structures
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We show the optimization of magnetic properties of ferromagnetic (FM)/SiO,/FM trilayer structures
as potential candidates for the magnetic core in toroidal integrated inductors, with FM materials
Cogy 5Zr49Tass (CZT) and NiggFeyg (Py). In the single-layer parent films, we found a monotonic
reduction of easy-axis coercivity (H, down to 0.170e in CZT, 0.40Oe in Py) with increasing dc
magnetron sputtering voltage. In the trilayer rectangular structures, with induced easy-axis in the
short lateral dimension, we found proof of dipolar coupling between the two FM layers from BH
loop measurements in the CZT system, showing linear response with minimal hysteresis loss when
the external field is applied in the long axis. Py elements did not show this optimized property.
Further investigation of domain configurations using scanning transmission X-ray microscopy
suggests an insufficient induced anisotropy in Py compared with the shape anisotropy to realize the

antiparallel-coupled state. © 2013 AIP Publishing LLC [http://dx.doi.org/10.1063/1.4801524]

Integrated ferromagnetic (FM)-core inductors have been
limited in the enhancement of inductance density over air-
core structures,1 due to magnetostatic edge effects. Toroidal,
flux-closed structures avoid this problem and can increase
the effective permeability to as high as y, of the core.” The
challenge lies in two aspects. One is engineering an isotropic
core, keeping high permeability with low hysteresis loss
throughout the closed magnetic flux path, while FM films
typically have uniaxial anisotropy.” Another is aligning the
magnetization transverse to the flux path for high permeabil-
ity, overcoming the demagnetizing effect from the path
shape. NiggFe,o (Py) (4nM,;=10.75 kG, p =20Q - cm) and
Cogy 5Zr4ogTay s (CZT) (4nM;=17 kG, p = 100Q - cm) are
well-investigated soft magnetic materials with much applica-
tion in magnetoelectronics.* We choose them as candidates
for the toroidal core material and address the above-
mentioned two issues accordingly.

First, to achieve isotropy in magnetic films, we use the
concept of isotropic high permeability multilayers, proposed
by Frommberger er al.’ In an improvement over this prior
work, we have incorporated a quadrupole electromagnet into
the UHV magnetron sputtering chamber, which enables an
in situ magnetic field rotating synchronously with the sub-
strate at arbitrary phase difference.® Successive laminations
of FM material with anisotropy axes rotating at designated
step could be obtained in one deposition, without breaking
vacuum. In addition, very low Ar pressure during dc sputter-
ing is used in our system, allowing for a mean free path com-
parable with the target-substrate separation. We show in this
paper control of the soft magnetic properties of single-layer
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extended films by varying the sputtering voltage and thus the
kinetic energy of the incident particles, optimizing the build-
ing blocks for isotropic multi-layered films.

Second, to arrange the high-permeability axis along the
flux path, we fabricate elongated structures (rectangles and
stripes) and induce the easy axis (EA) transverse to the long
lateral dimension. By using FM/nonmagnetic (NM)/FM
trilayers, we expect to produce the easy-axis state in the
element originating from the dipolar coupling between the
two FM layers.7 The elimination of domain walls (DWs)
(inevitable in the closure-domain states in single-layer
patterned elements) leads to nearly pure rotational hard-axis
(HA) response when an external field is applied along the
elongated direction. We found CZT more suitable for this
application with its relatively high induced anisotropy over-
coming the shape anisotropy. Negligible hysteresis loss
could be achieved in these elements. However, we did not
find proof of the easy-axis state in the Py trilayer elements,
conflicting with the calculated phase diagrams in Ref. 7.

The power dissipation in metallic inductor cores comes
from two sources of loss: eddy currents and hysteresis.*
Laminating the magnetic alloy film with a dielectric, NM
material (SiO,) is thought to inhibit the eddy currents and
reduces the coercivity significantly.®° In optimizing the
multilayered structure, the first step is to determine the opti-
mal single FM layer thickness #75, and its deposition condi-
tions. To eliminate the eddy currents, #;, should be thinner
than the skin depth ¢ of the FM material, Jp, = 159 nm,
dczr = 622 nm at 500 MHz, calculated from the parameters
given in Ref. 4. In terms of the hysteresis, we attribute the
EA coercivity H* dominantly to the interaction of 180°
DWs with surface irregularities, since Py (polycrystalline)
and CZT (amorphous) both have zero magnetostriction.'®

© 2013 AIP Publishing LLC
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The coercive field can be estimated proportional to
Atpy /tey, where Atpy is the fluctuation in film thickness.
HA coercivity comes from the small local fluctuation of
induced anisotropy which leads to ripple domains.'' The
magnetization orienting in the HA in the DWs contributes to
the remanent magnetization in HA loop. H"4 is thus not
associated with DW motion. However, longer wavelength of
anisotropy dispersion or better film homogeneity will reduce
the DW density in the HA remanent state, leading to a reduc-
tion in Hf.’A.

Fig. 1 shows the thickness dependence of EA and HA
coercivities in extended single-layer films. The uniaxial ani-
sotropy (H,” = 3.50e, H*" =200e measured with BH
loop tracer) is induced during deposition, by a field of
~750e imposed by the quadrupole electromagnet. The dc
sputtering voltage and Ar pressure for Py and CZT were
480V, 1.3 mTorr and 420 V, 1.2 mTorr, respectively. While
thicker amorphous CZT films, up to 500 nm, might have
given much lower coercivity (0.015 Oe),'* we found crystal-
lization in our 400 nm film, confirmed by XRD, leading to an
abrupt increase in H,.. Elevated substrate temperature during
long deposition may contribute to this result since the sample
stage is not water-cooled in our system. 100 nm Py film is in
the vicinity of transition from cross-tie walls to asymmetric
Bloch walls,"® showing an increase in HEA, while HA
remained at the same level. If we plot the EA coercivity as a
function of 1/tp), in the region where no DW-type transition
or crystallization occurs, the data show linearity, which is
expected from HEA oc Atgy /try. The offset might reflect the
intrinsic H,. not associated with the surface property.

Next, we chose the film thicknesses with the lowest
coercivity, i.e., 80 nm for Py and 200 nm for CZT, for further
optimization in deposition conditions. We keep the lowest
possible Ar pressure (~1.2 mTorr) during sputtering for all
depositions, with an estimated mean free path of 4 cm, which
is comparable with the target-substrate separation of 10cm.

1.2 12
’:5‘0'8 8 easy axj
Cos 6
£
04 hard axis 4 h/
e ara axis
02 . — 2 /
00—25—%60 80 100 950 150 250 350
Py film thickness t_  (nm) CZT
12 50
25
08 5
(0]
) 15
(&)
I 0.4 1.0
05
%P0 0.01 0.02 0.03 %P0 0.01 0.02 0.03

inverse of film thickness 1/t (nm*)

FIG. 1. Thickness (¢g),) dependence of coercivity (H,) in uniaxial anisotropy
extended single-layer films, Py (left) and CZT (right). Lower panel demon-
strates the linear dependence of HEA on the inverse of tzy, 1/tpp, while Atpy
remains at the same level at a specific sputtering voltage.
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Sufficient presputtering ensures the target composition in the
deposited films.'* The average sputtered atom energy is de-
pendent on the dc sputtering voltage, given by
E = UsIn(yE;pn/Uy) — Us, where Uy is the surface energy
barrier for the atoms to escape from the target, y =
(4M\M,) /(M| 4+ M,)* with M; and M, being the incident
and sputtered particle weight, respectively, and E,,, is the
incident Ar ion energy (proportional to the sputtering volt-
age). This equation gives sputtered Co atom energy at
4.85eV and 6.3eV under sputtering voltage of 400V and
600V, respectively. Similar conclusion could be drawn
about the fast neutrals, which are back-reflected Ar ions
combined with electrons. These energetic particles, espe-
cially the high-energy fast neutrals, bombard the sample sur-
face and improve the diffusivity of the adatoms, leading to
enhanced film homogeneity and lower surface roughness. '’
Fig. 2 demonstrates the reduction of coercivity with increas-
ing sputtering voltage, noticeably with CZT showing a mon-
otonic trend.

After determining the individual FM layer thickness and
the deposition conditions, we examine the shape anisotropy
and the interaction between the FM layers in elongated, multi-
layer structures. For applications in integrated inductors,
lateral dimensions of several hundred microns are of the most
interest.* One of our potential implementations of the mag-
netic core structures is described in Ref. 16. We investigate
FM/SiO;(#si0, nm)/FM trilayers with the optimized FM
layer thickness. The SiO, layer thicknesses are 4, 6, 10, 20
and 40 to explore the coupling effects between the FM layers.
The films are patterned using photolithography and liftoff pro-
cess, into stripes (lcm x 150um) and rectangles
(400 pm x 100 um), with the induced EA parallel to the short
axis of the patterned elements. The classic work of
Slonczewski’ examined the domain configurations in infin-
itely long FM/NM/FM stripes thoroughly, and demonstrated
the flux-closure between the two FM layers, leading to single-
domain easy-axis state in the individual FM layer. The anti-
parallel alignment of magnetization in the two FM layers
along the short axis in elongated FM/NM/FM sandwich struc-
tures could be inferred from the specific shape of the BH loop
measured along the short axis, with a plateau at low applied
field, centered at zero.'” This feature is observed in all the
CZT samples we explored for various fsio, (hysteresis loops
not shown). We demonstrate in Fig. 3 the hysteresis loops for
CZT(200nm)/SiO,(4 nm)/CZT(200nm) stripes and rectan-
gles. Note, however, that the plateau is much more
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FIG. 2. Sputtering voltage dependence of coercivity (H,) in uniaxial anisot-
ropy extended single-layer films with the optimized thickness, Py 80nm
(left) and CZT 200 nm (right).
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FIG. 3. BH loops for Cog; 5714 9Tas 5(200 nm)/SiO,(4 nm)/
Cog 57Z140Ta4.5(200 nm) structures. The inset at the lower right minor loops
on induced hard axis showing linear response with negligible hysteresis loss,
at 0 and 100Oe bias fields. The permeability is slightly reduced in minor
loops. (a) 1 cm X 150 um and (b) 400 um x 100 um.

accentuated in the long stripes (Fig. 3(a)) than in the rectan-
gles (Fig. 3(b)). A possible explanation for the weakening of
this antiparallel flux-closure between the FM layers is the
extra demagnetizing effect introduced by the sharp corners of
the rectangular shape, preventing the local formation of edge
curling wall.” In the theoretical models of Slonczewski, the
FM/NM/EM stripes are infinitely long, and the effects at the
ends are eliminated. In our case, the stripes 1 cm x 150 yum are
better suited to the theoretical model.

Furthermore, we did not observe any plateau in the
Py(80n1m)/SiO, (¢si0, nm)/Py(80nm)  systems (loops not
shown). An estimation of the shape anisotropy in the Py ele-
ments, Hggpe = My(2t/7)(1/w — 1/1), where t is the thick-
ness, w is the width, and 1 is the length of the FM slab,
respectively, gives 4.5 Oe, which is at least equivalent to, if not
dominating over the induced anisotropy H;, = 3.5 Oe. A further
investigation on the domain configuration in a rectangular (30
um x 7.5 yum)  heterostructure  NiggFe,0(23 nm)/Ta(4 nm)/
CoyoFe40Boo(15nm) was carried out using scanning transmis-
sion x-ray microscopy at the Canadian Light Source SM beam-
line. Fig. 4 demonstrates the alignment of domains in the
induced easy axis in the CoFeB element (having similar 47M
and H to CZT), while the Py element forms classic diamond
structures.

J. Appl. Phys. 113, 17A343 (2013)

Co

FIG. 4. Domain imaging using STXM, with the x-ray photon energy set to
Ni L3 edge for the top Py layer (left panel, showing diamond structure) and
Co L5 edge for the bottom CoFeB layer (right panel, magnetization along
the induced easy axis); the dark and bright contrasts refer to magnetization
pointing to the right and left, respectively.

We have shown in this paper, together with our previous
work,® the control of well-defined high-permeability axis in
micron-patterned, multilayered structures. We demonstrated
in the CZT system the ability to align the magnetization
transverse to the long axis in finite elongated structures, with
optimized 3d dimensions for the interest of integrated induc-
tors, leading to extremely low hysteresis loss and high
permeability along the net magnetic flux path. These struc-
tures make up the segments in a toroidal magnetic core.
With rotating induced anisotropy in adjacent sandwich tri-
layers in a multilayered film (with tens of laminations), iso-
tropic high-permeability flux-closed core could be achieved.
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