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Abstract—Soft magnetic properties of thin films for use as a core material are critical for the realization of future
miniaturized electromagnetic devices operating at frequencies of tens or hundreds MHz. Laminated stacks consisting
of alternate thin layers of magnetic material and dielectric material are widely used to suppress eddy current losses
that dominate especially at a higher frequency of operation. Thus, identifying a suitable dielectric layer, its optimum
thickness, and the understanding of its effect on the performance of the laminated core is important. In this paper, six
different CoZrTaB (CZTB) laminated cores are reported featuring a variety of dielectric materials (AIN, SiN, Al>O3, and
oxide CZTB) and/or dielectric thickness (5, 15, and 50 nm). This study shows that stacks with different dielectric
material have a varied residual stress that plays an important role in inducing magnetic anisotropy, thus affecting the
pemeability. CZTB stacks with oxide CZTB dielectric show the best combination of high pemmeability, low coercivity,

and low losses at high frequency.

Index Terms—Magnetics on silicon, thin-film technology, soft magnetic laminated stacks, dielectric material .

. INTRODUCTION

Thin magnetic film based integrated micro-inductors play a
crucial role in applications ranging from wireless communication
systems to integrated voltage regulators (IVRs) [O"Mathuna 2012,
Lambert 2020]. The quest of miniaturization demands the inductors
operate efficiently in the MHz frequency range. Large inductance-
density, low loss, and good high frequency response are required for
these applications. This provides research challenges not only in the
optimization of device designs but also the improvement of the high
frequency performances of the magnetic core material.

The design of magnetic cores in order to reduce the losses has
attracted a great amount of attention in electrical application fields
[Ikeda 2006, Fergen 2002]. Eddy currents and hysteresis losses are
the contributing factors of the high-frequency losses of the magnetic
core material. Hysteresis loss accompanied with magnetic domains
that could result in localized magnetization resonances that, in turn,
lead to more energy losses [Dinulovic 2020]. Eddy current induced
by the time varying magnetic fields in the core, become the
dominant loss contributor at high (above tens of MHz) frequencies
[Wang 2017]. Laminated structures, consisting of multiple thin
magnetic layers separated by dielectric films have been shown to
stem the eddy-current losses successfully, and hence reduce the
overall high frequency losses and improve the quality factor (Q-
factor) [Wu 2012, Yao 2013] of the micro-inductors. Thus, the
design and development of laminated magnetic core has become a

Corresponding author: guannan.wei@tyndall.ie & ranajit.sai@tyndall.ie
Digital Object Identifier: 10.1109/LMAG.XXXX.XXXXXXX (inserted by IEEE).

significant activity towards developing efficient and miniaturized
micro-inductors. Identifying a suitable dielectric layer and
understanding its effect on the performance of the laminated core is
an important part of this development.

Sputtered soft-magnetic laminates comprised of NiFe or Co-based
amorphous alloys are popular for the on-chip integration at the
CMOS back-end-of-line (BEOL) process [O"Mathuna 2012,
Masood 2018]. A variety of dielectric materials such as AIN [Jordan
2021], AlLOs [Michel 2019], SiO2 [Dinulovic 2020], SiN
[Bharadwaj 2017], and Co-based oxide [Raju 2020] are used in the
laminates. One key feature, beside soft magnetic properties, that
determines the success of the laminates commercially is their wet-
etching capability. Stacks with AIN, AlOs are not easily patternable
with large undercuts by a wet etching process. Whereas the preferred
etchants for SiO2 and SiN are HF or KOH based solution [Pal 2021],
which are not conducive to BEOL processing. Recently, oxide of
CZTB (O-CZTB), also investigated in this study, exhibits excellent
CMOS compatibility with superior wet-etching capability than the
state-of-the-art AIN [Wei 2023]. The investigation of the effect of
different dielectric materials on the soft magnetic properties of the
laminated stacks of CZTB using the same magnetic material
sputtering conditions has not been previously reported.

In this work, six different CoZrTaB (CZTB) laminated cores were
fabricated and characterized, comprising four different dielectric
materials together with three different dielectric layer thicknesses for
one of the dielectric materials. Amorphous ferromagnetic CZTB
alloy film was chosen as the magnetic film of the laminates owing to
its relatively higher resistivity of 120 pQ-cm than the popular NiFe
[Wang 2021] or CoZrTa [Michel 2019]. The effect of mechanical
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stress in the fabricated laminates on the hysteresis and high-
frequency losses was investigated in depth to identify the best suited
dielectric layer for CZTB-based laminates.

Il. EXPERIMENTAL DETAILS

A. Fabrication of the laminates

Amorphous CZTB(100 nm) /[dielectric (x nm)/CZTB(100 nm)]x9
laminates (x is dielectric layer thickness) were deposited by
magnetron sputtering. Two groups of comparison studies were
designed: one with the same dielectric layer thickness of 5 nm but
different dielectric material (AIN, Al,Os, SiN and oxide of CZTB);
the other using the same dielectric material oxide of CZTB (O-
CZTB hereafter) but with the thickness varied from 5 nm to 50 nm.

Amorphous CogsZrsTasBg (at. %) target was used to grow the
magnetic layer using DC magnetron sputtering (Lesker PVD model
CMS-18HV system). The sputtering chamber was pumped down to
a base pressure of 107 Pa, and then argon gas was introduced
resulting in a sputtering pressure of 5 mTorr to start deposition of
the CZTB magnetic films under the DC power of 500 W. The
deposition of the films was carried out in an applied magnetic field
of 230 Oe with homogeneous distribution across a 4-inch Si (100)
wafer. The Si substrate was pre-processed to have a thermally grown
SiO: layer of 250 nm followed by a 20-nm thick sputtered-deposited
adhesion layer of Ti on top of it before the deposition of the
magnetic films.

The dielectric AIN separation layers were deposited at 5 mTorr Ar
atmosphere using AIN sputter target. Once the chamber pressure
was stabilized, AIN was deposited for required time with the target
power of 140 W. The Al.Os dielectric films were deposited using an
aluminum dioxide target under RF power supply with 140 W in an
inert atmosphere. High purity (~99.99%) silicon target was used for
the deposition of SiN film. RF power supply with 30% reactive N2
gas and 35 W RF substrate bias was set for the deposition. In
addition to the familiar dielectric materials, here we have optimized
the deposition of a relatively new dielectric material, O-CZTB.
Three O-CZTB films with different thicknesses (5, 15 and 50nm)
were deposited by the reactive sputtering from the CZTB target
under appropriate O2 gas partial pressure. Detailed deposition
conditions are published in our earlier work [Wei 2023].

B. Characterization methods

The structural properties of the films were investigated by X-ray
diffraction (XRD, Philips Xpert diffractometer, Cu Ka-1.54 A).
Divergent beam setting was used during all the measurements to
detect the tiny crystalline phase(s) if any. Surface roughness was
characterized using AFM (Bruker Dimension Icon). The KLA
Tencor P-17 stylus profilometer was used to measure the stress
profile. The soft magnetic properties were investigated using a B-H
hysteresis loop tracer (SHB, MESA 200 HF) at room temperature.
The high-frequency (3 MHz — 4 GHz) permeability of films was
measured using 4 mm x 4 mm samples by employing Ryowa PMM-
9G Permeameter.

IIl. RESULTS AND DISCUSSION

A. Structural analysis
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Fig. 1. XRD spectra of a bare Si-wafer with 250nm SiO2 (before
film deposition), as-deposited CZTB lamination stack with dielectric
material of AIN, Al;Os, SiN, and O-CZTB

Table 1. Summary of the characterization results of CZTB
laminated stacks with different dielectric material or thickness.

Lamination structure [CZTB1oonm/Dielectric xnm] x10

AIN SiN  AlbOs OCZTB OCZTB OCZTB
(5nm) (5nm) (5nm) (5nm) (15 nm)(50 nm)

Dielectric
(Layer thickness)

Stack stress (GPa) +0.309 -0.04 +0.15 +0.115 +0.28 +0.32
Dielectric Rq (nm) 0.325 059 042 NA. 049 0.67
Coercivity, Hc (A/m) 9.40 97.8 81.09 9.17 57.3 128
Anisotropy field (kA/m) 1.968 1.384 1.464 1.623 1.859 1.890
W @100 MHz 438 648 686 581 432 476
Q-factor @ 100 MHz 28.1 17.0 14.7 17.4 23.4 31.2
Magnetic flux density, B

1.28 1.20 1.31 1.26 1.25 1.25

(Wb/m?)

Physical structures of CZTB lamination stack with different
dielectric materials or thickness (AIN, AkLOs;, SiN, and O-CZTB)
sputtered on Si/SiO2 wafer were analyzed using XRD technique.
Amorphous materials are favored in a soft magnetic core for high
frequency inductor applications, due to lower coercivity, and lower
magnetostriction than crystalline materials [O"Mathuna 2012].
Without magnetic crystalline anisotropy, it is easier to induce
uniaxial anisotropy in amorphous materials and hence achieve better
soft magnetic properties with low losses at high frequency [Nosenko
2020]. With proper sputtering condition optimization [Lordan 2021],
an amorphous phase is achieved. Fig. 1 shows the spectrum 26 scan
pattern of samples along with a reference Si/SiO> substrate. In this
work, p-type silicon wafer was used, then 250nm SiO, were
thermally grown on top as insulation layer. XRD scans were
performed before and after CZTB system sputtering, so that the
peaks can be separated from the substrate and that from the CZTB
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films. The broad area in the range of 26=40-50° confirms the
amorphous nature of all the films. The sharp peaks appearing in the
range of 30°< 20<65° are from the substrate (marked with star
symbols in the reference substrate sample).

B. Static magnetic characterization
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Fig. 2. Hysteresis loop of as-deposited CZTB lamination stack with
dielectric material of a) AIN 5nm, Al;03 5n1m, SiN 5nm and O-CZTB
5nm; b) that of O-CZTB 5nm, 15nm, and 50nm.

Fig. 2 shows the easy and hard magnetic anisotropy axis
hysteresis loops of the CZTB multilayer films dielectric material
AIN 5nm, Al.03 5nm, SiN 5nm, O-CZTB 5nm, O-CZTB 15nm, and
O-CZTB 50nm. Uniaxial magnetic anisotropy was successfully
induced on all the as-deposited samples with a low hard axis
coercivity (He < 130 A/m). A pronounced magnetic anisotropy will
result in coherent magnetic rotation during high frequency excitation,
and hence is very beneficial in order to have the material working at
high frequency with low losses. Magnetic anisotropy field (Hk)
strength can be abstracted using Stoner-Wohlfarth model [Dubuget
2010] considering a single anisotropy model. Table 1 summarizes
the coercivity (Hc) along hard axis, Hk values for all the samples
together with the dielectric layer’s roughness and the residual stress
of laminated stack. It can be observed that 1) CZTB laminated
stacks (5nm dielectric layer) with SiN has the largest H¢; 2) For
stacks with O-CZTB, when dielectric thickness increases, the
roughness increases so as Hc. The magnetic flux density (Bs) of each
sample were also listed in table 1, where the CZTB system with SiN
dielectric material has the lowest value, then the one with O-CZTB
dielectric, where that with AIN and Al.O3 has the highest value.

Fig. 3 a) plotted the relationship between dielectric roughness and

hard axis Hc. A positive correlation can be observed between the
dielectric roughness and hard axis Hc. Film roughness can introduce
surface irregularities disrupting the uniformity of the magnetic
domain structure, which can lead to domain wall pinning or
increased domain wall energy [Ghaferi 2020, Jordan 2020]. This in
turn will result in an increase in coercivity, as more energy is
required to initiate domain wall motion and magnetization reversal.
Choosing the dielectric material with a lower roughness can lead to
smaller Hc hence lower hysteresis losses. When dielectric thickness
is the same (5nm), AIN or O-CZTB show the smallest H. value.
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Fig. 3. a) Relationship of dielectric layer’s roughness with hard axis
coercivity; b) Relationship of residual stress of the stack and magnetic
anisotropy field.

Fig. 3 b) plotted the relationship between the stack residual stress
and Hyvalue. Likewise, it can also be observed that higher induced
magnetic anisotropy Hk shows a positively proportional trend to the
residual stress of stack samples. Stress can induce anisotropy via
changing the preferential alignment of magnetic moments along
specific directions during sputtering. Even though CZTB material’s
magnetostatic coefficient is low [Masood 2018, Cronin 2020], when
the sputtering condition is the same, the stress induced anisotropy
field will add to the intrinsic magnetic anisotropy (that induced by
external magnetic field during sputtering) and influences the overall
magnetic behavior of the laminated stacks samples with different
dielectric material. A simple linear model can be generated here to
fit the experimental date:

Hk=Hx_stress + Hk_ini = (stress*ostress + Hk_ini
where Hy_swess refer to the stress induced anisotropy, Hk_o is the
initial anisotropy value generated by sputtering condition, cswess IS
the residual stress, and Cswess is the stress related constant coefficient.
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The fitting results show that Hy_ini = 1.404 kA/m, and (stress=1.452
kA/(m-GPa) .

Anisotropy field Hx can be used to estimate the initial
permeability (will be discussed in the next section C), with a smaller
Hx value generating a higher permeability. Selecting the proper
dielectric material or thickness can further tune the Hg via different
residual stress. CZTB laminated stacks (same dielectric thickness)
with SiN or Al,O3 show the lowest Hx value, O-CZTB is with
medium value, while that with AIN has the largest Hx. When
dielectric material is the same, as dielectric thickness decreases, the
Hy also decreases. In summary, from the static magnetic study, it can
be seen that CZTB laminated stack with 5nm O-CZTB dielectric has
the lowest Hc and relatively smaller Hy.

C. High frequency permeability spectra
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Fig. 4. High frequency permeability spectra of as-deposited CZTB
lamination stack with dielectric material of AN 5nm, Al203 5nm, SIN
5nm and O-CZTB 5nm (and 15nm, 50nm).

Frequency dispersion of complex permeability p(f) spectra of all
the samples are shown in Fig. 4, with ' representing the real part
while p" the imaginary part. It can be observed that the real part of
the permeability of all samples holds flat until frequency as high as
300 MHz, indicating those magnetic core can be easily used at
100MHz working frequency. CZTB stack samples with SiN, or
Al;O3 have the highest permeability at 100 MHz, while their Hy is
the lowest. Likewise, CZTB stacks with AIN show lowest
permeability but highest Hk. The inverse relationship between
permeability and Hk can be explained by the estimation of static
initial permeability using the expression of Min=1+4nMg/Hx
[Seemann 2010], indicated in Fig. 5 a).
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Fig. 5. a) Plotting of relatve permeability (@ 100 MHz) with a
relatonship with Hy; b) High frequency Q-factor (fitting data) of as-
deposited CZTB lamination stack with dielectric material of AIN 5nm,
Al;Oz 5nm, SIN 5nm; c) loss tangent and damping factor of all the
CZTB stacks.

Magnetic core loss is one of the main losses in inductor devices,
and thus an important factor influencing device performance.
Magnetic loss tangent (tand = p"/u') is used to represent losses in the
magnetic material at high frequencies [O'Mathuna 2012]. Q-factor is
defined as 1/ tand. Higher Q-factor means lower loss. Fig. 5 b) show
the Q-factor frequency spectra of CZTB stacks with four dielectric
materials, where AIN has the highest value, SiN and O-CZTB have
medium Q-factor. The frequency response of the permeability can
be theoretically analyzed by solving the Landau-Lifshitz-Gilbert
(LLG) equation in combination with the Maxwell equations, which
consider eddy-current loss contributions [Seemann 2010]. Damping
factor of each sample can be estimated by LLG fitting. Figure 5. ¢)
compares the damping factor o and measured loss tand. For CZTB
stacks with same dielectric thickness (5nm) but different materials
(AIN, SiN, Al203, O-CZTB)), it can be seen that the loss tand follows
the same variation trend with damping factor. CZTB stacks with
AIN dielectric has the smallest damping factor and at the same time
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lowest magnetic high frequency loss. Samples with Al>O3 dielectric
has the largest damping factor and highest loss tand. CZTB stacks
with 5nm O-CZTB has both relatively high permeability and low
loss (high Q-factor, which is 1/ tand). For CZTB stacks samples with
same dielectric material (O-CZTB) but varied dielectric thickness (5,
15 and 50 nm), it can be observed that the magnetic loss tand is
improved (decreasing) as thickness increases from 5 to 50 nm, while
damping factor didn’t change much. This can be explained by the
depression of eddy current and displacement current losses using
thicker dielectric layer. Previous publications [Wu 2012, Wang
2016] also showed that even with good quality dielectric separation
layers, the loss tangent due to eddy and displacement current can
become comparable or higher than damping losses, at high MHz
frequencies.

IV. CONCLUSION

In this work, we have studied the effect of different dielectric
materials (5 nm of AIN, SiN, Al;03, and OCZTB) and different
dielectric thicknesses (OCZTB; 5, 15 and 50 nm) on the static and
dynamic magnetic behaviors of CZTB-based laminated stacks. Four
major conclusions can be drawn as below: (i) Larger dielectric layer
roughness will result in higher hard axis coercivity Hc, thus
increasing the hysteresis loss. AIN dielectric material shows the best
smoothness and a very low Hc; CZTB stack with 5 nm OCZTB also
has a very low Hc; (ii) Higher stack residual stress can explain the
larger induced magnetic anisotropy field Hx. Magnetic laminated
stacks with SiN, or Al203 has the lowest stress thus the smallest Hg
value; (iii) As the permeability value is in inverse relationship with
Hk. CZTB stacks with AIN have the highest Hx and lowest
permeability; (iv) Damping factor and eddy & displacement current
are the main contribution to the high frequency magnetic losses. A
higher damping factor will result in higher magnetic resonance loss.
Higher dielectric thickness can weaken eddy and displacement
current, thus decreasing the loss tangent. CZTB stacks with O-CZTB
5 nm dielectric, can be patterned using wet etching and exhibit a
high permeability, low losses at high frequency, and a low Hc. and
hence are an excellent choice for the fabrication of integrated
inductors used in power conversion.
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