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ABSTRACT

Integration of inductors on silicon chips is becoming more and more relevant for monolithic electronic applications. In this Letter, we
investigate the impact of minor hysteresis loops in an integrated inductor with spiral geometry sandwiched between two soft magnetic layers
made of MoNiFe/Cr multilayers. Despite high magnetic susceptibility and low coercivity of optimized multilayers, we find that the inductance
is strongly dependent on the AC voltage applied to the device, showing a bell-shaped behavior. Comparing the measured inductance with
magneto-optical Kerr effect and vibrating sample magnetometry measurements, we show that the low-signal behavior is limited by domain
wall pinning/depinning, which determine the effective susceptibility associated with minor hysteresis loops driven by the applied AC voltage.

VC 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0127390

Monolithic solutions for wireless communications, RF circuits,
and power electronics nowadays require the integration of inductors
on the silicon chip. In the last two decades, several groups proposed
the addition of a magnetic material to the inductor to find the best
compromise between device performance and on-chip area; indeed,
similarly to macroscopic devices, magnetic materials allow larger
stored magnetic energy, leading to an enhancement of the inductance
without the need of increasing the size of the device. Examples of the
proposed geometries comprise planar structures, like spiral and mean-
der inductors sandwiched between two magnetic films,1 and 3D struc-
tures, like solenoids and toroids with magnetic film cores.2,3 More
recent advances in the field4 have shown the effectiveness of newly
developed technologies, e.g., on-chip intercalated graphene inductors,5

self-rolled-up membranes,6 and 3D-printed polymer/metal micro-
coils,7 and some of them also include magnetic cores. However, the
integration of on-chip inductors and magnetic films comes with sev-
eral issues such as: (i) process compatibility,8 (ii) magnetic core satura-
tion at high bias currents,9 and (iii) losses due to eddy currents and
hysteresis loops.10 In particular, the impact of the hysteresis of mag-
netic materials is important in applications in which the inductor is
excited with strong AC, e.g., in DC–DC or in resonant converters.11 In
this case, the small signal impedance characterization is not sufficient
to describe the behavior of the device in its working regime; instead, a
large signal analysis is required. So far, many studies have been focus-
ing on the small signal behavior of integrated inductors,1,11–13 while a

comprehensive analysis of the connection between the magnetic prop-
erties of the embedded ferromagnetic elements and their large signal
impedance is still missing.

In this Letter, we study the impact of minor hysteresis loops on
the large signal impedance of an inductor exploiting the confinement
of the magnetic field within soft ferromagnetic layers, fabricated on a
silicon chip using wafer-scale planar technology. As reported in
Fig. 1(a), we chose a spiral geometry for the inductor, which is well-
suited for the integration in a planar process. The inductor is sand-
wiched between two magnetic films and electrically isolated from
them by means of two insulating layers.

The addition of magnetic films with high relative permeability
allows one to concentrate, inside the magnetic volume, the field pro-
duced by current I flowing in the inductor; this way, the stored mag-
netic energy increases and so does the inductance. This effect is
evident in the simulation (COMSOL Multiphysics14) of field lines
reported in Fig. 1(b), which reports a lateral view of a region of the
device and shows an effective confinement except for the inductor
edges. Moreover, as we shown in Fig. 1(c), for high values of the per-
meability lr, compatible with our experiments, the demagnetizing field
inside the material smoothens out the spatial oscillating behavior of
the field produced by the spiral winding.

Devices were fabricated using Cu as a conductive material, polyi-
mide (PI 2610, HDMicroSystems) as an insulating layer, and the ternary
alloy molybdenum-permalloy (Mo5Ni75Fe20) as a magnetic material.
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Even though other alloys, like CoZrTa,8 display superior properties at
high frequencies (lower losses due to smaller coercivity and eddy cur-
rents), here we consider an alloy of the NiFe family, which provides
higher values of permeability and can be suitable for low frequency
applications. Note, however, that the physical phenomenon investi-
gated in this paper is independent of the specific magnetic material
used in the core.

For each patterning step, we employed standard optical lithogra-
phy with the AZ nLOF 2070 photoresist (MicroChemicals GmbH).
The process steps are: (i) Si substrate cleaning, (ii) RF sputter deposi-
tion of the bottom magnetic layer, (iii) PI deposition and curing at
300 �C, (iv) Cu RF sputter deposition, with Cr as an adhesion layer,
(v) PI deposition and curing, (vi) RF sputter deposition of the top
magnetic layer, and (vii) reactive-ion etching in O2 plasma to selec-
tively etch PI over electric contacts. In Fig. 1(d), we report a scanning
electron microscope (SEM) cross section of a device.

To maximize the inductance, a careful optimization of the soft
magnetic layer has been carried out to obtain high permeability and
low coercivity.

It is well-known that, above a critical thickness, some magnetic
films (e.g., Co,15,16 NiFe17,18) show a transition from an in-plane (IP)
anisotropy to an out-of-plane (OOP) one with formation of alternat-
ing adjacent magnetic domains, called stripe domains (SDs). Either
the columnar structure of the polycrystalline film or its residual stress
promotes the transition.19 When the film thickness is larger than the
critical thickness, the perpendicular magnetization of the SDs lowers
the permeability and increases both the saturation field and the
coercivity, thus making them unsuitable for integrated inductors.

Note that the presence of SDs involves also an anomalous behavior
in magnetization dynamics, which is observed at high frequencies20

and could introduce additional non-idealities in the inductor
performances.

One way to overcome the issue of SDs is to use a multilayer with
non-magnetic spacers.21,22 Indeed, a multilayer allows us to obtain a
large magnetic volume, still keeping the thickness of the single mag-
netic layer below the critical value. In this work, we employed a
Cr/MoNiFe multilayer. To estimate the critical thickness, we deposited
the multilayers [Cr (5 nm)/MoNiFe (640/n nm)]n by RF sputtering
with n¼ 1, 4, and 8. The corresponding MoNiFe thicknesses of the
single magnetic layer (ts) are 640, 160, and 80nm to maintain the total
magnetic volume constant. We characterized the multilayers by vibrat-
ing sample magnetometry (VSM), magnetic force microscopy (MFM),
and SEM. As it is evident from the MFM images of Fig. 2, SDs appear
for ts ¼ 160 and 640nm. Indeed, in-plane hysteresis loops by VSM
show relatively large coercivity and large saturation field. In contrast,
for ts ¼ 80nm, the multilayer does not show SDs and presents a nar-
rower hysteresis loop; the estimated permeability and coercive field are
around 6000 and 0.5Oe, respectively. Note that the state of the art
100 nm thick CoZrTa shows lower permeability (around 1000) and
lower coercivity (0.015Oe).8 Considering the SEM images, we believe
that columnar shape anisotropy is responsible for the formation of the
OOP anisotropy. Indeed, the cross sections of the samples with ts ¼
640 and 160nm show columnar features, which are not present in the
case of ts ¼ 80nm. Given its better performance, we adopted the [Cr
(5 nm)/MoNiFe (80 nm)]8 multilayer for the integrated planar
inductor.

FIG. 1. (a) Top-view of the designed spiral inductor (in red) sandwiched between two magnetic layers (in orange); I is the current injected in the device. (b) Simulated field lines
of the H field at the edge of the structure; the color-plot refers to the x component of the H field. (c) Simulated in-plane Hx field profiles in the magnetic material along the
dashed line of panel (a). (d) False-color SEM cross section of the edge of a device.
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We did not investigate thicknesses below the critical value of
80 nm, because a further decrease in the single layer thickness could
lead to an increase in the coercive field and a shift of the loop due to
enhanced N�eel coupling arising from interfacial roughness.23

Moreover, we wanted to keep the fabrication process as simple as
possible.

Electrical measurements were carried out with a Keysight
E4980A LCR meter. To characterize the device, we employed both an

AC voltage source to extract the complex impedance and a DC source
to superimpose a bias current. Data reported here were taken at
10 kHz, which is low enough to avoid major effects due to LC reso-
nance and eddy currents in the magnetic layer.8 In this condition, we
can safely model the device as a resistor and an inductor in series. The
inductance is then extracted from the imaginary part of the complex
impedance measured by the instrument.

First, we characterized the inductance L as a function of the DC
bias current Ibias for different rms values of the AC voltage Vac [see
Fig. 3(a)]. The curves show the same behavior: the inductance is con-
stant up to a certain I� and then decreases. This effect is due to the sat-
uration of the magnetic films; indeed, when Ibias increases, also the
static field generated by the conductive coil increases. When the mag-
netic film enters the saturation region, the permeability drops and the
inductance decreases. Noteworthy, I� is smaller for larger Vac, as the
saturation condition is reached earlier for large values of the AC field.
Moreover, also for small Ibias, i.e., far away from saturation, we observe

FIG. 2. MFM images (top-left inset), in-plane VSM loop (main plot), and SEM cross
sections (bottom-right inset) for (a) [Cr (5 nm)/MoNiFe (80 nm)]8, (b) [Cr (5 nm)/
MoNiFe (160 nm)]4, and (c) Cr (5 nm)/MoNiFe (640 nm). For every film, the value of
the saturation magnetization is l0Msat ¼ 0:806 0:03 T.

FIG. 3. (a) Measured inductance at 10 kHz as a function of the bias current Ibias for
different values of the AC voltage rms Vac. (b) Solid black line: measured inductance
as a function of Vac with Ibias ¼ 0. Dashed red line: simulated inductance for the
values of permeability extracted from major and minor hysteresis loops [Fig. 4(b)];
error bars are due to the uncertainty on (i) the saturation magnetization of the
magnetic multilayer and (ii) the geometrical parameters of the fabricated inductor.
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sizable variations of inductance for different values of the AC voltage
amplitude. To understand this effect, we studied in more detail the
inductance as a function of the Vac with no bias current applied
(Ibias ¼ 0). As reported in Fig. 3(b), the measured inductance (solid
black line) is almost constant for small values of the AC amplitude. As
Vac increases, entering in the large signal regime, L increases until it
reaches a peak value, and then it drops. This behavior was already
observed in the large signal analysis of integrated inductors with ferro-
magnetic core.11,24 The authors justified the results by considering the
impact of the nonlinear magnetization curve of the core material with-
out elaborating on the effect further.

Here, we show that the origin of this effect is related to different
features of minor and major hysteresis loops of the magnetic material.
To this scope, we recorded minor loops from our magnetic multilayer
by using complementary techniques. First, we performed longitudinal
magneto-optical Kerr effect (MOKE) measurements to investigate the
local effect of magnetic domain wall motion on minor hysteresis loops.
The goal of the measurement is to understand how the amplitude of an
AC magnetic field affects the hysteresis of the material and, subse-
quently, exploit this information to justify the behavior of the inductance
as a function of the AC voltage amplitude. During the MOKE measure-
ments, a low-frequency (10Hz) magnetic field was applied in-plane to
the multilayer; each minor loop reported in Fig. 4(a) corresponds to
a different AC field amplitude (from left to right: 0.4, 0.6, 0.9, and 1Oe).

If the latter is sufficiently small, we do not observe evident Barkhausen
jumps [first two graphs of Fig. 4(a) starting from the left]. In this
regime, the response of the material is weak, because magnetic domain
walls are pinned and the bulging of walls dominates the magnetization
process.25 Note that this regime is favored by additional pinning sites
introduced by each interface in the multilayer. In contrast, for larger
AC amplitudes, Barkhausen jumps appear [last two graphs of Fig.
4(a)]; domain walls unpin and displace, leading to a stronger response
of the magnetization with respect to the applied field.

MOKE measurements point to the existence of two regimes: for
low AC amplitudes, the material shows a weak response to the external
field, therefore its susceptibility, estimated from the slope of a linear fit
of the whole loop, is almost constant; for higher AC amplitudes, due
to the depinning of domain walls, the effective susceptibility veff
increases as the amplitude increases. Considering this, we can explain
the dependence of the inductance on the AC voltage reported in the
electrical measurement of Fig. 3(b). Since the inductance is propor-
tional to the effective permeability lr;eff of the magnetic material, it is
almost constant for low AC amplitudes of the applied voltage, i.e., for
low AC amplitudes of the field generated by the conductive coil. As
the amplitude increases, domain walls unpin and displace, leading to a
larger permeability, thus a larger inductance. After reaching a peak
value, the inductance drops because of the saturation of the material,
which leads to a decrease in the permeability.

FIG. 4. (a) Minor hysteresis loops obtained through MOKE measurements on the magnetic multilayer. (b) Minor and major hysteresis loops of the magnetic multilayer mea-
sured by VSM. (c) Effective relative permeability extracted from the VSM hysteresis loops; error bars are due to the uncertainty on the saturation magnetization value.
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To put these considerations on a more quantitative basis, we per-
formed quasi-static VSMmeasurements on the magnetic multilayer to
obtain accurate minor and major hysteresis loops and extract the effec-
tive susceptibility, hence, permeability, for each of them. At variance
with MOKE, in VSM measurements, the effect of Barkhasuen jumps
is averaged out over the whole sample. This situation is more similar
to the integrated inductor working condition, where the whole multi-
layer determines the effective permeability and the inductance.

In Fig. 4(b), we report minor and major hysteresis loops mea-
sured by VSM. For each of them, we swept quasi-statically the external
field from Hmax to�Hmax and then back toHmax. To extract the effec-
tive susceptibility veff , we performed a linear fitting of each loop to
evaluate the average derivative of the magnetizationM with respect to
the external field Hext. Assuming the validity of the relation
lr;eff ¼ veff þ 1, where lr;eff is the effective relative permeability, we
obtained lr;eff as a function of Hmax, which is plotted in Fig. 4(c).
Noteworthy, we find a peak mimicking that of the large signal induc-
tance vs Vac in Fig. 3(b). Note that, due to the limited resolution of the
VSM field source, we could not reach smaller values ofHmax; therefore,
we could not measure the plateau on the left side of the peak of the
permeability for small values of the applied field.

For direct comparison with experimental data on the large signal
inductance, a correlation between the field amplitude (Hmax) used for
minor loops measurements with VSM and Vac is needed. To this
scope, we performed FEM simulations on COMSOLMultiphysics [see
Fig. 1(c)]. First, we assumed a linear magnetic material and run a sim-
ulation for all the values of the effective permeability lr;eff from VSM
measurements. For each value of the permeability, the conversion fac-
tor between Hmax and the AC voltage rms value Vac was obtained,
considering the average in-planeH field generated in the magnetic vol-
ume per unit voltage applied to the device. From the same simulation,
we then extracted the inductance for each value of lr;eff and associated
it to the proper Vac using the conversion factor described above. The
resulting curve for the simulated large signal inductance is plotted in
Fig. 3(b) on the same graph of the electrically measured inductance.
The curves have the same shape, and the values of the inductance also
match; however, they are shifted one respect to the other. We believe
that the shift could be caused by magnetic relaxation phenomena
affecting hysteresis loops at different frequencies.26 Since the induc-
tance is measured at 10 kHz, while the VSM measurements are quasi-
static, the effective permeability estimated from VSM minor loops
could be higher than that at high frequencies determining the induc-
tance due to magnetic relaxation. Furthermore, the shift could be due
to the different geometries of the inductor and of the VSM measure-
ments; indeed, the conductive coil of the inductor produces a field
with cylindrical symmetry, while the field applied by the electromagnet
during VSM measurement is uniform on the sample volume. This
could lead to spurious contributions that affect the conversion factor
employed to plot the simulated curve.

To summarize, in this Letter, we investigated the impact of minor
hysteresis loops in integrated inductors exploiting ferromagnetic films.
We show that the effect of minor loops on the large signal analysis of
the device is critical even if a high-permeability magnetic material is
employed. For an integrated inductor made of a Cu spiral and sand-
wiched between two MoNiFe/Cr multilayers, the large signal induc-
tance peaks at a specific value of the applied voltage signal. For lower
signal amplitudes, the shape of minor loops limits the effective

permeability, while for higher amplitudes, the saturation of the mag-
netic films is the cause of the inductance decrease. Complementary
MOKE and VSM analyses show that the limiting factor for the effec-
tive susceptibility associated with minor loops is connected to domain
wall pinning/depinning. This work sheds light on the physical origin
of the dependency of large signal inductance on the signal amplitude,
indicating that the optimization of the inductor performance requires
careful engineering of the magnetic layer. In the first place, the impact
of the effect can be reduced in magnetic materials with lower coerciv-
ity. For example, CoZrTa multilayers display a smaller coercivity,8 so
that the impact of minor loops is expected to be reduced. In the second
place, the growth conditions can be optimized to reduce the density of
pinning sites for domain walls. Finally, the material could be patterned
to promote the propagation of walls in guiding structures. All these
strategies can be adopted to minimize the impact of minor loops and
improve the linearity of inductors with magnetic core.
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