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Summary:

In this study, we present a highly-sensitive SAW magnetic field sensor that utilizes phononic crystal
structures with Au pillars embedded in a SiO2 guiding layer. The sensor’s sensitivity is considerably
improved due to increased interactions between the SAW and the magnetostrictive material, facilitated
by resonance effects within the PnC structure. Our proposed sensor thus demonstrates significantly
enhanced performance compared to sensors with continuous delay lines.
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Introduction

Magnetic field sensors are crucial in various ap-
plications for accurate measurement and detec-
tion of magnetic fields [1-4]. Surface acoustic
wave (SAW) based magnetic field sensors have
been exploited to detect minute changes in mag-
netic fields by utilizing the AE effect, where the
Young’s modulus of magnetostrictive materials
changes under an external magnetic field, caus-
ing phase modulation of the SAW [5-8]. This
modulation is detected and measured, providing
information about the magnetic field strength.
Phononic crystals (PnC), i.e., engineered mate-
rials with periodic arrangements, allow precise
control over acoustic wave propagation and dis-
persion [9-15]. Integrating PnC structures into
SAW magnetic field sensors enhances sensitiv-
ity and performance, promising advancements
for applications that require accurate magnetic
field detection [16].

Here, we model a SAW magnetic field sensor
with a PnC structure embedded within the guid-
ing layer. The proposed sensor is schematically
illustrated in Fig. 1. A thick silicon substrate is
coated by a 1 pm-thick Alo.77Sco.23N piezoelectric
layer [17]. Two gold IDTs are devised on the sur-
face of the AIScN layer to generate and detect a
Rayleigh wave at a center frequency of approxi-
mately 250 MHz. A 2D square lattice of Au pillars
is embedded within the SiO2 guiding layer be-
tween the two IDTs. These pillars are of the
same thickness as the guiding layer (hp = heL =
4.5 pm). The entire PnC structure is then coated
by a continuous FeCoSiB layer with a thickness
of hms = 200 nm.
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Fig. 1. SAW magnetic field sensor with Au-SiO2 PnC.
A magnified view of a unit cell of the PnC is shown
with further details. a and rp denote the lattice constant
and the radius of the pillars, respectively. heL and hus

represent the thicknesses of the guiding layer and the
magnetostrictive layer.

Theoretical Model

To analyze the sensor’s performance, we solve
a set of coupled differential equations using the
finite element method (FEM) [18,19]. For sim-
plicity, we consider an isotropic magnetostrictive
material whose mechanical stiffness tensor is
determined by the Young’s modulus (E) and
Poisson’s ratio (v).

Applying a magnetic field induces changes in the
Young’s modulus of the magnetostrictive mate-
rial, denoted as the AE effect. The final value of
the Young’s modulus (Ef) is achieved by the su-
perposition of the purely mechanical component
(Eo) and the magnetically-induced component
(AE) [20]. When accounting for a hard axis mag-
netization process:
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Here, Hy denotes the effective anisotropy field
and the magnetically-induced change in the
Young’s modulus (AE) can be obtained using the
following formula:
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where u,, A, and K are the magnetic vacuum
permeability, the saturation magnetostriction,
and the first-order anisotropy constant,
respectively. Further details regarding the theo-
retical model and material parameters can be
found in [16].

Results

We employed the finite element method (FEM)
to calculate the band structure of the PnC and
conducted a series of parameter sweeps using
COMSOL Multiphysics to determine the optimal
dimensions of the PnC for precise frequency
matching between one of the PnC resonant
modes with the center frequency of the Rayleigh
mode generated by the IDT, i.e., =250 MHz. The
details of the simulation model can be found
elsewhere [16]. Fig. 2(a) presents the band dia-
gram calculated in I'-X direction for a PnC with a
=5.6 ym and rn= 0.25%a = 1.4 ym. The PnC di-
mensions are adjusted so that the second Ray-
leigh mode (R2) meets the frequency matching
condition near the edge of the first Brillouin zone.
In this region, formation of flat bands results in
slower wave propagation for frequencies close
to the band edges.
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Fig. 2. Left: Band diagram of the PnC with a = 5.6 um,
ro = 1.4 um and hp = 4.5 um, calculated in the -X di-
rection of the first Brillouin zone. Rayleigh and Love
modes are indicated by blue and red lines, respec-
tively. The grey-shaded area outlines the sound cone.
Right: Displacement profiles of the first three Rayleigh
and Love modes calculated at the point X of the first
Brillouin zone.

To investigate the sensitivity of our sensor, we
subjected it to an external magnetic field in the
range of 0.6H, < |H| < 0.7H. Alteration of the
magnetic field within this range induces a linear
change in the Young’s modulus of the FeCoSiB
layer, ranging from 120 GPa to 115 GPa. This
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leads to a change in the SAW velocity and a
phase shift in the output signal, which is ana-
lyzed to quantify the magnetic field strength.

The structural sensitivity of the sensor is defined
as the change in the SAW phase velocity per unit
change in the Young’s modulus of FeCoSiB
(Sser = 0v/0E;). Fig. 3(a) presents the band dia-
gram of the second Rayleigh mode (R2 in Fig. 2)
for two different Young’s modulus values of 115
and 120 GPa. At the frequency of =250 MHz,
the phase velocity of the Rayleigh wave changes
by Av~88 m/s, yielding a structural sensitivity of

Ser~17.6 25 The Rayleigh mode propagating

GPa

through the unpatterned guiding layer exhibits a
phase velocity change of Av~7.5 m/s in re-
sponse to the same variation in the Young’s
modulus of FeCoSiB, resulting in a structural

sensitivity of S, ~1.5 ?T/: (Fig. 3(b)).
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Fig. 3. Band diagrams of (a) the second Rayleigh
mode of the PnC (R2 in Fig. 2) and (b) the Rayleigh
mode propagating through the unpatterned guiding
layer for the Young’s modulus values of 120 and 115
GPa. v1 and vz denote the phase velocity values
acquired for 120 and 115 GPa, respectively.

The significant enhancement in the sensitivity of
the SAW magnetic field sensor is attributed to
resonance effects within the PnC structure.
These effects cause the SAW to propagate
through the PnC with an effectively lower veloc-
ity, resulting in an effectively increased interac-
tion between the SAW and the magnetostrictive
material, thereby improving the sensing capabil-
ity of our sensor.
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