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ABSTRACT
Magnetoelectric cantilevers consisting of strain-coupled magnetostrictive and piezoelectric (PE) layers are applicable to magnetic-field sens-
ing. For the first bending mode, the magnetic field-induced stress distribution is of equal sign along the cantilever length. Thus, a plate-
capacitor electrode configuration encompassing the complete PE layer may be used for collecting the strain-induced charge. For higher order
modes, stress regions of the opposite sign occur in the cantilever length direction. To prevent charge cancellation and to harvest the piezo-
electric induced charge efficiently, segmented electrodes are employed. This study investigates the effect of the electrode configuration on
the signal-to-noise ratio (SNR) for higher order bending modes. The charges collected by the electrodes are calculated using a finite element
method simulation considering the mechanical, electrical, and magnetic properties of the cantilever. By combination with an analytic noise
model, taking into account the sensor and amplifier noise sources, the SNR is obtained. We analyze a 3 mm long, 1 mm wide, and 50 μm
thick silicon cantilever with layers of 2 μm magnetostrictive soft amorphous metal (FeCoSiB) and 2 μm piezoelectric aluminum nitride. We
demonstrate that an SNR-optimized electrode design yields an SNR improvement by 2.3 dB and 2.4 dB for the second and third bending
modes compared to a signal optimized design.

© 2020 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/10.1063/5.0015564., s

I. INTRODUCTION

Magnetoelectric (ME) cantilevers are employed for energy
harvesting,1,2 as well as for measuring magnetic fields at room-
temperature.3–5 In both cases, a magnetostrictive (MS) layer and a
piezoelectric (PE) layer are used for the conversion of a magnetic
field to an induced electric charge by strain coupling of the two
layers—with or without an additional substrate. Due to an applied
magnetic field, the magnetostrictive layer is deformed. The can-
tilever and, thus, also the piezoelectric layer are deflected. This defor-
mation causes a change in the polarization and results in a surface
charge on the piezoelectric layer. A schematic representation of can-
tilevers operated in the first three bending modes and the induced
charge distributions are depicted in Fig. 1.

For operation at higher modes and for multi-mode opera-
tion, the stress distribution along the cantilever is essential for the

electrode design. The common approach is to use a strain-node
optimized electrode configuration6,7 using electrodes segmented at
the zeros of the strain distribution along the cantilever. Otherwise,
the charge signal is partially canceled by the polarity change. In Zabel
et al.,7 the electrode start and end positions are estimated based on
the calculated strain nodes. The estimated positions are compared to
a sensitivity optimization based on the Euler–Bernoulli beam theory.
We previously demonstrated that an electrode with optimal length
for the first bending mode should not cover the entire cantilever.8

Here, we present a finite-element method (FEM) simulation based
study, analyzing the influence of the electrode design on the signal-
to-noise ratio (SNR) for the first three bending modes. The sensor
is operated in direct detection with a longitudinal applied magnetic
field (Fig. 1). In contrast to previous studies on electrode designs
for higher order modes,6,7 we design the electrode configuration
for maximum SNR instead of sensitivity. This leads to improved
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FIG. 1. Strain-node optimized electrode designs for the first three bound-free bend-
ing modes on top of a cantilever (a)–(c), as well as SNR optimized electrode
designs (d)–(f). The cantilevers consist of a silicon substrate (Sub) sandwiched
between a magnetostrictive layer (below) and a piezoelectric layer (above) cov-
ered by the electrodes (E) E1–E3. The fixed end on the left is hatched, and the
cantilever deflection is indicated with black arrows. The piezoelectrically induced
surface charge density for the first three bending modes is color-coded on top of
the cantilever for an applied magnetic field (H field).

geometries providing higher SNR. In the first part of this study,
a FEM model was implemented for the calculation of the signal
strength for higher order bending modes. This model, considering
the mechanical, electrical, and magnetic properties of the compos-
ite cantilever, was verified by experimental results obtained with
45 mm long and 5 mm wide silicon cantilevers with poly(vinylidene
fluoride-co-trifluoroethylene) [P(VDF–TrFE)] as a piezoelectric and
Metglas as a magnetostrictive layer [Figs. 1(a)–1(c)]. Varying the
electrode design and comparing simulation and measurement is par-
ticularly well suited to validate the model because the active layers
can be kept unchanged, which reduces the influence of fabrication
variations.

In the second part of the study, we combined the FEM model
for signal strength calculation with an analytic noise model9 to cal-
culate the SNR. A study investigating the influence of the electrode
configuration on the SNR is presented. Using the verified FEM
model, the strain node positions for different cantilever dimensions
and material properties can be calculated for various electrode con-
figurations. Here, 3 mm long and 1 mm wide silicon cantilevers with
active layers of aluminum nitride (AlN) and Metglas were investi-
gated, as these cantilevers were shown to exhibit a particularly low
limit of detection for magnetic-field sensing10 compared to the one
chosen for model verification.

II. FINITE-ELEMENT-METHOD MODEL
The coupled mechanical, electric, and magnetic behavior of the

magnetoelectric cantilevers were modeled by the coupled differential
equation system consisting of Newton’s law and Maxwell’s equations
as follows:8,11

∇ ⋅ T = −ρω2u⃗, (1)

∇ ⋅ D⃗ = 0, (2)

∇ ⋅ B⃗ = 0, (3)

where T is the stress tensor, ρ is the mass density, ω is the angular
frequency, u⃗ is the displacement vector, and D⃗, B⃗ is the electric and
magnetic flux density. Here, it is assumed that space charges and
conduction currents are negligible.

A linearized set of constitutive material equations is evaluated
at the small-signal operating point,

T = cEHS − eeE⃗ − eTmH⃗, (4)

D⃗ = eeS + εE⃗, (5)

B⃗ = emS + μH⃗, (6)

where S describes the strain tensor, cEH is the stiffness tensor, ee and
em are the strain to field coupling constants, E⃗, H⃗ are the electric and
magnetic fields, ε and μ are the permittivity and permeability, V is
the electric potential, and Vm is the magnetic potential.

The elasticity relation is given by Eq. (7) and scalar potentials
are assumed for the electric and the magnetic fields [Eqs. (8) and
(9)] as

S = 1/2[(∇u⃗)T +∇u⃗], (7)

E⃗ = −∇V , (8)

H⃗ = −∇Vm. (9)

A 3D simulation of the ME-sensor was performed using COM-
SOL Multiphysics® implementing the above linear equations in the
general form partial differential equation (PDE) interface as a small-
signal approximation. The resonance frequency, the stress distribu-
tion, and the electrical voltage of the piezoelectric layer were calcu-
lated for a magnetic excitation applying an external magnetic flux
density of 1 μT at the front and back side of the cantilever in a
frequency domain study using these equations. The used material
parameters are given in the Appendix.

III. VALIDATION OF THE FEM MODEL
The position of the strain nodes is highly dependent on the

sensor dimensions, layer thicknesses, and material properties. For
accurate electrode design development, the used FEM model includ-
ing the material parameters is validated against measurements from
in-house fabricated ME sensors. For this, a 45 mm long and 5 mm
wide cantilever sensor with 300 μm thick silicon substrate, 2.5 μm
thick PVDF–TrFE as a piezoelectric layer, and 29 μm Metglas as
a magnetostrictive layer was chosen. The positions of the elec-
trode segmentations were obtained by the strain node positions.
Multiple sensors were fabricated with electrodes segmented at the
strain nodes of the first, second, and third mode. Here, we focus
on the third mode, as the effect of the segmented electrodes on
the collected charges is most pronounced. A sensor with an elec-
trode configuration as shown in Fig. 1(c) was chosen as an example
with the electrodes segmented at 13.2% and 49.7% of the cantilever
length.

A. Fabrication
We fabricated the ME sensors using a 300 μm thick 4-in. silicon

wafer from Silicon Materials (Si-Mat). After evaporating a 200 nm
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thick aluminum electrode on top of the wafer, the aluminum surface
was treated with water dissociation12 and oxygen plasma for 5 min
with 8 sccm O2 flow and a power of 150 W. This surface treatment
was necessary because fluorocarbons are hydrophobic and the adhe-
sion to the metal surface was too weak to get a uniform layer of the
PVDF–TrFE used as a PE layer. The polymer solution was prepared
by dissolving 1 g P(VDF-TrFE) powder from Piezotech S.A.S. con-
sisting of 70% PVDF and 30% TrFE in 5 ml 4-methyl-2-pentanone
and 5 ml 2-butanone. The solution was stirred for 24 h at 600 rpm.
5 ml of this solution was spin-coated onto the aluminum layer with
a ramp up time of 6 s, a spinning time of 40 s at 1600 rpm, and a
ramp down time of 4 s. After spin-coating, the layer was annealed
at 135 ○C for 4 h. This led to a layer thickness of approximately
2.5 μm of PVDF–TrFE. After cutting the wafer into 45 mm × 5 mm
beams, a 200 nm thick silver layer was evaporated on top of the PE
layer as the upper electrode. The poling of the PVDF–TrFE was per-
formed in steps from 20 V/μm to 100 V/μm at 90 ○C for 6 min each.
Subsequently, a 29 μm thick Metglas foil (2826 MB from HITACHI
Metals Europe GmbH) was glued to the lower side of the substrate
as a magnetostrictive (MS) layer using epoxy resin (Epoxy Quick Set,
UHU). This thin layer of epoxy was neglected in the calculation. The
electrodes were contacted using thin copper wires bonded to each
segmented electrode.

B. Measurements
In a first experiment, we measured the strain along the can-

tilever and especially the positions of the strain nodes for the first
three bending modes with an optical laser measurement setup. In
a second experiment, we measured the collected charges from sen-
sors with segmented electrodes. The segmented electrodes were
designed according to the strain node position of the FEM results
for the given sensor geometry, layer thicknesses, and material
parameters.

Using an optical setup measuring the laser reflection at different
points along the cantilever excited in the bending mode, the posi-
tions of the strain nodes can be obtained (Fig. 2). By the parallel

FIG. 2. Schematic of the experimental setup for the optical measurement of the
cantilever deflection along the cantilever length. The laser beam including the
angle of incidence is depicted for a cantilever deflection resulting in a reflected
beam hitting the screen at a distance d.

shift of the laser beam, multiple points along the cantilever are mea-
sured. During cantilever deflections, the angle of incidence changes
continuously producing different reflection pattern amplitudes on
the screen. As the laser’s incidence angle is dependent on the can-
tilever slope at the incident point, the reflection pattern amplitude
is proportional to the slope of the cantilever displacement ∂uz/∂x.
The distance d between the cantilever and the screen was chosen
to ensure that the superposing effect of the reflection point shift-
ing Δx in the x direction and Δz in the z direction can be neglected.
The amplitude of the cantilever deflection describing the slope of the
displacement along the cantilever for the first three modes is consis-
tent with the FEM results (Fig. 3).

Although the electrodes were designed for a specific mode, the
cantilever can be operated at other modes with reduced charge out-
put. The electrical output of the piezoelectric layer was measured
under magnetic excitation using a coil [Fig. 4(d)] and a function
generator (HAMEG HMFG 2525). The readout of the charges was
performed using an AD745 based charge amplifier (Fig. 5). Each
electrode was connected to its own charge amplifier for excitation in
the first three bending modes. The outputs of the different electrodes
are shown in Fig. 4. Unfortunately, the electrode E2 was shorted
during the poling of the PE layer and could not be evaluated. Never-
theless, as our aim was to compare the measurement with the FEM
results, a sufficient amount of combinations of modes and electrodes
using the two electrodes E1 and E3 was measured.

For the readout, each electrode can either be measured sepa-
rately (labeled E1 and E3) or combined (labeled E1,3). After analog-
to-digital (AD) conversion, the values of the separately measured
electrodes are also combined digitally in post-processing. The
charges collected by the electrodes were normalized to the electrode
with the highest charge.

At the first resonant mode, twice as much charge as on E3 was
observed on E1. Combining E1 (1.0) and E3 (0.5) to E1,3 by con-
necting the two electrodes via a copper wire, the sum of both pos-
itive charges was measured (1.51). Adding the AD converted values
of each electrode resulted in the same normalized charge as illus-
trated by the dark blue bar. The same finding was seen for the FEM
simulation result.

For the second mode, there was a positive charge of 0.41 at
E1 and a negative charge of −1.0 at E3. The decrease in the charge
was clearly visible when combining E1 and E3 with E1,3 = 0.59. The

FIG. 3. Optical measurement of cantilever deflection at different positions along the
cantilever length for the first three modes at 243 Hz, 1482 Hz, and 4125 Hz. Calcu-
lated and measured slopes of the cantilever displacement are given as functions
of the cantilever length.
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FIG. 4. Normalized charges of different
segmented electrodes for the first three
modes at 243 Hz, 1482 Hz, and 4125 Hz
are shown in (a)–(c). The simultaneous
readout of the charges from different
electrodes is shown for a direct electrical
connection and for a summation after AD
conversion. The measurement setup of a
cantilever in a coil for magnetic excitation
is shown in (d).

FIG. 5. Equivalent circuit of the sen-
sor and the charge amplifier (based
on Jahns et al.9). EME describes the
thermal-electrical noise of the piezoelec-
tric phase, Ef is the thermal-electrical
noise of the feedback resistor Rf, En and
In− are the voltage and current noise
of the operational amplifier, and Ec is
the thermal-electrical noise of the cable
resistance Rc.

digital combination of the electrodes resulted in a much larger
charge of −1.41, compared to −0.59, as the signal of E1 was inverted
before the summation. This emphasizes the benefit of summing up
the signals in post-processing. For the third mode, the addition of
the two positive charges matched the simulation result as well.

As expected, we observed that combining a negatively charged
electrode with a positively charged electrode reduces the charge
output of the sensor. However, by inverting the output voltage of
the charge amplifier and combining the signals afterward, a signal
output increase can be achieved. Overall, the experimental data are
consistent with the FEM simulation results.

IV. ELECTRODE DESIGN FOR SNR
Using the validated model as described above for the behav-

ior of the cantilever, the electrode design can be adapted to other

geometries by calculating the strain node positions and designing the
electrodes accordingly. As the signal-to-noise ratio (SNR) is essential
for measuring very low magnetic fields, designing the electrodes in
terms of optimal SNR can improve the sensor performance.

A. Noise model
To calculate the SNR, not only the signal is required, but also

the noise. The noise calculation is done in post-processing using
the model developed by Jahns.9,13 This model includes the Johnson–
Nyquist noise of the cantilever and the electronic components, as
well as the charge amplifier (AD745) intrinsic noise according to
the datasheet. The equivalent circuit of the charge amplifier, the
cable, and the sensor is shown in Fig. 5. Although Durdaut et al.14,15

showed that thermal vibration noise can be the dominant noise
source for certain ME sensors, this was not limiting the SNR for
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this cantilever. Here, the amplifier voltage noise was the dom-
inant source. To calculate the total noise density at the charge
amplifier output, the uncorrelated noise sources of the circuit are
added according to Jahns9,13 (Fig. 5),

VNoise–SC =
⎡⎢⎢⎢⎢⎣
G2

c ∣ZME∣2 EME
2

RME
2 + ∣1 +

Zf

ZME
∣
2

En
2

+G2
c ∣ZME∣2In−2 + ∣Zf∣2 Ef

2

Rf
2

+ ∣Zf∣2 Ec
2

Rc
2 ]

1/2
. (10)

Here, Gc ≈ CME
Cf

denotes the charge amplifier gain, ZME = (1/RME

+i2πfCME)−1 is the sensor impedance and Zf = (1/Rf + i2πfCf)−1 is
the feedback impedance. RME, Rf, and Rc represent losses in the sen-
sor, the feedback capacitor, and the cable. EME is the intrinsic electric
noise source of the ME sensor, which is given by EME =

√
4kBT tan δAlN

ωCME
,

with dissipation factor tan δAlN = 0.001, the Boltzmann constant kB,
and the temperatureT. Ef and Ec are the voltage noise densities of the
corresponding resistor, which is generally given by ER =

√
4kBTR.

The cable resistance is Rc = 1
ωCc tan δc

. In− is the operational ampli-
fier input current noise density, and En is the voltage noise density.
All noise densities are calculated from the fluctuation–dissipation
theorem.16

B. Results
The sensor structure investigated in Sec. III was well suited

for model validation and principle investigation, but not optimized
for high sensitivity. Hence, we decided to analyze the following
SNR optimization for a sensor design with much higher sensitiv-
ity, which is more suitable for actual measurements. Here, a sen-
sor consisting of a 50 μm thick silicon substrate with a 2 μm thick
(Fe90Co10)78Si12B10 layer and a 2 μm aluminum nitride layer, a
length of 3 mm, and a width of 1 mm was investigated based on sen-
sor structures published in Refs. 6 and 7. The microelectromechani-
cal system (MEMS) fabrication process is described in more detail
in Zabel et al.17 With the signal calculated using the FEM model
and the noise calculated in post-processing, the SNR is calculated
for different electrode configurations.

As discussed earlier, aligning the electrode positions at the
strain nodes results in the highest strain-induced charge because the
electrodes cover the largest possible areas with induced charges of
equal sign. Nevertheless, for the SNR, shorter electrodes are found
to be beneficial. Simply speaking, the charge signal collected close to
the strain nodes is very small because there the strain is low, but
the collected noise density is constant. Therefore, shortening the
electrodes will reduce the collected noise to a higher extent than
reducing the signal. To investigate this effect, we varied the elec-
trode start and end positions (xstart, xend) for each electrode. As an
example, we describe the results and the visualization for electrode
E2 for the third bending mode: The bending mode has an area of
constant strain sign between xnode, 1 and xnode, 2 [Fig. 6(a)]. Accord-
ingly, it can be concluded that the optimization of E2 is restricted to
the interval [xnode, 1, xnode, 2]. This constrains the possible electrode
start and end positions: xstart ≥ xnode, 1, xend ≤ xnode, 2, and xstart ≤ xend.

FIG. 6. (a) Cantilever sensor with plotted surface charge density for the third mode.
The electrode start xstart and end position xend and the strain nodes xnode are high-
lighted for E2. (b) The red triangle shows exemplarily all possible values for xstart
and xend, which define the geometry of electrode E2. The top left corner corre-
sponds to the strain node-optimized electrode (full length electrode). (c) SNR was
evaluated for all points of the triangle. The optimum SNR is obtained for a shorter
electrode (xnode, 1 < xstart, opt, xend, opt < xnode, 2). Further details are given in the
main text. The optimization results for all modes and electrodes are depicted in
Fig. 7.

These conditions are visualized in Fig. 6(b), where the abscissa plots
the electrode start position xstart , and the ordinate plots the elec-
trode end position xend, resulting in the triangular area (red). The
top left corner of the triangle represents the strain node-optimized
electrode (xstart = xnode, 1, xend = xnode, 2), where the signal is maxi-
mal. The opposing hypotenuse represents electrodes of zero length
(xstart = xend), resulting in zero signal, hence, zero SNR. The SNRs for
the possible electrode configurations of E2 are plotted in Fig. 6(c) as
a two-dimensional color-coded plot, showing an optimum for the
marked point (xstart, opt, xend, opt). Note that xstart, opt > xnode, 1 and
xend, opt < xnode, 2. Hence, the optimal electrode configuration has
a shorter electrode length compared to the strain-node-optimized
configuration.

The results for the remaining bending modes and electrodes are
plotted in Fig. 7. For the first mode, the optimal electrode start posi-
tion is at zero and the end position is at 67% of the cantilever length
[Fig. 7(a)]. For the second mode, there are two optimal electrode
positions. The first one ends at 15%, and the second one is from 35%
to 75% as described above. As expected, there are three optimal elec-
trode positions for the third mode. For the second and third mode,
the optimal SNR for each electrode is a local maximum because the
SNR is either reduced by altering the start or the end position of the
electrode. This dependency is consistent with the one explained for
Fig. 6. The SNRs of the higher modes are generally higher compared
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FIG. 7. [(a)–(c)] Signal to noise ratios for different electrode start and end positions along the cantilever length for the first three bound-free bending modes. The insets show
cantilevers with the optimal electrode configuration for each mode. The weakly colored areas (top left) correspond to hypothetical electrodes that span over at least one
strain node. The noise voltage and output voltage are normalized to the maximum of the output voltage and are shown in (d) and (e), respectively. The crosses and circles
indicate the corresponding positions for the strain-node and SNR optimized electrode configurations in the plots. (f) The third electrode for strain-node and SNR optimized
configurations. Note that the SNR values are plotted on a linear scale (not in dB).

to the fundamental mode because the noise is reduced with higher
frequency by 1/f according to Eq. (10). The SNRs are improved by
0.9 dB for the first mode, 2.3 dB for the second mode at electrode E2,
and 2.4 dB for the third bending mode at electrode E3 compared to
full electrodes segmented at strain-nodes. The optimized electrode
positions and their signal to noise ratios are summarized in Table I
including their gain in SNR compared to a strain-node optimized
electrode design.

For all electrodes of higher modes, the SNR is maximized
for smaller electrode sizes than the strain-node positions imply.
The start and end positions along the cantilever are shifted away
from the strain-node positions toward shorter electrode lengths. To
give an explicit example that smaller electrode sizes are beneficial
for the SNR, the signal and noise voltage are investigated sepa-
rately [Figs. 7(d) and 7(e)]. The strain-node optimized electrode

configuration for the third mode at electrode E3 is indicated by a
cross in Figs. 7(d) and 7(e), showing the corresponding noise volt-
age and signal voltage. Compared to the circles indicating the SNR
optimized electrode configuration, the signal voltage is reduced by
a small amount for the SNR optimized electrode, while the noise
voltage is reduced significantly. In this case, the normalized output
voltage is reduced by 1− 0.82 V

1.00 V = 18%. However, the noise is reduced
by 1− 0.05 V

0.08 V = 37.5%, which gives a higher SNR 0.82 V
0.05 V / 1.00 V

0.08 V = 1.312 ≈
2.4 dB for the electrode configuration with the smaller size. Thus,
although the electrodes could be larger without covering the zero
stress regions, it is beneficial in terms of greater SNR to have smaller
electrodes. This leads to a reduction in the SNR around the optimal
electrode configuration as the noise increases more than the signal
does with larger electrodes. Enlarging the electrode areas will lower
the SNR by increasing noise, but not the signal.
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TABLE I. Comparison of the signal-to-noise ratio (SNR) of an electrode configuration
optimized by the strain node positions and signal to noise ratio for the first, second,
and third modes. ΔSNR shows the improvement by using the SNR optimized elec-
trodes. xs and xe describes the electrode start and end position in % of the cantilever
length.

Strain-node optimized SNR optimized

xs/% xe/% SNR/dB xs/% xe/% SNR/dB ΔSNR/dB

First
mode
E1 0 100 7.1 0 67 8.0 0.9

Second
mode
E1 0 22 18.8 0 15 19.4 0.6
E2 22 100 20.5 35 75 22.8 2.3

Third
mode
E1 0 13 19.6 0 9 19.9 0.3
E2 13 49 20.8 20 43 22.2 1.4
E3 49 100 21.6 58 85 24.0 2.4

V. CONCLUSIONS
Our FEM study shows that the SNR-based design of the elec-

trodes for the analyzed sensor setup improves the higher-mode sen-
sor performance by up to 2.4 dB. This is achieved by reducing the
electrode sizes to avoid covering regions with low signal contribu-
tion near the strain nodes. In these regions, the noise contribu-
tion dominates the signal contribution. The significant improve-
ment shows the importance of this approach for sensing applica-
tions, where the maximum SNR is required. The amount of obtained
improvement is dependent on the sensor geometry, i.e., length,
width, layer heights, chosen materials, and the amplifier. Therefore,
the analysis of SNR optimized electrodes has to be adjusted for the
design of new or different sensor geometries.

For the readout of a sensor with segmented electrodes, it is pos-
sible to hardwire the electrodes of equal polarity for one specific
mode. Alternatively, one amplifier for each electrode can be used,
combining the amplified electrode signals by operational amplifiers
using software-based signal addition after an analog to digital con-
version. Another benefit from the second approach is the possibility
to do a multi-mode readout of the sensor to further improve the
SNR.6

Overall, we showed that electrodes designed for optimal SNR
can additionally generate sensor improvements and should be con-
sidered for applications where the highest sensor performance is
desired.
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APPENDIX: MATERIAL PARAMETERS
Silicon:18

cEH
Si =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜
⎝

216 84 84 0 0 0
84 216 84 0 0 0
84 84 216 0 0 0
0 0 0 66 0 0
0 0 0 0 66 0
0 0 0 0 0 66

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟
⎠

GPa,

ρSi = 2329 kg/m3,

εSi =
⎛
⎜⎜
⎝

107 0 0
0 107 0
0 0 107

⎞
⎟⎟
⎠

pF/m,

μSi =
⎛
⎜⎜
⎝

0.4π 0 0
0 0.4π 0
0 0 0.4π

⎞
⎟⎟
⎠
μH/m.

AlN:18

cEH
AlN =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜
⎝

410 149 99 0 0 0
149 410 99 0 0 0
99 99 389 0 0 0
0 0 0 125 0 0
0 0 0 0 125 0
0 0 0 0 0 125

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟
⎠

GPa,

ρAlN = 3268 kg/m3,

tan δAlN = 0.001,

ee,AlN =
⎛
⎜⎜
⎝

0 0 0 0 −0.48 0
0 0 0 −0.48 0 0
−0.58 −0.58 1.55 0 0 0

⎞
⎟⎟
⎠

N/Vm,

εAlN =
⎛
⎜⎜
⎝

80 0 0
0 80 0
0 0 80

⎞
⎟⎟
⎠

pF/m,

μAlN =
⎛
⎜⎜
⎝

0.4π 0 0
0 0.4π 0
0 0 0.4π

⎞
⎟⎟
⎠
μH/m.
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PVDF–TrFE:19,20

cEH
PVDF–TrFE =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜
⎝

4.84 2.72 2.22 0 0 0
2.72 4.84 2.72 0 0 0
2.72 2.72 4.63 0 0 0

0 0 0 0.526 0 0
0 0 0 0 0.526 0
0 0 0 0 0 0.526

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟
⎠

GPa,

ρPVDF–TrFE = 1879 kg/m3,

tan δPVDF–TrFE = 0.018,

ee,PVDF–TrFE =
⎛
⎜⎜
⎝

0 0 0 0 0.015 0
0 0 0 0.015 0 0
−4.3 −4.3 0.110 0 0 0

⎞
⎟⎟
⎠

N/Vm,

εPVDF–TrFE =
⎛
⎜⎜
⎝

70.84 0 0
0 70.84 0
0 0 70.84

⎞
⎟⎟
⎠

pF/m,

μPVDF–TrFE =
⎛
⎜⎜
⎝

0.4π 0 0
0 0.4π 0
0 0 0.4π

⎞
⎟⎟
⎠
μH/m.

FeCoSiB:18,21

cEH
FeCoSiB =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜
⎝

150 45 45 0 0 0
45 150 45 0 0 0
45 45 150 0 0 0
0 0 0 40 0 0
0 0 0 0 40 0
0 0 0 0 0 40

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟
⎠

GPa,

ρFeCoSiB = 7250 kg/m3,

εFeCoSiB =
⎛
⎜⎜
⎝

8.854 0 0
0 8.854 0
0 0 8.854

⎞
⎟⎟
⎠

pF/m,

em,FeCoSiB =
⎛
⎜⎜
⎝

8500 −2833.3 −2833.3 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0

⎞
⎟⎟
⎠

N/Am,

μFeCoSiB =
⎛
⎜⎜
⎝

1131 0 0
0 1131 0
0 0 1131

⎞
⎟⎟
⎠
μH/m.
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