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Abstract

®

CrossMark

This paper reports on frequency tunable MEMS magnetoelectric (ME) sensors. Different
designs are studied in respect to ME voltage coefficient and frequency tunability. Compared to
state-of-the-art ME sensors, the presented ME resonators display a highly reversible and linear
frequency tuning, enabled by applying a DC voltage to piezoelectric actuators. A frequency
shift of up to 0.2 Hz V~! is demonstrated for a sensor with a limit of detection of 128 pT/Hz%>
at resonance frequency of 13 kHz. This sensor type is of particular interest for vector field
sensors and sensor arrays in bio-magnetic applications, where sensors with either identical
resonance frequencies or precisely defined frequency spacing are required.
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1. Introduction

MEMS sensors based on magnetoelectric (ME) composites
have attracted great interest due to their capability to detect
magnetic fields in the pT regime at low frequencies, showing
a high potential in applications like biomagnetic field detec-
tion, magnetic particle imaging and antennas [1-5]. According
to the current state of the art, superconducting quantum inter-
ference devices (SQUIDs) are the most commonly used ultra-
high sensitive low-field magnetometers in biomedical applica-
tions like magneto-encephalography or -cardiography (MEG,
MCQG) [6]. However, the arrays of SQUIDs in MEG or MCG
applications require a costly cooling system with liquid helium
to minimize the instrumental noise and a shielded room for
operation [7, 8]. Due to their bulky cooling system, SQUID
sensors have a greater distance to the bio-magnetic source (i.e.
the human brain or the human heart) than the room temper-
ature sensors [7] and thus require a significantly better sens-
itivity for the same measurement task. Due to the aforemen-
tioned limitations of SQUIDs, MEMS ME sensors with small
size, showing a high sensitivity in biomagnetic field detection
at room temperature, are of particular interest [1, 9].
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MEMS sensors based on ME composites are comprised
of mechanically coupled magnetostrictive and piezoelectric
materials. The presence of a magnetic field leads to a change
in the strain of the magnetostrictive layer which is transferred
to the piezoelectric material via the mechanical coupling. An
electrical voltage across the piezoelectric layer is thus gener-
ated [10, 11]. As a figure of merit of ME sensors, ME voltage
coefficient oy describes the change of the electric field in
dependence of the magnetic field strength given by equation

(D [9]:

Uume

ey

OME =
tpiezo : Hac

where Uy is the voltage ouput of the sensor, tyiez, is the thick-
ness of the piezoelectric layer and H,. is the applied alternating
excitation magnetic field.

As the ME effect provides a high sensitivity already at room
temperature, a cooling system can be omitted. MEMS ME
sensors can be vacuum encapsulated using wafer-level pack-
aging (WLP) technology which protects the sensors during
handling and from environmental influences [12]. Moreover,
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Figure 1. Schematic illustration of the reference and two tunable ME sensor concepts. The reference (sensor I) is a cantilever with geometry
of 1500 pm x 200 pm. The substrate of sensor II contains an inner beam with a size of 2234 ym x 105 pm and two outer beams with a size
of 2234 ym x 146 pum with a gap of 40 um. The functional layers with a length of 1500 pm are deposited in the middle of the substrate. All
three beams are mechanically coupled on both sides and decoupled from the substrate by introducing a stress relaxation structure. Sensor I11
consists of outer beams with the same size of 1500 gm x 200 pum and an inner beam of 1000 pm x 200 pm instead of 1500 pm x 200 pm
due to the unfinished etch (the dotted line). The coupling structure of the sensor has a dimension of 100 um x 700 pm and the gap between

neighbouring beams is 50 pm.

the vacuum environment significantly reduces the laminar
damping resulting in a higher quality factor Q [13, 14]. For
the use in medical applications, WLP MEMS ME sensors have
small size and thus can easily be assembled in flexible sensor
arrays adapted to different diagnostic requirements.

Resonant thin film ME sensors exhibit a significant
enhancement of the ME coefficient in resonance over a narrow
bandwidth [15]. To enable wideband measurement and allow
these sensors to measure low frequency signals, frequency
conversion through AC magnetic [16, 17] or electric fields [17,
18] has been developed. For specific applications, the develop-
ment of vector field sensors and sensor arrays requires either
identical resonance frequencies or precisely defined frequency
spacing. For instance, to detect the artificial magnetic signal of
deep brain stimulation, the resonance frequency of ME sensor
has to be tuned to the stimulus frequency of brain pacemaker or
its higher harmonics [19]. To build up tuning fork ME sensors
which are designed to reduce the acoustic noise, ME sensors
with identical resonance frequencies are required [20]. These
are just a few examples for which tunable sensors are a great
help or even an enabler. It is therefore very important to fabric-
ate sensors with exactly reproducible resonance frequencies.
However, manufacturing tolerances typically in the order of
few percent cannot be avoided and are far above the tolerable
range in such applications which is the bandwidth Af of the
sensor. For high Q, the bandwidth of ME sensors Af = fi./Q
is typically in the per mill range or below. Thus, there is a
need to develop ME sensors with the ability to tune their res-
onance frequency. Few resonance frequency tuning methods
for ME sensors have been reported. Robisch et al presented
a ME sensor based on shape memory alloy substrate whose
frequency is tuned by changing the microstructure of the sub-
strate via temperature [21]. Petrie et al discussed a technique to
tune the resonance frequency by applying an in-plane tensile
force via a suspended weight [22]. Wang et al studied a fre-
quency shift method for ME sensor via an inductor—capacitor
(LCO) circuit [23].

In this paper, we present two vacuum encapsulated tun-
able ME sensors with integrated piezoelectric actuators
(figure 1(IT) and (II1)) [24]. A standard design cantilever ME

sensor using the same fabrication technology is presented as
a reference (figure 1(I)). It is the first time that a low-stress
polycrystalline silicon (poly-Si) layer as a substrate is integ-
rated into ME sensors using surface micromachining process.
As the amorphous magnetostrictive material FeCoSiB used in
this work is temperature sensitive and its crystallization hap-
pens at a temperature above 350 °C [25], a wafer level AuSn
transient liquid phase (TLP) bonding process [12] with low
bonding temperature of 330 °C is applied.

The paper is organized as follows: first, the sensor concepts
are discussed in section 2. In section 3, the fabrication and
the measurement setup are presented. Then the characteriza-
tion results of the tunable sensors are discussed and compared
to the reference sensor in section 4. Finally a conclusion is
given.

2. Sensor concepts

Simplified schematic illustrations of the ME sensors are
sketched in figure 1. The reference (sensor I) is a clamped-
free cantilever with a poly-Si layer (12 um) as substrate and
ME composites consisting of AIN (1 pm)/FeCoSiB (2 pm).
In the previous technology, ME sensors are designed based
on a 650 nm thin SiO, substrate [11, 13]. These sensors face
problems like low quality factor Q and undesired bending of
the structure due to residual stress in the functional layers.
Here, a 12 pum thick low-stress poly-Si substrate is integrated
to ME sensors using surface micromachining process as we
have extensive in-house processing experience of polycrystal-
line silicon. The introduction of the poly-Si layer increases
the Q factor and reduces the impact of the stress from other
layers on ME sensors. It also reduces the requirements for
adjusting the intrinsic mechanical stress of the ME functional
layers. Moreover, a great design flexibility is given by a stiff
elastic substrate providing the possibility to realize mechanic-
ally coupled resonators. The deposited magnetostrictive layer
has a magnetic easy axis along the short axis of the canti-
lever (figure 1(I)). Applying a magnetic bias field Hy;,s and
an alternating magentic field H,. pointing to the long axis of
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Figure 2. Process flow of the ME sensors. Step 1: a piezoelectric stack of Ti/Pt/AIN/Mo is deposited on the poly-Si device layer; step 2: a
thin passivation layer (SiNy) is introduced; step 3: the contact pads, the contact lines and the bond frames (4 um Au) are electroplated using
Ti/Au as electrode plating base after dry etching of the openings of SiNx; step 4: a thin Cr layer is deposited to protect the structured
magnetic layer from chemical attack; step 5: MEMS resonators are obtained after anisotropic TMAH etching of silicon; step 6: the
schematic cross-section of the vacuum-encapsulated MEMS ME sensors.

the cantilever shifts the operating point in the magnetostriction
curve. At optimal magnetic bias field Hy;,s, where the deriv-
ative of the magnetostriction with respect to the applied mag-
netic field reaches its maximum, a maximum ME voltage coef-
ficient is reached [9].

Sensor II is a double-side clamped coupled resonator. The
middle beam with a stack of poly-Si/AIN/FeCoSiB is used as
the magnetic field sensing element for piezoelectric readout.
The outer piezoelectric actuator beams consist of poly-Si and
the piezoelectric layer (AIN). An applied DC voltage to the
outer beams leads to a displacement of the piezoelectric layer
via the inverse piezoelectric effect. As the piezoelectric layer
is coupled to a thick poly-Si layer with high stiffness, a stress
induced by the displacement is generated in the outer beams.
As all three beams are mechanically coupled and clamped on
both sides, the displacement-induced stress is transfered to the
whole structure. The resonance frequency is tuned by chan-
ging the stress in the structure via the applied voltage. In com-
parison to sensor I, a reduced sensitivity but a distinct fre-
quency shift is expected for sensor II because the double-sided
clamped structure limits the bending but also reduces stress
relaxation.

To increase sensitivity, sensor III is designed as a clamped-
free structure consisting of three parallel cantilevers. All three
beams have exactly the same stack with the reference (sensor
I) to achieve a comparable performance. To enable tuning, the
actuators (outer cantilevers) and the sensing element (inner
cantilever) are coupled via a poly-Si bar at the tip of the
cantilevers. Similarly, the output voltage of the centre beam
responding to the AC magnetic field is recorded, and the
outer beams are used as piezoelectric actuators. The resonance

frequency of sensor III can be tuned by applying a voltage to
the outer beams to change the beam stiffness.

3. Experimental methods

3.1. Sample fabrication

ME sensors have been fabricated using a surface microma-
chining process. All three ME sensors presented in this paper
are manufactured on the same wafer. The process flow of the
device is presented in figure 2.

The process of the device wafer starts with the deposition of
a polished 12 pm thick low stress poly-Si layer on an oxidized
Si wafer. After the deposition of an additional PECVD SiO,
isolation layer (650 nm), the bottom electrode with 20 nm Ti
and 100 nm Pt is evaporated and structured by a lift-off pro-
cess. The next step is to sputter deposit 1 pum piezoelectric
layer of AIN and 100 nm Mo as top electrode. The wet etch-
ing of AIN is performed in tetramethylammonium hydroxide
(TMAH) at 82 °C using the structured Mo as a hard mask (fig-
ure 2(1)). A low stress passivation layer SiNy with a thick-
ness of 1 pum is introduced after the deep reactive-ion etching
(DRIE) of poly-Si for the cavity openings (figure 2(2)). Dry
etching is used to define the openings of SiNjy to the electrodes,
enabling the connection to the contact pads via Au conduc-
tion lines. The bond frames with a thickness of 4 pm Au are
electroplated at the same time with the contact pads and con-
tact lines (4 pm) using Ti/Au as electrode plating base (figure
2(3)). A stack of Ta (10 nm)/FeCoSiB (2 um)/Ta (50 nm) is
sputter deposited under a magnetic field and structured by ion
beam etching. After a 100 nm Cr layer is sputtered to protect
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Figure 3. Temperature and chamber pressure during the bonding
process. The bonding process starts at 150 °C and the temperature is
increased to at 220 °C for degassing after 1 h. The wafers are then
brought into contact at 330 °C for 30 min and cooled down. The
whole bonding process takes place under a pressure of

5 x 107> mbar.

the magnetic layer from chemical attack (figure 2(4)), MEMS
resonators are finally released by anisotropic TMAH etching
of the Si substrate from the front side (figure 2(5)). After 6 h
etching, sensor I and II are completely released, while in the
case of sensor III one third of the middle beam is still fixed
to the substrate (compared to the dotted line in figure 1(IID)).
A longer etching time is not preferred here because there is a
high risk that the structures might be destroyed. Even though
the inner beam of sensor III is not completely released in this
case, the performance of the sensor is not expected to change
significantly except a higher resonance frequency.

The cap wafer cavities are etched by KOH using PECVD
SiNy as a hard mask. Followed by the removal of the hard
mask, a 650 nm SiO; is grown on the cap wafer. In the next
step, the bond frames with 4 yum Au and 3 um Sn are elec-
troplated using a Ti/Au plating base. 400 nm thick Ti getter
material is deposited into the cap wafer cavities and structured
by a lift-off procedure.

The vacuum encapsulation is performed using a wafer-
level AuSn TLP bonding process [12]. The temperature and
the chamber pressure during the bonding process are plot-
ted in figure 3. After the alignment of the cap and the device
wafers, the chamber of the wafer bonder is pumped down to
5 x 1073 mbar at 150 °C. After one hour, the system is heated
up to 220 °C for degassing and held at this temperature for
10 min. Then the wafers are brought into contact and the sys-
tem is further heated up to 330 °C for another 30 min. As this
temperature is above the melting point of Sn, the interlayer Sn
melts and diffuses to the neighbor solid layers resulting in an
isothermal solidification. After the bonding time of 30 min, the
wafers are cooled down and unloaded. Although the titanium
getter is only fully activated at a temperature of 400 °C or after
significantly longer annealing times, the generated getter capa-
city is sufficient to increase the Q factor by about one order
of magnitude [14]. To get the sensor elements (figure 2(6)),
the cap wafer and the device wafer are diced in sequence. At

the end, the sensors are assembled for characterization using
wire bonding. The photographs of the presented tunable ME
sensors before and after vacuum encapsulation are shown in
figure 4.

3.2. Measurement setup

The characterization of the sensors is done in a shielded meas-
urement setup (figure 5). The sensor is placed into a tube sur-
rounded by two coils. One coil is used to generate the homo-
genous bias static magnetic field and the other for the homo-
genous alternating excitation magnetic field. The magnetic
fields generated by the coils have been calibrated using a Hall
sensor. During the calibration, the Hall sensor is placed in the
same position of the sample offline. In the frequency range
from 7 kHz to 14 kHz, the uncertainty of the magnitude of the
magnetic fields generated by the coils is about 1%. To shield
the sensor from environmental acoustic and electromagnetic
disturbances, the sensor and the coils are enclosed by several
layers of thin mu-metal foil and placed inside an electrically
shielded box lined with acoustic absorber. The readout and
excitation devices are located outside the box.

The current for the magnetic bias field is generated by
a Keithley 2614B sourcemeter. A SRS CS580 voltage con-
trolled current source together with an Agilent 33120A func-
tion waveform generator provides the current for the excitation
magnetic field. Inside the shielded box, a low-noise junction
gate field-effect transistor (JFET) charge preamplifier using
the circuit from [26] is directly connected to the center beam
of the sensor and the generated voltage in dependence of the
bias magnetic field is measured in resonance with a lock-in
amplifier SR830 from Stanford Research System. The intrinsic
voltage noise density of the sensor is recorded by an audio
interface (Behringer U-Phoria UMC404HD).

For the frequency tuning measurement, the voltage applied
to the piezoelectric actuators (outer beams) is supplied by a
Keithley 2400 sourcemeter. To determine the minimum detect-
able magnetic filed and linearity regime of the investigated
sensor at tuning, the source is replaced by batteries with up
to 50 V for providing a low-noise voltage supply.

4. Results and discussion

For all measurements of the tunable sensors shown below, the
middle beam of the investigated tunable sensors is used as the
magnetic field sensing element and measured at an optimal
bias magnetic field and in resonance. The outer beams of the
investigated sensors are used as piezoelectric actuators to tune
the resonance frequency.

The shape of the in-plane magnetostrictive hysteresis loop
is mainly determined by the induced anisotropy K during the
deposition of FeCoSiB at magnetic field. As the material is
soft magnetic in nature, the corresponding anisotropy value is
very small so that even small changes in film stress can alter
the direction of easy and hard magnetic axes. For the applied
deposition process the stress distribution of the magnetic layer
has a significant spread, so that K varies by £25% over the
wafer and thus the optimum bias field differs slightly for each
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Figure 4. (a) and (b) Photographs of sensor II and III before vacuum encapsulation respectively; (c) shows the photograph of sensor III

after vacuum encapsulation.
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Figure 5. Schematic illustration of the measurement setup. The dashed line area indicates the magnetically and electrically shielded box.
The bias magnetic field is generated by the coil drawn in black while the excitation field is generated by the coil drawn in red. The DC
voltage source is used in the frequency tuning measurement for applying the voltage to the outer beams of the sensor.

sensor. From the preliminary investigations, the maximum ME
voltage coefficient was achieved at a magnetic bias field tHpjj,s
of 0.8 mT for sensor I, 0.5 mT for sensor II and 0.9 mT for
sensor III. Operating at their optimal bias fields, the ME coef-
ficients of all three sensors at resonance (when driven with an
excitation magnetic field pH,. of 1 1 T) are shown in figure 6.
It can be seen that all sensors show the highest ME coeficient at
their mechanical resonance. The resonance frequencies fi.s of
8200 Hz, 11 195 Hz and 13 043 Hz are measured for sensor I,
IT and III respectively. The resonance frequencies differ for all
three sensors as they differ in designs. Considering the manu-
facturing tolerances, the resonance frequency of sensor I is in
good agreement with finite element analysis (FEA) calculation
(only considering the mechanical part of the sensor geometry).
In contrast, the resonance frequencies of sensor II and III dif-
fer slightly from FEA results. This might due to the intrinsic
stresses in the layers (most prominent in the magnetic layer).
In resonance, the ME coefficients of 661 V cmOe™" for sensor
I, 22 V cmOe™! for sensor II and of 424 V cmOe™! for sensor
IIT have been measured. A relative error of 5% is estimated
for all three sensors from repeated measurements. It is mainly
caused by the uncertainties of the magnetic fields generated
by the coils and positioning, i.e. aligning the sensors within

the coils. The Q factors of about 1800, 1600 and 1900 are
determined from the bandwidth for sensor I, IT and III, respect-
ively. Among all devices, sensor II has a significantly smaller
ME coefficient due to the limited bending of its double-side
clamped structure. Between the clamped-free cantilevers with
the same length, sensor I has a higher ME coefficient than
sensor III which is related to its lower resonance frequency,
resulting in a higher amplitude and thus higher ME coefficient
under the same excitation magnetic field. In comparison to
similar ME sensors from Marauska ef al [11, 13] and Yarar
et al [27], higher quality factors are achieved for all sensors.
This fact can be explained mainly by the following two reas-
ons. The sensors are vacuum encapsulated and the vacuum
environment significantly reduces the air damping and thus
enhances the quality factor [13, 14]. Secondly, a poly-Si sub-
strate is integrated to the ME sensors, reducing the oscillation
losses in resonance due to the ideal elastic properties of this
material and a high Q is thus obtained. Other design related
loss mechanisms such as anchor losses are crucial for an in-
depth comparison of the different sensor types, but are outside
the scope of this work.

The voltage noise density E of the investigated sensors
is measured and shown in figure 7. The noise of the audio
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Figure 7. Voltage noise density spectra of sensor I, II and III were
recorded at optimal magnetic bias field |pHpiasl = 0.8 mT, 0.5 mT
and 0.9 mT, respectively. The noise of the audio interface is
recorded as a reference. The noise density at resonance is
determined as 101 nV/Hz®? for sensor 1, 100 nV/Hz%> for sensor 1T
and 54 nV/Hz"? for sensor III. A comparison of measured and
calculated noises [28] of sensor I is shown in the inset plot.

interface is measured as a reference which is sufficiently lower
than the measured noise of the devices and thus can be neg-
lected. At resonance, voltage noise densities of 101 nV/Hz%7,
100 nV/Hz%3 and 54 nV/Hz%> have been measured for sensor
I, IT and III, respectively. The measurements show a distinct
increase in noise at resonance for all three sensors, in agree-
ment to thermal mechanical noise which is the dominant noise
source for a cantilever sensor operated in its first bending mode
[28].

Based on the electrical noise equivalent circuit of the ME
sensor discussed by Durdaut ef al in [28], a value of the
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Figure 8. Measured ME coefficient oomg of sensor II versus
frequency for different applied DC voltages. The tuning of the
resonance frequency of sensor II is about 0.41% per 100 V.
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Figure 9. Change in resonance frequency of sensor Il and III as a
function of the applied tuning voltage. The frequency shift
coefficients of 0.41% per 100 V and 0.14% per 100 V for sensor 11
and III are given by the different slopes.

intrinsic sensor noise can be derived. The calculated values
of Emo%I(f..) are in good agreement with measurements (fig-
ure 7 inset) not only for the single cantilever structure (sensor
I, Em™%l(f ) = 105 nV/Hz") but also for the more complex
structures (sensor II and III, E™%!(f..) = 96 nV/Hz"3 and
40 nV/Hz"?, respectively).

From the values of the voltage noise density E(f.;) and ME
voltage coefficient oiyg (fres), the limit of detection (LOD) can
then be derived [9]:

E (fres)

LOD =
(fr“) tpiezo * OUME (fres)

@

Therefore, the LOD for sensor I is 153 pT/HZO'S,
4.6 nT/Hz"> for sensor II and 128 pT/Hz" for sensor III. As
all three sensors have been fabricated from the same wafer,
thiezo 15 the same for all sensors so that the relative changes in
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Table 1. Measurement results of the investigated ME sensors. The parameters are resonance frequency, ME voltage coefficient ome (fres),
voltage noise density E(frs), quality factor Q, LOD and the frequency shift. All three sensors are characterized at an excitation field of 1 yT.

Sensor  |uHpias! (MT)  fres (Hz)  atme(fres) (V cmOe™)

E(fies) MV/HZ?)  Q

LOD(fres) (pT/Hz*%)  Af (%/(100 V))  Af (Hz/V)

I 0.8
II 0.5
I1I 0.9

8200 661
11195 22
13043 424

101
100

1800
1600
1900

153
4563
128

0.41 0.5
0.14 0.2

LOD are given by the ratio of the noise to ME coefficient only.
High o\g, lowest noise and in total best LOD are measured
for sensor III. Although sensor I has the highest ME coeffi-
cient, the increase in noise yields a reduced LOD. The worst
LOD is found for sensor II as expected.

To study the frequency tuning behaviour, an additional
DC voltage is symmetrically applied (same voltage to both
outer cantilevers) to the piezoelectric actuators of the tunable
sensors II and III. All other measurement parameters are kept
the same.

The ME coefficient of sensor II response to the applied
voltage in resonance is plotted in figure 8. The resonance
frequency of sensor II can be tuned as expected when a
DC voltage is applied. With an increasing DC voltage from
—100 V to 100 V (the bottom electrode is defined as ground),
the resonance frequency of sensor Il increases from 11 149 Hz
to 11243 Hz. The same qualitative tuning behavior is found
for sensor III. The resonance frequency shift of sensor II and
IIT with the applied tuning voltage is shown in figure 9. It
reveals that both sensors show a linear tuning of the reson-
ance frequency in the investigated voltage range. Sensor II
has a frequency shift coefficient of 0.41% per 100 V which is
about three times larger than the sensor III with a frequency
shift of 0.14% per 100 V. Since sensor III has a clamped-
free structure, the pre-stress on the structure generated by
the applied voltage is partially released through displacement.
Therefore, in comparison to sensor III, sensor II has a higher
stress concentration on its double side clamped structure, res-
ulting in a larger frequency shift. In particular, both sensors
exhibit a highly reversible and hysteresis-free frequency tun-
ing behavior, which is due to the linearity of the piezoelectric
material AIN.

The measurement results of sensor I (reference sensor), 11
and IIT are summerized in table 1. It can be seen that sensor I1I
has the best LOD which is by a factor of 36 lower compared to
sensor II. Although sensor I has the highest ME coefficient of
661 V cmOe™!, the LOD of sensor I is as good as the stand-
ard ME sensor. The frequency shift coefficients of 0.5 Hz V!
and of 0.2 Hz V~! are measured for sensor II and III respect-
ively. However, the difference of the frequency shift coeffi-
cient between sensor II and III is not too large. As a result,
sensor III with frequency tuning property shows an excellent
performance comparable to the standard cantilever ME sensor.

To study the dependency of tuning on LOD and linear-
ity of sensor III at resonance, the output voltage is measured
as a function of external magnetic field for different tuning
voltages (figure 10). Although the sensitivity (the slope of
the linear regime) and the minimum detectable magnetic field
vary slighly for different applied voltages (a LOD variation
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Figure 10. ME voltage of sensor III in dependence of external
magnetic field pHyc for different tuning voltages. The intersection
of the linear response and the noise level indicates the minimum
detectable magnetic field (LOD).

of 432 pT/Hz"> and a variation of sensitivity of 43 V T~!
compared to the results without tuning), the linear response is
highly preserved.

In comparison to the tunable ME sensors from Robisch et al
[21] and Wang et al [23], the presented sensor III has several
distinct advantages in spite of a slightly higher limit of detec-
tion and a smaller frequency tuning. Based on its linear fre-
quency tuning effect, the applied voltage, which can tune the
resonance of the sensor to match the targeted frequency of the
proposed applications, can be easily estimated. Due to its small
size it can be easily assembled in flexible sensor arrays adapt-
able to different diagnostic requirements enabling better loc-
alization. In addition, it is suitable for mass production using
MEMS technology.

5. Conclusion

In this study, we presented two vacuum encapsulated MEMS
ME sensors with highly reversible quasi-linear frequency tun-
ing effect. The presented frequency tuning method via integ-
rated piezoelectric actuators can be easily controlled and is
highly reproducible. Sensor II has a high frequency tuning
coefficient of about 0.5 Hz V~! with a LOD of 4.6 nT/Hz">
while sensor III has a LOD of 128 pT/Hz"> with a frequency
tuning coefficient of about 0.2 Hz V~!. In addition, the per-
formance of sensor III for magnetic field sensing is not sig-
nificantly affected by introducing piezoelectric tuning, which
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enables ME sensors for measuring very weak magnetic fields
with a precise control of the filter frequency (resonance). In
summary, the combination of excellent performance for mag-
netic field detection and frequency tuning in a ME sensor was
demonstrated which is highly beneficial for the development
of vector field sensors and sensor arrays.
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