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This study presents a magnetostrictive type inductive sensing pressure sensor which consisted of a planar
coil, CoFeB magnetic films, and a Si diaphragm. As the Si diaphragm deformed by a pressure load, the
inverse-magnetostriction effect would cause permeability changes of the CoFeB magnetic films. Thus, the
permeability changes as well as the pressure load can be detected by the inductance change of a planar
inductor. To demonstrate the feasibility of the proposed pressure sensor, the planar inductor designs
of different coil turns and in-plane patterns of magnetic films are fabricated and tested. Preliminary
measurements show that the pressure sensors with 6 and 12 coil turns have sensitivities of 0.079 %/kPa
and 0.064 %[kPa, respectively. In addition, based on the in-plane pattern design of the magnetic films,
the gauge factor could be tuned from 55 to 852.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The demand of pressure sensors has been continuously increas-
ing recently, for instance, pressure sensors have been extensively
exploited for the tire pressure and blood pressure monitoring,
and also the altimeter for the personal navigation. In general, the
sensing approaches of pressure sensors can be categorized as:
piezoresistive, capacitive, and piezoelectric [1,2]. The piezoresis-
tive sensing element is the most popular approach for the silicon
pressure sensor [2,3]. By using existing process technologies and
materials, piezoresistors are implemented and integrated with a
sensing diaphragm. The gauge factor of the silicon-based piezore-
sistive type pressure sensor is around 70-110 [4]. The gauge factor
can be improved by reducing the doping concentration of the
piezoresistor, however the temperature stability of the sensor is
decreased [5].

The inverse-magnetostriction effect (Villari effect) has been
investigated and reported in [6-8]. The investigations indicate that
permeability of a magnetic material can be changed by an external
load. The Villari effect has been exploited to develop the magnetic
tunnel junction (MT]J) devices for the applications of gauge or pres-
sure sensors [9-12]. Typically, the CoFeB film used in these MT]J
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devices has advantages of high gauge factor and excellent temper-
ature stability [13,14]. However, unique facilities are required to
prepare an additional pinning film during the process. The induc-
tive sensing mechanism is also employed for a better sensitivity.
The inductance variation could be read out by an inductive volt-
age or an oscillator circuit which converts the inductance of a coil
to the frequency [15,16]. The inductance sensing could also enable
the wireless transmission of sensing signals. The wireless transmis-
sion could bring a positive impact for some medical applications,
such as the intraocular pressure monitoring [17,18]. Nevertheless,
the bulky inductive sensing module is still a concern for various
applications.

This study proposes a pressure sensor consisted of a planar
coil with magnetic films to couple the inverse-magnetostrictive
effect and the inductive sensing. In this design, a pressure load will
change the permeability of the magnetic films due to the inverse-
magnetostriction effect. As aresult, the inductance of the planar coil
disposed between the magnetic films will be changed and thus the
pressure load can be measured by the inductance variation. The
special equipment for the pinning layer of the MT] device is not
required for the proposed design. Moreover, a compact inductive
sensing device can be achieved via the vertical integration of the
planar coil and the magnetic films. Based on this sensing mecha-
nism, the magnetostrictive type inductive sensing pressure sensors
with various planar inductor designs are investigated. The gauge
factor could be further modified by design parameters of the pla-
nar inductor, including the coil turns and the in-plane patterns of
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Fig. 1. The design concept of the magnetostrictive type pressure sensor, (a) structure schema, (b) sensing mechanism.

the magnetic films. Thus, the proposed designs can be implemented
using the existing micro fabrication processes.

2. Concept and design

Fig. 1 illustrates the pressure sensor design formed by the pro-
posed magnetic sensing unit on top of a deformable diaphragm. As
depicted in Fig. 1(a), the proposed magnetic sensing unit mainly
consists of a planar coil and two magnetic films (CoFeB film is
employed in this study). The planar coil is sandwiched between
these two magnetic films. The polyimide is employed as a filling
material between the coil and the CoFeB films for an electrical iso-
lation. By the integration of the planar coil, two magnetic films, and
the polyimide layer, a planar inductor is constructed. The number of
coil turns defined by the photolithography could modulate the ini-
tial inductance L, of the planar inductor. Fig. 1(b) further illustrates
the sensing principle of the proposed pressure sensor. As shown in
the left illustration, the sensor has an initial inductance of L, before
applying a pressure load. As depicted in the right illustration, the
diaphragm of sensor is deformed after applying the pressure load.
The CoFeB magnetic films on the deformed diaphragm are then
under a stress o . According to the inverse-magnetostriction effect

[13], the magnetic anisotropy field H; of the CoFeB film induced by
the stress o can be expressed as,

30A

He= 3 (1)

where A and M are respectively the magnetostriction constant and
the saturation magnetization (in emu/cm3) of the CoFeB film. In
addition, the permeability © of the magnetic film is expressed as
[19],

4 M

"= H,~H, 2)

where H, is the anisotropy field of the magnetic film before the
stress o applying on the film. The parameter H, could be controlled
by the deposition process or in-plane pattern designs of the mag-
netic films. By combining Eqs. (1) and (2), the relation between the
permeability x and the stress o on the magnetic film is expressed
as,

47T M;?

K= SiHo = 307 (3)
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Fig. 2. The design schema of the magnetostrictive type pressure sensor, (a) top view, (b) cross section view.

In other words, due to the inverse-magnetostriction effect, the
permeability of the CoFeB films will be changed by the pressure
load. Thus, the permeability of the top and the bottom CoFeB
magnetic films (ptop and fupe) in Fig. 1(b) can be respectively deter-
mined from Eq. (3). The inductance of the planar coil sandwiched
between the top and the bottom CoFeB films is expressed as [20],

2
o - Wi* - N?
T V2-We-Lim
(tm2/we2-1/2) * BteaTm

L= (4)

2-Ti+

where W; (the width of total coil turns), T; (the thickness of insu-
lation), L, (the length of magnetic film), and T;; (the thickness
of magnetic film) are geometry parameters, as depicted in Fig. 2.
Moreover, jLg is the vacuum permeability, N is the coil turns, and
Heq is defined as the equivalent permeability which comes from the
total coupling effect of (ttop and pipee. According to Eq. (3), ftop and
Upot Would vary in accordance with the stress respectively on the
top and the bottom magnetic films. Therefore, the equivalent per-
meability peq before and after an applied pressure load will lead
to the inductance change (from L, to L) of the planar inductor.
Consequently, the pressure load can be detected by the inductance
change of the planar inductor (i.e. L, — L,). It is noticed from Eq.
(1) that the inverse-magnetostriction effect is proportional to the
stress on the magnetic films. Thus, the sensitivity of the proposed
sensor could be enhanced if a higher stress is introduced on the
magnetic films.

Fig. 2 also depicts the design parameters of the coil, magnetic
films, insulation layers, and silicon diaphragm. The performances

of the presented pressure sensor could be modulated by vary-
ing these design parameters using the fabrication processes. This
study further proposed the pressure sensor design namely TP-
N6 to demonstrate the presented approach. The TP stands for
the application of tire pressure, and N6 marks the number of
coil designs of 6 turns. The corresponding design parameters are
summarized as, St = 10 pm, Ws =10 pum, W; =650 pm, W, =110 wm,
Wmn =210 pum, Ly =750 um, T =0.2 wm, T;=10 pm, Dy =540 pm,
T4=20pm, Dg=1780 pm, and Ts=400 wm. Note that the stress
introduced by pressure load on the large area magnetic film will
vary with the position. Thus, based on the design parameters
described above, the stress distributions of different layers in the
proposed magnetostrictive pressure sensor are determined by the
commercial finite element method (FEM) software. Fig. 3 shows
the distributions of von Mises stress for four different layers of the
TP-N6 sensor under an applied pressure of 100 kPa. Note the stress
introduced on the magnetic films could be modified by varying the
dimensions of the Si diaphragm. After that, the inductance change
of the proposed sensor is predicted from Eqgs. (1)-(4).

The characteristics of the presented magnetostrictive pressure
sensor could be modified by varying the designs for different appli-
cations. For instance, the sensor designs with 6 coil turns and 12
coil turns are listed in Table 1

.Asindicated in Eq. (4), the inductance of planar coil is increased
by the number of coil turns N. Moreover, the increasing of coil
turns will also enhance the stiffness of the diaphragm, and fur-
ther influence the stress distribution and magnitude of a deformed
diaphragm. The FEM simulation results in Fig. 4(a and b) depict
the distributions of von Mises stress on the top CoFeB film for
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Fig. 3. The simulation results of stress distributions of the magnetostrictive type pressure sensor on, (a) Si diaphragm and planar inductor above it, (b) top magnetic film, (c)
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Fig. 4. The simulation results of stress distributions of the tire pressure sensor on, (a) top magnetic film for 6 coil turns, (b) top magnetic film for 12 coil turns, (c) bottom

magnetic film for 6 coil turns, and (d) bottom magnetic film for 12 coil turns.

sensors of different magnetic coil turns (6 coil turns TP-N6, and
12 coil turns TP-N12). The pressure load is 100 kPa for the simu-
lations. The results indicate that the maximum stress is decreased
from 17.31 MPa to 17.03 MPa as the coil number increased from
6 to 12. Due to the lower stiffness of the diaphragm with 6-turn
coil, the maximum stress introduced on its top magnetic film is

higher. Similarly, the distribution and magnitude of the von Mises
stress for the bottom CoFeB film are also influenced by the number
of coil turns, as shown in Fig. 4(c and d). Table 2 further summa-
rizes the predicted characteristics of TP-6 and TP-12 designs at a
given pressure load (100 kPa). As a reference, the initial inductance
and resistance of the air coil (metal coil only) are provided. In this
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Table 1

The design parameters of the magnetostrictive type pressure sensor based on the tire pressure sensing application with two coil designs.
Design parameters TP-N6 TP-N12
Coil turns 6 12
Spacing of turns St (m) 10 10
Width of single turn W (um) 10 10
Width of total turns W (um) 650 770
Width of coil We (pm) 110 230
Width of magnetic film Wi (um) 210 330
Length of magnetic film Ly (pm) 750 870
Thickness of magnetic film Tm (um) 0.2 0.2
Thickness of insulation T; (pm) 10 10
Dimensions of diaphragm Dy (pm?) 540 x 540 540 x 540
Thickness of diaphragm Tq (um) 20 20
Dimension of substrate Ds (pm?) 1780 x 1780 1780 x 1780
Thickness of substrate Ts (pom) 400 400

table, the stress and permeability changes induced by the 100 kPa
pressure load is predicted first. After that, the inductance change
of planar inductor, and the resolution and sensitivity of the pres-
sure sensors are determined. The pressure change is detected by the
proposed sensor with the readout signal (the inductance variation).

Therefore, the minimum detectable pressure variation (i.e. resolu-
tion) is determined by the minimum readable inductance variation
in this study (0.1 nH). In summary, the average stress on the CoFeB
films of TP-N6 and TP-N12 designs are 3.34 MPa and 2.74 MPa,
respectively. Thus, the sensitivity of TP-N6 design is higher than



30 H.-C. Chang et al. / Sensors and Actuators A 238 (2016) 25-36

--r

Coil underneath CoFeB

NTHU MDL = MTHU MDL

Bottom CoEeB film

MTHU MDL ; 58 Swam NTHU MDL
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Table 2
The performance evaluation results of tire pressure sensors based on two designs of coil turns.
Evaluation results TP-N6 TP-N12
Air coil Initial inductance (nH) 37.30 104.36
Resistance (£2) 36.25 72.50
CoFeB magnetic film Initial permeability () 1382 1382
Permeability@100 kPa load () 1550 1517
Maximum stress@100 kPa load (von Mises, in MPa) 17.31 17.03
Average stress@100 kPa load (von Mises, in MPa) 3.34 2.74
Planar inductor Initial inductance (nH) 55.60 232.60
Inductance@100 kPa load (nH) 61.65 253,51
Pressure sensor Sensitivity (%/kPa) 0.11 0.09

Resolution (kPa) 1.65 0.48
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Fig. 7. The measurement setup of pressure facilities for the sensor performance testing.

that of the TP-N12 one. Moreover, the stress induced permeability
and inductance changes are further determined by Eqs. (3) and (4),
as indicated in Table 2. Note that the inductance is proportional
to the coil turns to the power of two, as depicted in Eq. (4). Thus,
the TP-N12 design which has a higher inductance variation could
provide a better measurement resolution.

3. Fabrication and results

Fig. 5 illustrates the fabrication process steps to implement the
pressure sensor proposed in this study. Firstly, the processes were
performed on a SOI (silicon on insulator) wafer. Thus, the thickness
of the deformable diaphragm in Fig. 1 can be precisely defined by
the device layer of the SOl wafer. As shownin Fig. 5(a),a 1000 A thick
thermal oxide was grown as an insulation layer on the SOI wafer.
After that, a 2000 A thick CoFeB film was deposited and patterned to
act as the bottom magnetic film for the planar inductor. As shown
in Fig. 5(b), the polyimide layer (5 wm thick) was then coated onto
the substrate. As illustrated in Fig. 5(c), after curing of the polyimide
layer, the Al film (1 pwm thick) was deposited and patterned to define
the planar coil. The polyimide layer acts as an electrical isolation
interface between the magnetic films and the planar coil. The planar
Al coil was then covered with another polyimide layer. As shown
in Fig. 5(d), the second polyimide layer (5 pm thick) was patterned
to expose the bonding pads. The two bonding pads are respectively
located at two terminals of the planar coil. After that, the poly-
imide layer was cured at 250°C, as shown in Fig. 5(e). The curing
temperature should be below 270°C to prevent the crystallization
of the CoFeB film. Note that the inverse-magnetostriction effect of
the CoFeB film will be decreased by the crystallization. After the
polyimide curing process, the second CoFeB film was deposited and
patterned as the top magnetic layer. Next, as indicated in Fig. 5(f),
the DRIE (deep reactive ion etching) was employed to perform

the backside silicon etching to remove the handle Si layer of the
SOI wafer and the buried oxide. Thus, the device Si layer was sus-
pended to form the deformable diaphragm of the pressure sensor.
Finally, as indicated in Fig. 5(g), the fabricated chip was bonded
to a printed circuit board (PCB) using the gel. The wire bonding is
also performed on PCB for the performance tests. After bonding,
the chamber of pressure sensor is sealed from the ambient. Since
the bonding is performed in atmosphere, the initial pressure inside
the cavity is 1 atm.

The typical fabrication results are shown in Fig. 6. The scanning
electron microscopy (SEM) micrograph in Fig. 6(a) displays a typi-
cal fabricated micro chip. The top CoFeB magnetic film and bonding
pads are observed. The zoom-in SEM micrograph in Fig. 6(b) further
depicts the CoFeB magnetic film and the planar coil underneath. The
SEM micrograph in Fig. 6(c) shows the AA’ cross section indicated
in Fig. 6(a) of a typical fabricated chip. The deformable diaphragm
(formed by the device layer of the SOI wafer) and the planar Al
coil embedded in the polyimide layers are observed. The zoom-in
micrograph in Fig. 6(d) further depicts the stacking of the CoFeB
magnetic film, polyimide isolation layers, and Al coil on top of the
Si substrate. The micrograph in Fig. 6(e) shows the dimensions
(1.78 mm x 1.78 mm x 0.4 mm) of a typical fabricated chip. Finally,
Fig. 6(f) displays the fabricated chip after sealing and wire bonding
on a PCB for the following tests.

4. Experiments and discussions

To demonstrate the presented concept, this study establishes
the measurement setup consisting of a pressure chamber, a pres-
sure gauge, a gas tank, a pump and a LCR meter, as shown in Fig. 7.
After the packaging and wire bonding process, the entire PCB will be
placed inside the chamber for the sensitivity testing, and the pres-
sure load is monitored by a commercial pressure gauge. A positive
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Fig. 8. The measurement results to show, (a) the sensitivity curve of the proposed sensor for the tire pressure sensing application, (b) the hysteresis phenomenon of the

proposed sensor for the tire pressure sensing application.

pressure load is provided by the gas tank, whereas a negative one
could be generated by the pump. Meanwhile, there is an electrical
connection between the pressure sensor chip and the LCR meter.
Once theinductance of the pressure sensor chip varies due to a pres-
sure load, a corresponding inductance will be detected by the LCR
meter. Consequently, the sensitivity could be evaluated from the
relationship curve between the inductance variation and the pres-
sure load. The typical measurement result in Fig. 8(a) shows the
variation of the inductance change ((Lp — Lo)/Lo, in%) with the pres-
sure load (inkPa) for the fabricated TP-N6 sensors. Measurement
shows the sensitivity of TP-N6 pressure sensor is about 0.079 %/kPa,

for the full span of 0-300 kPa (for the tire pressure sensor applica-
tions). Moreover, the corresponding gauge factor (the variation of
the inductance change divided by the strain on magnetic film) is
near 850. Note that the strain on magnetic film is determined from
the FEM simulation. Fig. 8(b) further shows the hysteresis measure-
ments of the TP-N6 pressure sensor. As indicated in Section 3, the
initial pressure inside the chamber is the atmosphere after seal-
ing. This study selected the vacuum as the starting point for the
hysteresis testing. Thus, the base pressure of the hysteresis test is
—100kPa. Subsequently, the testing chamber was venting gradu-
ally with nitrogen up to 300 kPa, and then pumped down back to
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the base pressure. Meanwhile, the inductance of the pressure sen-
sor was recorded in this pressure controlling loop. As a result, the
maximum deviation in the hysteresis loops of TP-N6 pressure sen-
sor is about 0.42 % (as the pressure load is —50 kPa). To show the
influence of the magnetic coil turns on the proposed design, the
TP-N12 sensor discussed in Section 2 has also been fabricated and
tested, as depicted in Fig. 9. Measurements show the sensitivity of
TP-N6 design (0.079 %/kPa) is higher than that of the TP-N12 (0.064
%|KkPa). The results agree reasonably with the simulations shown
in figure. The difference may come from the residual stresses of
the thin films after fabrication. Moreover, the resolution of TP-N12
design (0.85 kPa) is better than that of the TP-N6 (1.76 kPa). These
results also agree reasonably with the results predicted in Table 2.

In this study, the CoFeB film is employed as the magnetostric-
tive film which results in the variation of magnetic anisotropy field
Hs while stress is introduced, as mentioned in Eq. (1). As indicated
in Egs. (2)-(4), the inductance and permeability of magnetic film
can also be changed by the initial anisotropy of magnetic field
H,. According to [19], the H, can be modulated by varying the
length to width ratio of magnetic film. To be more specific, higher
length to width ratio would lead to higher magnetic anisotropic
H,. Thus, the in-plane pattern of the magnetic films (defined by
the photolithography) would influence the H,. To further inves-
tigate this characteristic, four geometry designs of the magnetic
film as depicted in Fig. 10(a) are respectively implemented on TP-
N12 sensor and then characterized. The length of these magnetic
films (L) are all 870 wm. In addition to the single ring (SR) design
presented in Fig. 2, this study also added three multi-ring (MR)
designs of different line width (20 wm, 40 wm, and 60 wm). The
gap between each line is 10 pm for these designs. The range of
the length to width ratio of four designs are respectively: SR (2.64),
MR-60 (5.17-14.5), MR-40 (6.75-21.75), and MR-20 (10.5-43.5).
The single ring design has the lowest length to width ratio among
all designs. On the other hand, the multi-ring designs may increase
the length to width ratio, yet the leakage of the magnetic flux may
occur at the gaps between the rings. Note that the gap between
magnetic rings could be minimized by the process improvement
to reduce the flux leakage. Measurements in Fig. 10(b) depict the

M-H curves of the magnetic films with four ring pattern designs.
The results were extracted by MOKE (Magneto-Optical Kerr Effect).
According to Egs. (2) and (3), the anisotropy field H, is an impor-
tant factor to affect the performance of the pressure sensor. Thus,
the anisotropy fields of SR (Hyq), MR-60 (H,;), MR-40 (H,3), and
MR-20 (Ho4) are marked in Fig. 10(b). Note that SR and MR-20
designs respectively show the smallest and largest H, among all
samples. In other words, the pressure sensor with SR design would
have the highest sensitivity among all ring designs, whereas the
MR-20 design would provide the lowest sensitivity. To further
examine the influence of the CoFeB film pattern on the sensor per-
formance, four ring designs are further fabricated and employed
as the magnetic sensing film underneath the coil, as shown in
Fig. 10(c). The comparison is focused on the geometry designs of
the bottom magnetic film. Therefore, except the bottom film, the
other design parameters of the pressure sensor, such as the num-
ber of coil turns, the geometry of the top magnetic film, or the
diaphragm size, are the same for a fair comparison. For instance,
the diaphragm is 540 pm x 540 pm in dimensions and the planar
coil is 12 turns. Typical measurement results in Fig. 11 show the
variation of the inductance change with the pressure load for pres-
sure sensors employed the four ring designs. In comparison, the
single-ring design provides the highest sensitivity (0.064 %/kPa) as
well as gauge factor (611) among all designs. As for the multi-rings
designs, MR-60, MR-40, and MR-20 respectively have the gauge fac-
tors of 179, 111, and 55. The results agree well with the prediction
from design.

5. Conclusions

This study proposes a design concept of the pressure sensor
based on the inverse-magnetostriction effect and inductive sens-
ing technique. By varying the design parameters of the planar
inductor, such as the coil turn number and the magnetic film geom-
etry, the gauge factor of the sensor could be tuned. Moreover, in
this study, the CoFeB film is employed as the magnetostrictive
film which results in the variation of magnetic anisotropy field
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sensor employs the magnetic film shape design of MR-60.

H; while stress is introduced, as mentioned in Eq. (1). The initial
anisotropy field H, could also be adjusted during the film deposi-
tion. To demonstrate the feasibility of the proposed design concept,
the planar inductors consisted of the designs with two different
coil turns and four different CoFeB patterns have been fabricated.
The sensitivity of the fabricated chips with various planar induc-
tor designs has been characterized. According to the measurement
results, the gauge factor is modified from 55 to 852 by the design
parameters of the planar inductor. Note that the gauge factor of
852 is about 12 times the factor of the general piezoresistive type
pressure sensor. In summary, this study demonstrates the design
and the feasibility of the magnetostrictive type pressure sensors.
The design parameters in Section 2 can be further investigated to
enhance the performances of the magnetostrictive type pressure
sensors. The presented magnetostrictive type pressure sensor is a

strain induced sensing device. The same sensing mechanism can be
further expanded to the applications of the accelerometer, micro-
phone, etc. The existing of the planar coil also offers the potential to
integrate with the inductance reading circuitry for wireless trans-
mission applications.
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Fig. 11. The measurement results to show the sensitivity curves of the proposed sensor with 4 magnetic film shape designs.
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