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The structural and electro-thermal analysis of a resonant structure for a magnetic sensor based on MEMS technology is
presented in this paper. The effect of squeeze-film damping is included by mean of a theoretical model and using finite
element software. In addition, analysis of the dynamic torsional model of magnetic structure is realized. The design of
resonant structure considers a hollow rectangular configuration with thin beams of 20um of width and 1.50um of
thickness suspended over a cavity that takes advantage of the Lorentz force principle allowing the detection of magnetic
fields at levels of tens Gauss. The analytical results and simulations with finite element indicate that the vertical
displacement has a linear behavior with low power consumption and a maximum Von Mises stress of 20.22MPa with a

peak to peak voltage of 2 V.
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1. Introduction

MEMS (Micro-ElectroMechanical Systems) use planar

microelectronics fabrication techniques to produce three-
dimensional structures, which have both electronic and
mechanical functionality. A powerful aspect of MEMS
technology is the fact that these structures allow the
possibility of combining mechanical actuation with sensing
and electronic control, all integrated in a common
fabrication technology. MEMS sensors and actuators can
be based on a variety of physical, chemical and biological
principles [1-2], involving the deflection on the
microstructures. Thus, smaller magnetic sensors can be
integrated in systems where the space is a constraint.
A variety of applications such as the measurement of the
Earth's magnetic field, biosensors for medical diagnosis, as
well as rotational speed measurement in navigation, are
possible using magnetic field sensors.

Most of the magnetic field sensors exploit the Hall
Effect. A major drawback of these sensors related to their
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low resolution as result of their scattering effects on the
surface mobility, as well as the offset and its small dynamic
range [3]. According to this, many studies of magnetic
sensors have been carried out [4-6]. On the other hand, one
important advantage is related to the flexibility in design
and fabrication allowing the detection of magnetic fields
with a operation range established previously. In this work,
the design of a novel configuration of a resonant structure
for a magnetic sensor of polysilicon is presented.

2. Description of the sensor
2.1 Principle of operation

The structural configuration for the resonant magnetic
sensor is constituted by thin beams with rectangular
configuration and two “L” shaped beams. This
configuration allows the application of an alternating
current (1) that will circulate through the beams, and under
the influence of a magnetic field a Lorentz force will be
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Table 1. Mechanical properties of materials used in the analysis with
ANSYS9.0 [7-9].

Mecham_cal Gold Polysilicon
Properties
Young’s modulus (GPa) 75 160
Fracture stress (GPa) 0.17 1.21
Poisson’s ratio 0.42 0.23
Density (kg/m®) 19300 2320
Thermal conductivity
(W/MK) 315 34
Coefficient of thermal
expansion (10°%/°C) 14.20 2.80
Resistivity (Qm) 2.88x10°  3.25x10°

generated, causing a magnetic torque that provokes it to
oscillate (Fig. 1). Ideally, the alternating current operates at
the resonant frequency of the structure in order to get the
highest magnetic sensitivity.

The Lorentz force, Fg, is given by:

F,=1_L,B, (1)
with the length of the largest beam parallel to rotation’s
axis L, and the magnetic field parallel to the surface’s plane
B,. The structure will oscillate around the rotation axis. For
a small rotation, the mechanic torque causes for Lorentz
force is given by:
Thaq = 2L,L,1,,B, sin(27ft) (2)
with the length from the end of the structure to the
rotation’s axis L, and the peak alternating current I,.

This torque will produce a deflection of the structure that

is limited by the gap of 2.50um between the structure and
the substrate that limits the operating range of the sensor.

2.2 Dimensions and Materials

The dimensions of the structure (in microns) are
specified in Fig. 2. The beams were designed with 20um of
width and 1.50um of thickness, in order to reduce the
squeeze-film damping. The material of the structure is
polysilicon with gold connection pads. The mechanical
properties of the materials used in the simulation are shown
in table 1 [7-9]. The structure is adapted so that it oscillates
in a torsional vibration mode (first resonant frequency).

Table 2. Resonant frequencies of magnetic sensor obtained by
ANSYS9.0.

Vibration mode Resonant frequency (Hz)

1 16016
2 20554
3 41513
4 43577
5 80225
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3. FEM analysis
3.1 Modal Analysis

The modal analysis of the structure was realized using a
meshing of 1502 Solid95 elements through ANSYS9.0
finite element software. The first five resonant frequencies
of the structure (table 2) as well as their first five modal
configurations were obtained. The first vibration mode
shape is of torsional type and occurred at a frequency of
16016 Hz (Fig. 3).

In Fig. 4 the next four vibration mode shapes are shown,
however they do not have suitable mode shapes to use the
Lorentz force effect because they don’t generate torsional
oscillation.

3.2 Electro-thermal analysis

The electro-thermal analysis objective is to obtain the
maximum value of the Von Mises stress and the increase of
temperature at the structure when a voltage is applied. For
this analysis, a meshing of 7921 Solid98 elements with
16462 nodes at the structure was selected. During the
simulation with the finite element software an alternating
voltage 1 to 4 volt was applied. The Von-Mises stress was
obtained in node 4896 (near the beginning of “L” shaped
beam). The maximum Von-Mises stress of 80.90MPa for a
peak to peak voltage (Vpp) of 4 V was registered (table 3).
The maximum stress was below of the polysilicon fracture
stress.

The applied voltage causes a temperature increment of
509.1°C for 3 V and 905°C for 4 V. These values are near
to the gold melting point (1063°C) as well as to the
polysilicon’s one (=1400°C). This will cause an unstable
behavior in the structure. Therefore, is recommended a
voltage smaller that 3V. For a Vpp of 2V we obtained a
maximum alternating current of 574.0pA that caused low
power consumption (=287uW).

3.3 Air damping analysis

The air damping is a parameter that affects the sensitivity
of the magnetic sensor structure [10-11]. If the resonant
MEMS operate in a high vacuum behavior the air damping
will be diminished considerably [12].

Table 3. Results of the electro-thermal analysis of the structure for
magnetic sensor proposed.

Peak to peak
voltage (V)
Stress in node
4896 (MPa)
Maximum
alternating
current (uA)
Temperature
increment
(°C)

1
5.06

2
20.22

3
45.50

4
80.90

285,50 574.00 857.00 1141.30

56.60 226.30 509.10 905.00
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There is an air gap of 2.50um that causes a squeeze-film
damping when the structure operates in its first vibration
mode. Therefore, in order to evaluate this damping an air
film with ANSYS9.0 was taken into account with 751
elements Fluid136 and 1502 Solid95 (Fig. 5). In simulation
results, the damping ratio was of 46.92x102 for
atmospheric pressure.

3.3.2 Theory

The total squeeze-film damping can be calculated as the
sum of the squeeze-film damping of the each beam in
motion (parallel and transversal beams), as shown in Fig. 6.

An equivalent gap volume can be used for calculated the
squeeze-film damping of each beam, as shown in Fig. 7 for
a parallel beam. The pressure drop in the element dx is [13]

- —12’:2 ™ gx 3)
Here v, is the equivalent flow velocity in the x-direction in
the volume if the velocity is considered constant along the
y-axis and g IS an approximation of the effective air
viscosity [14].

U

S @
et = 9.638K L1

A
K, =2 5
e ®)

with the Knudsen number K, the viscosity coefficient g,
the air gap d and the mean free path & that is inversely
proportional to static pressure P:

P
=2 (6)

with %o=64x10°m at atmospheric pressure.
This gives the squeeze-film loss in the element
dW, = vdpdAdt @)

Integration of Eq. (7) using Eq. (3) gives for two volume
element of a parallel beam

b/2 Lp T/412m 2
— X
Wy, =8 ! J; ! izt ®)

Where, as a result of the vibrating parallel beam and
volume continuity,

©)

X
V, =—0wCos wt
d

with the vertical displacement of beam 6.
Then the squeeze-film loss of two volume associated
with a parallel beam is

ﬁyw52b3Lp

fp — d 3 (10)
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with the beam width b.
For two volume element of a transversal beam the
squeeze-film loss is

b/2 Lt/2 T/4

w1

0
Where, as a result of the vibrating transversal beam and
volume continuity

12,°
d 2

(d —@jdxdzdt (11)
L,

Az

V, =————Cosat
(2d - 5)L,

(12)

Then the squeeze-film loss of the volume associated with a
transversal beam is

_ mus?o(4d —35)b3L,

(13)
" 6d2(2d — 5)2
For small amplitude of vibration 4d -36=4d and
(2d — 5)? = 4d?, then the Eq. (13) is approximated
2 3
W, = O “’3b L (14)
6d

The total squeeze-film loss Wsr considering the parallel and
transversal beams in motion is

 prws?
6d°

W [bf(eLp1 + Lt + Ltg) + b3 (6Lp, + Ltz)]
(15)
The total energy of the system W, corresponds here to
the sum of the kinetic energy of the parallel beams and the
kinetic energy of the transversal beams of the resonant
structure. Integrations along the parallel and the transversal
beams help us to determine the values of the kinetic
energies. The final expression obtained for Wyt is

Wyr :%/ﬁzwz[Ai(GLpl + Lty + Lty) + Ay (BLp, + Lt,)]
(16)

with the cross-section A;=hb; and A,=hb,, considering the
thickness of polysilicon h=1.50pum.

Then the total quality factor related to squeeze-film
damping Qsqr IS

Wyt
quT =2r Wv

(17)
T
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Figure 1. Schematic showing the operation of the magnetic sensor
based on MEMS technology.
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Figure 2. Dimensions (um) of the resonant magnetic structure.
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Figure 3. First vibration mode of the magnetic sensor structure.
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4rfpd3[A (6Lp; + Lt; + Lty) + A, (BLp, + Lt,)]
413 (6Lp, + Lt, + Lty) +b3 (6Lp, + Lt,)]
(18)

quT =

And the ratio damping of the structure can be obtained
for

1

20 (19)

¢ =

Using the equations (18) and (19) and considering the
structure of magnetic sensor operating to its first torsional
resonant mode obtained with ANSYS9.0 to atmospheric
pressure with an air gap of 2.50um we obtained a damping
ratio (= 30.07x10%

4. Magnetic field analysis
4.1 Analytical

In order to find the torsional resonant frequency for the
sensor of analytical form we determined the equivalent
torsional stiffness of the sensor and used a single DOF
torsional system with a viscous damper. The angular
motion equation of the structure under a magnetic field B,
was obtained using the Newton-Euler equation:

Jo9+Cypt (ke —M)g=2L,L,1,,B, sin@At) (20)

with angular moment-of-inertia of the structure J,, angular
deflection ¢, angular velocity ¢ , angular acceleration ¢,
angular damping coefficient C,, equivalent torsional spring

constant of structure k4, and the moment M produced by
the unbalanced total mass of the structure. The angular

damping coefficient can be expressed asC ;= [2¢3k oo
In the underdamped case the undamped torsional resonant

frequency f;, and the damped torsional resonant frequency
fig are given by:

_ 1 [kg-M (21)
Y NS
and
f = 1_42 fin (22)

Due to the configuration of the three support beams the
equivalent torsional spring constant of structure, k,r, is the
sum of the torsional spring constant of each support beam,
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Figure 4. a) Second b) third c) fourth and d) fifth vibration mode
shape of the magnetic sensor structure.

ANEYE 9.0
ELEMENTS
FowerGraphics
EFACET-1

Mode 468

Figure 5. Mesh with 751 elements Fluid136 and 1502 Solid95 for the
squeeze-film damping analysis of the magnetic structure.
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Figure 6. Descriptive view of the torsion mode showing the air
displacement, the parallel and the transversal beams, for the resonant
structure with one substrate.
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Kgr =Ky +Kj +Kyg (23)
Assuming each torsional beam of length Lyeqy IS straight,
a uniform cross section and a homogeneous isotropic
material that obeys Hooke’s law, the torsional stiffness can
be expressed as,
K, G

k — beam

= (24)

beam

with a cross-section dependent factor Kpem and shear
modulus G is given by:
E

G= (25)
2(1+v)

with elastic modulus E and Poisson’s ratio v.

For a beam with a rectangular cross section of wide Wyean
and thickness tyam, the cross-section shape-dependent
factor is expressed as [15]:

nzb
%)

_@a'@)|, 192(a) 1
Kbeam - 3 |:1 ”5 [bjxn:%;,... 5 tan
with 2a= min(a)beam:tbeam) and 2b= max(wbeam'tbeam) :
Considering the dimensions of the three support beams,
shown in table 3, the equivalent torsional spring constant is
k¢T =3.54x10 ® Nm/rad . The angular moment-of-inertia

(26)

of the structure is J, =21.70x10™kg-m? and the moment is

M =7.93x10"® Nm . Replacing these values in Eqg. (21) and
Eq. (22), we obtained an undamped torsional resonant
frequency fyp= 20,320.83 Hz and a damped torsional
resonant frequencies fy of 19,380.36 Hz considering
¢=30.07x10? (obtained with the theorical analysis of
squeeze-film damping).

4.2 Angular deflection and vertical displacement

Under the influence of a magnetic field parallel to the
surface plane, the sensor will experience an angular

Table 3. Dimensions and masses of the three supportedbeams of the
structure for magnetic sensor.

Number of 1 2 3
supported beam

2a (um) 1.50 1.50 1.50
2b (um) 30 6 8
Length (um) 84 63 123
Mass (1x10™%kg) 8.77 1.31 3.42

deflection, which can be found when solving Eg. (20) and
considering the initial conditions:
and 27)

$(0)=0 #(0)=0

The solution of Eqg. (20) is given by:
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¢ =C,e ™ cos(bt) + C,e ™ sin(bt) + C, cos(2ft) + C, sin(2xft)

(28)
with
AT Y 29
o Do VAdka =G (29)
. 4L, L,1,,BC, (30)
"k M- @)23, [ + e y2c?
4T 0 [4
C,=- —%[aC1+(272‘f )C, ] (31)
C,=-C, (32)
2
and ¢, _ 2L, 1Bl —M — (2723, (33)

k;—M —(27zf)230]2+(27zf )’C;

This angular deflection will cause a vertical displacement
at the end of the structure. The amplitude of this vertical
displacement z, can be calculated through the expression

z, =L, tan(g) (34)

4.3 Applications

For the next cases a magnetic field analysis was realized
using the response of Eq. (20) and ANSYS9.0 with a
Vpp=2V for two damping ratios ({=46.92x10? and
£=30.07x10?) and a magnetic field range from 0 to 300
Gauss.

43.1Case 1l

In this case we analyzed the amplitude of the vertical
displacement in the structure caused by a magnetic field
range from 0 to 300G and a Vpp=2V with two damping
ratios. We considering the node 468 (Fig. 5) of the
structure mesh for ANSYS9.0 and we obtained its vertical
displacement (Fig. 8) that shown a linear behavior with
respect to the magnetic field applied. Theoretical values of
vertical displacement showed a better approximation with
ANSYS9.0 for a £{=46.92x10%

4.3.2 Case 2

In this case, magnetic fields B, of 50, 75, 100 and 150G
were applied, with a Vpp=2V for a frequency range from 0
to 30 kHz. A damping ratio of 30.07x102 was considered
and the Fig. 9 shows that as the maximum amplitude is
reached near the damped torsional resonant frequency
(19380.36 Hz). It is observed that a field of 75 G produces
a displacement of 3.99nm and in 150G twice that value.

©Sociedad Mexicana de Ciencia y Tecnologia de Superficies y Materiales
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4.3.3 Case 3

The vertical displacement as a function of frequency of
the alternating current and quality factor was graphed in
this case. The magnetic field applied was 100G with a
maximum alternating current of 574pA. Fig. 10 shows that
when the quality factor is increased the resonant frequency
approaches the undamped torsional resonance frequency f;,
(20320.83 Hz). This is obtained as a result of the reduction
of the operating pressure which reduces the squeeze-film
damping. For these reason, vacuum packaking is
recommended.

6. Conclusions

The structural and electro-thermal analysis of a novel
configuration of resonant structure for a magnetic sensor
based on MEMS technology with applications in the
detection of magnetic fields in levels of tens Gauss
operated at atmospheric pressure were realized. The design
of resonant structure considers thin beams of polysilicon of
1.50um thickness and 20 um of width for diminishing the
squeeze-film damping. The structural configuration takes
advantage the Lorentz force principle and it oscillates at the
first damped torsional resonant frequency. The squeeze-
film damping was analyzed and the damping ratio of
resonant structure obtained by a theoretical model was of
30.07x107 and 46.92x10 using finite element software.
The electro-thermal analysis shown that a peak to peak
voltage (Vpp) of 2 V caused an increase of temperature
(226.3 °C) smaller that the polysilicon melting point
(=1400°C). In stress analysis for Vpp=2V was registered a
maximum Von Mises stress of 20.22MPa into the “L”
shaped beam. This value is smaller that rupture stress of the
polysilicon. The analysis of the dynamic torsional model of
the structure and the results obtained with ANSYS9.0
showed that the vertical displacement (nm) of structure has
a linear behavior with a low consumption power
(=287uW).
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Figure 7. The equivalent squeeze-film volume associated with each

parallel beam.
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Figure 8. Comparison of vertical displacement (nm) of the magnetic
structure obtained by analytical solution and with ANSYS9.0 for fields By
of 0 to 300 G with a Vpp= 2 V for two damping ratios ((=46.92x102 and

¢=30.07x10).
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