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ABSTRACT

This paper deals with the analysis of eigen frequency in a fixed-fixed micro-beam resonator considering effects
of the tensile or compressive residual stresses, axial stress and temperature changes. Non linear governing
differential equations of static deflection of the micro-beam using Euler-Bernoulli beam theory has been
derived, and linearized using a step by step linearization method. The obtained linearized differential equation
has been discretized using a Galerkin weighted residual method. The equation of small oscillations about
electrostatically deflected position has been derived and solved using a Galerkin based reduced order model. The
results show that owing to different applied voltage, residual stress and axial stress and temperature changes, the
resonance frequency of the resonator is changed. Obtained results show that negative temperature changes and
tensile residual stresses increase the first natural frequency and compressive residual stresses and positive
temperature changes vice versa. Axial stress increases the first resonant frequency and its effect is more
considerable when the applied DC voltage is close to the pull-in voltage.
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1. INTRODUCTION

Today because of the advantages of electrostatic MEMS switches, favorable scaling property, low power
consumption, low cost, relative ease of fabrication and others, have led to replacing traditional electronic switching
components (such as pin diodes), and have led to their being more widely applied the electrostatic MEMS switches
applications in Micro-Electro-Mechanical Systems (MEMS). The electrostatic MEMS switches are one of the most
important devices in such systems.

The most important issue in electrostatic MEMS switches is the pull-in phenomenon. Pull-in phenomenon is
a discontinuity related to the interplay of the elastic and electrostatic forces when the electrostatic forces is related to
the applied voltage, thus the specific applied voltage that leads to pull-in phenomenon may be called "pull-in
voltage". In the MEMS switches, the pull-in voltages cause them to switch. Because of the micro scale of the electro
MEMS switches some phenomena and factors, such as residual stress in thin films, fringing field effect, axial stress
and so on, can influence the pull-in voltage. The other applications of determination of the pull-in voltage can be
measuring the Young's modulus and the residual stress [1] and material properties [2] of MEMS switches or any
micro-electro-mechanical structures such as: cantilever Microbeams, fixed-fixed Microbeams and clamped
microdiaphragm. The proposed applications make pull-in voltage a relevant aspect of the numerical prediction
capabilities of the design methods when the determination of the pull-in voltage and position requires the solution of
a coupled electrostatic-elastic system.

Determination of the pull-in voltage has been already investigated. Some of numerical methods are: using
of lumped energy model [3], Galerkin’s method whose basis functions were obtained by selecting few linear
undamped mode shapes, discretization techniques for both of microstructure and electromagnetic field for 2D and
3D models such as: BEM, FEM [4] and differential quadrature method (DQM) [5], reduced order model [6],
meshless local Kriging method [7], step by step linearization method [8, 9] and so on.

One of the best approaches to evaluate the pull-in voltage in MEMS switches is the examination of the
stability of them due to the applied voltage. Meanwhile, the pull-in voltage causes the stability of MEMS switches to
be vanished. Because of the frequency shifting occurring with increasing voltage [10], one of the best methods to
study the stability of the beams and microbeams are the examination of the natural frequencies of the small flexural
vibrations about the equilibrium position. The first results using this approach were gained by Shashkov [11]. Later,
this approach was developed by the others such as: Ziegler, Makushin, Morris, Rezazadeh [12, 13] and the others to
use in the similar problems. Brusa et al. [14] developed an approach to calculate the frequency of the lumped
electrostatic microbeam respect to its equilibrium position due to a specific applied voltage.
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Due to small size, low power consumption, and ability to be integrated with microelectronics, MEMS
resonators are becoming viable for use as filters in communication systems. Micromachined silicon resonators
fabricated in MEMS technologies are of increasing interest for potential applications in on-chip high frequency
signal manipulation, integrated circuit clock generation, and other applications based on a stable frequency reference
signal and replacing bulky, off-chip ceramic and surface acoustic wave (SAW) devices. Silicon is a preferred
material for high performance microresonators because of its high mechanical stiffness, excellent fatigue resistance,
and compatibility with integrated circuit (CMOS) technology. Recent works have shown that it is possible to
fabricate silicon MEMS resonators inside a robust, low-pressure encapsulated cavity using a CMOS-compatible
process [15, 16, 17].

Types of the MEMS resonator are: MEMS capacitive resonator, MEMS magnetic resonator and
piezoelectric resonator. MEMS capacitive resonator is important due to its tunable and fabrication. We are study
article because of the effects of the residual stress, axial stress and different temperature changes. Residual stresses
can be affected on resonance frequency. Axial stress at the resonator has the capability of high statically deformation.
Applied temperatures are changed.

Since the initial demonstration of micromechanical polysilicon beam resonators [ 18], significant progress in
resonators based on electrostatic transduction has been reported. Such devices are often used in micromachined
electromechanical filters [19, 20], resonant sensors [21], oscillators [22], and similar applications where the
dynamics of a micromachined structure act as a mechanical transfer function between drive and sense signals in the
electrical domain. With the exception of acoustic wave devices, micro-machined piezoelectric resonators have
received only limited attention, primarily due to the relative complexity of IC integration and overall device
fabrication. Future advances in micromachined piezoelectric beam resonators will require compelling reasons to
warrant their development alongside more established technologies such as polysilicon electrostatic resonators. Thus,
the goal of this work is to investigate the modeling, fabrication, and performance of thin film piezoelectric beam
resonators, and to assess the relative merits of this technology. The basic concept for these devices is similar to that
of a 1969 macro-scale resonant sensor patented by Weisbord [23], in which a beam clamped to a rigid substrate at
both ends is driven at its first resonant mode electrostatically, and sensed capacitively.

In spite of completed studies on the resonators, a complete study that considers residual stress, axial stress
and temperature changes on mechanical behavior of a microbeam resonator simultaneously doesn’t exist. Loss
studies particularly on temperature changes effects, motivation became that this research to be accomplished.

2. Model Description and Mathematical Modeling
Fig.1 shows a schematic view of a fixed-fixed MEMS resonator. Assume a beam with thickness /1,
width b, length L, density p and isotropic with Young’s modulus £ . Suppose that x is the coordinate along the

length of the beam with its origin at the left end, and w(x) is the transversal deflection of the beam, defined to be

positive downward.
L

Fig.1. Schematic of the Fixed-Fixed MEM resonator

Based on the static and dynamic behavior of electrostatic MEM resonators subjected to non-uniform

transverse electrostatic force, the governing equation can be expressed as [7]:

~ 0'w o’w sbV?

El—+pA—F= . A=bh
Ox ot 2(gy—w)

where Kk is coefficient of different material, / is the moment of inertia of the cross-sectional area; & is

£ = K§, (1)

the dielectric (permittivity) of air; J~ is the applied voltage to the parallel plates and g is the initial gap between

the parallel plates. For a wide beam, the effective modulus E can be approximated by the plate modulus %1 2) ;
-v

otherwise E is the Young's modulus E [7], where V is the Poisson’s ratio of the micro beam.
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2.1. Residual stress effect

Considering the fabrication sequence of MEM resonators, the residual stress is very
important and inevitable to the device. Residual stress, owing to the mismatch of both thermal expansion coefficient
and crystal lattice period between substrate and thin film, is unavoidable in surface micromachining techniques.
Hence accurate and reliable data of residual stress is critical to the suitable design of the MEMS devices concerned
with the techniques [24]. Therefore the residual stress is a conspicuous research issue in the progress of the
Microsystems Technology (MST). The effective residual stress can be calculated as follow [25]:
o, =0,(1-v) 2)
where 0 is the biaxial residual stress, o, is the effective residual stress. Hence, the effective axial force owing to
the residual stresses can be obtained as:

(—Ez

—~h/2 dxz

2
[ W | 6 Vbdz=c bh=T. (3)

2.2. Axial stress effect

When a fixed-fixed microbeam is in tension, the actual beam length L' is longer than the original length L.
Although there is no displacement in the x direction at the beam ends, hence the tensile stress due to bending
generates an axial force:

T o bh= Ebh% @)
Whereas :

2
AL;lr MW e
29\ dx

2.3. Temperature changes effects

The operating temperature of the flexible part of a MEMS resonator can be changed. These changes can
occur owing to change of environmental temperature or due to heat generation because of intrinsic damping and
power dissipation [ZENER]. Any change in the operating temperature of the flexible part, cause the coupled
behavior of the MEMS resonator varies because the stress state is altered. Therefore, a full thermo-electro-
mechanical analysis is required in identifying mechanical behavior and its implication on the resonator performance.
Due to microscale of the studied microbeam Biot number is much less than 0.1 so with a good acuracy temprature
distribution can be assumed uniform. Of course it must be noted that in microbeam or microplate resonators due to
heat generation becaues of straine rate, a temprature gradirent will be created, but this case is not studied in this
investigation. In the microbeam due to its fixed boundary conditions, the thermal stress in longitudinal direction can
be expressed as:

T, = Ea AT(bh) (5)
The governing differential equation of microbeam motion considering effects of residual, axial and
temperature changes can be expressed as:

~ 0'w FEA oL OW o’w 2 sbV?
El—— [T, + 22 [ ()2 dx + T, 1— YL = (6
ox 2L %0 " Ox ox ot 2(gy—w)
The boundary conditions for the fixed-fixed micro beam are as defined below:
witn=0 , 2 g
w0,0=0, Y g
X

In order to non-dimentionalize Eq. (6) following non-dimensional parameters is introduced:

A X E
=2 F== ;I SZ\F (7)
&o L L P

Using these non-dimensional parameters Eq. (6) takes the following form:
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4 2. 2
D o'w 0° wd o“w, V. 5 o—0 )
boog P Pa-w)
where
? I T 2 T, ~
D]:h—z; D2=K§ o Di=="; ng—%; D,==", T=o,bh T.=o,bh; o,=EaAT
121 2Bhg’  Ebh 2 bh

2.4. Dynamic Motion Equation of an Electro-statically Deflected Microbeam

In order to study microbeam motion about an electrostatically deflected position total deflection of the
microbeam can be expressed as:
w(x,t) =w, (x)+w,(x,7) (9)
Assuming that a bias tuning DC voltage is applied statically, which cause the inertial terms to be vanished; equation
(8) defining static deﬂection of the microbeam takes the following form:

d4 ~ dZ‘;“) V2
D, =2 -[D, DJ J—5=D, ——— (10)
az’ dx’ 1-w,)

By eliminating equatlon of static deflection from Eq. (8) and linearizing electrostatic nonlinear force using
Calculus of Variation Theory and Taylor series expansions about static deflection the dynamic equation of small
motion about electro-statically deflected position takes the following form:

4 W 2 A 2
o*w 8 w V. .
) dx + D) d Azd -2D, df W, =0 (11
ot d-w,)

3. Numerical Solution
3.1. Static Deflection Analysis

In capacitive tunable resonators owing to an applied DC voltage, governing equation of static deflection can
be expressed as Eq. (10). Because of nonlinearity of this equation, the solution is complicated and time consuming,

so in order to solve it, it is tried to linearize it. Because of considerable value of v?/s respect to initial gap especially

when the applied bias DC voltage is increased, the linearizing respect to the initial position may cause to appear
some considerable errors. Therefore, to minimize the value of errors, a step by step increasing the applied voltage is

proposed. In order to use step by step linearization method, WY is considered the microbeam deflection due to an

applied voltage V; , hence a small increase of the applied voltage leads to a small change in the microbeam deflection

W Wy (x) (12)
When:
Vo=V +AV 13)
For step (i), will be:
d4 A dZw/ V~2
D, ——>—-[D,+D =D — step (i 14
- j 2 e p() (14
Therefore Eq. (8) can be rewritten as follow:
d4 ~ i+l A1+l dZwiH V. 2
D ———-[D;+D dx+D ~—=D ol step (i+1 15
yrml j( ViD= Ds s pi+1) (15
Substituting Egs. (12, 13) into Eq. (15), we have:
p SOy +l//(x))) sepglBV@) __DEL
ox* dx’ 1-w,-y)

Using Taylor's series expansion about vAV; and applying the truncation to first order, the linear coupled electrostatic

forces can be written as:

1, &G+ () O+ ()., SO o Tt W
DR D 4 D[RR s D) =D oy e ) D)

By substituting Eq. (17) into Eq. (16), the following equation can be obtained to calculatey  :
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2r;? D
08 p, Py P )
(1-w)’ 1-w)
The nonlmear electrostatic Eq.(8) are converted to the linear electrostatic Eq.(18), therefore implying
Galerkin weigthed residual method and imposing the boundary conditions, the Eq.(18) can be discretized into nodes

and by solving linear system of Algebric equations _ can be obtained at a given applied voltage.

3.2. Eigen Frequency Analysis
A realistic model takes into account distributed parameters for both the structural and the electric domains.
So the distributed model frequency analysis method (DMFAM) has been used to calculate the eigen frequencies of

the microbeam respect to its perturbation motion evaluate the stability. Assume that the W ,1s the equilibrium

position of the fixed-fixed MEMS microbeam due to the applied voltage ¥, . Thus, by examination of the first eigen

frequency respect to its equilibrium position, the pull-in voltage can be obtained when the instability occurs. Suppose
that in the equilibrium position, the microbeam can oscillates about the equilibrium position, so by substituting
following equation in the Eq. (11), will be:

W, :ﬁ%(x)u,,(t) 19)

n=1

N 2
D, U, (00, ) (x)+z Ur@e,(x)-2D Z 1 ) FU,0¢,(0)=¢, (20)
n=1 n=1 n=1 -
By considering Galerkin based Reduced Order Model, will be:
A N . 1 I~
U0 [d e, P, ()d+ Y U0 [ 0,00 9,(0)

n=l1 n=1 n=l1 n=1

03U ,,()joﬂ(x)co(x)dx 0o @)

n=1

ZMW- U,:. (t) + Z (Kl;;zwh _ K;jlu _ Klz:crmal K,‘lewal K;;’s[dual) U,Z (t) — O (22)
n=l1 n=l1
Whereas:
! o mech n K clee ~
M, =[o, 0 Kyt =] Do g dt: K —I e AU Y
Kaxzal D (2) Kleszdual D (2) d)’(\f Kthermal ID 2) d"
nj j ( n j 3 gDn ng nj o 5 gDn ng X

By solving the top equatlon, we will be achieving matrice that by appointing determinant equal zero, we will be
achieving the value of the natural frequency.

4. Numerical results and discussion
As an illustration, a silicon beam is considered with the geometric and material constants list in Table 1.

Tablel-Geometrical and material properties of the MEMS resonator

Parameter Parameter value
Width 50um
Height 3um
Initial gap(g0) Tum
Poisson’s ratio 0.06
Coefficient of elasticity 169GPa
Density 2331kg/nt
Coefficient air dielectric(£0) 88541871 UéF/m
Length 350um
a (Si) 26x10° k!
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Considering the effects (residual and axial stress and temperature changes effects), the results are compared
with the results predicted by employing Matlab, to demonstrate the feasibility of the step by step linearization
method for solving mentioned equation. For finding the best step size for applying voltage and number of grid points
for the finite element method, some sample grid points with step size for the applying voltages are used. The results
are listed in Table 2.

Table 2- Looking for the optimum grid size (§V =0.1)

number of Co Solve
mode N=1 N=2 N=3 N=4 Simulation
shapes [12]
pull-in 19.7 20.1 20.2 20.2 20.2
voltage

From the above tabulation, it can be easily found out that the optimum grid size to obtain convergence with
three digits is N = 3.
The effect of residual stresses and pull-in voltage on the natural frequency of a micro-beam resonator with
the same properties as listed in Table 1 has been represented in Fig2.
0.08 T T T T I
| i | i i — - — Tr=25MPa
007 e T
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001

I
: : |
| I | 1
15 20 25 a0 I
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Fig2-first natural frequency changes considering different residual stresses (T, =0, AT =0)

As shown in fig2, considering the tensile residual stress (7' > 0) , the first natural frequency will be increased
and considering the compressive residual stress (7. < 0), the first natural frequency will be decreased. So, effect of
the axial stress on the pull-in voltage and first natural frequency of the micro resonator has been represented in Fig3.
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: : : — — Mo Axial
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Fig3first natural frequency changes with and without axial stress (T. =0, AT =0)
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As shown in fig3, axial stress increases the first resonant frequency and its effect is more considerable when
the applied DC voltage is close to the pull-in voltage. Effects of temperature changes on the pull-in voltage and first
natural frequency have been represented in Fig4.

0.08

T I !
....... Temperature=25
— — Temerature=0

Temperature= -25 ||

Natural frequency{non-dimensional)

Q 8 10 15 20 25
DT Voltaoefvolt]

Figd- first natural frequency changes with considering different temperature changes (T, =0, T, = 0)
As shown in fig4, considering positive temperature changes, the first natural frequency will be decreased

and considering negative temperature changes, the first natural frequency will be increased. If in case considering
effects tensile residual stresses, axial stresses, figure will be for different temperature changes as follow:

|| — — Temperature=25
Temperature=0
Temperature= -25 | |

Natura! frequencynon-dimensional)

; ; ; il ; ; ;
0 5 0 45 200 25 3 3 40
DT Voltageivol)

Fig5-eigen frequency changes with considering axial and tensile residual stress T. > ( and different temperature changes

As shown in fig5, for positive temperature changes, eigen frequency will be decreased and for negative
temperature changes, eigen frequency will be increased. If in case considering effects compressive residual stresses,
axial stresses, figure will be for different temperature changes as follow:

0.0 ‘ . . . . . .
! : T . Temperature=0
— — Temperature=25
Temperature= -25 M

Matural frequency{non-dimensional)

0 2 4 il 8 10 1z 14 16
C Voltage(volt)

Fig6- eigen frequency changes with considering axial and compressive residual stress T < ( and different temperature changes
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As shown in fig6, for positive temperature changes, eigen frequency will be decreased and for negative
temperature changes, eigen frequency will be increased.

5. Conclusions

The governing equations of the statical and dynamical behavior have been derived by considering the
tensile or compressive residual stresses, axial stresses and temperature changes effects. At the statical state,
linearized equations with Step by Step Linearization Method (SSLM) and solved yielding equations by Galerkin
method. At the dynamical state, used for solving from Galerkin-based reduced-order model. Obtained results show
that negative temperature changes and tensile residual stresses increase the first natural frequency and compressive
residual stresses and positive temperature changes viceversa. Axial stress increases the first resonant frequency and
its effect is more considerable when the applied DC voltage is close to the pull-in voltage. Too, show that for tensile
and compressive residual stresses, axial stresses, if negative temperature changes be, the first natural frequency will
be increased and if positive temperature changes be, the first natural frequency will be decreased.
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