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ABSTRACT: An improved eleciromechanical maodel of the RF MEMS (radio frequency microelec-
tromechanical systems) switches is introduced, in which the effects of infrinsic residumal stress fom

fabrication prooesses, axial stress doe to stretching of beam, and fringing field are talen into acconnt.

Four dimensionless mumbers are derived from the governing equation of the developed model. A semi-

analvtical method B developed to calculate the behavior of the RF MEMS switches,  Subseouently

the nfluence of the material and geometvy parameters on the hehavior of the structure s analyeed

and compared, and the comes ponding analvsis with the dimensionless numbers 5 condocted too. The

guantitative relatiomship between the presented parameters and the critical poll-in wltage 5 obtained,

and the relative importance of those parameters s given.
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1 INTRODUCTION

In recent years, the MEMS {microelectrome-
chanical systems) technology has grown rapidly all
ovwer the world. The RF (radio frequency) MEMS
is relatively new one which has already gmerated a
tremendous amount of excitanent becanse of the -
hanced performances and reduced costl]. As novel
device, the RF MEMS switches have a myriad ap-
plication future in wireless communication and radar
gystermn? . Compared with conventional switches
widely used in microwsase and monolithic microwase
integrated circuits (MMICs) such as p-i-n (PIN)
diodes and field-effect transistor (FET) switches, the
RF MEMS switches offer high isolation, high fre-
cquency, good Q-factor, low returm loss, low insertion
loss and power consumption.

Since the membrane-based switch on silicon re-
ported by Petersenl®! as early as 1079, lots of re-

Feosived 6 August 200068

searches based on various structures, fabrication pro-
cesees, and activated prindples have been reported!! .
The switch we study is dectrostatically actuated and
is doubly supported. A doubly supported BF MEMS
switch usually consists of two parallel plates One
plate is fixed on the substrate and the other is formed
by Au or Cua thin film prepared by electroplating pro-
cess. A schematic of a doubly supported RF MEMS
switch is shown in Fig 1. While a bias woltage is ap-
plied between the fized and movable plates of switch,
the movable plate could mowe down onto the fixed
substrate subjected o electrostatic foree. The deviee
controls mechanical electric current or signal by us-
ing the on/off impedance radio. When the threshold
{pull-in) voltage is reached, the switch is in the down
state or hlocking state, and when no voltage is applied
it is in the up state or pass-throngh stabe.

An acourate theoretical model may afficiently
lesw] the design and computation, and reduce the re-
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Figl Schematic of a doubly supported RF
MEMS switch

search duration. Presently the theory and modd of
the RF MEMS switches is mainly established on the
convintional theories. The mostly referved fornmla-
tion of critical pull-in voltage is

A
Vo= | 1)
2Ten A
which is derivex] from a 1D lnmped model. Howewer,
by considering the miniaturization of structure and
the coupling field effect, some new influential factors
should be incorporated into the analysis of behavior
of the RF MEMS switches, such as intrinsic residual
stress from fabrication processes, axial stress due to
stretching of beam, and fringing field effect. The rele-
vant theory containing those factors was proposed!9])
while mumerical analysis of the RF MEMS switches
was conducted by using FEM, BEM, or Shooting
method-5],

In presmit paper we firstly by present a concise
induction and analysis on our theoretical electrome-
chanical model and the relevant influential factors
Subsequently based on the model, mmmerical calen-
lation using a semi-analytical method is performed.
The relationship between the characteristic of the RF
MEMS switches and the relevant parameters is then
further studied.

2 THE FORMULATIONS OF VARIOUS
FACTORS

A gimplified schematic drawing of the doubly
supporter] switeh is shown in Fig2, where the trans-
verse deflection w is uniform along the width of the
movable beam, e, independent of the width. The
middle paint is defined as origin of the coordinate sys-
tem. Because of the miniaturization, the couple field
effect, and the special fabrication technology, the as-
ial stretching of movable beam, the residual stress,
and the fringing field dffect have to be talen into ac-
count, respectively or simultanecusly. Various influ-
ential factors® are presented concisely in this section.

v ¥

Fig.2 A schematic of the mowable heam in a
doubly supported switch

2.1 Axial Stress Due to Axial Stretching

The stretching is inevitable while a doubly
clampex] heam is bent. In some cases such as the mas-
immm deflection less than the thickness of the heam,
the stretching may beignored. But for the RF MEMS
switches, the original gap between two plates is often
equal to or even larger than the thickness of the mov-
able beam. Thereby the axial stress induosd] by the
clongation of the movable beam has to be considered
for more accurate models.

While a woltage is applied, the acdal foree T, re-
sulted from the elongation of the clamped beam is
approximately given by

_Ent

5] f (5 ae @)

where F is the ecpiivalent modulus of the movable

Ty

besm, and b, ¢ and [ ave the width, thickness, and
Ilmgth of the movable beam, respectively. For a nar-
row beam E = E, where F is Young's modulus. For
a wide beam E = E/(1 —7), where v is Poisson’s
ratioll_

2.2 Residual Stress Inherent in Microstre-

tures

Residual stress is derived from the mismatceh of
both thermal expansion coefficient and crystal lattice
peviod between the substrate and the upper beam
during the fabrication processes 11

Residual foree may be formulated as

T, =ébt (3)

where & is the residual stress, equal to og{l — v) for a
doubly supported beam, where oy is the biacdal resid-
ual stress.

2.3 Fringing Field Effect

A uniform magnetic or electric field cannot drop
abruptly to zero at its edge, so a “fringing field” as
shown in Fig8 of Ref [6] always exists in real situa-
tions. The fringing fidd is denoted by its first order
correction, which is given as'

Fy = 0658 — (4)
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3 NUMERICAL COMPUTATION OF THE
MODEL

3.1 Formmlation

Involving the various factors mentioned above,
the equation governing the transverse deflection of the
movable beam is written as

L= M i 20172
El— =T, +7T,)— = {1+ F by
D g =Tt T = g~y H ) )

where 17 is the applied woltage, and 5; is the permit-
tivity of air. The movable beam is assumed to have a
rectangilar eross section, theveby the moment of in-
ertia of the cross section is [ = bt? /12. The problem
is subject to boundary conditions as

dw dw
] =wll) = - =—1l)=
wO) =wl)=0  FUO=3"0=0 ()
For convenienee of analysis, dimensionless variables
are infroduced as

& it L, Vv
X=—- W=— Vi=—
/ i o
where 15 is the referenced voltage, which serves as a
unit in the present computation and analysis.
Substituting Eq.(7) into Eq.(5), we obtain anew

form of the governing equation as

W L2 Qs 2 9w
AL = VX 12 ] L
H_T.d [ﬁﬁ'—f 12 (l:'].T) C + H’I H_T(E

G Eh g2 3096 Fr e
[{1 —we' ta-wy ] (8)
where
sV
6 = 2 ,In S (9a)
Etgi
6, =% (9h)
a E-'_!]E:I ¢
Fy = ET? (9d)

which are dimensionless numbers equivalent to di-
mensionless number groups (T, s, T, FAFL &y de-
notes the ratio of electrostatic force fo bending foree
per unit length of the beam, &2 is the ratio of the
axial foree due to elongation of the beam o bending
force per unit lmgth of the beam, &4 is the ratio of the
residual foroe inherent in the beam to bending foros
per unit length of the beam, and Fy is the first order
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fringing ficld correction mumber equal to the ratio of
the initial gap between two plates to the width of the
movable beam.

Considering the symmetry of microstrcture anc
deformation along the X (i.e, x) divection, the bound-
ary conditions can be equivalently rewritten as

Wil =wi{1/2)=0
HW dW g1
7x©=7x(3) =0
Equations (8) and (10} demonstrate that four
dimensionless numbers &y, &, & and Fy denomi-

(10)

nate the transverse daflection of the mowable beam
under a given voltage. In the light of the expression
given in Eq(90), when ¢ is greatly larger than go, &
will become negligible, e, with sufficient accuracy
the influence cansed by the axial dongation of beam
can be ignored. It is seen from Eq.(9c¢) that with the
increasing of the length of the beam and the descend-
ing of the thickness of the beam, &5 will play a more
important role in the behavior of the microdevice.

3.2 Numerical Method Description

Equations (8) and (10) preclude the possibil-
ity of a closed-form solution, so we apply a polyno-
mial approach to numerically solwe the equations for
WX, An initial deflection Wi({X) = 0 is assumed
under a certain voltage, and the nesct solution W (X))
is evaluated according to Eqgs.(8) and {10). Then a
convergent deflection WX ) = W (X)) may be gained
by iterative computation.  Sinee the micrestrcture
and deformation along the X direction is symmetrical,
polynomial WX is assumed to be an even function

WiXl=ap+a X' +a X'+ -+

a XU e x ™ (11)

For MEMS analysis, it was assumed that pull-in
oceurs when the microstructure deflects to 2/3 of the
initial gap gol™. Even though those influential fac
tors can be expected to correct the obtained result,
we assume that these corrections do not affect the
above pull-in condition. Therefore the dimmsionless
form of deflection W should not be larger than 1/3
to avoid the oceurrence of pull-in. Two terms in the
right-hand side of Eq.(8) can be eqanded as

G,

-2 -2
AL V7 =661

HUBES

(14205 + 307 + oo a0
{12a)
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396.F;
(1-W;)

(1+W; +W. +

g(W;) = =396, F; 1"

W ) {(12h)

Here we take n = 7 to ensure a sufficient approxima-
tion.

For the second term of the left-hand side of
Eq.(8), we denote

1/2 (;m

" ) AX +1268;  (13)

G(V;) = 66, f

1/2

According to Eqge.(12) and (13), in each itera-
tion, we solve the nonlinear boundary-value problem

YW L, 1
ax

Wi
ax?

= (Wil —5— = fIW:) + g(lV;)  (14a)

11”.(0}_11”.(1)_0

FWii .:ml,. 1
L) = ( )=|:;u

ax? 2 #=0,1,2--

(14b)

mumerically for W (X). The iteration ends when

the error of the maximrmm of deflection curvwe falls
into a talerance (here given as 1071, or the med-
mum of dimensionless deflection is larger than 1/3.
TIf |{H-'l-, 1 s — {'li-'t-},,,=m| < 1071, under the given
applied voltage the microstructure reaches a stable
state i, the critical collapse voltage is not reached.
And then an incremental woltage will be added, and
the next iteration begins with an original deflection
WolX) = 0. If |1]-'L.I || = 1/3, the upper movable
beam will snap onto the lower substrate, and the erit-
ical pull-in woltage is reached.

To validate the obtained mumerical results, we
compare the results of the madmum deflection calen-
latedd using our approach to those reported by Choi
and Lovell®! in Figd for a doubly clamped mi-
crobeam with [ = 400pm, b = 45 pm, + = 2 pm,
go = 1pm, E = 165GPa and no axial losd and no
resiclual stress condition.

Otherwise we compare the critical pull-in solt-
age of the RF MEMS switches obtained using our
approach with some exdsted models and experimental
results*?] as shown in Fig4. Using the dimensionless
mumbers introduced above, the exdsted models can Te

Vi 277 \/ﬁ 1 )
—_— = — = 1!
R z aﬁﬁfa. (13)

Vo _ 16
Vo33

rewrithen as

(16)
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Figd Comparisom of the dimensionless criti-
cal pull-in voltage V' of the RF MEMS
switehes

Here Eq.(15) is approximately resulted from Rayleigh-
Ritz energy method[®]; and Eq.(16) is derived from
a 1D lamped model 7], Due to the assumptions made
for the 1D lumped model, the real voltage is expected
to be smaller than the actual value shown in Figd.
The difffrrence between prediction of these theoreti-
cal models and the experimental results will be larger
with incressing 1/, Since the residual stress and
the axial stretching of the beam can increase the orit-
ical threshold voltage, taking those influential factors
inmto account will hdp fo obtain more accurate the-
cretical results. In the following section 4 we will
research into the influence of various relevant param-
eters on the model introduosd in the present paper.

4 RESULTS DISCUSSION AND ANALYSIS

The behavior of the RF MEMS switches gov-
erned by Eq.(5) is dependent on many physical pa-
as combinations of

rameters. On the other haned,
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those physical parameters, four dimensionless nam-
bers which we introduced in EqJd9) can be regarded as
dominated parameter groups. Here we analyvee the in-
fluences of those physical parameters and dimension-
less mumbers respectively and compare the relative
importance of those parameters in order to improve
the design and fabrication of the micro deviees.

4.1 Discussion on Physical Parameters

The mechanical properties and material param-
cters of the microstructures used in the present cal-
culation are listed in Table 1.

Table 1 Material and geometrical parameters

Parameters Value
Young's modulus, FAGPa T2
Poisson’s ratio, » 01

AASM = 10—12
1000~ (0

permitt ivity of air, & /(Fm~1)
lemgth of the beam, {/pm]

widih of the beam, b/jum G~ 150
thickness of the beam, ¢/ um 1.0~1.8
initial gap, go,/ (.8~3.0

In view of the gowerning equation shown as
Eq.(5), it is expected that the oitical pull-in wolt-
age of the switch structures depends on thelr gromet-
ric and material properties, such as the length {, the
width &, the thickness {, the initial gap g, Young's
modulus F, Poisson’s ratio w1, and residual stress o,
Sinee the materials used in the RF MEMS switches
fabrication at present are relatively fixed, heve we
mainly discuss the influmees of geometric parameters
and residual stress

The dependence of the critical pull-in voltage
on the length of movable beam and residual stress is
shown in Fig 5, where the initial gap g = 1.5 pmy
the thickness ¢ = 1.5 pm, and the width b = 90 pan.
This figure shows that the residual stress contributes
ramarkably o the critical voltage of the microstric-
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Fig.d The critical pullan voltage Vi as func-
tiom of the length of the beam with var-

1o residual stresses

turee The larger residual stress is, the larger the orit-
ical pull-in wltage is. On the other hand, the thresh-
old voltage decreases with the increase of the length
of the movable beam; and when the length is large
enongh, the threshold voltage is almeost prone to one
steady value, Le. the influence of the lmgth becomes
INConspleons.

The relationship between the pull-in critical
woltage and the initial gap of movable beam is shown
inFigh, whilst g = 1.5m, b= 90 pum, and ¢ =0 are
taken in the computation. The figure illustrates that
the critical threshaold voltage is sensitive to the initial
gap of the structure. This sensitivity is dependent on
the lemgth of the beam, for excample, when the initial
sap increases from 0.8 pm to 3.0 m, the pull-in valt-
age varies from 115V o 936V for { = 200 a0, but
from 1.3V to 104V for [ = 600 g,

1KY m— =200 e
o~ =l pen *
LU A =) gen ’
v— =5 ey . .
. Gl
= .
= a0 .
20 - et
] R " -
R e e e s
0.5 1.0 1.5 z0 25 LRI
imitial gap g /om
Fig.i The critical pull-in voltage Vi, as funec-

tiom of initial gap with various lengths
of the beamn

When reddual stress ¢ =0, the influence of the
thickness of the movable beam on the critical pull-in
soltage is depicted in Fig 7, where g = 1.5um, b=

eritical pull-in visltage ™

1.0 1.2 1.4 1.6 (4

thickness of movable heam/im

Fig. ¥ The critical pull-in voltage as function
of the thickness of the beam with g =
1opm, b = 00 pm, { = 300 pm, and

a=I
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90 pom, aned 1 = 300 pm are taken in the computation.
The fignre shows that the threshold voltage s sensi-
tive to the thickness of the movable heam.

In view of Eq.(9d), the influrmee of the width of
movable beam b is similar with that of 1/F; when the
initial gap gy is specified. From the caleulated results
and the relevant analysis of 1/F shown in the follow-
ing section, it will be seen that the influence of the
width b is trivial.

Considering the influences of wvarions geometry
parameters and residual stress shown above, those in-
fluential parameters should be all taken into account
in the mechanical design and optimization of the RF
MEMS switches. An alternative approach, which re-
places the analysis for those physical parameters, in-
trodues dimmsionless numbers into analysis of char-
acteristics, as given below.

4.2 Discussion on Dinensionless Parameter
Groups

As shown in Eq.(9), dimensionless group &4
presents the competition betwesn the bending foroe
and dectrostatic foree per unit length of the heam,
and &, &, Fy are relevant to the mdal stress, resid-
ual stress, and fringing field effect, respectively.

The relationships between dimensionless critical
pull-in voltage V7 and &y for various values of S and
&y are shown in Fig 8 and Fig9, respectively. The
haoth figures illustrate that the critical pull-in voltage
increnses with increasing of & or &y, i, the larger
the effect of adal stretching and the residual stress
are, the higher the critical pull-<in woltageis. The com-
parison of the influmees of & and &5 on the critical
pull-in voltage is given in Fig 10, which indicates that
&5 158 more sensitive than &, .

The influenee of Fy on the dimensicnless critical
pull-in voltage is shown in Fig 11, By considering

15 ] === &=0
40 : 1& —a— =05
| —ae @y =

] &S

1 Y, —— =1
. M A x“ == =10
L

20 A \“‘M$

15 Fhmggg T
o ] T Ry g

000 0oz 004 Oa o 00% 000
&

Fig. 8 The dimensionless form of critical pull-
in voltage V' oas functiom of @ with
varions &y, whilst &; =10 and Fy =1
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Fig 11 The dimensionless form of critical pull-
in volbage V' oas function of @, with
VArTONIS 'F'_ﬁ whilst & =1 and &5 =1

the typical values of initial gap go and width b given
inTable 1, Fy should be around 0.01. The figure illus-
trates that the variation of the critical pull<in voltage
resultad from the variation of Fy is trivial in an e
tensive range. Sinee the width b is much larger than
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the initial gap gn, it is concuded that the influence
of the width of the beam is wrifling to the threshaold
voltage

From FigeS~11 it is seem that among the consid-
evexl influential factors, the influences of axial stretch-
ing and residual stress are remarkable and should be
taken into account in the design and optimization of
the RF MEMS switches. Furthermore, the residual
stress is more sensitive than the axial stretching of
bearm.  The fringing fidd effect is negligible in com-
parison with the above two factors within a certain

range.

[ 4

5 CONCLUSIONS

In the present paper we studied a newly-
deseloped model of the RF MEMS switches, which
takes into account of the axial stretching of heam,
the residual stress inherent in the structure, and the
fringing field by using a polynomial approximate ap-
proach.  The ealeulated results from our approach
are validated (see Figd)., Compared with some ex-
istee]l models and experimental results, the developed
model is able to give a more acourate theoretical pre-
diction of the critical threshold woltage for the doubly
clampex] switch structure.

The sensitivity of the critical pull-in valtage on
the geometry parameters and the residual stress is
analyzed. Fignres 5~7 demonstrate that the change
of the length, the initial gap, the thickness, and the
residual stress can remarkably affect the eritical pull-
in voltage Whilst in some special cases such as when
the length of the movable beam is adequatdy large,
the sensitivity of the threshold soltage on those in-
dependent variables would be reduced. On the other
hand, four dimensionless numbers are derivesd from
the governing equation, and their influences on the
critical pull-in woltage are analyveed. Calculated re-
sults show that & and &4, representing the influ-
ences of the residual stress and the adal stretching of
the beam, respectively, play significant roles (see Fig 8
and Fig.9), but Fy, representing the fringing field of-
fect, is secondary compared with the fomer two (see
Fig.11). The accurate prediction of the behavior of
the micrestructure based on our new approach will
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facilitate designers to select various parameters and
influential factors within a wide range in their designs.
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