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Abstract—This paper reports on the design, fabrication, and
testing of alow-actuation voltage Microelectromechanical systems
(MEMS) switch for high-frequency applications. The mechanical
design of low spring-constant folded-suspension beams is pre-
sented first, and switches using these beams are demonstrated
with measured actuation voltages of aslow as 6 V. Furthermore,
common nonidealities such as residual in-plane and gradient
stress, as well as down-state stiction problems are addressed, and
possible solutions are discussed. Finally, both experimental and
theoretical data for the dynamic behavior of these devices are
presented. The results of this paper clearly underline the need
of an integrated design approach for the development of ultra
low-voltage RF MEM S switches.

Index Terms—L ow actuation voltage, microelectromechanical
systems (MEMYS) switches, residual stress, spring constant,
switching speed, top-electrode switches.

|I. INTRODUCTION

ICROMACHINING and microelectromechanical sys-

tems (MEMS) are among the most promising enabling
technologies for developing low-power low-cost miniaturized
RF components for high-frequency applications. Several uni-
versities and companies have developed RF MEMS switches
[1]-8] in the last decade that can be primarily classified as:
1) series or shunt; 2) fixed—fixed membranes or cantilever
beams; and 3) capacitive or metal-to-metal contact type [9].
The main driving force behind this major research effort is
the outstanding demonstrated RF performance of the MEMS
switches from dc to 100 GHz compared to p-i-n diodes or
FET transistors. Furthermore, electrostatically driven switches
require only afew microwatts of dc power compared to several
milliwatts that their solid-state counterparts dissipate. It is
for this reason, as well as for the simplicity of their biasing
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networks, that most of the developed switches are electrostatic
in nature.

These studies, however, have only limited their focus on
the RF performance of MEMS switches and have provided
little information on several important phenomena directly
related to the inherent electromechanical characteristics of
these structures. Their sheer interdisciplinary nature imposes
a very tight coupling between the electrica and mechanical
domains. For instance, thin-film residual stress and viscous
damping may have a far greater influence on the performance
of the device than intuitively anticipated. Moreover, the vast
majority of the switches in the literature typically require
a pull-in and hold-down voltage of 40-100 and 15-30 V,
respectively. Whereas no difficulty exists in achieving these
ranges in a typical laboratory environment, they may be quite
challenging for handheld maobile phones, automotive vehicles,
and similar wireless devices that rely on low-voltage power
supplies. In addition, Goldsmith et al. [16] have shown that the
lifetime of capacitive switches strongly depends on the applied
actuation voltage. In particular, for capacitance switches, they
experimentally observed a lifetime improvement of a decade
for every 5-7-V drop on the switch pull-in voltage. Conse-
quently, reducing the actuation voltage of MEMS switches
may not only broaden the range of their possible applications,
but aso significantly enhance their performance. It would
seem, therefore, that further investigations are needed in order
to provide the MEMS engineer with complete and accurate
information on the design and operation of these devices.

It isthe purpose of this paper to present the results of our in-
vestigation on these issues. First, in Section 11, we focus on the
design of the low spring-constant beams that support the main
switch structure. We also demonstrate a number of designs that
resulted in switches with pull-in voltages of aslow as6 V. Sec-
tion I discusses the effects of residual axial and gradient stress
on the device performance and shows how minor design and
fabrication details may have a significant impact on the final
structure. Section IV concludes our study by presenting exper-
imental and theoretical results on the dynamic behavior of the
low-voltage MEMS switch.

Il. SPRING CONSTANT AND ACTUATION VOLTAGE

A. Design

The mechanica design of most electrostatically based
switches starts with considering the required dc actuation
voltage. Equation (1) presents awidely cited formula(e.g., [8])
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Fig. 1. SEM picture of the proposed low-voltage capacitive shunt switch over
aCPW line.

for calculating the pull-in voltage of fixed-fixed beams or air

bridges as follows:
_ |84

K isthe equivalent spring constant of the moving structurein
the direction of desired motion (typically the z-direction), gg is
the gap between the switch and the actuation electrode, ¢, is
the free-space permittivity, and A is the switch area where the
electrostatic force is applied. Equation (1) impliesthat there are
several ways that may decrease the required actuation voltage.
For instance, reducing go can significantly lower the pull-in
voltage. Although this solution can be partly applied to low-
frequency applications (<10 GHz), it will adversely affect the
high-frequency off-state switch performance by compromising
the switch isolation (for a series switch) or insertion loss (for a
shunt switch). A second approach in lowering the pull-in voltage
would be to increase the actuation area A. This area, however,
has to stay within reasonable limits, primarily imposed by our
desire for miniaturized circuits. The third alternative, which of-
fers the maximum design flexibility for a low-to-moderate ac-
tuation voltage, is to lower the switch spring constant, hence,
designing a compliant switch.

Fig. 1 shows an SEM picture of our proposed switch in a
coplanar waveguide (CPW) configuration. The switch consists
of three movable metallic plates, one over each conductor of the
CPW line. These plates are connected together with three short
beams (connecting beams) and the whol e structure is connected
to the substrate at four points (anchors) through four beams.
Dueto their shape, we will call these beams serpentine springs
or folded-suspension beams. The switch is typically suspended
3-4 um above the CPW line and is electrostatically actuated
when a dc voltage is applied between the switch and the CPW
ground planes.

B. Fabrication

The fabrication process is fairly simple, requires only four
masks, and is described in detail in [10]. The CPW lineis typ-

ically made of Ti/Au (500/9000 A) and is defined first through
aliftoff process. A plasma-enhanced chemical vapor deposition
(PECVD) of approximately 14002000 A Si3N, follows. Since
the switch ismade of metal (typically Ni), thisdielectric layer is
primarily needed during the actuation stageto prevent adirect dc
contact between the switch and CPW line. Therefore, apositive
photoresist intended to protect the Si; N, underneath the switch
isdeposited with anormal lithography and the remaining diel ec-
tric layer is etched through areactiveion etching (RIE) process.
After the photoresist removal, the sacrificial layer (polyimide or
photoresist) is deposited and the switch anchor points are pho-
tolithographically defined. Afterwards, a seed layer (typicaly
Ti/Ni 2000/500 A), is deposited, patterned, and electroplated.
The last step is the removal of the sacrificial layer and the su-
percritical CO, drying of the structure.

C. Soring Design

Since the mathematical details of the electrostatic actuation
[including (1)] have been extensively analyzed in the past [17],
[18], wewill just briefly describe the basic principle here. When
no dc biasis applied, the switch presents a very small shunt ca-
pacitance (typically inthe order of 30-50 fF) between the center
conductor and ground planes. Thisis called the up or off state
and the RF signa can propagate with minimal loss (typically
with —0.1 dB at X -band). On the other hand, if the applied bias
exceeds the actuation voltage, the switch collapses on the di-
electric layer underneath, resulting in asignificant shunt capac-
itance, which is equivalent to an RF short circuit. Thisis called
the down or on state and virtualy all the incident RF power is
reflected back to the source.

As was previously mentioned, the switch of Fig. 1 is con-
nected to the substrate through four serpentine springs that are
used to substantially lower the switch spring constant. If k., is
the z-directed spring constant for each one of the springs, the
total switch spring constant K, is given by

K. = 4k.. @)

Compared to simple cantilever beams of equal total length,
these springs have the additional advantage of occupying
considerable less space, but they also show higher spring
constant. As will be shown, however, adding more meanders
can significantly lower it without excessively increasing the
required space. In the following, we caculate the spring
constant of an /V-section meander [see Fig. 2(a)] when avirtual
force F, is applied at its free end. An analytical solution for a
similar folded meander has been obtained by Fedder [19] and
our analysis is based on his study.

Each meander of the whole spring is defined as the set of
four beams:. two primary beams of length « and two secondary
beams of length b. Therefore, an /V-meander spring has 2.V pri-
mary beams and 2N secondary beams. The switch shown in
Fig. 1, for instance, has a single-section meander (N = 1) with
a = 20 pmand b = 240 um. All the necessary dimensions and
material constantsfor our switch aregivenin Tablel. For thean-
alytical calculation, it isassumed that all six degrees of freedom
of the anchor point [point A in Fig. 2(a)] are fixed. Moreover,
the guided-end boundary conditions are applied for the free-end
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Fig. 2. (8 Schematic (drawn to scale) of an N-meander serpentine spring.
(b) Forces, torques, and moments in the mth meander.

point of the spring since this point is attached to the main switch
body. Consequently, amoment A, and atorsion 7; are applied
to this point to constrain the rotation angles around the z- and
y-axes. Thetorsion and moment of each beam are then given by
[19] [see Fig. 2(b)]

Ma; =Mo — F.[z+ (i — 1)]

14 (=1)°
Ta,i :TO + [#} sz

. 1 —1y
Mb,j I(—l)]TO - FZ.’L' + {#} sz

Tb,j I(—l)j (iFZCL - Mo) (3)

TABLE |
PHYSICAL DIMENSIONS AND MATERIAL CONSTANTS FOR THE
LOw-VOLTAGE SWITCH

Primary meander length (a) 20 pm
Secondary meander length (b) 240 pm
Switch thickness () 2 pm
Beam width (both beams) (w) 5 pm
Ni Young’s modulus (F) 207 GPa
Ni Poisson’s ratio () 0.31
Shear modulus (G) E/(2(1 + v))
x-axis moment of inertia () w3 /12
z-axis moment of inertia (1) tw’ /12
polar moment of inertia (1) I,+1,
Torsion constant (J) 0.4131, (see [20])

where M, ; and T, ; (M, ; and T} ;) arethemoment and torsion
of the ¢th primary beam (;jth secondary beam) with¢ = 1 to
2N (j = 1to 2N). In these equations, x is the longitudinal
dimension aong each one of the beams.

Following the virtual work method, the total elastic strain en-
ergy of the meander is given by

a M2 . T2 )
U= a,i a,i d
;/0 <2EI,; + 2GJ> “

2N b /g2 T2
b,j b,j
+Z/ <2EIT+2GJ>dx 4

=170

where I, I, G,and J aredefined in Tablel. Finally, the spring
constant is given by

U
kz—Fzéz—an—P,Z (5)
aong with the boundary conditions
ou ou

These equations lead to the following expressions for the reac-
tions My and Tg:

2Na (2N +1)b
M=l CL_up, @
2 <EI,,, + E)
E.b
To=— > (8)

and for the spring constant &
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Fig. 3. Analyticaly computed and FEM simulated results of the z-directed
spring constant of an V-section meander.

Although (9) is lengthy, it is written in an intuitive way that
may facilitate the design of these meanders or similar beams.
Thefirst two terms of the denominator represent the percentage
of the spring constant that is due to beam bending (first term)
and twisting (second term). In other words, these terms depend
solely on the meander geometry and the ability of the beam ma-
terial to bend and twist. The last two terms of the denominator
are due to the boundary conditions of the meander moving end
and correspond toitsinability to rotate around the - and y-axes.
These two terms may have comparable magnitude to the first
two and considerably increase the switch spring constant.

Equation (9) was verified by a commercially available
finite-element method (FEM) code [21]. The dimensions of
Table | were input in the code and several linear simulations
were performed for springs with 1-5 meanders. For each
simulation, a concentrated z-directed force of FFEM = 1 ;N
was applied at the tip of the spring along with the necessary
guided-end boundary conditions. The resulting deflection A,
was then computed and the FEM spring constant was extracted
as kM FFEM /A . Excellent agreement between the
analytically and numerically computed spring constants is
observed in Fig. 3, which graphically presents the two spring
constants as a function of the number of the meanders. This
graph aso illustrates that the serpentine spring constant is
not significantly reduced after including four or five meander
sections. Hence, three or four meanders would be a good
compromise between low spring-constant requirements and
space limitations.

D. Actuation \Voltage Measurements

Five switch designs with 1-5 meanders in their folded sus-
pensions were fabricated and measured. Except for the serpen-
tine springs, all designs were identical and were fabricated on
the same wafer by the same fabrication process. For each de-
sign, we measured the pull-in voltage using an HP 4275A mul-
tifrequency LCR meter with an internal bias option. These mea-
surementsare presented in Tablell, which also comparesthe ex-
tracted switch spring constant from the measured pull-in voltage
[based on (1)] with the corresponding theoretical results. The
theoretical values have been calculated for a switch thickness of
t = 2.5 um (because of over-plating in the fabricated switches)

TABLE I
ACTUATION VOLTAGE MEASUREMENTS FOR SEVERAL MEMS SWITCHES

Experimental Theoretical
Meanders
V, VI [K, N/m] | V, V]| K. [N/m]
1 30 26.9 8.3 2.08
2 22 14.5 5.7 0.97
3 17 8.6 4.4 0.58
4 11 3.6 3.6 0.38
5 6 1.1 3.0 0.27
2.5 T .
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Fig. 4. Measured dc switch capacitance as a function of the applied bias
voltage and number of meanders.

and an initial gap of go = 5 um. The reason for this higher
gap is that, although the sacrificial layer thickness was 4 um,
the induced residual stress across the structure caused a slight
out-of-plane deflection, which, on average, increased the total
distance from the substrate to 5 pm. We will discuss stress is-
suesinmoredetail in Section 1. Fig. 4 also showsthe measured
dc capacitance of the switches as a function of the applied bias
voltage and the number of meanders.

Thesedatarevea several discrepanciesbetweenthesimulated
and measured results. The first dissimilarity is the fact that
the measured pull-in voltages are 5-10 times higher than the
theoretically calculated ones. The second and most interesting
oneisrelated to the percentage of the spring-constant reduction
as the number of meanders is increased. For example, when
the number of meanders was increased from one to two,
the experimentally extracted spring constant was decreased
by 46%, while the theoretical calculations predicted 53%.
Although these results are in fair agreement, this is not the
case for switches with more meanders. The switches with five
meanders, for instance, had 70% lower spring constant than
the ones with four. According to (9), however, this number
should be close to 30%. Fig. 5 graphicaly illustrates these
observations for all cases. All these issues are due to the
high intrinsic axial stress built into the Ni layer during the
fabrication and are studied in Section IlI.

E. Siction and Top Electrode Design

Although low spring constant is essential in obtaining low-
voltage switches, preventing down-state stiction is equally
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Fig. 5. Experimental and theoretical percentage change of the switch spring
constant as the number of meandersis increased.
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Fig. 6. Top electrode concept and fabrication process. (&) 2500 A of SO, are
deposited on top of the switch followed by a second sacrificial layer. (b) Thetop
electrode is electroplated in alow-stress Au solution. (¢) The whole structureis
released by etching the sacrificial layers followed by a standard supercritical
drying process.

important. A low-voltage switch experiences a relatively weak
restoring force while in the down state, which may not be
sufficiently high to pull the switch up, particularly in humid
or contaminated environments. This drawback of this family
of switches can be overcome by including top electrodes.
Fig. 6 illustrates the idea of fabricating a metallic plate (top
electrode) above the switch. By applying a dc voltage between
this top electrode and switch, the switch can be pulled up from
the down state, even if the restoring force is not sufficiently
high.

Fig. 7 shows an example of a four-meander switch with top
electrodes over the dc switch pads. There is no electrode sus-
pended above the center conductor pad because such an elec-

Top electrode -

‘anchors

ccV  Spot Magn
G5 00 kV 30 113x

Det WD Exp
SE 123 8

Fig. 7. Four-meander switch with top electrodes. Each top electrode
is approximately 5-6-pm thick and is fabricated with a low-stress Au
electroplated process.

trode would significantly deteriorate the up-state switch capac-
itance. These top electrodes are very stiff fixed—fixed plates
(5-6-ppm-thick low-stress electroplated Au) with a spring con-
stant higher than 2300 N/m. Any movement of these electrodes
would require voltages in excess of 250 V and, compared with
the switch, they can be considered as static plates. Additionally,
they provide stabilization to the overall switch structure against
severe mechanical shocks. Measured and theoretical results of
switches with top electrodes and power measurements of the
same switches are reported in [22].

1. INTRINSIC RESIDUAL STRESS | SSUES

Although the previous analysis allows for a first estimate
of the switch spring constant and pull-in voltage, it does
not account for any intrinsic residual stress on the structure.
Residual stress, however, is developed during the fabrication
of most microstructures and typically presents most of the
major challenges in developing these devices. Under this stress,
thin-film structures can experience undesirable deformations,
which may be significant, particularly for high-aspect ratio
structures. Additionally, many MEMS switches must satisfy
very stringent requirements for reliable performance, including
being planar over the circuit underneath it. Any undesirable
buckling or curling may easily deteriorate the performance of
the switch, or lead to the complete failure of the device. A lot
of attention, therefore, has to be paid to residual stress and its
effects on compliant structures before any successful devices
can be developed.

When a thin film is deposited on a sacrificial layer at a
temperature lower than its flow temperature, then intrinsic
stresses develop in the film-sacrificial layer system [23]. A
number of studies have been aready performed to theoretically
explain the mechanisms of these stresses [24], [25] and to
experimentally measure their effects[26], [27]. Nonetheless, in
general, thin-film stress is complicated and heavily depends
on the specifics of the fabrication process. There is also
very little information for metallic microstructures built by
thin-films depositions and effective ways that can control its
stress and/or its effects. This section illuminates the most
important stress-related challenges for developing low-voltage
switches.
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Fig. 9. Switcheswith considerable deflection as aresult of apoorly designed
fabrication process.

A. Gradient Residual Stress

A genera uniaxial residual stress field in a thin film can be
represented as [26]

0o k
Ototal = Z Ok <;_7{> (10)
k=0 2
where h isthe film thicknessand y € (—h/2, h/2) isthe coor-

dinate across the film thickness, with its origin at the mid-plane
of the film. For afirst-order approximation, the total stress can

be calculated as
2
Ototal = 00 + 21 <%)

This equation implies that the total stress can be expressed asa
superposition of the constant mean stress o (positive or nega
tive depending on whether thefilmisin tension or compression)
and agradient stress o1 about the mid-plane (seeFig. 8). Theef-
fects of the gradient stress are analyzed in this subsection and
those of the mean stressin the following one.

It iswidely known that residual gradient stress causes unde-
sirable out-of-plane deformation. Fig. 9 shows two exampl es of
extremely warped switches. These switches were 4-um thick
and the maximum deformation, defined as the distance between
the higher and lower switch points, was on average 30 um.
This deformation was recorded for switches 640-.:m long (not
counting thelength of themeanders), but increased to 70-80 xm
for switches close to 1-mm long. This substantial deformation
renders both structures unusable because: 1) the required actua-
tion voltageismuch higher than thedesign value (>80V) and 2)
the up-state switch RF capacitance is considerably higher than

(11)

Fig. 10. Simulated warped switch structure (by SUGAR). The maximum
switch deflection is approximately 23 pm.

anticipated (Cy, > 150 fF, instead of 50 fF). The sacrificial
and seed layers that resulted in such a stress were the polyimide
DuPont PI2545 and an evaporated Ti/Ni (1500/500-A) layer, re-
spectively. The switches were then electroplated in an Ni so-
lution (Nickel Sulfamate, Barrett SN by Mac Dermid) with a
steady current density of 4 mA/cm? for approximately 30 min.
Theinduced stress with this fabrication process was repeatable
over a period longer than six months.

This switch shape under residual gradient stresswas al so the-
oretically validated using SUGAR.! Fig. 10 shows the simu-
lated switch shape, which agrees very well with the fabricated
switches. The maximum gradient stress value in the software
was varied until the measured maximum deflection was ob-
tained.

Oneway to alleviatethisproblem without increasing the actu-
ation voltageisto selectively increase the switch thickness [28].
In this technique, the main switch body thickness is increased
to 6-8 um, but the springs remain 2-,m thick [see Fig. 11(3)].
This process utilizes the following two electroplating steps:

Step 1) The switch and the springs are plated.

Step 2) The switch main body is subsequently plated again

until it reaches a thickness of 6-8 m.
Due to some adhesion difficulties between the two plated struc-
tures, the process was slightly changed by plating only aswitch
frame during the first step instead of the whole switch [see
Fig. 11(b)]. Thisimprovement resulted in a 98% yield.

The drawback of this technique, however, isthat, although it
limits the switch warping to 1-3 sm and may prove useful for
other types of MEMS devices, it also results in less conformal
switches with lower down-state capacitance than the original
switches.

We experimentally found that a better solution is to sputter
deposit the Ti layer (instead of evaporating) above the sacrifi-
cia layer. More specifically, the Ti sputtering process is per-
formed with The University of Michigan at Ann Arbor sput-
tering tool with a dc source calibrated to deposit 90 A/min
under 7 mT of Ar pressure. The actual deposition is typically
done for 25-26 min, resulting in a film of 22502350 A of
Ti. After the sputtering process is completed, the sampleisim-
mediately (in order to minimize Ti oxidation) taken to the Ni
e-beam evaporator where 500 A of Ni are deposited. It is also
very important to point out that nothing else is changed in the
process, including the Ni electroplating solution, current den-
sity, and sacrificial layer etching. Furthermore, this process can
befollowed with either polyimide or photoresist with negligible
differences.

1[Online]. Available: http://www.bsac.eecs.berkel ey.edu/cfm/
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Plates are thicker than the meanders

The switch pad was formed in
two steps. First a switch frame
was plated and then a second
plating followed. The frame is
8 um thick, and the rest of the
(a) pad is 6 um thick.

108x BE 181 24

Switch meander

(b)

Fig. 11. Fabricated switches with the selective electroplating process. The
adhesion problems of the first switch were solved by increasing the seed layer
area that was exposed to the second plating.

Fig. 1 is one example of the plane switches fabricated with
thisprocessand Fig. 12 shows some details of three more exam-
ples. TheswitchesshowninFigs. 1 and 12(a) are 2-.mthick and
suspended over a 40/60/40-..m CPW line. Although the latter
switch was fabricated with three meanders instead of one, no
appreciable differencein the warping profile was observed. The
maximum measured deflection (as defined in Fig. 9) for both
of them is approximately 0.5 xm. This corresponds to less than
0.1% of the main switch length (640 .m) and does not affect the
RF switch performance since it is strongly localized at the end
of the dc actuation pad.

The improved fabrication process was also tested with
switchesonly 1-mthick, 680-,:m long, and 240-.:m wide. Two
of these switches are shownin Fig. 12(b) and (c). Both switches
include one meander, but in the first one, we have replaced the
straight connecting beams with a second meandering beam.
Evidently both structures are fairly plane and their residual gra-
dient stressis nearly negligible. Thefirst one, however, exhibits
somewhat straighter profile, whichisrelated to theaxial residual
stress, analyzed in the following section. This meandering
connecting beam was originally employed to increase the shunt
switch inductance[11], but it also proved useful in releasing the
in-plane switch stress. Asfor the three short connecting beams,
the dlightly less plane switch may not appear very appealing at
first, but it isvery useful in limiting the high-frequency up-state
insertion loss because it substantially reduces the up-state
capacitance (by 50%—-70%). Furthermore, the pull-in voltage
increase is negligible (both structures actuate with 15-20 V)
because most of the electrostatic force is concentrated on the
ground-plane switch pads. Finally, both structures experienced
some warping along their width, but this did not prove to be

AccY  Spot Magn

Det WD Exp
5 00 kV 30 294x Sf 391 14

Fig. 12. Very flat switches fabricated with sputtered Ti layer instead of
evaporated. (a) This three-meander switch is 640-pm long, 2-pm thick, its
maximum out-of-plane deformation is less approximately 0.5 p«m, and the used
sacrificial layer was polyimide. (b) and (c) These switches are 680-1m long,
1-pm thick, and photoresist was their sacrificial layer. Their warping level is
approximately 3 um and is mostly along their short dimension.

a problem. The switches were thin enough that were able to
conform on the dielectric surface in the down state.

B. In-Plane Residual Stress

In-plane residual stress primarily increases the switch spring
constant and is, therefore, essential to control it within reason-
able limits. It was experimentally found [27] that the induced
tensile stress during the fabrication process was in the order of
150 MPa. A first-order approximation that shows the impact of
this stress on the spring constant is analyzed in [29] where the
deflection of a guided-end cantilever is calculated under simul-
taneous axial tension and concentrated transverse loading. The
maximum deflection at the tip of the beam is given by

W [ (cosh(xD) ~1)°

Fmax = ’y—P sinh(~1)

— (sinh(~yl) — 1) (12)
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Fig. 13. Spring constant and pull-in voltage as a function of axial residual
stress for a guided-end cantilever with simultaneous axial tension and
concentrated transverse loading.

where P isthe axid tensile load, W is the transverse concen-
trated load at the tip of the beam, [ isthe length of the beam, and

~ is defined by
_ P
T=VEL

This leads to the following expression for the spring constant:

(13)

~P sinh(~1)
2(1 — cosh(yl)) +~lsinh(~1)’

cant __
Keant —

(14)

Fig. 13 shows the variation of the normalized spring constant
and the associated actuation voltage (with respect to the spring
constant and actuation voltage of zero axial stress) for an axial
tensile stress of 0-300 MPa. This figure clearly demonstrates
the considerable impact of the axial stress on the switch actu-
ation voltage. For instance, a tensile stress of 150 MPa would
increase the pull-in voltage of a switch suspended by four can-
tilever beams by over three times.

The serpentine beams shown in Fig. 2 exhibit higher flexi-
bility in handling the in-plane mean stress than the simple can-
tilever beam. In other words, as the number of meandersisin-
creased, not only is the z-directed spring constant reduced, but
also the lateral ones. To show this effect, the z- and y-directed
spring constants were calculated with a similar process to that
of Section 1. The y-directed spring constant can be expressed
as

251y
. e B
2b
: < + 3) S1y = (a+b)Say — 3(2N + afa +b)?2
(15)
where Sy, and S, are calculated by
Sty =4N?a*+(4N?—1) b°+2 (4N?+1) ab (16)

Say =2N(2N —3)a*+(4N?—1) b°+(8N>—6N —1) ab.
(17)
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Fig. 14. In-plane spring constants of the serpentine spring for various number
of meanders.

Similarly, the z-directed spring constant is given by

L EL
z 2
N &m+%m+&Va+@N;DMN+1w
18)
where
(++5)
ala+—
IN+1
Sie =(2Na+(2N+1)b) | - + + 35
(a+b> <a+§>
(19)
Sop = — (2N +1)(a+b)— (20)

Linear FEM simulations verified the previous formulas and
the results are given in Fig. 14. From this figure, we clearly ob-
serve that the spring constant of the serpentine spring is greatly
reduced as the number of meandersisincreased. For instance, a
spring with three meandersis 177 times more flexible along the
z-dimension than aspring with one meander. Asaresult, such a
spring can help release the axia switch stress aong its long di-
mension much more effectively than a spring with one meander.
In other words, springs with many meanders are much more ef-
fective as stress buffers than springs with one only one meander.
A similar tendency exists for &, , which decreases by afactor of
5.2 when the meanders are increased from one to five. These
results provide a qualitative explanation for the trends observed
inFig. 5.

IV. MEMS SwITCH DYNAMIC BEHAVIOR

Switching speed is one of the few disadvantages of MEMS
components compared to p-i-n diodes and FET transistors.
Whiletheir massistypically very small (in the order of 10~'*to
10~? kg), inertia due to mechanical movement still limits their
speed typically in the order of afew microseconds. The fastest
switch thus far has been developed by researchers at the Mass-
achusetts Ingtitute of Technology (MIT) Lincoln Laboratories
[3]. It is a very compact cantilever switch (less than 50-;m
long) with a speed of approximately 1 us. This very low speed
isprimarily dueto its very small dimensions, mass, and limited
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Fig.15. Switching speed measurement setup (courtesy of Gabriel Rebeiz, The
University of Michigan at Ann Arbor).

squeeze-film damping. It does require, however, a high pull-in
voltage of 50-60 V, whileit istypically actuated with 70-80 V.
L ow-voltage switches are generally expected to be slower since
they typically have to move a relatively large actuation area.
This is particularly true if the switch is expected to operate
in air or another gas environment, such as N, for limiting the
humidify level around the structure.

The switching speed is measured by recording the change in
the power transmitted through the switch when a step voltage
isapplied at the bias of the device (Fig. 15) [30]. The RF input
signal at 40 GHz is provided by an RF synthesizer, whilethe RF
output signal is recorded by a high-frequency diode detector.
The biasing signal is provided by a suitable combination of
two dc power supplies and an inverter. Fig. 16 presents two
typica measurements taken with this set-up for three-me-
ander switches. The measured switches were suspended a
mean distance of 5 xm above the CPW line and the applied
bias voltage was only 20%-30% higher than their actuation
voltage. Both pull-in and release times were measured for these
switches. Pull-in time is the time it takes the switch to touch
the dielectric underneath it. On the other hand, the time that
is required for the switch to move from the down state to its
original height (or within 5% from this value) is defined as the
release time. Fig. 16 shows that the actuation and release times
are approximately 52 and 213 s, respectively. However, for
the release time measurement, it takes the switch only 25 usto
reach its normal height, but another 190 s are needed to settle
within 5% of its original height. It is aso interesting to note
that, during the first 30 us of the actuation stage, the switch
does not move significantly. These effects will be discussed in
the remainder of this section.

To explain the experimental results, we employed a simple
one-dimensiona (1-D) nonlinear model that has been adopted
by severa researchers [17], [31], [32]. This model treats the
switch as a single lumped mass and applies classical Newto-
nian mechanics to predict its behavior under the applied elec-
trostatic force. A model that would accurately predict the dy-
namic behavior of the MEMS structure should integrate a good
understanding of several different phenomena including elec-
trostatics, mechanics, residual stress, contact forces, compress-
ible squeeze film damping, and impact effects on a microscale.
Many of these areas are currently under investigation and there
is not a complete model that would account for all of these ef-
fects. Furthermore, our switch isarelatively large structure that
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o401 60 120
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is released

0.3 l

Detector voltage [V]
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Fig. 16. Measurements of the switching time for the: (a) up—down and
(b) down-up movements. Due to the diode detector, high-voltage level
corresponds to low RF power and vice-versa.

cannot be perfectly approximated as alumped mass. Neverthe-
less, the 1-D model can be used for an at least qualitative expla-
nation of the measured switch behavior and provide reasonable
approximations for the switching times.

The following equation of motion if the basic formulafor the
1-D model:

mz' +b +K,z2=F.+F, (21)
where m is the switch mass, b is the damping coefficient, K.
is the switch spring constant in the direction of motion, A is
the switch actuation area, go istheinitial gap, ¢,. and ¢, arethe
dielectric layer constant and thickness, respectively, V isthe ap-
plied dc voltage, F. isthe electrostatic force, and F, isthe con-
tact force when the switch touches the dielectric. Severa ap-
proximations may be adopted for calculating the parametersin
this model. For instance, although the viscous damping can be
considered constant for small displacements, thisis not the case
when the switch ismoving completely toward the substrate. Our
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model for the switching speed calculations is based on the dis-
cussion presented in [31] and [33] where these effects are taken
into account. These equations can be summarized as follows:

60AV2

Fe = 2 (22)
ta
(e
€
b= K , where wg = K. (23)
wo@) ™m
2\ 2 3/2 \ 1.159
Q =Qo <1—<;> ) <1+9.638< ) )
go go— =2
(24)
Fc _ mlA _ mQA = (25)
(90 - Z) (90 - Z)

Equation (24) calculates the switch quality factor and takesinto
account the damping dependence on the switch height. If this
is ignored, the second term of the right-hand side should be
replaced by one. Furthermore, the third term reduces the gas
flow resistance underneath the switch because of the dip ef-
fect, where particles can have fewer interactions before escaping
[34]. Thevariable A of thisterm isthe called the mean free path
and is approximately 0.1 um at standard temperature pressure
(STP). The damping coefficient, which isrelated to ¢ by (23),
has been derived in [35] for asquare plate with area A as

2
-3 % (26)
27 g5
where . isthe air viscosity (at STP » = 1.845-10~° Pa-s). For
the switch dimensions and for agap of 5 yum b ~ 2.5-10~* Pa-
sand @y = 0.64 (for K, = 8.6 N/m). However, the holes
included in the switch alow the air underneath to escape more
easily, thus reducing the damping coefficient and increasing the
@ of the structure. Therefore, this value can be considered as a
low bound for the switch quality factor. Infact, our experimental
results suggest a quality factor of about two. The final equation
of the model (25) was used to provide a stable solution to the
simulation when the switch contacts the dielectric layer.

Fig. 17(a) shows the simulated results for the pull-in and re-
leasetime. A spring constant of 8.6 N/m (Table 1) and an actu-
ation voltage of 25% higher than the pull-in voltage have been
used for these simulations. These simulations provide avaluable
insight in the measured dynamic behavior of the switch. The
pull-in time, for instance, is approximately 50 p:s, from which
approximately 30 y:sare needed for the switch to movefrom5to
3.5 um. The RF capacitance, however, does not change appre-
ciably between thisdistance and thisexplainstherelatively long
period that is required to note any difference between the mea-
sured output power level (seeFig. 16). Onthe other hand, during
the release stage, the switch reaches its original height within
35 us, but 140 additional microseconds are required for stabi-
lization within 5% of its original height. We have also plotted
in the same figure the simulated release time assuming a con-
stant quality factor @ = Q. Evidently, taking into account the
quality-factor variation versus height is of vital importance for
meaningful simulations.
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Fig. 17. (a) Simulated switch pull-in and release times. (b) Comparison of

simulated release times for different values of the quality factor. (c) Comparison
of simulated pull-in times for different values of the quality factor.

The problem of the long stabilization time can be easily cor-
rected by decreasing the quality factor by approximately one.
Fig. 17(b) shows the simulated release time for quality factors
of 2, 1.5, and 1. This figure clearly demonstrates that the re-
lease time can be decreased by more than three timesif alower
quality factor is achieved. This can be done by optimizing the
hole orientation on the main switch structure and by reducing
their number per unit area. This change will not appreciably in-
crease the pull-in time, as shown in Fig. 17(c). For example, for
Q = 1.5, the pull-intime will beincreased by only 10%, yet the
release time will be reduced by 300%. Consequently, an opti-
mi zation of the switch holes can lead to a design with switching
times in the order of 5060 ys.
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V. CONCLUSIONS

Low-voltage RF MEMS switches have been studied in this
paper. Thedesign, fabrication, and testing of these structureshas
been thoroughly discussed and switch designs with as low as
6-V actuation voltages have been measured. Moreover, residual
stress issues associated with this family of switches have been
addressed and it has been experimentally demonstrated that
sputtered seed layer films result in devices with superior per-
formance when compared with evaporated films. Furthermore,
the dynamic operation of low-voltage switches has been experi-
mentally and theoretically characterized and adequate switching
speedsin the order of 50 s have been achieved.
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