JOURNAL OF THE KOREA ELECTROMAGNETIC ENGINEERING SOCIETY, VOL. 6, NO. 2, JUN. 2006

Low Actuation Voltage Capacitive Shunt RF-MEMS Switch Using a
Corrugated Bridge with HRS MEMS Package
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Abstract

This paper presents the theory, design, fabrication and characterization of the novel low actuation voltage capacitive
shunt RF-MEMS switch using a corrugated membrane with HRS MEMS packaging. Analytical analyses and experi-
mental results have been carried out to derive algebraic expressions for the mechanical actuation mechanics of cor-
rugated membrane for a low residual stress. It is shown that the residual stress of both types of corrugated and flat
membranes can be modeled with the help of a mechanics theory. The residual stress in corrugated membranes is
calculated using a geometrical model and is confirmed by finite element method(FEM) analysis and experimental
results. The corrugated electrostatic actuated bridge is suspended over a concave structure of CPW, with sputtered
nickel(Ni) as the structural material for the bridge and gold for CPW line, fabricated on high-resistivity silicon(HRS)
substrate. The corrugated switch on concave structure requires lower actuation voltage than the flat switch on planar
structure in various thickness bridges. The residual stress is very low by corrugating both ends of the bridge on
concave structure. The residual stress of the bridge material and structure is critical to lower the actuation voltage.
The Self-alignment HRS MEMS package of the RF-MEMS switch with a 15 Q - c¢m lightly-doped Si chip carrier
also shows no parasitic leakage resonances and is verified as an effective packaging solution for the low cost and
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high performance coplanar MMICs.
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[ . Introduction

Microelectromechanical systems(MEMS) are small me-
chanical devices fabricated with standard integrated cir-
cuit(IC) technology, offering the advantages of mass
production with excellent uniformity in device properties
over the whole wafers.

In recent years, wireless communication has grown
rapidly and has made an explosive growth of the radio
frequency(RF), microwave and millimeter-wave applica-
tions'!. In these applications, RF switch 1s the essential
component to operate RF circuit. MEMS electrostatic
actuated reflective switches for low-loss microwave and
millimeter-wave applications have recently been reported
[2]~[4]. RE-MEMS switches offer superior performance
such as low insertion loss, high isolation, lower power
consumption, excellent signal linearity, better impedance
match and less dispersion compared to conventional se-
miconductor switches based on PIN diodes or GaAs
field effect transistors(FETs)[S]’[G]. Therefore, such swit-
ches are very desirable for applications with demands on
high signal integrity, despite their slow switching time.

The first MEMS switch was already shown in 1978
as electrostatic actuated cantilever switchm, and the first
RF-MEMS switch was shown in 1991, consisting of an
electrostatic actuated rotating transmission line switch™.
However, those switches needed high actuation voltages
of 80~200 V.

Most of the RF-MEMS switches reported to date have
used electrostatic actuation™ "%, which normally requi-
res high actuation voltages(20~80 V). Electrostatic ac-
tuation offers extremely low power consumption and
easy implementation. However, there are two main cha-
lenging issues for RF-MEMS switches actuated by elec-
trostatic force: lowering the actuation voltage and in-
creasing mechanical stability. The high actuation vol-
tage requires high voltage drive circuits, degrades life
time and induces malfunction by charge trapping pro-
blem.

There are many varieties of RF-MEMS switches. The
switches can be in series!'"! or in shunt™ with the sig-
nal path and coupling can be either metal-to-metal”* or
capacitivetz].

The two basic RF-MEMS switches from a function
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perspective are series switch and shunt switch. The
former is usually realized as metal-contact switch able
to switch signal from DC to radio frequency with high
isolation. Most of the shunt switches are based on vari-
able capacitance short-circuiting the signal line in the
down-state. The isolation of such capacitive shunt swit-
ches is very low for lower frequency due to its capaci-
tive short-circuiting principle but their performance is
much better at higher frequency in the millimeter-wave.
Furthermore, such switches are usually smaller, easier to
fabricate, show higher reliability comparing susceptible
metal contacts in stiction and degradation, and have
been investigated more thoroughly than the series swit-
ches"®. Typical applications for the different types of
switches are e.g. in the fields of microwave radar and
telecommunication systems for capacitive shunt swit-
ches, and automated test equipment(ATE) for series
shunt switches. However, metal-contact series switches
have also been used successfully in the microwave fre-
quency, as in delay networks up to 40 GHz!'”.

The main disadvantage of those switches is high ac-
tuation voltage. Recently, those types of the switches
have been improved[lsk[lg] and the other types of the
switches have implemented. The actuation mechanisms
of other types are based on electromagnetic[lg]’[zo] and
thermal®" principles. The switches based on electromag-
netic actuation have low actuation voltage but consume
high power and have complex fabrication process. On
the other hand, thermal actuated switches have high po-
wer consumption. If the actuation voltage of the elec-
trostatic switches 1s low, then the electrostatic switches
will be the best candidate in RF mobile system appli-
cations.

Most of RE MEMS switches utilize rotator”?, canti-
leverw, and membrane structure™? for electrostatic ac-
tuators. Various designs of capacitive RF-MEMS swi-
tches made of electroplated nickel®, aluminum™ and
goldm] have been so far reported in literatures.

In recent years, much effort has been put on to de-
crease the actuation voltage of the electrostatic switches.
Those efforts include using a variety of beam geome-
tries and materials to decrease the spring constant of the
beam, increase the area of the electrostatic field, de-
crease the gap and increase the dielectric constant bet-
ween two plates of the switch. Variations in those para-
meters cause a loss on the other parameters of the
switches'*",

In this paper, the proposed structure for decreasing in
actuation voltage is based on decreasing in effective sp-
ring constant from the effective Young's modulus by
corrugated membrane. Analytical analysis studies of mem-
branes with corrugations have been so far reported in
literatures of microphones[zs]mm]. As mentioned here, an
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expression for the residual stress of corrugated mem-
branes with intrinsic residual stress is deduced from an
algebraic description of geometrical modeling. There,
the reduction of the effective residual stress is estimated
by measuring and comparing the electrostatic actuation
voltage of a corrugated and flat membrane. The effec-
tive residual stress reduction due to stretching of the
corrugations is derived analytically and confirmed by
experimental results. Analytical analyses are proved by
experimental results on the effective residual stress of
corrugated membranes. The static deflection and the
stress of the bridges are also obtained by the finite
element method(FEM) analysis. Finally, the application
of such membranes in RF-MEMS switch is demons-
trated. A very good agreement between theory and ex-
perimental results is demonstrated for corrugated and
flat switches of various thickness membranes.

We describe the experimental results of a low actua-
tion voltage capacitive shunt RF-MEMS switch based
on a corrugated electrostatic actuated bridge suspended
over a concave structure of coplanar waveguide(CPW),
with sputtered nickel as the structural material for the
bridge and gold for CPW line, fabricated on high-resis-
tivity silicon(HRS) substrate using IC compatible proce-
sses for modular integration in a communication devices.

The corrugated bridge of the concave structure requi-
res a lower actuation voltage 20~80 V compared to a
50~100 V of the flat bridge of the planar structure in
a 03 to 1.0 #m thick Ni capacitive shunt RF-MEMS
switch. The effective residual stresses in 0.3 to 1.0 g#m
thick Ni membranes for the RF-MEMS switches are
measured and calculated about 3~15 MPa in the
corrugated structure and 30 MPa in the flat structure.
The intrinsic residual stress is about 30 MPa regardless
of the various thickness membranes in the flat bridge.
The residual stress is very low by corrugating both ends
of the bridge on concave structure. The residual stress
of the bridge material and structure is critical to lower
the actuation voltage.

The self-alignment packaged switch has two states:
when the bridge is up, the signal passes through with
less than 1.0 dB insertion loss, 15 dB return loss and 10
dB power loss up to 40 GHz. When the bridge is down,
the signal is attenuated by 28 dB isolation and power
loss 10 dB up to 40 GHz.

II'. Design

2-1 Corrugated Membrane Mechanics

In order to actuate the switch, the center conductor of
the CPW line is biased with respect to the ground by
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DC voltage. The resulting electrostatic force pulls the
bridge toward the center conductor, with a pull-down
voltage of

Vp= V(2g0/3)=\f %W%g% (1)

where k is the effective spring constant of the bridge,
W is the CPW center conductor width, w is the bridge
width, & is the permittivity of free space, and go is the
nominal gap height.

Equation 1 leads to some obvious ideas for reducing
the pull-down voltage. The actuation voltage can be
lowered by reducing the spring constant, reducing the
gap, or increasing the electrode areas. Reducing the sp-
ring constant is one with the most flexibility.

The spring constant £ consists of &' due to the sti-
ffness of the membrane which accounts for the material
characteristics such as Young's modulus £ and k" due to
the biaxial residual stress ¢ within the beam and the
fabrication process, therefore the spring constant & is
found by adding 4’ and £".

The general expression of those spring constants k'
and k" for a concentrated load at the center of the beam is

. t)? 1
¥ =3280l 4 ) S G @
" 41
k —80(1—”)w<1)3—2(x/l) ' ®

For a beam over a CPW line with the center con-
ductor width being a third of the length of the beam
with a force distributed above the center conductor, the
spring constant k of the bridge added k' and £ with
x=2I/3 results in

k(x=213)= 32Ew(—§>3<%> +8a(1— v)w(—i)(%) @)
where E is the Young's modulus of the bridge material,
v is the Poisson’s ratio, ¢ is the tensile residual stress,
w is the bridge width, ¢ is the bridge thickness, and /
is the bridge length, as shown in Fig. 1%°17C%,

The thinner the thickness of the bridge is, the more
the residual stress in the spring constant is dominant in

Lowloss substrate 7

T T
[ T

0 X

Fig. 1. Bridge with the distributed electrostatic force about
the center.

Eq. 4. The spring constant is thought to be related to
residual stress in the bridge, since the bridge deflection
in response to an applied actuation voltage becomes
dominated by the residual stress even with the existence
of minute stress level. Consequently, releasing the resi-
dual stress in the bridge is a key for a low actuation
voltage. Corrugation can strongly decrease the effective
residual stress of the bridge with high intrinsic tensile
residual stress. Thus, we have implemented the idea of
using a corrugated bridge to release the spring constant
in the switch.

The tensile residual stress in a corrugated membrane
is significantly reduced by an elongation of the corru-
gation structures. For relatively high stresses and/or
shallow corrugations, the increased bending stiffness in
a tangential direction can be neglected, and a corrugated
membrane with intrinsic residual stress ¢ ¢ acts like a
flat membrane with corrugated residual stress ¢ in equi-
librium.

For this purpose, the effective residual stress is cal-
culated using a geometric model of a corrugation struc-
ture shown in Fig. 2. One half of the corrugation

structure consists of the cantilevers with lengths d/2,

b/2, and height 4. The height of the corrugation 4
should be much smaller than the length d, therefore the
deflection of the short cantilever is negligible. For a
lateral force F, the bending angle € of the long canti-
lever with length d/2 and moment of inertia I=w - £12
are calculated using the moment Myux=F - hcos 0

. M(.?CZ _ 1 . Mmax ! .
Orad) = [ de=—pg - =[x an (5)

6-cos€'F-<g)-h

E-w-f (6)
where E denotes the Young's modulus, w the width of
the cantilever, ¢ its thickness, and / cantilever length,
respectively.

Thus, the displacement ax for one corrugation and
small angle is given by

1 df2
=ET), MW=

6-cosf-F-d- i
E-w- 8 (M
For A/t>1, when there is a lateral residual stress oo,
the corresponding lateral displacement 2x is mainly due
to the bending of the corrugation wall, and is approxi-
mately calculated with the following Eq. 8. If F=o0 ¢wx,

Ax=2- sinf- h=2-6- h=

Fig. 2. Model of a corrugation loaded by a lateral force.
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If the elastic displacement of a cantilever is ax=F-

d/E-w-t and cos g~] in small angle ¢, the effective

Young's modulus E.y is then defined as follows.

“tee ]
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Eoy= 9)

Hence, a corrugated membrane can be considered to
behave as if it is a flat membrane with an effective
Young's modulus E. defined above, as far as the lateral
displacement perpendicular to the corrugation wall is
concerned. A model of a corrugated membrane with a
number of corrugations N - (d+b) and a flat membrane
of length a is depicted in Fig. 3.

Under thermal stress, the sum of elastic(suffix ¢) and
thermal(suffix ¢) displacements of the corrugated(index
¢) and flat(index f) region must be zero.

axit axlt oxit ax;=0 (10)

Using the elastic and the thermal displacements of N
corrugated region ax’=F-N- (d+8)/(w- t- E_ ) and ax,
=a-AT-(ay - 2T N-(d+b)) the elastic and the ther-
mal displacements of a flat region Ax{=F-a/(w-
t-FE) and axi=a,- o T-a where ¢ and a, are called
the thermal expansion coefficients of corrugated and flat
region, and o T is the change in temperature, Equation
10 is rewritten as

F-N-Lder)_l_ F-a
Ey w-t | E-w-l
a- 8T (ay 8T N-(d+b)+ay- 2T -a=0. (11)

+

Thus, the effective residual stress o=—F/w-+ in a
whole corrugated membrane as a function of the thermal
stresso=a- AT E,; and ogy=q;- o T+ E of corrugated
and flat membrane is given by

_ Egyroy-a
T E-N-(d+®+E a0y N-(d+D) (12)

()

The corrugation releases the intrinsic residual stress
60, and the effective residual stress in the whole
membrane due to the corrugations becomes

Ee 017

T EL T E by oyl (13)

where /; and /, are the lengths of corrugated and flat

7 o T \
N S "
<-a--> N

Fig. 3. Model of a corrugated membrane.
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region, respectively.

Since usually E>» 0o , the effective residual stress st-
rongly depends on the corrugation length, depth and the
membrane thickness

N Ey 0y a -
E N (dVb+Ey, -a

20
14BN (d+d) ‘(ﬂy
a t
(14)

where the length of the membrane is /=2a+2N - (d+b).
The most important parameters are the corrugation
height A, length N - (d+b) and membrane thickness ¢.
For a large ratio A/t, the effective residual stress is
proportional to (#/hY’ and decreases almost linearly with
the length of corrugations N - (d+b)>\ %]

2-2 Capacitive Shunt RF-MEMS Switch Design

A capacitive shunt RF-MEMS switch consists of a
thin metal membrane, called the bridge, which can be
electrostatically actuated to the transmission line using a
DC bias voltage, suspended over a dielectric layer depo-
sited on top of the center conductor and fixed at both
ends to the ground conductors of a coplanar waveguide
(CPW) line. A dielectric layer is used for DC isolation
of the bridge from the CPW center conductor. When an
electrostatic potential is applied between the center con-
ductor and the ground, the attractive electrostatic force
pulls the bridge down towards the dielectric layer. The
dielectric layer serves to prevent electrical contact and
stiction between the center conductor and the bridge,
and yet provides a low impedance path between the two
contacts. Once the bias voltage is released, the me-
chanical stress in the bridge overcomes the attractive
force and pulls up the bridge away from the dielectric
layer, returning it to the original position. When the
bridge is up, the switch presents a small shunt capa-
citance to ground. When the bridge is pulled down to
the center conductor, the shunt capacitance increases by
a factor of C4/C,=20~100 presenting a RF short-circuit,
as shown in Fig. 4B,

The single capacitive shunt switch is modeled using
both series sections of transmission-line and a lumped
CLR(capacitor-inductor-resistor) model of the bridge with

Br\d{f’ ; ,
N, |
ON cHw -
g

LN
[ Low loss & Thin dielectnic 1ayer ;

Bridge o ]

>
—— /—/ (L]

¥
T .
e Low Ioss'gubstrate Thin dielectric Jayer

/1
OFF [CPW

Fig. 4. ON/OFF model of the capacitive shunt switch.
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the capacitance having an up-state and a down-state po-
sition. The impedance of the shunt switch is given by

Z.=1/joC+ jwL+ R, with C=C, or Cg (15)

depending on the position of the bridge, as shown in
Fig. 5. The LC series resonant frequency and the
impedance of the shunt switch can be approximated by

Z = — - 1
s— (R, forf=fyof fO_ZT]jC?‘
joL >F, (16)

Also, a further consideration in the design for low
actuation voltage is that lowering the actuation voltage
is made up of the corrugated membranes at the both
ends of the bridge. The bridges are created on a concave
structure for the corrugated bridge compared to a planar
structure for the flat bridge in order to measure the
intrinsic residual stress.

The single capacitive shunt RF-MEMS switch is desi-
gned on a CPW line with dimensions of G/S/G=65/100
/65 pm(50 Q impedance matching) on a high-resisti-
vity silicon(HRS: ¢,=11.9, 10 kQ - cm) substrate for
0.5~40 GHz frequencies. The membrane material of the
switch is the sputtered Ni (£=200 GPa, v=0.31) for high
Young's Modulus and thin membrane. The membrane
length / of the switch is 300 #m, the CPW center con-
ductor width 7/ is 100 xm, the membrane width w is
100 pm, the membrane gap height go is 4 ¢m, and the
membrane thickness 7 is 0.3~1.0 z#m by 0.1 #m step
for the comparison of the residual stress. The length of
the flat region is a¢=147.5 um at the center of the
bridge. The length and the height of the corrugated
region are N - (d+tb)=1-25 pm and A=3 pm at the
both ends of the bridge, respectively. Therefore, the
residual stress ratios ¢/ ¢ of the bridges with corruga-
ted structure are 0.09~0.52 due to the various thickness

Bridge ;

.|
= i

—

Thin dielectric layer

EApg——y

¢ Low loss Substrate

R series R series

(m Rsnum .

Fig. 5. Circuit model of the capacitive shunt switch.

membrane ¢ 0.3~1.0 gm by 0.1 £m step.

The HRS MEMS package is also designed using
p-type HRS (10 kQ - c¢cm) <{100) wafers as cover layer.
The cover layer using HRS can be defined by standard
Si MEMS process based on a controlled wet-etching
technique in which the etching rate is determined by the
TMAH etchant. In order to match the 50 Q characteris-
tic impedance on feed-through lines, the package needs
the alignment of the cover layer width with the tapered
feed-through length[33]’[34] .

[II. Fabrication

The RF-MEMS switch is implemented on a 525 gm-
thick {100} high-resistivity silicon(HRS) wafer with re-
sistivity of 10 kQ - cm. Initially a 0.75 gm thermal
oxide layer is grown on the wafer, followed the bulk
wet etching by TMAH(Tetra Methyl Ammonium Hydro-
xide, (CH3)4NOH, etch rate 0.5 ¢ m/min by thermal oxi-
de masking at 80 T) for CPW reference plane with 5
#m-depth concave structure. The CPW line is defined
using a photolithography process by evaporating a layer
of Au (1 pm) with Ti adhesion layer (200 A). Next, a
1,500 A PECVD(Plasma-Enhanced Chemical Vapor De-
position) silicon nitride (SisNg) or TEOS(Tetra Ethyl Or-
tho Silicate) oxide layer is deposited and patterned to
form the dielectric layer between the bridge and the
signal line. A 4 pm-thick sacrificial layer of photoresist
is then coated and patterned. The thickness of this layer
determines the nominal gap height go of the bridge. And
then, the membrane has been uniformly sputtered with
Ni (0.3~1.0 gm with 0.1 xm step) by DC faced target
sputter and finally patterned. To avoid collapsing the
membrane during drying, the bridge is released using a
critical point drying system.

To avoid the bridge crack and peeling during spu-
ttering, the temperature and the time of the hardbake
before sputtering are 145 C and 1 hour in convection
oven, respectively. And, to make the low tensile stress
in the sputtered Ni, the vacuum pressure of the sputter
is increased from 10 mTorr to 5 mTorr. The process
flow charts are shown in Fig. 6 for the corrugated swit-
ch with package on concave structure and the flat switch
with package on planar structure.

The structure after patterning of the sacrificial layer is
a key design parameter determining the corrugated st-
ructure. The mask design is an important role in fab-
ricating the corrugated structure. And, the actuation vol-
tage can be lowered by the decrease of the corrugation
ratio, which is achieved by the decrease of the mem-
brane thickness at the same corrugation length and
height conditions as shown in Eq. 14.

The RF-MEMS switches are fabricated using the corru-
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1. HRS bukk etching

= M o |

2. CPW metal evaporation

s o

3. Dielelectric depesition

4 Sacrificiat layer (FR) coating

5. Sacrificial layer (PR) patterning

6. Bridge evaporation
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1. Metal evaporation

2. CPW rnetal patterning

5. Sacrificial layer (PR) patterning

6. Bridge evaporation

7. Bridge patteming
3 - %— E Bods Rt

3. MEMS bridge releasing

T

AT T l

7. Bridue patteming

g, MEME bridge releasing

,_/

9. HRS package

ckage, the 10 g m-depth cavity for the HRS cover layer
is then fabricated with a 525 pm-thick HRS substrate
by photolithography and dicing process, and placed on
the RF-MEMS switch using a nonconductive epoxy, as
shown in Fig. grH,

In order to self-align the cover with the RF-MEMS
switch, both layers are fabricated by tapered structure.
The capacitive shunt RF-MEMS switch and HRS pa-
ckage are fabricated for self-alignment package on the
tapered CPW by an elevated place as shown in Fig. 9.
The full package is self-aligned on the tapered CPW by
an elevated place as shown in Fig. 10.

The capacitive shunt RF-MEMS switch with HRS
MEMS package having a corrugated membrane in the
concave structure is shown in Fig. 11.

V. Measurements

4-1 Finite Element Simulation

In order to predict the mechanical properties of the
bridge, the deflection and the stress of the bridge are
calculated by finite element method(FEM) analysis tool
(ANSYS 8.1) with real values. In modeling the bridges,
Shell element (SHELL63) in ANSYS is used to describe
the flat and corrugated structures. The elastic Young's
modulus and Poisson's ratio of nickel are 200 GPa and

(1)525um HR S <100> with thermal oxide

Process fow chartof fat RF - MEMS switch

Process fow chart of comrngated RF WENG switch

Fig. 6. Process flow charts of the RF-MEMS switch.

gated membrane on the concave structure and the flat
membrane on the planar structure as shown in Fig. 7.

The cover layer width for the 50 Q characteristic
impedance matching of the tapered feed-through length
on the RF-MEMS switch is determined by considering
the inclination (54.7°) effects of the HRS wafer using
the thermal oxide (SiO, 7500 A) and the TMAH
anisotropic silicon bulk etchant. For the proposed pa-

Fig. 7. SEM photograph of the fabricated RE-MEMS switch.

140

HRS

(2) Oxide patterning for feed-through length

HRS
(3)Bulk etching for cavity depth using TMAH etchant
HRS
:_‘::/ E

(MR emoving the thermal oxide and didng
{ HES

Fig. 8. Process flow chart for the cover layer.

N

! HRS Package ‘

RF-MEMS Switch
[ 272 mm

Fig. 9. RF-MEMS switch and HRS package.
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RF-MEMS Switch
2.4 mm

)

Fig. 10. Full package of RF-MEMS switch.

Fig. 11. Photograph of RF-MEMS switch with package.

0.31, respectively. The very low stress in corrugation
region is shown by von mises stress in Fig. 12. The xy
shear stresses of flat and corrugated bridges are 26.5
MPa and 21.9 MPa, respectively, as shown in Fig. 13.

4-2 RF-MEMS Switch with Package

The measurements are taken on a wafer probe station
using: 1) HP 8510C Vector Network Analyzer; 2)
CASCADE MICROTECH GSGI150 coplanar probes; 3)
SOLT(Short/Open/Load/Thru) calibration technique, in a
frequency range of 0.5~40 GHz. The DC bias voltage

Fig. 12. Von mises stress of the flat and corrugated bri-
dges.

Fig. 13. XY shear stress of the flat and corrugated bri-
dges.

is taken on between the signal and the ground of the
CPW through two bias tees(Agilent 11612A) by a DC
power supply.

The actuation voltages of the corrugated and flat swit-
ch are measured as various thickness bridges in Table 1.
The residual stresses of the bridges are measured and
calculated as shown in Tables 2, 3. The corrugated swit-
ches on concave structure require lower actuation volta-
ges 20~80 V than 50~100 V of the flat switches on
planar structure in 0.3 to 1.0 gm (0.1 zm step) thick
Ni membranes for the RF-MEMS switch. The actuation
voltage of corrugated switch on concave structure is
lower than that of flat switch on planar structure. The
effective residual stresses are measured and calculated
about 3~15 MPa in the corrugated bridge on concave
structure and 30 MPa in the flat bridge on planar struc-

Table 1. Measured actuation voltage.

Ni
Thickness
(#m)[03(04(05]/06|07]08|09]|1.0

Type

Corrugated

Switch(V) 20125(30(40|50}60 | 70|80

Flat Switch(V) 50 | 55|60 | 70| 80 | 85 | 95 | 100

Table 2. Calculated residual stress of the flat switch.

t 14 ’ " Jo
um) | () k k k (MPa) Remark
1.0 100 | 13.06 | 33.63 | 46.69 | 30.46
0.9 95 9.52 | 32.62 | 42.14 | 32.83
0.8 85 6.69 | 27.05 | 33.73 | 30.62
E: 200 GPa
0.7 80 | 4.48 | 2540|2988 | 3287 | - 0.31

0.6 70 | 2.82|20.06 | 22.88 | 30.28 | { 300 um
go: 4 um

0.5 60 | 1.63|15.18 | 16.81 | 27.49

0.4 55 | 0841329 14.1230.09

0.3 50 | 035|11.32|11.67]34.18
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Table 3. Calculated residual stress of the corrugated switch.

t v r & k Omess | Oca | Eo
(um) | (V") (MPa) | (MPa) | (GPa)
1.0 | 80 |[13.06| 16.82| 29.88|15.24 |15.91 | 3.70
09 | 70 | 9.52 | 13.36| 22.88|13.44 |15.41 | 3.00
0.8 | 60 | 6.69 | 10.12] 16.81|11.46 [12.60 | 2.37
07 | 50 | 448 | 7.19| 11.67| 931 [11.46 | 1.81
06 | 40 | 282 | 465| 7.47| 7.02 | 855 | 1.33
05 | 30 | 1.63 | 257 420| 465 | 590 | 0.93
04 | 25 | 084 | 208 292| 472 | 448 | 0.59
03 | 20 | 035 | 1.51| 1.87| 457 | 3.06 | 0.33

ture as shown in Figs. 14, 15. The intrinsic residual st-
ress is about 30 MPa in the flat bridge regardless of the
various thickness membranes®*"*%.

Therefore, the corrugation ratios ¢/0 ¢ of the bridges

with corrugated structure are 0.13~0.5 due to the va-
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Fig. 14. Residual stress of the flat switch.
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Fig. 15. Residual stress of the corrugated switch.
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rious thickness membrane 0.3~1.0 xm by 0.1 #m step.
The residual stress is very low in the corrugated bridge
on concave structure because having both ends cor-
rugated structure of the bridge. The effective residual
stress in the bridge structure is critical to actuation
voltage of the switch. The corrugated structure has also
been observed to significantly alter the actuation voltage
for this switch design.

The insertion loss, return loss, power loss, and isola-
tion of the switch are shown in Figs. 16, 17. The inser-
tion loss of the shunt switch in the up-state position is
nearly equal to the loss of the transmission line and is
around 1.0 dB up to 40 GHz. As expected, the return
loss 12 dB is greater for the unmatched transmission
line because of the package feed-through. Therefore, the
power loss is 10 dB up to 40 GHz in Fig. 16. When
the bridge is down, the signal is attenuated by isolation
29 dB and power loss 10 dB up to 40 GHz using a
CPW line with a narrow gap in the SiO( € ,~4) insulator
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‘Fig. 16. Insertion, return, and power loss of the switch.
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Fig. 17. Isolation, return, and power loss of the “switch.
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and a low inductance to ground is achieved in Fig. 17.
As expect, the isolation of the SisNi(e,=9) may be
greater than that of the SiO»(¢&,=4) insulator with fre-
quency.

The RF-MEMS switch is packaged using a HRS ME-
MS package with a conductor-backed metal chip carrier
in order to observe coplanar parasitic problems of lea-
kage, coupling, and resonance. The packaged HRS ME-
MS package scheme is verified by fabricating and mea-
suring the HRS MEMS package with the RF-MEMS
switch on 15 Q - cm lightly-doped Si chip carrier in the
frequency range from 0.5 to 40 GHz. The S-parameters
of the full RF-MEMS switch with the HRS MEMS
package containing a 15 Q - cm lightly-doped Si chip
carrier are measured and compared each other in Figs.
18, 19. The fluctuations of the S-parameters are greatly
suppressed as the lightly-doped Si layer absorbs the

— o~
-0 el -
=1 -\’A'\.,, H _E
3 “’"‘%W‘ﬁk‘f‘ A . /
= e Uﬁ! e
£ - e
= F,/ . ;'\ /
s / !
|
"’{J . , Insertion Loss
S Ao b . Power Loss
——— Return Loss
-a0
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Frequency [GHZ]

Fig. 18. Insertion, return, and power loss of the switch
with package.
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-40
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Fig. 19. Isolation, return, and power loss of the switch

with package. :

parasitic leakage resonances. The HRS MEMS package
with a 15 Q - cm lightly-doped Si chip carrier shows no
parasitic leakage resonances in the whole frequency
range. It is verified that the HRS MEMS package with
a lightly-doped Si chip carrier can be an effective pac-
kaging solution for the low cost and high performance
coplanar MMICsP*Pe,

The insertion loss, the return loss, the power loss, and
the isolation of the RF MEMS switch with the HRS
MEMS package are, respectively, less than 1.0 dB, 15
dB, 10 dB, and 28 dB up to 40 GHz

V. Conclusions

This paper has presented the experimental results on
the low actuation voltage capacitive shunt RF-MEMS
switch having a corrugated membrane with self-align-
ment HRS MEMS package for the low cost and high
performance CPW MMICs applications.

The corrugated switches have been fabricated and
measured using a simple mask design process and 0.3~
1.0 gzm (0.1 gm step) thick membranes made up of
sputtered nickel. It has been verified that the actuation
voltage of corrugated switch on concave structure is
lower than that of flat switch on planar structure. The
static deflection and the stress of the bridges have also
been proved by the finite element method(FEM) calcu-
lation.

The actuation voltage of corrugated switch with con-
cave structure is lower than that of flat switch with
planar structure. The residual stress is low in the corru-
gated switch with concave structure because having both
ends corrugated structure of the bridge. Corrugating a
membrane at the both ends of the switch on concave
structure effectively releases the residual stress in the
membrane, and expects to achieve lower actuation vol-
tage than the switch built on flat membrane on planar
structure. The effective residual stress in the bridge struc-
ture is critical to actuation voltage of the switch. The
corrugated structure has also been observed to signi-
ficantly alter the actuation voltage for this switch design.

The Self-alignment HRS MEMS package of the RF-
MEMS switch with a lightly-doped Si chip carrier has
also shown no parasitic leakage resonances in the whole
frequency range. It has been verified that the HRS
MEMS package with a lightly-doped Si chip carrier can
be an effective packaging solution for the low cost and
high performance coplanar MMICs.
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