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Most researcher who have studied the radio frequency �rf� microelectromechanical system �MEMS�
switch has focused on the electrostatic actuation types switch because of this type’s low power
consumption, simple fabrication method, and good rf characteristics compared to magnetic, thermal,
and piezoelectric driving method. However, most of electrostatic actuation type switch needs high
operation voltage compared to other types. One of the reasons that affect the high operation voltage
is the bending of the membrane because of an internal stress gradient. This bending increases the
gap between electrode and membrane. To solve this problem, the authors developed the thick
membrane operated seesaw type rf MEMS switch. This membrane consisted of a pivot under single
crystal thick silicon membrane for a seesaw mode operation and a flexible spring for an up-down
actuation mode. After the fabrication of this switch, the authors measured its rf characteristics. The
minimum actuation voltage was about 12 V, the isolation is about −50 dB, and the insertion loss
was about −0.2 dB at 2 GHz, respectively. © 2009 American Vacuum Society.
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I. INTRODUCTION

rf microelectromechanical system �MEMS� devices have
been proven to be one of the valuable technologies for high
performance components and systems applications.1–4

Among these devices, micromechanical rf switches offer
many benefits such as low insertion loss, good isolation, the
excellent linearity characteristics, and low power consump-
tion compared to conventional semiconductor switch.5–12

This technology have made possible the design and fabrica-
tion of control devices suitable for switching microwave sig-
nals. As a consequence, these micromechanical switch devel-
opment companies and institutes were continuously trying to
replace the p-i-n diode or junction field effect transistor base
semiconductor switches with micromechanical switches in
wireless communication devices, such as multiband selectors
and filter banks.13,14 Various types of switch, including low
voltage based carbon nanotube mechanical rf switch, have
been developed in the past decade and recently.15,16 Among
these switches, the conventional seesaw type switch has sev-
eral merits such as a good isolation and a membrane antis-
tiction. However, to obtain the required restoring force and
contact force, voltage was needed to increase.17 The conven-
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tional membrane type switches also have several advantages
such as a low power consumption, a simple fabrication
method, and good rf characteristics. However, these switches
also needed a high driving voltage of 20–50 V to ensure the
restoring force of the membrane.18–22 In these type of
switches, the driving voltage was very critical to the gap
between the electrode and membrane.23 The residual stress
during fabrication processes often resulted in locally differ-
ent bending of the membrane that caused gap change be-
tween electrode and membrane. This change originated the
increase in driving voltage and its variation. To prevent this
membrane bending problem, we proposed a thick membrane
seesaw type rf MEMS switch. This membrane was made of a
single crystalline bulk silicon to reduce the bending. How-
ever, this thick membrane needed a high actuation voltage
because of high restoring force of the membrane. To solve
these problems, we introduced a flexible spring for low ac-
tion voltage and pivot under the membrane for high restoring
force. When the membrane was actuated downward, it oper-
ated in a seesawlike mode. This new concept made up for the
high voltage characteristic of the conventional seesaw mode
actuated switch that was required for obtaining the necessary
restoring force and contact force. We also obtained a voltage
decrease comparable to the membrane type switch while
maintaining high isolation comparable to the seesaw type

switch.
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II. DESIGN AND SIMULATION

A three-dimensional �3D� and plane detail image of our
concept design were shown in Fig. 1. Our switch was made
of bonded glass and silicon wafer. On the glass wafer, a
coplanar wave guide �CPW� line and electrode pad were de-
signed and patterned for the rf signal pass and membrane
operation. The thick membrane with pivot and folded springs
for membrane actuation were formed on the silicon wafer.
This repeated folded spring decreased the actuation voltage
due to the low spring constant and this spring constant de-
creased linearly with the successive addition of the folded
spring.24 The end of the first folded spring was connected to
the anchored silicon which was bonded with glass, and the
end of the second folded spring was connected to the mem-
brane. The spring bar coupled the first and second springs.
Figure 2 showed the simplified operating mode of the pro-

FIG. 1. Schematic of the proposed rf switch. �a� The 3D image of the propo
the membrane. �c� 3D image of each layer. �d� A-A� area cross sectional vi
posed rf switch. While driving voltage was not applied to the
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electrodes, the switch was in the “off” state. dc driving volt-
age was applied to the contact electrode, the membrane was
actuated downward and the contact pad metal connected the
broken CPW line. At this time, the switching state changed
to the “on” state, the electrode and membrane had a 1 �m
gap. This very narrow gap was maintained without bending
or stiction because of the 30 �m thickness membrane and
pivot. This narrow gap also made it possible to operate the
switch at a very low voltage. When the dc voltage was ap-
plied to the restoring electrode, contact pad metal was elabo-
rated and separated from broken signal line. From this time,
this membrane operated like a seesaw and the switching state
changed to the off state. As long as the dc voltage was ap-
plied to the driving electrode or restoring electrode, this see-
saw mode operation was repeated.

Total size of the designed switch was 1.2�1.5 mm2. The

f switch. �b� A top view of the bottom electrode and the back side view of
the proposed rf switch.
sed r
ew of
width of the CPW signal line on the glass wafer was 50 �m
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and the initial gap between the signal and ground line was
3 �m. The gap of broken CPW signal lines was 20 �m. The
length of folded spring line was 190 �m and its width was
5 �m. The first folded spring consisted of four meander
springs; the second folded spring consisted of ten meander
springs. A pivot was formed under the center of the mem-
brane and the size of each of the pivots was 150�20 �m2.
This pivot was used for the seesaw mode operation when the
membrane was actuated downward. To estimate the rf char-
acteristic of our design, high frequency structural simulator
was used. Figure 3 showed the simulated results of our de-
sign. Simulated insertion loss of our design is −0.15 dB and
isolation was −41.4 dB at 2 GHz.

III. EXPERIMENT AND FABRICATION

Figure 4 showed the fabrication process flow of purposed
rf switch. 500 �m thickness “Corning 7740 Pyrex” glass wa-
fer was used as a substrate wafer to minimize the coefficient
of thermal expansion mismatch problem.25 To form the CPW
line and electrode, Cr /Au 50 /1000 nm was sputtered on the
wafer and defined by using an wet etching process. The
membrane with the spring and pivot was formed on a silicon
wafer, and detailed fabrication process was described as fol-
lows. The silicon wafer was a p-type, �100� with a resistivity
of 0.01–0.02 � cm. 500 nm thickness thermal oxide layer
was deposited on the silicon wafer using wet oxidation
method. Oxide layer was pattern using photoresist and reac-
tive ion etcher �RIE� to form the silicon cavity etch mask
pattern. Exposure silicon layer was etched using tetramethy-
lammonium hydroxide 20% wet. solution. The temperature
of during ech process was 90 °C, etch rate was about
0.8 �m /min, and 4.5 �m depth was etched. After etching
process, thermal oxide layer was stripped using HF solution.

FIG. 2. Simplified operating mode of the proposed rf MEMS switch. �a� The
initial off state. �b� The on state. �c� The seesaw mode off state of the
MEMS switch.
To form an insulation layer, 500 nm of oxide was deposited

JVST B - Microelectronics and Nanometer Structures
on the cavity using plasma enhanced chemical vapor depo-
sition and patterned using RIE. On the insulation layer, Au
layer was deposited and patterned by a wet etching method
to fabricate the contact metal. During the photolithography
of the insulation layer and contact metal layer, 4.5 �m gap
existed between mask and photoresister. However, the 80
�30 �m2 size oxide insulation and the 70�20 �m2 size
contact metal layer was clearly patterned without distortion.
After the completion of the fabrication process of the each
wafer, we added the initial cleaning process just before the
bonding of two wafers. Surface cleaning was very important
because minor contamination of the glass or Si surface seri-
ously deteriorated bonding performance or strength.26 We
used H2SO4:H2O2=1:1 solution and the HF dipping method
for cleaning the surface of the wafers: 1 min dipped in the
H2SO4:H2O2=1:1 solution and 10 s dipped in the HF solu-
tion. After the dipping in the solutions, we aligned the glass
and silicon wafer through the back side of the glass substrate
and anodic bonding method was used. The bonding tempera-
ture was 380 °C and the pressure was 100 N. A 600 V dc
voltage was applied for 5 min. The advantages of this sepa-
rate process were not only effective for avoiding the con-
tamination which could be from the sacrificial layer residue
and for securing the reliability of the contact metal, but the
process was also effective for precision gap control deter-
mined by the metal thickness or cavity depth. After the bond-
ing of two wafers, silicon layer was polished until 30 �m
remained. Silicon structure must be connected with ground
metal pad. So, Si layer on the ground pad was patterned and
etched using an inductively coupled plasma RIE �ICP-RIE�.
Au /Cr 1 �m /50 nm was deposited using sputter and pat-
terned using wet etch method to connect the silicon and
ground metal pad. The membrane structure was patterned on
the polished Si layer and etched by using an ICP-RIE. The
structure patterned photoresist was removed by using a dry
asher. In order to prevent the thermal stress and the bending
of membrane or spring, a low temperature asher was used.
Table I indicated the fabrication main parameters of the pur-

FIG. 3. rf simulated results of the purposed switch.
posed switch.
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IV. RESULTS AND DISCUSSION

The thick membrane seesaw type low voltage actuated rf
switch has been developed and tested. This new concept of
switch gathered the strong points of a conventional seesaw
type and membrane type switch. A thick membrane and pivot
make possible to realize the very small gap between the elec-

FIG. 4. Fabrication process for the proposed MEMS switch. �a� Signal line a
Pivot and contact pad formation. �e� Glass and silicon wafer bonding. �f� M

TABLE I. Fabrication parameters of the proposed rf switch.

Part Layer Materials Thickness

Si Insulator oxide 500 nm
Contract Au 500 nm

Membrane Si 30 �m
Cavity Si 4.5 �m

Glass CPW Au 1.5 �m
J. Vac. Sci. Technol. B, Vol. 27, No. 1, Jan/Feb 2009
trodes and membrane and low operation voltage with a see-
saw mode operated design. Sacrificial layer was not used to
fabricate the membrane structure, contamination and residue
problems during removing of the sacrificial layer was mini-
mized. Figure 5 showed the scanning electron microscopy
�SEM� image of the fabricated rf switch. The rf characteris-
tics of the switch was measured using an HP 8510C network
analyzer and A G-S-G type picoprobe. Pitch size of this
probe tip between ground and signal was 250 �m. Insertion
loss and isolation were shown in Fig. 6. Insertion loss of this
switch was −0.2 dB, isolation was 50 dB at 2 GHz and the
actuation voltage was about 12 V. This switch could be used
for applications such as phase shifters and reconfigurable an-
tennas at the high frequency range. It could also be used in
the antenna diversity SP2T switches and the switched filter

lectrodes formation. �b� Cavity formation. �c�Insulation layer formation. �d�
ane formation.
nd e
bank for 0.8–20 GHz applications.
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