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Article history: RF MEMS switches can be divided into electrostatic, magnetic, thermal, and piezoelectric types by their
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types low power consumption, simple fabrication method, and good RF characteristics. However, these
types of switches operate at high voltages compared with the other types. One of the main problems that
affect the operation voltages is the bending of the membrane due to an internal stress gradient. To solve
this problem, a thick and stiff membrane operated RF MEMS switch has been developed and is presented
in this paper. This membrane consists of a flexible spring for an up-down actuation mode at low voltage
and a pivot under the membrane for a seesaw mode on-off switch operation. This novel RF MEMS switch
hasbeen fabricated, and its RF characteristics measured. The minimum actuation voltage is approximately
10-12V, the isolation approximately —50dB, and the insertion loss is approximately —0.25 dB at 2 GHz,
respectively.The bending range of the membrane has been measured by using an optical 3D profiler and
the height is within 0.2 wm across the 800 wm length membrane. This bending range is uniform across
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all samples of an entire 4 in. wafer.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Radio Frequency Micro-Electro-Mechanical Systems (RF MEMS)
technology offers good possibilities for realizing a new genera-
tion of RF components such as a RF MEMS Switches [1-4]. These
switches have many benefits compared with solid state switches in
terms of their low insertion losses, negligible power consumptions,
good isolations, high power handling capabilities, and excellent
linearity characteristics. As a consequence, companies develop-
ing RF MEMS switches are making attempt to replace the pin
diode, GaAs MESFET, or JFET base semiconductor switches with
RF MEMS switches in wireless communication devices, such as
multiband selectors and filter banks. Several types of RF MEMS
switches have been developed over the last decade [5-8]. Among
these switches, the conventional seesaw actuated switches have
good isolations and anti-stiction characteristics but they require
a high operation voltage in obtaining the required restoring and
contact forces. The conventional membrane type switches also
have several advantages, such as their low power consumptions,
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simple fabrication methods, and good RF characteristics, but they
also need a high operation voltage to generate sufficient restor-
ing force and to prevent the stiction of the membrane. Most of
these types of switches reported to date, need a high actuation
voltage, usually ranging from 20 to 80V, making them impractical
for reconfigurable circuit applications as well as for mobile wire-
less communication. In this paper, the merits of these two types
of switches have been combined, and the operation voltage has
been decreased. The membrane with a flexible spring has been
designed for reducing the initial actuation voltage, and a pivot has
been designed under the membrane for the seesaw mode operation
resulting in the low voltage operation. This new concept is known
as a “variable pivot seesaw” because as the membrane is actuated
downwards it operates in a seesaw-like mode. This concept over-
comes the disadvantage of the high voltage characteristics of the
conventional seesaw mode actuated switch, which is required for
obtaining the necessary restoring and contact forces. Also, a volt-
age decrease is obtained, comparable to the seesaw type of switches
while maintaining high isolation comparable to the membrane type
of switches.

The actuation voltage of these membrane operated types of
switches can be written as
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Fig. 1. A schematic view of the proposed RF MEMS switch: (a) 3D image of the
MEMS switch, (b) Cross-sectional view of a-a’ area, (c) The MEMS switch each layer
description.

where, V}, is the actuation voltage, Ks is the spring constant, &g is
the permittivity of free space and g is the initial gap between the
membrane and the electrode. It can be seen from the equation that
if this spring constant and permittivity is fixed, the gap between the
electrode and membrane is a critical factor affecting the actuation
voltage [9]. However, the residual stress during the fabrication pro-
cess often results in a locally different bending of the membrane,
causing a variation in gap width and a requirement for higher driv-
ing voltages [10,11]. To solve these problems, single crystalline bulk
silicon has been used for the membrane fabrication where there is
a low initial stress and it is robust from the bending compared with
deposited film type membranes. It is expected that this design will
increase the reproducibility and reliability of the purposed switches
that utilize this approach.

2. Experimemt
2.1. Design and simulation

Fig. 1 shows schematic views of the proposed RF MEMS switch
where a coplanar wave guide (CPW) line has been formed for the

Table 1
The simulation parameters and the pattern dimensions of the proposed design.
Section Parameter Figure
Simulation Parameter Elastic modulus 168.9 GPa
(Si) Young’s modulus 50.9 GPa

Poisson’s ratio 0.064
Pattern dimension w 1200
(pm) l 1500

Egw 1006

&y 490

E 230

Eg 150

& 100

My 500

M 545

S 200

S 5

Sp 5

Sbw 30

RF signal pass, and electrodes for the membrane operation on the
glass wafer. The signal line width of the CPW line is 50 pm and
the gap between the signal and the ground line is 3 m, initially.
The gap of the broken signal lines is 20 pum. The membrane, with
pivot and folded springs for membrane actuation, is formed on the
silicon wafer and it is this folded spring that provides the low val-
ues for the spring constant in a compact area. The spring constant
decreases linearly, with the successive addition of further folded
springs [12,13]. The first torsion spring, a spring bar, and a second
torsion spring are all connected to each other. The end of the first
torsion spring is connected to the anchored silicon and the end
of the second torsion spring is connected to the membrane. The
spring bar couples the first and second springs. Fig. 2 and Table 1
shows the brief dimensions of the proposed design and the main
simulation parameters with the length of one spring line being
190 pm and its width being 5 pm. The first torsion spring consists
of three meander springs, while the second torsion spring consists
of 4.5 meander springs. A pivot is formed under the center of the
membrane which is used for the seesaw mode operation when the
membrane is actuated downward. The size of each of the pivots
is 150 wm x 20 wm. Fig. 3 shows a schematic view of the operat-
ing method. Initially, the switch is in the “off” state and the gap
between the bottom electrode and the membrane is 3 um. When
the DC voltage is applied to the contact electrode, the membrane
is actuated downward. The contact pad metal connects the broken
CPW line and the switching changes to the “on” state. The elec-
trode and membrane have a 1 wm gap when the switch is in the
on state. Because of the 30 wm thickness membrane and pivot, this
very narrow gap is maintained without bending or stiction, making
it possible to operate the switch at a very low voltage. When the DC
voltage is applied to the restoring electrode, this membrane oper-
ates like a seesaw and the switching changes to the “off” state. As
long as the DCvoltage is applied to the driving electrode or restoring
electrode, the switch operates in this seesaw-like mode. To estimate
the actuation voltage, the bending of the first and second torsion
springs, with an applied bias, has been simulated using the ANSYS
program. Fig. 4 shows the simulated results for the structure and
springs. When a 5V DC bias is applied between the bottom elec-
trode and the silicon body, the contact pad moves downwards by
1.5um.

2.2. Fabrication and measurement

Fig. 5 shows a fabrication process flow of the proposed switch.
The membrane with the spring and pivot was formed on a silicon
wafer and the CPW line is fabricated on the cavity of a glass wafer.
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Fig. 2. A top view of the bottom electrode and the backside view of the membrane.
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Fig. 3. The simplified operating mode of the proposed RF MEMS switch: (a) The
initial “off” state of the MEMS switch, (b) The “on” state of the MEMS switch, (c) The
seesaw mode “off” state of the MEMS switch.

Fig. 5. The fabrication process for the proposed MEMS switch: (a) Insulator and
contact pad formation, (b) Cavity and metal pad formation, (c) Si and glass wafer
bonding, (d) Si CMP and structure patterning.

i An anodic bonding method has been used to assemble these two
T ——— e T wafers [14,15]
-1.468 -1.101 -.733256 -.365808 .00164 o A ) .
The silicon wafer is a p-type (100) with a resistivity of
0.01-0.02 Qcm. On the Si wafer, 500nm of thermal oxide is

Fig. 4. Simulated results of the membrane structure and springs.
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Table 2

The fabrication parameters of the proposed MEMS switch.

Part Layer Materials Thickness

Si Insulator oxide 500 nm
Contact Au 500 nm
Membrane Si 30 pm

Glass Cavity Glass 4.5 um
CPW Au 1.5 um

deposited to form an insulation layer, and patterned by a wet etch
method. To fabricate the contact metal, an Au layer is deposited
and patterned by a wet etch method. “Corning 7740 Pyrex” glass
wafer is used to minimize the CTE (coefficient of thermal expan-
sion) mismatch problem. Poly-Si is deposited on this glass wafer
by using low pressure chemical vapor deposition (LPCVD) equip-
ment. This poly-Si layer is used for the glass etching mask. The
deposition temperature of normal poly-Si is 650 °C, but here, the
poly-Si is deposited on the glass wafer below 510 °C in order to pre-
vent straining in the glass wafer. The Poly-Si is patterned by using
a reactive ion etcher (RIE), and then a cavity of glass is formed by
using a buffered oxide etchant (BOE). After the glass etching pro-
cess, the poly-Si layer is stripped by using a tetramethylammonium
hydroxide (TMAH) solution and Au is sputtered on the glass wafer
and patterned using Photoresist. The Au CPW line and the electrode
pattern are defined by using an Au wet etching process.

After completion of the processing of each of the wafers, the ini-
tial cleaning is carried out for the bonding. Surface cleaning is very
important because any minor contamination of the surface of the
glass, or the Si, can seriously affect the bonding conditions. H,SO4
with H, 0, is used with the HF dipping method for cleaning the sur-
face of the wafers: 1 min dipped in the H,SO4 with H,0, solution
and 10s dipped in the HF solution. After the dipping process, the
Si and glass wafer are bonded by using an anodic bonding method.
The advantage of this separate process not only effectively avoids
contamination which can be from the sacrificial layer residue, and
secures the reliability of the contact metal, but the process is also
effective for precision gap control, determined by the metal thick-
ness. The bonding temperature is 380 °C, at a pressure of 100 N and
a 600V DC voltage is applied for 5 min.

After the bonding process, the Si layer is polished until 30 wm
remained. The membrane structure is patterned on the polished Si
layer and etched by using an inductively coupled plasma reactive
ion etcher (ICP-RIE). The structure patterned photoresist is removed
by using a dry Asher. Because of thermal stress, a low temperature
Asher is used to prevent the bending of the Si springs and the mem-
brane structure. Table 2 presents the fabrication parameters of the
proposed switch.

The RF characteristics of the fabricated RF MEMS switch are
measured using a HP 8510C vector network analyzer and a Micro-
manipulater RF probe station. A ground-signal-ground (G-S-G) type
GGB Picoprobe tip is used with a pitch size of the G-S, 250 pum
to make the on wafer measurements and a standard short-open-
load-through (SOLT) calibration has also been performed using an
alumina based substrate with specified planar standards.

3. Results and discussion

The bending range of the membrane has been measured by using
an optical 3D profiler and a measured image is shown in Fig. 6,
where the color variation denotes the height variation; the mea-
surement unit in this figure is a nanometer. The bending range of
heightis within 0.2 wm across the 800 wm length of the membrane.
Fig. 7 shows a measured bending height of 25 samples, randomly
selected from top, center, bottom, left and right of the wafer. It has
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Fig. 6. The membrane bending measurement performed by using an optical 3D
profiler: (a) The measured image of the optical 3D profiler (b) The height of the
measured line.

0.4 : ‘

03 : ﬁ L]

[ B :

P o * :
€ e® o & .
< o2k .. ® 0e® o n
E, o [ ] ® : ° L ]
2 * 0,0

01§

0.0 :

Top Center Bottom Left Right

Fig. 7. The measured bending height of 25 randomly selected samples.

been found that 44% of the samples are within 0.2 wm bending
range of height, and all the measured samples are within 0.3 pm
bending height. From these measurements, it can be seen that this
single crystalline bulk silicon structure is very effective for fabricat-
ing these flat membranes. Fig. 8 shows a SEM image of the fabricated
switch, initially in the off-state. The crystalline bulk silicon mem-
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Fig. 9. RF characteristics of the fabricated MEMS switch: (a) narrow band, (b) wide
band.

branes, and the folded springs for membrane actuation, are formed
on the silicon wafer.

The measured S-parameters of the RF MEMS switch are shown
in Fig. 9. The minimum actuation voltage is approximately 10-12'V;
the isolation is around —50dB and the insertion loss is approx-
imately —0.25dB at 2 GHz. The geometry of the pivot under the
membrane, and the narrow gap between the electrode and flat
membrane is a critical factor in achieving the low actuation volt-
age and good RF performance. Endeavors to reduce the operation
voltages of the switches by optimizing the geometry design also
have benefits in terms of the resulting reliability. Switches that can
operate with lower voltages reduced the risk of charge accumula-

tion because the electric fields across the dielectric layer are lower,
leading to reduced sticking problems. This design of switch also
does not have to move as far, reducing any internal stresses caused
by the motion of the switch [16].

4. Conclusions

The design, fabrication, and characterization of a new concept
for a low voltage actuated RF MEMS switch have been presented.
This switch compensates for the weaknesses of the conventional
seesaw and membrane types of switches. A low operation voltage
has been achieved by means of designing a very uniform and well
defined small gap between the electrodes and the membrane, using
a flat silicon membrane and pivot with a seesaw mode operation
design. Stiff single crystalline bulk silicon also reduces the bending
of the membrane, and increases the reproducibility and reliability
of fabricating the new switches.

The gap between the electrodes and the membrane is controlled
by the depth of the etched glass wafer, rather than the sacrificial
layer thickness. This method can avoid contamination, which can
arise from the sacrificial layer residue, and can also secure the reli-
ability of the contact metal.

The measured RF response has been found to be excellent, and
shows that the new proposed RF switch is suitable for wireless
components, or for space systems, where low power consumption
is essential. The RF MEMS switch requires a hermetic package to
preserve the microstructure and hence further study is proceeding
with developing a wafer level chip scaling package.
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