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Abstract

This paper reports the design and fabrication of a low-voltage lateral-contact microrelay for RF applications. The silicon surface
micromachined relay utilizes electrothermal actuators and low-stress silicon nitride as a structural connection as well as electrical and thermal
isolation. The sidewall contact is sputtered gold. The driving voltage is measured to be as low as 8 V. RF testing shows that the microrelay has
an off-state isolation of —20 dB at 12 GHz. The simplicity of this four-mask fabrication process provides the possibility of integration with

other passive RF MEMS components.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

With the recent progress of microelectromechanical sys-
tem (MEMS) technology, more and more attention has been
focused on the development of MEMS devices for RF
applications. MEMS switches are one of the most promising
future micromachined products that have attracted numer-
ous research efforts in recent years. They have many poten-
tial applications including signal routing in RF system
front-ends, impedance matching networks, switched filter
banks and other high-frequency reconfigurable circuit appli-
cations. Compared to their conventional electromechanical
or solid-state counterparts, micromachined relays offer
many advantages in terms of low insertion loss, high off-
state isolation and linearity, high breakdown voltage and
integration capability. The majority of MEMS switches
reported to date employs electrostatic actuation [1-4] and
requires large actuation voltages. Few are lateral relays [5,6]
and those often require non-standard post-process, and
none of them have reported RF performance. For the
conventional parallel-plate MEMS switches that utilize
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electrostatic actuation, a large enough closing gap to achieve
high isolation usually results in an even larger driving
voltage. In addition, the signal lines and the top plate have
to be realized by two separate process steps.

In this paper, we present a lateral-contact microrelay
fabricated on a silicon substrate using surface micromachin-
ing techniques. This relay is electrothermally actuated and
exhibits excellent RF performance due to its lateral-contact
mechanism. The microrelay consists of polysilicon and low-
stress silicon nitride as structural materials and sputtered
gold as the contact metal. Metal to metal contact is realized
by in-plane motion and sidewall connection.

2. Design

Fig. 1 illustrates the operation principle of the microrelay.
It utilizes V-shaped electrothermal actuators, for which
extensive research has been conducted both theoretically
and experimentally [7,8]. When a current flows through a
V-shaped polysilicon beam, the thermal expansion caused
by resistive heating actuates the rest of the suspended
structure. A piece of silicon nitride serves as a structural
connection between the polysilicon beams, as well as elec-
trical and thermal isolation between the driving structure
and the contact structure. The contact head, signal lines and
their sidewalls are coated with gold. The in-plane motion of
the actuator allows the contact head to move forward and
connect the RF signal lines via sidewall contact.
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Fig. 1. Schematic illustration of the microrelay.

The advantage of electrothermal actuators compared to
electrostatic actuation is mainly their IC-compatible driving
voltages. For electrothermal actuators that provide planar
motion, V-shaped actuator beams were chosen for their
rectilinear displacements caused by resistive heating
and their design simplicities and flexibilities. In addition,
V-shaped actuators are capable of producing large output
force from hundreds of micronewtons up to millinewton
range. An output force of 8 mN can be achieved at an input
power of 180 mW with 12 V bias as reported in [7]. This will
be sufficient to provide a stable contact with low contact
resistance in the range of milliohms [9].

Actuator beams of the same dimension are cascaded to
produce larger displacement as depicted in Fig. 2. A current
flow between terminals A and B will cause all three V-beams
to expand due to resistive heating. The thermal expansion
of the two side beams increases the vertical displacement
(in y direction) of the center beam. This generates a larger
deflection at the tip compared to a single actuator beam. The
nominal dimension of a single actuator beam has a length of
200 pm, width and thickness of 2 pm and center offset of
10 pm. For a single V-beam actuator with nominal dimen-
sion, simulation in ANSYS shows that the maximum dis-
placement at the tip is only 1.1 pum for a temperature
increase of 500 K. For the arrangement in Fig. 2 where

Fig. 2. Schematic diagram of the cascaded thermal actuator beams
(top view).

three V-beams of the same nominal dimensions are cascaded
together, the displacement is calculated to be 4.8 ym—a
significant increment over that of the single V-beam.

For a single V-shaped actuator beam, the spring constant
in the y direction (in-plane) is given in [7] as

4sin* (0" )WLE
B L
where L and Ware the length and width as defined in Fig. 2; ¢
the beam thickness and E the Young’s modulus. 6’ is the
effective bending angle due to expansion and it is approxi-
mated as the bending angle 0, which is also defined in Fig. 2.
Eq. (1) yields a y-directional spring constant of 134.9 N/m.
ANSYS simulation shows a spring constant K, = 129.5 N/m,
which is within 4% of the calculated value. This is consistent
with the results given in [7]. For the tri-beam geometry,
the simulation gives spring constants as K, = 6.67 and
K, = 1.78 N/m. For the smallest spring constant, a mechan-
ical resonant frequency of 42.3 KHz can be found, which
indicate good mechanical robustness. This is partly due to
the extremely small mass of the suspended structure.

The microrelay itself occupies an area of 200 pum x
220 pm excluding the RF lines and testing pads. Test
structures of cascaded actuator beams with various dimen-
sions were designed and simulated. Table 1 shows the design
values and ANSYS simulation of their displacements under
a given thermal load. Type 1 design gives the nominal
dimension.

Gold was chosen as the contact metal because of its
low resistivity, good stability and efficiency in RF signal
propagation. Its skin depth can be calculated by

K, (1)

1 0 )
Vi2ne  \ muof @
where the resistivity of gold p,, =2.4pQcm and p, =
4n x 1077 H/m. This gives a skin depth of 0.71 um at
12 GHz. Sputtering is selected as method of metal deposi-
tion instead of evaporation in order to ensure good sidewall
coverage. Meanwhile, sputtered gold is known to have
higher hardness which gives less surface damage for metal-
lic microcontacts [9].

Different contact head shapes including round, square
and angled have been designed to explore their reliabilities.
Contact head areas between 700 and 1200 um® were

Table 1

Various actuator test structures and their simulated displacements
Length Width Offset Displacement
(nm) (nm) (nm) (nm)

Type 1 200 2 10 5.4

Type 2 240 2 10 7.2

Type 3 240 1 15 6.2

Type 4 260 1.5 10 79

Type 5 280 2 10 8.6

Type 6 300 2 15 9.2
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designed after considering the tradeoff between contact
resistance and the load the contact head puts on the extension
beams. The closing gap between the contact head and the
signal lines was about 4-5 um to ensure good sidewall
coverage of the sputtered gold in the trench. After sputtering
the gap distance is reduced by approximately 1 pm.

3. Fabrication

Fig. 3 shows the cross-sectional schematic illustration of
the fabrication sequence. The process starts with a silicon
wafer with resistivity of 10 Q cm and thickness of 525 pm.
First, the substrate is thermally oxidized at 1000 °C to grow
a layer of silicon dioxide of 300 nm, followed by a deposi-
tion of 0.6 pm low-pressure chemical-vapor-deposited
(LPCVD) low-stress silicon nitride at temperature of
850 °C. The SiO, and SizN4 form an insulation layer to
reduce substrate parasitics at high frequency due to the lossy
nature of the silicon substrate. Then 2 um of sacrificial
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Fig. 3. Cross-sectional illustration of the process flow: (a) deposition of
the low-stress Si;N4 as isolation; (b) deposition and patterning of
sacrificial SiO, and low-stress SizN4 connection; (c) deposition and
patterning of poly-Si and partial release; (d) sputtering and lift-off of Au
and HF release.
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Fig. 4. SEM image of the Si;N, structure connecting two polysilicon
structures.

low-temperature oxide (LTO) is deposited and anchors
are patterned. Afterwards another 0.6 um of LPCVD low-
stress silicon nitride is deposited and patterned. It serves
as the structural connection as well as the electrical and
thermal isolation between the driving structure and the
contact structure. Fig. 4 shows an SEM micrograph of a
piece of silicon nitride connecting two polysilicon struc-
tures. No bending of the suspended polysilicon structure was
observed, which indicates the stress mismatch between
polysilicon and low-stress silicon nitride is negligible.

Next, 2 um of in situ doped n-type polysilicon film is
deposited at 620 °C. It is patterned using 0.4 pm oxide as
hard mask. A partial release step is performed by dipping the
wafer into 6:1 BHF, exposing only the small region between
the contact head and the RF signal lines. Approximately 0.5—
0.7 pm of the sacrificial oxide in the closing gap area is
removed to ensure the separation of sputtered gold on the
contact head sidewalls and the signal lines, as well as the
removal of unwanted gold in the area between them. A thin
layer of gold (0.3-0.5 pm) is then sputtered and lifted off,
leaving gold only on the contact sidewalls and signal routing
lines. Fig. 5 shows a uniform coverage of gold on the contact
head and signal lines with a close-up image of the gold
coating on the sidewalls. Finally, the device is released in
concentrated HF acid for 5-7 min and the polysilicon and
silicon nitride structures are suspended above the substrate.
A supercritical CO, drying after HF release is helpful to
reduce the surface stiction of the thin actuator beams.

A fabricated microrelay with square-shaped contact is
shown in Fig. 6. The fabrication is completed using standard
MEMS processes with only four masks including lift-off. No
post-processing is required. Contact metal is realized in one-
step lithography and gold sputtering. The simplicity of this
process allows design flexibility, and possible integration of
this microrelay with other passive RF MEMS components.

4. Results and discussion

4.1. Electrical testing

Electrical testing was done using an HP 4145B parameter
analyzer at room temperature in an air ambient environment.
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Fig. 5. (a) SEM image of the contact sidewalls coated with Au; (b) close-up image of the Au coating (warpage is due to lift-off).

It shows that the microrelay can be operated at voltages of
8-15 V. Depending on the applied voltage, the relay’s con-
tact resistance varies from 0.5 to 3.6 Q. The driving voltage
can be further reduced by decreasing the closing gap
between the contact head and the signal lines. During the
microrelay’s on state, the power consumption of the thermal
actuator is in the range 20-40 mW. The break down voltage
of the signal path is measured to be as high as 500 V.

Fig. 6. SEM image of the fabricated microrelay with square-shaped
contact head.
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Fig. 7. Measured actuator displacements versus simulated values at
various input power.

The measured actuation displacements at different input
powers for the actuator beam arrays with nominal dimension
are plotted in Fig. 7. Simulation parameters were adjusted to
account for their changes due to thermal heating. This gives
good agreement between the measured displacement and
simulation, which shows a linear proportion to the input power.
Test structures listed in Table 1 were examined and their
actuation distances were compared with ANSY S simulations.
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Fig. 8. Simulated contact force versus applied voltage.
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Fig. 9. Measured relay off-state isolation.
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Table 2

Comparison of selected recent MEMS relays and this design

Reference Motion Substrate Contact Voltage (V) Isolation

[1] Vertical GaAs Ohmic 5 —30dB at 4 GHz
2] Vertical GaAs Capacitive 8 —42 dB at 5 GHz
[3] Vertical Si Ohmic 10 —8 dB at 6 GHz
[4] Vertical GaAs Ohmic 70 —30dB at 40 GHz
This design Lateral Si Ohmic 8 —20dB at 12 GHz

Contact force is critical in determining microrelay’s on-
resistance. A contact force between 50 and 200 uN is needed
to generate a contact resistance of 100-300 mQ according to
[9]. A FEM analysis tool-CoventorWare was used to simu-
late the contact force generated by the cascaded V-beam
actuator at each driving voltage. Fig. 8 shows the plotted
results. The contact force is computed to be 21.57 uN for
12.5 V and 156.05 uN for 15 V.

4.2. RF testing

RF testing was performed using an HP 8510C network
analyzer and coplanar ground—signal—ground (GSG) probes
with 150 pm pitch. Two-port S-parameters were measured
and shunt parasitics of the RF testing structures were de-
embedded to obtain the performance of device under test
(DUT). Fig. 9 shows the measured off-state isolation is as
high as —20 dB at 12 GHz. The measurements also indicate
the microrelay has an insertion loss of less than —1 dB
at 12 GHz with most resistive loss occurs on the signal
lines.

During microrelay’s off state, the isolation is mainly
determined by the capacitive coupling between the signal
lines. In our case, it is dominated by substrate parasitics due
to the lossy nature of the silicon wafer. RF signal lines with
20 um width are separated by a distance of 22 um for the
case of square-shaped contact. The closing gap between the
contact head and RF lines is around 3—4 pm. Simulation in
CoventorWare shows that the coupling capacitance between
the signal lines through the contact head is 8.26 fF. It also
verifies that the substrate parasitics account for 90% of the
capacitance coupling between the signal lines. This gives a
lot of room for improving the relay’s isolation at high
frequency by using high-resistive substrate or using thick
passivation layer to reduce substrate leakage.

A comparison between some of the most recent RF
switches and this design is tabulated in Table 2. It shows
that the microrelay exhibits high isolation in the GHz
frequency range comparable to those fabricated on GaAs
substrate with similar actuation voltage.

Reliability studies of the microrelay show that metal-
contact welding causes the most failures. Surface roughness
on the sidewall may also result in poor contacts. The high
adherence force of gold plays a role in the contact degrada-
tion as well. Gold and nickel alloy can be considered as an
alternative choice of contact metal due to its improved

hardness, a much smaller adherence force (one-ninth of that
of gold) and relatively low resistivity [10]. Contact heads
with round and square shape showed better reliability than
the angle-shaped contact heads.

5. Conclusions

An electrothermally actuated lateral-contact microrelay
for RF applications has been designed and fabricated on a
silicon substrate using surface micromachining techniques.
Low-stress silicon nitride used as a structural connection
shows promising results with good electrical isolation and
negligible stress mismatch. The lowest actuation voltage
of the microrelay is 8 V. The microrelay has an off-state
isolation of —20dB at 12 GHz and low insertion loss of
less than —1 dB. The lateral-contact mechanism of the
microrelay provides a high RF performance. The measured
off-state isolation in the GHz frequency range is comparable
with some recently reported RF MEMS switches fabricated
on semi-insulating substrate. The simplicity of the fabrica-
tion process enables the possible integration of the micro-
relay with other passive RF MEMS components.
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