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Lead-zirconate-titanate-based piezoelectric micromachined switch
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A piezoelectric microelectromechanical switch actuated by lead zirconate titanate~PZT! is reported.
A PZT unimorph cantilever actuator, fabricated on a sacrificial polysilicon layer and released using
a xenon difluoride dry etch, was used to realize the switch. The PZT thin film was poled and driven
with interdigitated electrodes to exploit the d33 coefficient for switching actuation. Preliminary dc
and rf switching characteristics are reported. Measurements indicate a fast switching ‘‘on’’ time of
,2 ms and ‘‘off’’ time of 2 ms at an actuation voltage of,40 V. An on/off isolation of.25 dB was
achieved up to 100 MHz. ©2003 American Institute of Physics.@DOI: 10.1063/1.1589192#
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In this letter, a piezoelectric microelectromechanic
switch is presented. The switch uses a PbZr0.52Ti0.48O3 ~PZT!
cantilever actuator in the d33 mode to achieve switching op
eration and high speed. This work is motivated by the rec
advances that have made microelectromechanical sys
~MEMS! rf components attractive as replacements for c
ventional crystal resonators, filters, and semiconduc
switches.1 Application areas that stand to benefit from the
emerging rf MEMS technologies include satellite and wi
less communication systems, commercial and military ra
global positioning systems, and instrumentation system2

Typical semiconductor switches, such as GaAs field-eff
transistors andp– i –n diodes, currently used in these app
cations exhibit high insertion losses (S21) of 1–2 dB or
greater, and poor isolation in the off state due to parasiti3

On the contrary, MEMS switches have demonstrated sign
cant improvements with insertion losses of less than 0.1
up to 40 GHz and very high isolation~.27 dB! when turned
off.2,3 In addition, MEMS switches typically consume neg
gible power during each switching cycle. Signal switching
accomplished by the mechanical deflection of a suspen
structure yielding a metal-to-metal contact or capacitive c
pling. Various actuation methods have been investigated
cluding electrostatic,4 electromagnetic,5 thermal, and
piezoelectric.6 At present, the majority of MEMS switche
employ electrostatic actuation. However, electrostatic ac
tion is a nonlinear mechanism, and usually requires h
voltages to operate, especially if high-frequency operatio
desired. Switching times below 10ms typically require
greater than 50 V.7

Exploiting an alternative actuation method such as
converse piezoelectric effect is expected to lead to a subs
tial improvement in device performance. The energy den
available in ferroelectric thin films such as PZT is at least
order of magnitude greater than with electrostatics, and s
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sequently the potential for conversion to mechanical work
much greater.8 This difference can lead to lower actuatio
voltages and faster switching speeds. Normally-off elect
static switches rely upon the elastic restoring force of
moving structure for achieving the off state. Since the res
ing force is smaller than the closing force, opening is slow
leading inevitably to design trade-offs. Piezoelectric stra
can be either positive or negative~within the limits set by the
reorientation of the domain state in a ferroelectric film! and
can therefore be used actively to turn the switch off as w
as on. This characteristic allows the design of larger conta
for high-power capability as well as improved reliability du
to mitigated stiction effects.

Ferroelectric PZT thin films with high piezoelectric co
efficient d335120 pC/N have been used as the act
material.9,10 Despite the high coefficient, the strain generat
by these perovskite ceramic thin films is typically small,
the order of 0.1%. Therefore, a bending structure is use
increase the deflection at the expense of the force. Fig
1~a! shows a schematic representation of the current u
morph~heterogeneous bimorph! design, and Fig. 1~b! shows
a scanning electron microscope~SEM! image of a fabricated
switch with dc transmission lines. The unimorph is com
posed of a PZT active layer on top of a passive stack
zirconia (ZrO2) and silicon nitride (SixNy). With the inter-
digitated ~IDT! electrode configuration the PZT is poled
the transverse direction and actuated in the d33 mode.11,12

The electrode width is 3mm with a separation of 6mm. The
maximum deflection and blocking force in a unimorph a
achieved by optimizing the thickness ratio of the passi
active materials.13 Residual stresses in deposited thin film
often result in out-of-plane bending of the cantilevers, wh
adversely affects performance, and if severe enough, can
vent switch closure completely. Therefore, the structu
were stress compensated by controlling the PZT thickne

Fabrication begins with an insulating substrate, in t
case an oxidized~1.5-mm! silicon wafer. A sacrificial poly-
© 2003 American Institute of Physics
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silicon ~2 mm! is deposited by low-pressure chemical vap
deposition methods, and a thin thermal oxide~50 nm! is
grown to act as a barrier layer. Low-stress~400-MPa! silicon
nitride ~0.5mm! is deposited as the structural material. A th
silicon oxide~50 nm! is sputter deposited to promote adh
sion of the remaining layers with the nitride. A buffer lay
of 0.3-mm zirconia and 0.23-mm PZT are spun on using so
gel techniques. The material stack is then patterned usi
combination of ion milling and reactive ion etching. Th
contact at the end of the cantilever is deposited by spu
deposition and patterned by lift-off. The field polysilicon
then etched away, terminating on the thick substrate oxid
blanket Cr/Au is sputter deposited at an angle off norma
coat below the contact. This blanket layer is etched to de
the transmission lines and IDT electrodes. The final struc
release is attained by dry etching the sacrificial polysilicon
gaseous XeF2 .14 A more detailed account of the fabricatio
process is presented in Ref. 15.

The completed switches were first tested using 2 V dc
the transmission lines, with the switch shunting the out
signal to ground when on. A buffer amplifier is used to pr
vide a high input impedance and a 300-kV resistor is used to
limit the current passed through the contacts. Figure 2 sh
the switching response to a 1-Hz 0–20-V square wave in
superimposed on 10 V dc. The oscilloscope trace dem
strates that the switch opens and closes concurrently with
applied signal. Closer examination reveals a 2-ms switching
time between the off state and the on state, and the sam
switching off. The next series of tests were conducted

FIG. 1. ~a! Schematic illustration of unimorph switch and~b! SEM image of
130-mm cantilever switch with transmission lines.
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observe the switching behavior when actuated by sh
pulses. Figure 3~a! shows an oscilloscope trace of a 30-
4-ms pulse~top! and the switch response~bottom!. The noise
seen on the bottom trace during switching is a result of c
pling between the IDT electrodes and contact. Figure 3~b!
shows the response to a pulse of higher voltage but s
duration: 50 V, 4ms. As can be seen, the switching on time
decreased from 2.5 to about 1.5ms, while the switching off
time remains constant. Preliminary results using a gain-ph
analyzer~HP4194A! have demonstrated that signals up

FIG. 2. Switching response~top! to a 1-Hz 20-Vpeak-peak110-Vdc square
wave ~bottom!.

FIG. 3. Switching response~bottom trace! to 30-V ~a! and 50-V~b! 2-ms
pulse~top trace!.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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100 MHz can be switched, with approximately 30 dB
isolation between the on and off states.

These results correspond to a device with a cantile
length of 230mm ~27 IDT electrodes!, a width of 100mm
and a 1.1-mm thickness. The measured fundamental re
nance frequency,f 0519 kHz, matches to within 10% o
theory. An analysis of the switching time begins with a d
namic model for a one-degree-of-freedom system. The eq
tion of motion is given as

F5m
d2z

dt2
1b

dz

dt
1kz, ~1!

wherem is the mass,z is the position of the tip at timet, k is
the spring constant of the cantilever, andF, the internal
force, is generated by the piezoelectric effect. All forms
damping, including squeeze damping, have been ignoreb
50.2 The force is modeled as a step function by ignoring
IDT electrode capacitance charging time and material m
chanical relaxation. With the tip displacement and veloc
set to zero as initial conditions, the particular solution
given as

z~ t !5z02z0 cos~vnt !, ~2!

where z0 is the static deflection and the natural frequen
vn52p f 0 . The time (ton) required to close the gap~d! be-
tween the contact and the transmission lines can be obta
from Eq. ~2!:

ton5
1

2p f 0
cos21S 12

d

z0
D . ~3!

For this device,d51 mm, z0513mm at 50 V~theory!, and,
by Eq. ~3!, ton53.3ms, which is comparable to the mea
sured value. Sincez0 is proportional to the driving voltage
the larger the driving voltage, the shorterton, which is con-
sistent with experiments. The turn-off time, however,
solely determined by the gap spacing and the natural
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quency. Fast switching compared with resonance frequen
has also been observed in electrostatic switches.2

In conclusion, we have fabricated and tested a transv
mode piezoelectric microswitch based on ferroelectric P
thin films. A robust fabrication process using ion milling an
dry release in XeF2 to avoid stiction-related problems ha
been developed. Initial measurements have demonstr
relatively high switching speeds~1–2 ms!, and;30-dB iso-
lation between on and off states at 100 MHz. The actuat
voltage of these piezoelectric switches is expected to
lower with better stress compensation, more closely spa
IDT electrodes, or by the use of a bimorph design. Improv
performance at higher frequencies is expected with rf tra
mission lines and by using insulating substrates.
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