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Performance of Low-Loss RF
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Abstract—This letter details the construction and performance Metallic Membrane
of metal membrane radio frequency MEMS switches at mi- Thick Metal
crowave and millimeter-wave frequencies. These shunt switches * Die'“‘? Lower Electrode
possess a movable metal membrane which pulls down onto a /

metal/dielectric sandwich to form a capacitive switch. These
switches exhibit low loss £0.25 dB at 35 GHz) with good isolation
(35 dB at 35 GHz). These devices possess on—off capacitance ratios
in the range of 80-110 with a cutoff frequency (figure of merit)

in excess of 9000 GHz, significantly better than that achievable
with electronic switching devices. Fig. 1. Cross section of an RF MEMS capacitive switch.

Index Terms—Low-loss, membrane, microelectromechanical
systems, micromachining, microwave, millimeter-wave, sacrificial

layer, switches. Ground| Nanbrarse
I. INTRODUCTION Underout
. . Aeeans
HE use of microelectromechanical systems (MEMS) fo Sigmail Holps
radio frequency (RF) switching applications was firsi Falh
demonstrated in 1971 using bulk-micromachined cantileve
. X : Lower
switches [1]. Since then, several researchers have discus: Elactrode
the development of cantilever [2], [3] and rotary [4] MEMS ML L "
switches for operation at RF and microwave frequencie’™ x;‘.'r:;“-'f?.?-.-";'-;:: B il T Dieectric

These switches relied an ohmic connection between microcon- _ o _
tacts to establish the RF path. The development of RF MEME: 2+ ToP view of a shunt MEMS capacitive switch.
switches using metal membranes with capacitive coupling
has also been reported by the authors [5], [6]. Metal merof these aluminum transmission lines are on the order of 0.06
brane switches show good insertion loss, reasonable switch@d®/mm at 10 GHz. The bottom electrode of the switches is
voltages, fast switching speeds, and excellent linearity. THisilt using 0.4um of refractory metal. This film provides good
letter describes significant improvements to the design ofnductivity for low loss and has a smooth surface finish.
metal membrane switches which operate with significantljhis finish is important for achieving good contact between
reduced losses, increased operating frequencies, and impraved membrane and the lower electrode, minimizing any air
switching speeds. These improvements were affected througip. On top of the lower electrode is a thin film of silicon
improvements in switch layout, materials, and processing. nitride. This film blocks the dc control signal from shorting out
during switch activation, yet allows RF signals to capacitively
Il. DEVICE STRUCTURE couple from the upper membrane to the lower electrode. The
etallic switch membrane consists of a thin aluminum less
n 0.5um thick. This membrane has high conductivity for
w RF resistance and good mechanical properties.
i o . . . A top view of the RF MEMS switch element is shown
silicon dioxide used as a buffer layer. The switch C|rcu|tr¥n the photograph of Fig. 2. The thick transmission line metal

ISI faprlcated oln top of the S|.I(|jcort1 dlox@e ysmlg me'_;{_T]'thh.connects to the lower electrode and dielectric materials to form
auminum copfanar waveguide transmission fines. e thigg, through path of a shunt switch. These coplanar waveguide
aluminum metallization system is compatible with CMO

h idth of 12 f . Th
circuitry and exhibits low losses at high frequencies. The IOSS?%E;en?i\é?j ?n::gt mgmbra();ren S%r;dnsatﬁgpm?o g(?:)rlgnar Zround

Manuscript received February 26, 1998. This work was supported lines. There is a series of 2n holes patterned throughout

The cross section of a metal membrane capacitive swi
is shown in Fig. 1. The switches are built on high-resistivityO
silicon substrates>10 k2-cm), with a 1am-thick layer of

DARPA ETO under Contract N66001-96-C-8623. the upper membrane. These holes allow access for sacrificial
The authors are with Raytheon Systems Corporation, Dallas, TX 75265. . .

USA. micromachining which removes the spacer polymer from
Publisher Item Identifier S 1051-8207(98)05602-5. beneath the membrane. Removing this material mechanically
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Fig. 3. Micrograph of an actuated RF MEMS switch. Frequency (GHz)

releases the membrane freeing it to move up and down ofi@ 4. Insertion loss and return loss measurements for several (four) unac-

. . . tuated shunt RF MEMS switch.
the lower electrode in response to applied electrostatic forces.

With no applied actuation potential, the residual tensilF

stress keeps the membrane suspended above the RF a%c'. yields information regarding switch insertion loss, return

i i o : 0SS, and isolationS-parameter measurements were performed
An RF signal traversing the coplanar transmission line wi

experience a capacitive reactance due to this grounded metal the 0.13-40-GHz frequency range using a Wiltron 37 279

o vector network analyzer and a Cascade Summit 10000 RF
membrane on the order of 20-50 fF. Application of an ele, obing system. From these measurements, equivalent resis-
trostatic field between the membrane and the lower electrdde 9 > ) » €

. o . tahces and capacitances are extracted to determine switch
causes the formation of positive and negative charges on

the conductor surfaces. These charges exhibit an attract'|)\5a [formance. . .
. ue to the extremely low loss of the switches in the
force which, when strong enough, causes the suspended me

. off-state, direct measurement of insertion loss tends to be
membrane to snap down onto the lower electrode and dielectric

surface, forming a low-impedance RF path to ground. I:ig_lc})accurate. Therefore, comparative loss measurements were

demonstrates an RF MEMS capacitive switch in the actuatmd"‘de' Fig. 4 demonstrates the loss of 1§ ong CPW

state. Typical capacitance in this state is 34 pF. By virt Féansmssmn lines, and RF MEMS switches embedded within

of efficiently transmitting and effectively blocking the R ransmiss_ion_ Iine_:s of the same Ieng_th. Accurate determination
signal, this micromechanical variable capacitor serves a (_)f transmission line losses were derlved_from mea_lsurements of
high-p;erformance microwave switch ﬁléahtly coupled half—v_vave reson_ato_rs which were incorporated

' onto the wafers. Typical transmission losses are 0.06 dB/mm at
10 GHz to 0.12 dB/mm at 35 GHz. From these measurements,
line loss for a length of transmission line equal to the size

Surface micomachining techniques were utilized to fabricageé the MEMS switch (170:m long) was determined to be

the switches described in this letter. The essential process stgpgroximately 0.01 dB at 10 GHz and 0.03 dB at 35 GHz.

Ill. PROCESSSEQUENCE

are the following. Looking at the difference between 1-mm transmission lines
1) A 1-um-thick insulating thermal oxide is grown on thewith and without MEMS switches yields 0.15 dB loss at
substrate. 10 GHz and 0.28 dB loss at 35 GHz. Variability of the
2) A 0.4-um-thick layer of refractory metal is depositedneasurements was approximatet$.05 dB, mainly because
and patterned to define the switch electrodes. of difficulty in making good contact between the probes and
3) A layer of PECVD silicon nitride is deposited andaluminum lines due to the formation of oxides.
patterned to form the switch dielectric. The return loss of the RF MEMS capacitive in the off-

4) A 4-um-thick layer of aluminum alloy is evaporated andtate is also shown in Fig. 4. This reflected energy is due
patterned to define the metal transmission lines and ttee the parasitic capacitance caused by the proximity of the
mechanical support posts for the switch. transmission path to the grounded metal membrane suspended

5) A polymer sacrificial layer is spin coated and patternedbove. This return loss is comparable to that of a 35-fF shunt

6) An aluminum membrane layer less than prf thick is capacitance. At high frequencies, the return loss degrades to
deposited and patterned to define the switch membradé.8 dB at 35 GHz. This is equivalent to 0.18-dB mismatch

7) The sacrificial layer is removed by a plasma etch foss. This means that the insertion loss of the RF MEMS switch
release the membrane. There are access holes patteatechillimeter-wave frequencies can be improved by reactive
throughout the membrane to facilitate an accelerat@tatching, and as much as 0.1-dB mismatch loss might be
release of the membrane layer. recovered.

The isolation of this switch, when the membrane is actuated
into the on-state, is shown in Fig. 5. The isolation of these
Characterization of the RF MEMS capacitive switches coswitches average 15 dB at 10 GHz and improves to 35 dB at 35
sists of S-parameter measurements in the off- and on-stat&sHz. At frequencies below 30 GHz, the isolation is determined

IV. RF CHARACTERIZATION
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switch on-capacitance and ultimately the effective switch on-
resistance. Higher isolation can be obtained at lower frequen-
cies by increasing the size of the lower electrode or cascading
series and shunt versions of this switch. Off-capacitance is in
the range of 30-40 fF, while on-capacitance ranges from 3.2 to
3.5 pF. This yields a figure of merit for on—off capacitances in
the range of 80-110. Similarly, with an effective resistance to
ground of 0.35(2, the switch figure of merit (1/(2R.nCost))
ranges greater than 9000 GHz, more thanx 1the best
available electronic devices (p-i-n diodes).
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0 V. CONCLUSION
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Measurements demonstrate that these metallic membrane
Frequency (GHz)

switches possess low insertion loss and good isolation at
Fig. 5. Typical isolation and return loss for an actuated MEMS capacitifequencies up into the millimeter-wave bands. The figures of
switch. merit for these switches compare well with electronic devices
and other MEMS switch topologies. These devices offer the
by the effective on-capacitance, which from this data, potential for building a new generation of low loss high-
determined to be 3.3 pF. Above 30 GHz, the on-capacitaniieearity microwave circuits for a variety of phased antenna
becomes an RF short, and the effective series resistanceaslys for radar and communications applications.
the switch dominates the isolation. Comparison of measured
and modeled data shows this resistance to be approximately ACKNOWLEDGMENT
I0.35tgk21' Tgeogggcul\_/'e se_rlestmtcri]uctance I'?f ttr:jls tmembt:atne 'S The authors would like to thank V. Coleman, T. Turner,
ess than U. nH, owing to the very short distance bewegngqqqiong and S. Harley for process and test support.
the centerline of the RF path and the grounds of the coplanar
waveguide. The actuation voltage for these switches ranges
from 30 to 50 V, depending on the tension in the membrane.
The quiescent current for these devices is essentially zero, withH § g- PeltDersoln, “M'If?fgg‘ec“a;"ca' fgﬁfgbgfg';e jWI'thge?gon silictBM
. . S . Res. Developyol. 23, no. 4, pp. —385, July .
current flqwmg On_ly Wher_‘ the membra'j]e IS SW'tCh'ng O_n Or[2] P. M. Zavracky and R. H. Morrison, “Electrically actuated microme-
off (charging or discharging the capacitance of the switch). chanical switches with hysteresis,” presented at the IEEE Solid State
itehi i i i i Sensor Conf., 1984.
The S.WItChlr.]g speed for these. devices is typlcail'S’.uS. ThIS- §3] J. J. Yao and M. F. Chang, “A surface micromachined miniature switch
is quite a bit faster than previous RF MEMS switch designs ~ for telecommunication applications with signal frequencies from DC up
[5], mostly due to the fact that air beneath the membrane can to 4 GHz,” in Transducers'95pp. 384-387.
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ex',t more qUICkIy throth the open unSUpported sides of thé “Micromachined microwave actuator (MIMAC) technology—A new
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RF measurements demonstrate that these devices provig? (T:he(gnl/dTecg.1 S%/mawﬁl, %p. 57—30. WL W 4 B. Norvell
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efficient switching F’f RF Slgnalls through 40 G_HZ' Signal “Micromechanical membrane switches for microwave applications,” in
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