334 IEEE MICROWAVE AND WIRELESS COMPONENTS LETTERS, VOL. 11, NO. 8, AUGUST 2001

Inline Capacitive and DC-Contact MEMS Shunt
Switches

Jeremy B. MuldavinStudent Member, IEEEBNd Gabriel M. Rebejz-ellow, IEEE

Abstract—This paper presents inline capacitive MEMS shunt
switches suitable for X/K-band and Ka/V-Band applications. The
inline switch allows for a low- or high-inductance connection to the
ground plane without changing the mechanical characteristics of
the MEMS bridge. Excellent isolation and loss are achieved with
this design, and the performance is very similar to the standard ca-
pacitive MEMS shunt switch. Also, a new metal-to-metal contact
MEMS shunt switch is presented. A novel pull-down electrode is
used which applies the electrostatic force at the same location as the
metal-to-metal contact area. A contact resistance of 0.15-0.85is
repeatable, and results in an isolation 0£~40 dB at 0.1-3 GHz. The
measured isolation is still better than—20 dB at 40 GHz. The ap-
plication areas are in high-isolation/low-loss switches for telecom-
munication and radar systems.

Index Terms—Micromachining, microwaves, mm-waves, phased
arrays, radars, RF MEMs, switches, telecommunications.
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ICROELECTROMECHANICAL (MEMS) series and (b)

shunt switches have been successfully demonstraiggl 1. photomicrograph of a (a) X/K-band inline shunt capacitive switch and
from 1-100 GHz for low loss switching and phase shifter applfe) equivalent model.

cations [1]-[5]. The series metal-to-metal contact (dc-contact)
switch has an off-state capacitance of 2-8 fF, which results in INLINE CAPACITIVE SWITCH DESIGN AND MEASUREMENTS

.h'gh |solat'|on up to 20-40 GHz. The loss of the series switch The inline capacitive switch is shown in Fig. 1. The MEMS
is determined by the contact resistance, and for a Cont%%td e is defined in the CPW center conductor, and is sus-
resistance of 1-22, the loss is 0.1-0.2 dB. Another design is g '

" . . . ended over a 4000 A-thick layer which connect together the
the capacitive switch which has been mostly used in the Shlﬁ)vr\]/to grounds of the CPW line. %/he idea of an inline gir—bridge

topology at 10-110 GHz [6], [1]. The capacitive MEMS S'W'tdhas been demonstrated before using standard air-bridge tech-

has an up-state capacitance of 30-100 fF and a capacnanc%gy and is applied here for MEMS switches. A nitride layer

ratio of 40-80, res_ultlng ina down-state capacitance of l"1_.é|'!sgdeﬁned over the central portion of the bridge, and forms the
pF, and excellent isolation at 10 GHz and above. The capacitive ~ ..
shunt switch is typically built with the anchors attached to thcapacmve contact between the center conductor and the ground

) . Slane once the bridge is pulled down. The advantages of this
coplanar wavggwde (CPW) ground plane (or :_i_mlcro_smp approach is that it isolates the mechanical characteristics of the
stub). Muldaviret al. have shown that the capacitive switch cal EMS bridge from the electrical connection to the ground
be well fitted using a CLR model and results in very low-los > other words. one can Now USe a Narmow high-inductanc;e
operation and high-isolation up to 100 GHz and above [2], [6; a wide Iow-ihductance connection to the ground plane (in

This paper details a novel version of the shunt switch . . ) . . .
i . . ..a microstrip or CPW implementation) without changing the
topology. The switch can be designed to result in a capacitive . . )
. . i echanical spring constant of the MEMS bridge.
contact or in a dc-contact with the use of one additional metal - o .
Another advantage of the inline switch in the up-state is the

layer. The dc-contact shunt switch results in a very low contacr% L Co . .
; shprt high-impedance transmission line section due to the height
resistance due to the use of a novel pull-down electrode,

; . . of the bridge. This occurs at the left and right sides of the central

therefore in excellent isolation at 0.1-5 GHz. . . .
bridge portion and help tune out the up-state capacitance. In
both the X/K-band and the Ka/V-band switches, the equivalent
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Fig. 2. Measured (solid) and fitted (dashe$hparameters of a X/K-band =

inline shunt capacitive MEMS switch.

connection. Next, a 2000 A-thick nitride layer is deposited using
a PECVD process at 25C. A 1.5 m-thick photoresist layer
is used as the sacrificial layer, and the MEMS air bridge is fab-

S-parameters [d
)
3
T

. . . " . . -40

ricated using a Ti/Au sputter deposition with a total thickness = Isolation\ /
of 9000 A. The CPW line and MEMS bridge anchors are elec- R= IO'ISQI . . ) . .
troplated to a total thickness of 2:6n, and the MEMS bridge =05 ; 10 20 30 40
is released using a critical point drying process. The length of Frequency [GHz]

the MEMS bridge is 30@:m and the width depends on the re-

quired capacitance. The MEMS switch is biased using an &g 4. Measured (solid) and fitted (dashefparameters of a Ka/V-band
ternal bias-T circuit between the CPW center conductor afff"® shunt capacitive MEMS switch.

ground.

X/K-Band Switch: The measured-parameters for an inline
X/K-band capacitive switch with a capacitive contact area of
140 x 100 pm? are shown in Fig. 2. The 50 CPW line dimen-
sions ard7 /W /G = 96/160/96 pm on a silicon substrate. The
measured line loss is 0.25 dB/cm at 2 GHz and increases to 1.25
dB/cm at 40 GHz. The measured up-state capacitance is 133 fF
and agrees well with the electrostatic simulations which predict |
a parallel-plate capacitance 6}, = 93 fF and a fringing ca-
pacitance of’; = 31 fF. The measured loss in the up-state po-
sition follow thel — |S11|* response. Isolation measurements
are shown with the bridge fabricated in the down-state posi-
tion, and with the bridge pulled down using 25 V. The isola-
tion measurements fit well @ LR model withZ. = 10 pH and
R = 0.15 2. The maximum parallel-plate capacitance is 4.89.5. Photomicrograph of the novel dc-contact inline shunt MEMS switch.
PF Cmax = €-A/d), and the achievable pulled-down capaci-
tance is 3.1 pFQ.65C,,.x)- The difference is due to the rough-the measured loss is 0.5 dB/cm at 2 GHz and increases to 1.5
ness of the dielectric/bridge layer, and due to slight curling mB/cm at 40 GHz. The capacitive contact areald® x 60
the bridge preventing a complete conformal contact when then-square and results in a measured up-state capacitance of 67
bridge is pulled down. The capacitance ratio is 24 due to tfffe This agrees with a height of 1 (C,, = 48 fF, Cy = 18
low height of the MEMS bridge. However, as shown in [7], thi$§F). The measured down-state performance shows a maximum
switch can be used in a tuned T-oicircuit to result in excellent capacitance of 2.8 pF and a pulled-down capacitance of 2.2
isolation at 10 GHz and above. pF 0.79C.,x)- This means that the MEMS bridge is being

The pull-down voltage was 12 V, and the applied voltage pulled down conformally and the reduction in the capacitance
was set at 25 V. The extracted spring constant i& 0 N/m is solely due to the roughness of the dielectric. The inductance
using a nominal gap height of 1,8m. is reduced to 7.7 pH due to the smaller CPW gap (see [2]). The

Ka/V-Band Switch:The measuredS-parameters for a capacitance ratio is 33, and the Ka/V-band inline switch can be
Ka-Band inline switch (Fig. 3) are shown in Fig. 4. The 5@ised at 15 GHz to 60 GHz using a T-xomatch circuit.

Q CPW-line dimensions ar&/W/G = 60/100/60 pm (). The pull-down voltage was 243 V, and the applied voltage
There is a 6000 A-thick oxide layer in the CPW gaps, andas set at 40 V. The extracted spring constant ts@#/m. The
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Fig. 6. lllustration of a dc-contact inline shunt MEMS switch. The static

electric fields from the bias electrode pull the bridge to the ground contact. . . .
Fig. 7. Measured (solid) and fitted (dashetfparameters of an inline shunt

dc-contact MEMS switch.
estimated mechanical resonant frequency is 54 kHz, assuming
the modal mass is dominated by the central 200 portion. , )
The calculated mechanical quality facte)(is 0.24, due to the Measured contact resistance is very low, around 0.15+0,35
absence of holes, and yields estimated switching times of g_brrause the electrostatic force is applled at the same location as
us for v, = 2 to 1.5V, the metal-to-metal contact area. This may be one of the advan-

tages of this novel design. The switch results in an isolation of
o —40 dB at 0.1-3 GHz (Fig. 7). The measured isolation is lim-
Mll. NOVEL METAL-TO MSiTﬁéHCONTACT INLINE SHUNT ited by the inductance to ground and is better th&2D dB at
40 GHz. The isolation at 40 GHz can be improved by 6 dB if a
The inline shunt switch can be made to operate at low RF frep\w gap of 40-5Qum is used, thereby resulting in an induc-
quencies (dc-10 GHz) using a metal-to-metal contact (Fig. 2ance of 5-6 pH.
In this case, two metal layers are defined underneath the bridgeThe metal-to-metal inline switch can be further improved by
The first layer is the pull-down electrode, and is fabricated usir@oosing different metals with higher contact reliability (AuBe,
a 3000 A-thick layer of gold (Fig. 6). The pull-down electrodenyTi, Pt, ErPt, ...) and by fabricating bumps in the MEMS
is connected using high-resistivity bias lines to the edge of théidge to contact at specific points with a higher pressure per
ground plane. A 2000 A-thick nitride layer is used to isolatgontact. In our case, the contact resistance of Au/TiAu was re-
the bias lines from the CPW ground plane. The nitride layer jgeatable over two months in laboratory experiments with the
also deposited over the pull-down electrode. A 4000 A-thick AWafer dried at 80°C for 20 min and then flushed with nitrogen
layer with is deposited on top of the nitride and is connected gfore testing. No lifetime tests were done in our laboratory.
the CPW ground using the “bow-tie”-shaped (low inductance)
gold pattern. The top metal layer forms the metal-to-metal con-
tact with the MEMS bridge and connects the MEMS bridge to
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