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A Low-\oltage Actuated Micromachined Microwave
Switch Using Torsion Springs and Leverage

Dooyoung Hah, Euisik YoarMember, IEEEand Songcheol HondMember, IEEE

Abstract—In this paper, a push—pull type microwave switch
is proposed, which utilizes torsion springs and leverage for y
low-voltage operation. The switching operation up to 4 GHz is upper electrode _
demonstrated. The actuation voltage is~5 V. The insertion loss of e,
~1 dB and the isolation as high as~40 dB at 1 GHz are achieved insulater ‘
by the push—pull operation.
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. INTRODUCTION j7i - contact

ICROWAVE switches are widely used components A -
in RF communication systems such as phase shifters B/ substrate _‘ " ground
phased-array antenna, and handsets. Conventionally, sem '
conductor devices, such as FETs and p-i-n diodes, have
been used for switch operation. However, they suffered from
high-insertion loss and poor isolation. Since Larsanal’s
demonstration in the early 1990’s, many researchers have Ffig- 1. Schematic diagram of the proposed switch.
ported micromachined switches [1]-[10]. From these switches,
low-insertion loss and good isolation can be achieved compa@tiuation of the micromachined microwave switch. This paper
to the semiconductor counterparts. Micromachined switchedll discuss the operation principle, design issues, fabrication
also have ultrahigh linearity. techniques, experimental results, and areas requiring further re-
Since most micromachined switches are operated by elsearch.
trostatic actuation, their main drawback is the high actuation
voltage (typically>20 V, minimum 8 V, as reported in [9]). Il. PusH-PuLL CONFIGURATION
This makes it difficult to be adapted for the miniaturized mobile Fig. 1 shows the schematic diagram of the proposed switch.

systems. To reduce the actuation voltage, the gap betweenyjie,ostrip transmission line has been used for our design. Ini-
movable contact and signal line should be reduced. Howevgly, he signal line is separated and the switch is at the off state.
this results in the increase of off capacitancg), 1eading 10 \yhen the contact arm is pulled down by electrostatic force, the
poorisolation. The other approachiis to optimize the geometricajy, .+t is made in the signal line and signal can be transmitted
sizes Of the movable structu_re for I_OW actuation voltage. HOV&% this on state. The isolation of the switch is determined by
ever, this generally causes high residual stress. Another solufon since capacitance is inversely proportional to the distance
is to change the configuration of the structure. A push—pull oy yeen its two electrodes, the isolation becomes larger if the
figuration has been reported to significantly reduce the actygsna s lifted higher. For this purpose, we propose a push—pull
tion voltage. In addition, this type of switch is more robust @, g4, ration. The contact s suspended to a lever physically and
the influence of environment such as vibration or physical insq|ated with it electrically by insulator. The lever is connected
pa_lct be(_:ause potential is applied at F’Oth on s_tate ar_1d off _St%ea rotational plate, which rotates around an axis of torsion
Milanovic et al. demonstrated the switch of this conflguratlo%prings_ One end of the torsion spring is anchored to the sub-
[10]. However, the maximum height of the movable contact igrate. There are two fixed electrodes on the substrate. One is a
limited to the double of initial height in their scheme. 1\, glectrode and the other is a pull electrode. When voltage is
In this paper, we propose a new push—pull configuration by jieq to the pull electrode, as shown in Fig. 2(b), the contact
combination of rotational actuation and leverage for low-voltagg ,\ .es down to make contact with the signal line. When this pull
voltage is eliminated and the push voltage is applied, as shown
Manuscript received March 6, 2000; revised August 23, 2000. This work wita Fig. 2(c), the contact is lifted upward. The contact heighj (

supported in part under the National Research Laboratory Project and by #iethe off state is amplified by the leverage. The contact height
Millimeter-Wave Innovation Technology Research Center. . d Fig. 2
The authors are with the Department of Electrical Engineering and Compu(@rﬁ) is expressed as [see Fig. 2(a)]

Science, Korea Advanced Institute of Science and Technology, Taejon 305-338, I
Korea (e-mail: hady@cais.kaist.ac.kr). h.=(2+ lever ho
Publisher Item Identifier S 0018-9480(00)10786-0. ¢ lie

push electrode pull electrode

)

0018-9480/00$10.00 © 2000 IEEE



HAH et al: LOW-VOLTAGE ACTUATED MICROMACHINED MICROWAVE SWITCH

(=

(=4

¥
push electrode  pull electrode

(@) (b)

1

©

Fig. 2. The proposed push—pull configuration. (a) At zero bias. (b) At the on

state (wher,..i1 is on). (c) At the off state (whel, .., is on).

wherehy is the initial height. It shows thdt,. (hence, isolation)
increases ah.... increases. Therefore, we can madkgelower

to reduce the actuation voltage while maintaining high isolatio

A. Electrostatic Torque and Actuation Voltage
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Fig. 3. Calculated rotation angle versus the applied voltage.

WhenV is small, there exists a solution. However, above a
threshold voltagel(..,), (5) cannot be solved. This means that
the upper electrode is abruptly pulled down to touch the bottom
electrode at;;,. Fig. 3 shows the calculated relation between
applied voltage and rotation angle. In this cdsg,is 3.5 V. The

off voltage (,ush) i Vin because the upper electrode directly
Buches the push electrode. The on voltags,f) can be lower
thanV;y, because the contact can be touched to the signal line
before the upper electrode is to the pull electrode. Therefore, the

Since the switching is carried out by the electrostatic torqueverall actuation voltage of the switch is estimated to be about

one has to know the relation between electrostatic to(qug
and rotation angléd) to estimate the actuation voltage, i.e.,

lte sin @
ho — liesind + td/f:‘d

+n(ho — liesind +t,/eq)

g0V 2 wye
2sin% 0

T.(4

l.sin@
ho—l.sin@ —‘rtd/Ed

—1In(ho — Il sin @ + t4/24) 2

whereV is an applied voltagew:. is the width of the upper
electrode/. is (lie — Ipe), andly. is the length of the bottom

Vvth-

Ill. DESIGN

In order to design the micromachined microwave switch, the
switching voltage and RF performance must be primarily con-
sidered. To achieve low actuation voltage, the geometrical di-
mensions of the actuation part have to be optimized. To have
good RF performance, contact part needs to be carefully de-
signed.

A. Actuation Part

Fig. 4 shows the calculatdd,, with various geometrical di-

electrode, and; ande, are the thickness and dielectric constanhensions. It is found in Fig. 4(a) thaf,, is dependent more

of the insulator, respectively. At equilibriurid, is equal to the
restoring torqué€7;.), which can be written as

_ 2GJ6

7.6 = =5

®3)

wherel, is the length of the torsion spring ad is the shear

modulus..J is the polar moment of inertia of the spring, whic

is expressed as

J = Wsls

15 (Wi + %)

(4)

on the spring width«,) than on the spring lengti,(. Fig. 4(b)
shows that the gap between the upper and bottom electrigles (
is more influential than the thickness of the torsion sprifg (
to achieve the low actuation voltage. Without using a push—pull
configuration, the maximum contact height.J at the off state

is the same as the initial heigltty). In this caselg must be high
enough for reasonable RF isolation. Th&f, is ~30 V when

s IS 2 pm andhg is 4 um. The push—pull configuration allows
thath, can be lowered by the half while maintaining the same
isolation. In this casé/;,, is decreased to 10 V (about one-third
of the non-push—pull type ones). By combination of the rota-
tional actuation and the leverage, we can lowgfurther with

wherew, andt, are the width and the thickness of the springhe same isolation. Whelye, is 2l;. andhg is 1 pm, Viy, is

respectively. One can obtain the relation betwéamd the ap-
plied voltage by solving the equation

T.(8) = T..(6). (®)

decreased to 3.5 V (about one-third of that without leverage).
Fig. 4(c) shows that},, decreases as the upper electrode length
(lte) and the width {.) increase. This also shows thg, is

not decreased significantly when the ratiolgf/!.. is greater
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Fig. 4. Calculated’,, of the switch: (a) with various spring widtha)¢) and spring lengthi(), (b) with various initial contact height&{) and spring thickness
(t,), and (c) with various botton?y(.) and upper electrode length ().

TABLE |

Ron Ry Cr
DESIGNED DIMENSIONS OF THEMICROMACHINED SWITCH 5 | |
2 |
Parameter value O—J\A/\T/V\/\/—O
o— ——o0
spring width (w;) 20 C M_
v 5
spring length (I;) 300 1 Meu
upper electrode width (w,) 100 to 400 h
() (b)
lectrode length (/ 1
upper electrode length (/i) 0010 400 Fig. 5. RF models of the micromachined switch. (a) At the on state. (b) At the
bottom electrode length (/s.) 0.8/, off state.
lever width (wye, 50
Olevr) C. Stress Management
lever length (Jiever) Lieto 3L Control of stress is very important in the design of the switch.

When the overall structure has a tensile stress (bent downward),
isolation becomes poor. When it has a compressive stress (bent
than 0.4. The dimensions of the fabricated switch are shownyfWward), the contact cannot be formed in the pull operation.

Table 1. Plated Au is selected as a main structural layer due to its small
shear modulus and moderate stress. The whole movable struc-
B. Contact Part ture is designed as a multilayer of SiNROO nm)—evaporated

] ] ~ Ti/Au (20/50 nm)—plated Au (1.Lm) as a stress compensated
The RF model of the switch at the on and off states is depictggcture. Si with a compressive stress is inserted to compen-

in Fig. 5(a) and (b), respectivelg,, is the parasitic capacitancesate the moderate tensile stress gradient of the electroplated Au.
between the contact electrode and upper electrode. The off Sifgso works as an insulating layer between the dc bias and the
is modeled as the parallel connection of the vertically couplingntact. It prevents short between the upper and bottom elec-

capacitance () and the microstrip gapMcar). Fig. 6(2) {rodes. Total thickness of the movable structure isud
shows the calculated insertion loss with various on resistance

(Ron) andCys at 4 GHz. Wherk,,, is greater than 82, R, IV, FABRICATION
becomes the dominant factor, and whig, is less than 32, ) CATIO

the insertion loss is mainly determined 6%. Fig. 6(b) shows  In this study, semiinsulating GaAs has been used as the
the calculated isolation with variods-s and the signal line gap substrate. Other insulating or semiinsulating substrates, such
(s) at4 GHz. WherC'y, is greater than 50 fF, the isolation is de-as high-resistivity Si, alumina, quartz, etc., can also be used.
termined byC;-. Smaller than 50 fFs begins to affect the isola- Fig. 7 shows the fabrication process. At first, the signal line
tion. The contact area has to be designed carefully to have geodi the bottom (push and pull) electrodes are formed by Au
RF performance. As the contact area increasigg,decreases plating on top of the Ti/Au seed metal. After removal of the
andC,g increases. The designed contact area is @ ym?.  seed metal [see Fig. 7(a)], AZ5214 photoresist is spun as a
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Fig. 6. Calculated RF characteristics of the switch. (a) At the on state. (b) At the off state.
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Fig. 7.
formation. (d) Structure release.

sacrificial layer and anchor is defined. The photoresist is cure:
at 150°C to endure during the next process steps. The conta
is formed by Au/Ti (0.5/0.0%:m) evaporation and wet etching
[see Fig. 7(b)]. Au is selected because of its high conductivity
and antioxidation property. Ti is inserted for the adhesion of
Au and SiN,. After formation of the total movable structure
described in the previous section [see Fig. 7(c)], the groun
plane (Au) is plated at the backside and the structure is releast
[see Fig. 7(d)]. This release step is performed Byplasma dry
etching to prevent the stiction problem. The SEM micrograpt
of the fabricated switch is shown in Fig. 8. The contact is
floated 1;m above the signal line.

V. RESULTS

Fig. 9 shows th&€ -V measurement result between the upp&apacitance is abruptly changed at 4 V. Fig. 10 shows the mea-

80

photoresist
B i (F
(b)

(d)

Fabrication process of the switch. (a) Formation of the bottom electrodes and signal line. (b) Sacrificial layer and contact formatimiue)l&ter

Fig. 8. SEM micrograph of the fabricated switch.
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and bottom electrodes of the fabricated switch. It shows that theredV,,; andV},,s, 0f the switch with varioug..s. It shows
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Fig. 11. Dynamic response of the switch.
Fig. 9. C-V measurement result of the fabricated switch.
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that Viun is lower thanVpyen. Voun 1S 3-14 V andVyey is
5-16 V. These low actuation voltages are due to the small initial .
gap (1m) between the upper and bottom electrodes. The dy- 4ok
namic response of the switch at 100 Hz is given in Fig. 11. In a
non-push—pull configuration, the closure and release times were el
measured as 0.5 and 0.1 ms, respectively. In the push—pull con- : : : : ‘
figuration, both of the times are 0.6 ms. The RF characteristics
from 500 MHz to 4 GHz of the fabricated switch have been ex-
amined by using the HI_D8_720C network analyzer. Fig. 12 sho |a. 13. Measured (ling- symbol) and modeled (line) off state characteristics
the on state characteristics of the switéh,, andC), are ex- of the fabricated switch.

tracted as 1® and 0.6 pF. The reason for this higfy,, may be
that hard contact is not formed because of the distance betw
the pull electrode and contact electrode. The insertion los
lower than 2 dB. To achieve the insertion loss as low as 0.1
at 4 GHz, R, must be below 1?2 and C,, below 50 fF. The
off-state characteristics of the fabricated switch are shown in
Fig. 13. When no bias is applied, the isolation has been meaA surface-micromachined microwave switch with a
sured as-17 dB. It becomes-28 dB in the push operation, im- push—pull configuration has been proposed and demonstrated
proving the isolation by-10 dB.Cy- have been estimated as 60n this paper. A low actuation voltage has been achieved by
fF at zero bias and considerably reduced to 6 fF by the push opeans of torsion springs and leverage. DC measurements have
eration. TotalC,; has been calculated to be 70 fF at zero biasdicated that the minimum actuation voltage is lower than 5 V.
and 15 fF by the push operation. The signal line gapwas RF characterizations show that the isolation can be significantly

Isolation [dB]
&

Frequency [GHz]

‘ESF,Lm With the wider gap, the isolation becomes greater. The
ﬁd'@time of the switch is under estimation.

VI. CONCLUSIONS
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improved by the push—pull configuration. This switch can be [9] J. Park, G. Kim, K. Chung, and J. Bu, “Electroplated RF MEMS capac-

Japan, Jan. 23-27, 2000, pp. 639-644.
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