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A Low-Voltage Actuated Micromachined Microwave
Switch Using Torsion Springs and Leverage
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Abstract—In this paper, a push–pull type microwave switch
is proposed, which utilizes torsion springs and leverage for
low-voltage operation. The switching operation up to 4 GHz is
demonstrated. The actuation voltage is 5 V. The insertion loss of

1 dB and the isolation as high as 40 dB at 1 GHz are achieved
by the push–pull operation.

Index Terms—Microactuators, micromachining, microwave
switches.

I. INTRODUCTION

M ICROWAVE switches are widely used components
in RF communication systems such as phase shifters,

phased-array antenna, and handsets. Conventionally, semi-
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 Larsonet al.’s
demonstration in the early 1990’s, many researchers have re-
ported micromachined switches [1]–[10]. From these switches,
low-insertion loss and good isolation can be achieved compared
to the semiconductor counterparts. Micromachined switches
also have ultrahigh linearity.

Since most micromachined switches are operated by elec-
trostatic actuation, their main drawback is the high actuation
voltage (typically 20 V, minimum 8 V, as reported in [9]).
This makes it difficult to be adapted for the miniaturized mobile
systems. To reduce the actuation voltage, the gap between the
movable contact and signal line should be reduced. However,
this results in the increase of off capacitance (), leading to
poor isolation. The other approach is to optimize the geometrical
sizes of the movable structure for low actuation voltage. How-
ever, this generally causes high residual stress. Another solution
is to change the configuration of the structure. A push–pull con-
figuration has been reported to significantly reduce the actua-
tion voltage. In addition, this type of switch is more robust to
the influence of environment such as vibration or physical im-
pact because potential is applied at both on state and off state.
Milanovic et al. demonstrated the switch of this configuration
[10]. However, the maximum height of the movable contact is
limited to the double of initial height in their scheme.

In this paper, we propose a new push–pull configuration by
combination of rotational actuation and leverage for low-voltage
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Fig. 1. Schematic diagram of the proposed switch.

actuation of the micromachined microwave switch. This paper
will discuss the operation principle, design issues, fabrication
techniques, experimental results, and areas requiring further re-
search.

II. PUSH–PULL CONFIGURATION

Fig. 1 shows the schematic diagram of the proposed switch.
Microstrip transmission line has been used for our design. Ini-
tially, the signal line is separated and the switch is at the off state.
When the contact arm is pulled down by electrostatic force, the
contact is made in the signal line and signal can be transmitted
at this on state. The isolation of the switch is determined by

. Since capacitance is inversely proportional to the distance
between its two electrodes, the isolation becomes larger if the
contact is lifted higher. For this purpose, we propose a push–pull
configuration. The contact is suspended to a lever physically and
isolated with it electrically by insulator. The lever is connected
to a rotational plate, which rotates around an axis of torsion
springs. One end of the torsion spring is anchored to the sub-
strate. There are two fixed electrodes on the substrate. One is a
push electrode and the other is a pull electrode. When voltage is
applied to the pull electrode, as shown in Fig. 2(b), the contact
moves down to make contact with the signal line. When this pull
voltage is eliminated and the push voltage is applied, as shown
in Fig. 2(c), the contact is lifted upward. The contact height ()
at the off state is amplified by the leverage. The contact height
( ) is expressed as [see Fig. 2(a)]

(1)
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(c)

Fig. 2. The proposed push–pull configuration. (a) At zero bias. (b) At the on
state (whenV is on). (c) At the off state (whenV is on).

where is the initial height. It shows that (hence, isolation)
increases as increases. Therefore, we can makelower
to reduce the actuation voltage while maintaining high isolation.

A. Electrostatic Torque and Actuation Voltage

Since the switching is carried out by the electrostatic torque,
one has to know the relation between electrostatic torque
and rotation angle to estimate the actuation voltage, i.e.,

(2)

where is an applied voltage, is the width of the upper
electrode, is , and is the length of the bottom
electrode, and and are the thickness and dielectric constant
of the insulator, respectively. At equilibrium, is equal to the
restoring torque , which can be written as

(3)

where is the length of the torsion spring and is the shear
modulus. is the polar moment of inertia of the spring, which
is expressed as

(4)

where and are the width and the thickness of the spring,
respectively. One can obtain the relation betweenand the ap-
plied voltage by solving the equation

(5)

Fig. 3. Calculated rotation angle versus the applied voltage.

When is small, there exists a solution. However, above a
threshold voltage ( ), (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 case,is 3.5 V. The
off voltage ( ) is because the upper electrode directly
touches the push electrode. The on voltage () can be lower
than because the contact can be touched to the signal line
before the upper electrode is to the pull electrode. Therefore, the
overall actuation voltage of the switch is estimated to be about

.

III. D ESIGN

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 calculated with various geometrical di-
mensions. It is found in Fig. 4(a) that is dependent more
on the spring width ( ) than on the spring length (). Fig. 4(b)
shows that the gap between the upper and bottom electrodes ()
is more influential than the thickness of the torsion spring ()
to achieve the low actuation voltage. Without using a push–pull
configuration, the maximum contact height () at the off state
is the same as the initial height (). In this case, must be high
enough for reasonable RF isolation. Then, is 30 V when

is 2 m and is 4 m. The push–pull configuration allows
that can be lowered by the half while maintaining the same
isolation. In this case, 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 lowerfurther with
the same isolation. When is and is 1 m, is
decreased to 3.5 V (about one-third of that without leverage).
Fig. 4(c) shows that decreases as the upper electrode length
( ) and the width ( ) increase. This also shows that is
not decreased significantly when the ratio of is greater
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(a) (b) (c)

Fig. 4. CalculatedV of the switch: (a) with various spring widths (w ) and spring length (l ), (b) with various initial contact heights (h ) and spring thickness
(t ), and (c) with various bottom (l ) and upper electrode length (l ).

TABLE I
DESIGNEDDIMENSIONS OF THEMICROMACHINED SWITCH

than 0.4. The dimensions of the fabricated switch are shown in
Table I.

B. Contact Part

The RF model of the switch at the on and off states is depicted
in Fig. 5(a) and (b), respectively. is the parasitic capacitance
between the contact electrode and upper electrode. The off state
is modeled as the parallel connection of the vertically coupling
capacitance ( ) and the microstrip gap . Fig. 6(a)
shows the calculated insertion loss with various on resistance
( ) and s at 4 GHz. When is greater than 5 ,
becomes the dominant factor, and when is less than 5 ,
the insertion loss is mainly determined by. Fig. 6(b) shows
the calculated isolation with various s and the signal line gap

at 4 GHz. When is greater than 50 fF, the isolation is de-
termined by . Smaller than 50 fF, begins to affect the isola-
tion. The contact area has to be designed carefully to have good
RF performance. As the contact area increases,decreases
and increases. The designed contact area is 9090 m .

(a) (b)

Fig. 5. RF models of the micromachined switch. (a) At the on state. (b) At the
off state.

C. Stress Management

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
upward), the contact cannot be formed in the pull operation.
Plated Au is selected as a main structural layer due to its small
shear modulus and moderate stress. The whole movable struc-
ture is designed as a multilayer of SiN(200 nm)—evaporated
Ti/Au (20/50 nm)—plated Au (1.1m) as a stress compensated
structure. SiN with a compressive stress is inserted to compen-
sate the moderate tensile stress gradient of the electroplated Au.
It also works as an insulating layer between the dc bias and the
contact. It prevents short between the upper and bottom elec-
trodes. Total thickness of the movable structure is 1.4m.

IV. FABRICATION

In this study, semiinsulating GaAs has been used as the
substrate. Other insulating or semiinsulating substrates, such
as high-resistivity Si, alumina, quartz, etc., can also be used.
Fig. 7 shows the fabrication process. At first, the signal line
and the bottom (push and pull) electrodes are formed by Au
plating on top of the Ti/Au seed metal. After removal of the
seed metal [see Fig. 7(a)], AZ5214 photoresist is spun as a
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(a) (b)

Fig. 6. Calculated RF characteristics of the switch. (a) At the on state. (b) At the off state.

(a) (b)

(c) (d)

Fig. 7. Fabrication process of the switch. (a) Formation of the bottom electrodes and signal line. (b) Sacrificial layer and contact formation. (c) Structure layer
formation. (d) Structure release.

sacrificial layer and anchor is defined. The photoresist is cured
at 150 C to endure during the next process steps. The contact
is formed by Au/Ti (0.5/0.05 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 ground
plane (Au) is plated at the backside and the structure is released
[see Fig. 7(d)]. This release step is performed by Oplasma dry
etching to prevent the stiction problem. The SEM micrograph
of the fabricated switch is shown in Fig. 8. The contact is
floated 1 m above the signal line.

V. RESULTS

Fig. 9 shows the – measurement result between the upper
and bottom electrodes of the fabricated switch. It shows that the

Fig. 8. SEM micrograph of the fabricated switch.

capacitance is abruptly changed at 4 V. Fig. 10 shows the mea-
sured and of the switch with various s. It shows
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Fig. 9. C–V measurement result of the fabricated switch.

Fig. 10. MeasuredV (square) andV (circle) of the switch with various
l s.

that is lower than . is 3–14 V and is
5–16 V. These low actuation voltages are due to the small initial
gap (1 m) between the upper and bottom electrodes. The dy-
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
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 HP8720C network analyzer. Fig. 12 shows
the on state characteristics of the switch. and are ex-
tracted as 10 and 0.6 pF. The reason for this high may be
that hard contact is not formed because of the distance between
the pull electrode and contact electrode. The insertion loss is
lower than 2 dB. To achieve the insertion loss as low as 0.1 dB
at 4 GHz, must be below 1 and 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 mea-
sured as 17 dB. It becomes 28 dB in the push operation, im-
proving the isolation by 10 dB. have been estimated as 60
fF at zero bias and considerably reduced to 6 fF by the push op-
eration. Total has been calculated to be 70 fF at zero bias
and 15 fF by the push operation. The signal line gapwas

Fig. 11. Dynamic response of the switch.

Fig. 12. Measured (line+ symbol) and modeled (line) on state characteristics
of the fabricated switch.

Fig. 13. Measured (line+ symbol) and modeled (line) off state characteristics
of the fabricated switch.

20 m. With the wider gap, the isolation becomes greater. The
lifetime of the switch is under estimation.

VI. CONCLUSIONS

A surface-micromachined microwave switch with a
push–pull configuration has been proposed and demonstrated
in this paper. A low actuation voltage has been achieved by
means of torsion springs and leverage. DC measurements have
indicated that the minimum actuation voltage is lower than 5 V.
RF characterizations show that the isolation can be significantly
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improved by the push–pull configuration. This switch can be
used for mobile RF telecommunication systems.
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