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A Low Voltage Actuated Microelectromechanical Switch for RF Application
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A push-pull operation is proposed for low voltage actuation of a microelectromechanical (MEM) switch for RF application.
The push-pull operation realized by torsion springs and contact electrode height amplification by leverage, lowers the actuation
voltage of the MEM switch by reducing the gap between actuation electrodes. The proposed MEM switch is fabricated by
gold surface micromachining. Switching operation up to 4 GHz is demonstrated. The actuation voltage is as low as 5V. The
insertion loss of- 1 dB and the isolation as high as40 dB at 1 GHz are achieved by the push-pull operation.
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1. Introduction age, which is expressed as,

Micromachining is expected to become a significant tool h. — liever h
. S 2 . : c=12+ 0s (1)
in RF communication systems. RF microelectromechanical Ire

(MEM) switches, in particular, have been paid great atteRyhere |, is the length of the levet, is the half length of
tion to due to their excellent electrical performance compargfle rotating electrode, arfu is the initial contact electrode

to their semiconductor counterparts, such as GaAs field &fgight. This shows that., hence the isolation, increases as
fect transistors (FETs) and p-i-n diodes) They show low

insertion loss € 0.5dB) and high isolationX 30dB) char-

acteristics in the range of microwave and millimeter waves.

They do not exhibit intermodulation distortion (IMD). In ad-
dition, they have low power consumption characteristics and i
moderate switching speed. However, their main drawback is'
the high actuation voltage (typically; 20V) because most

of them are actuated by electrostatic force. In most cases, the
gap between the actuation electrodes is @rdfor sufficient
isolation in the off state. This results in the high actuation
voltage in the RF MEM switches. One way to lower the actu-
ation voltage while maintaining high isolation is to change the
configuration. In this work, we demonstrate the low voltage |
actuated RF MEM switch by utilizing a push-pull configura-
tion and leverage. In this paper we will discuss the operating SEEEEEE
principle, design issues, fabrication techniques, experimental

results, and areas requiring further research.
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2. Push-Pull Configuration

Figures 1(a) and 1(b) show the scanning electron micro-
scope (SEM) image and the photograph of the proposed RF
MEM switch, respectively. As described in 81, to achieve
both high isolation and low actuation voltage we utilize the
push-pull configuration. There are three actuation electrodes,
which are composed of two fixed electrodes, a ‘push’ elec-
trode and a ‘pull’ electrode, on the substrate and one rotating
electrode floated over the substrate. When voltage is applied
between the pull and the rotating electrodes (Fig. 2(a)), the
contact electrode attached to the rotating electrode through
the lever moves down to make contact with the signal line.
When this pull voltage is eliminated and the voltage is ap-
plied between the push and the rotating electrodes (Fig. 2(b)),
the contact electrode is lifted upward. Moreover, the contact
electrode heighth;) in the off state is amplified by the lever-

*Present address: Department of EE, UCLA, Los Angeles, CA 9009%ig. 1. (a) The SEM image and (b) the photograph of the proposed RF
1594, USA; E-mail address: hady@icsl.ucla.edu MEM switch using a push-pull configuration.
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llever iNcreases. Therefore, we can reduce the actuation voltage
by lowering ho while maintaining the high isolation.
3. Design

The actuation voltage is determined by the geometrical di-
mensions and the material properties of the torsion springs

80V2U)re Iresne

Te(0) =
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and the rotating electrode. Gold is selected as the main struc-
tural material due to its low shear modulus and low residual
stress. Since switching is carried out by electrostatic torque,
one has to know the relationship between electrostatic torque
(Te) and rotation angle (0) to estimate the actuation voltage.
Thatis,

|

(Ire - Ife) sinf

2sin%9

~ ho — (Ire — l1e) SING + tg/eq
where, V isthe applied voltage, wye isthewidth of therotating
electrode, and lte is the length of one of the fixed electrodes.?)
ty and &4 are the thickness and the dielectric constant of the
insulator beneath the rotating electrode, respectively. At equi-

librium, T, is equal to the restoring torque (T;), which can be
given as.
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Fig. 2. The proposed push-pull configuration (a) at the on state (when Vpui
ison) and (b) at the off state (when Vpush ison).
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Fig. 3. Thecalculated relationship between the applied voltage and the ro-
tation angle of the rotating electrode.
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where, |5 and G are the length and the shear modulus of the
torsion springs, respectively. J isthe polar moment of inertia
of the springs, which is expressed as,

wels
J = 4
B 4

where, ws and ts are the width and the thickness of the tor-
sion springs, respectively.” One can obtain the relationship
between 6 and V by solving the equation,

Te(®) = Ty (0).

(w2 4 t2),

©)

When V issmall, there exists a solution. However, above a
threshold voltage (Vin), €g. (5) cannot be solved. This means
that the rotating electrode is abruptly pulled down to touch
the fixed electrode at V. Figure 3 shows the calculated re-
lationship between V and 6. In this case, Vy, is3.5V. The
off-voltage (Vpusn) IS Vin because the rotating electrode di-
rectly touches the push electrode. The on-voltage (Vpui) can
belower than Vi, because the contact el ectrode can be brought
in contact with the signal line before the rotating electrode
is brought in contact with the pull electrode. Therefore, the
overall actuation voltage of the switch is estimated to be Vi,.
The various dimensions of the torsion springs and the elec-
trodes were designed to examine the relationship between the
dimensions and the actuation voltages. The length of the tor-
sion spring (Is) was designed from 100 um to 500 um. The
width of the torsion spring (ws) was varied between 10 um
and 20 um. The thickness of the torsion spring was designed
to be 1.4 um. The haf length of the rotating electrode (I;¢)
was designed from 100 m to 400 pem.

The contact area has to be designed carefully to achieve
good RF performance. As the contact area increases, on-
resistance (R,n) decreases and off-capacitance (Cy) in-
creases. The designed contact area was 90 x 90 um?. The
signal line gap was designed to be 20 um.

4, Fabrication

Figure 4 shows the fabrication process of the RF MEM
switch. Semi-insulating GaAs is used as the substrate. Other
insulating materials, such as alumnia, high resistivity Si and
Quartz, can also be used. First, the signal line and the fixed
(push and pull) electrodes are formed by gold plating (Fig.
4(a)). AZ5214 photoresist is spun as a sacrificial layer and
the anchors are defined. The contact electrode is formed by
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Fig. 4. Thefabrication processof the RFMEM switch: (&) formation of the
bottom electrodes and signal line; (b) sacrificial layer and contact electrode
formation; (c) structure layer formation; and (d) structure release.
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Fig. 5. The C-V measurement result between the actuation
electrodes of the fabricted RF MEM switch (torsion spring:
1.4 um(t) x 10 um(w) x 300 um(l), lye: 200 um).

gold plating (Fig. 4(b)). The movable structureisformed asa
multilayer of SiNy (0.2 m)-titanium/gold (20/50 nm)-plated
gold (1.1 um) as a stress compensated structure (Fig. 4(c)).
Finally, the structure is released by O, plasma dry etching to
prevent stiction problem (Fig. 4(d)).

5. Experiment Results

The capacitance-voltage (C—V) measurement result be-
tween the actuation electrodes of the fabricated switch (tor-
sionspring: 1.4 um(t) x 10 um(w) x 300 um(l), lye: 200 em)
isdepicted in Fig. 5. It shows the abrupt change of the capac-
itance at the threshold voltage (in this case, 8V). The initia
upward deflection due to the residual stress gradient in the
torsion springs was observed when ws was 10 um. Hence,
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Fig. 6. The measured Vpu and Vpus, and the calculated Vi according to
the various e values (when |5 is 300 um and ws is 20 um).
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Fig. 7. The measured Vpu and Vpus, and the calculated Vi according to
the various|s values (when | is 200 um and ws is 20 um).

Vin of the device in which ws is 10 um was measured to be
higher than V4, of the device in which wg is 20 um. Figure 6
shows the measured Vpyui and Vipus and the calculated Vi ac-
cording to the various values of |, when |5 is 300 um and wg
is 20 um. This shows that the actuation voltage decreases as
Ire increases. Figure 7 exhibits the measured Vpu and Vous
and the calculated Vi, according to the various values of Ig
when I is 200 um and ws is 20 um. This shows that the ac-
tuation voltage does not vary significantly with ls. This may
be caused by the residual stress of the torsion springs because
theresidua stress enlarges the spring constant and it becomes
amore significant factor to Vi, asls increases. There are some
differences between the calculated Vi, and the measured Vs
asshowninFigs. 6 and 7. Thereason for thisisthat the resid-
ual stress was not considered in the calculation performed in
83 for the sake of simplicity. The calculated V4, according to
the various hg and ts values is depicted in Fig. 8. It is shown
that Vi, is significantly changed by hg. On the basis of these
results, it appearsthat the most effective way to reduce the ac-
tuation voltageis by decreasing hg and the proposed push-pull
configuration is one of the ways to realize it. The minimum
actuation voltage was measured to be 5V. The closure time
of the switch was measured to be 0.6 ms. The RF character-
istics from 500 MHz to 4 GHz of the fabricated switch were
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Fig. 8. The calculated Vi, according to the various hg and ts values.
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Fig. 9. Themeasured (line+square) and simulated (line) RF characteristics
of the fabricated RF MEM switch.

examined using a HP8720C network analyzer (Fig. 9). The
insertion loss was below 1dB up to 2GHz and 2dB up to
4GHz. Thisrelatively large insertion loss may be due to the
parasitic capacitance between the contact electrode and the
rotating electrode and high R,, measured as 8 2. The reason
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for this high Ry, may be that a hard contact is not formed
because of the distance between the pull electrode and the
contact electrode. At zero hias, the isolation was measured
to be > 17dB up to 4GHz. It became > 28dB in the push
operation, improving the isolation by ~ 10dB. The isolation
will be further improved with a wider signal line gap. Ce
was 70fF at zero bias and reduced to 15fF in the off state.

6. Conclusions

A surface-micromachined RF switch with a push-pull con-
figuration has been demonstrated. The actuation voltage of as
low as 5V has been achieved by means of torsion springs and
leverage. From the experimental results, it was proven that
the most effective way to reduce the actuation voltage is by
decreasing the gap (hg) between the actuation electrodes and
the push-pull operation is one of the ways to realize it. The
RF characterization showed that the isolation can be signifi-
cantly improved by the push-pull configuration. This switch
can be used for mobile RF telecommunication systems.
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