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Abstract: Employing a tri-electrode topology for electrostatic actuators can significantly reduce
needed control voltages. The tri-electrode topology employs a perforated intermediate electrode
between the MEMS structure and pull-down electrode, and provides a low voltage control for the
MEMS structure. Simulations of a spring supported MEMS in a conventional electrostatic actuator
offering ~4.5 um displacement with 20 V on the pull-down electrode, were compared to the tri-
electrode actuator. This study showed that the intermediate electrode can act to provide similar
controlled displacement with only 1/3 and 1/4 the voltage for the cases with the pull-down electrode
held fixed at 20 V and 40 V respectively. A fabricated prototype experimentally showed that the
intermediate electrode can provide similar displacement control with only 1/6 the normal control
voltage of an electrostatic actuator.

Keywords: electrostatic actuator; adaptive optics; finite element analysis; MEMS; tri-electrode
topology

1. Introduction

Electrostatic actuators are widely used for MEMS devices and offer a main benefit of low steady
state power consumption. However, when larger stroke actuation is required, electrostatic actuators
require increasingly higher control voltages, due to the increasing spacing from the pull-down
electrode. Research to overcome this issue have been carried out by many groups. Shai Shmulevich
et al. [1] proposed solving the pull-in issue with a nonlinear spring, thereby allowing closer electrode
spacing. Toshiyuki Sugimoto et al. [2] and Hao Ren et al. [3] used bi-directional electrostatic actuators
to expend the controllable stroke. J. I. Seeger et al. [4] utilized a negative feedback with a capacitor in
series with the electrostatic actuator as a solution to the pull-in.

A novel tri-electrode topology for the electrostatic actuator was introduced in [5] that can greatly
reduce the controlling voltage. A perforated intermediate electrode (biased to Vi) is placed between
the MEMS and the underlying pull-down electrode (biased to V}). Figure 1a illustrates the tri-
electrode topology, and Figure 1b shows a picture of a fabricated device. The intermediate electrode
operates as the variable voltage to provide controllable displacement, while the pull-down electrode
remains at a fixed voltage.

Proceedings 2018, 2, 928; doi:10.3390/proceedings2130928 www.mdpi.com/journal/proceedings



Proceedings 2018, 2, 928 20f5

Intermediate
Electrode
We

(@)

Figure 1. (a) Schematic of the tri-electrode prototype. (b) Fabricated structure under microscope.

2. Tri-Electrode Configuration Modelling

Simulations of the tri-electrode structure were undertaken using COMSOL Multiphysics, to
determine a base design having pull-down electrode voltages similar to many traditional MEMS
structures. Figure 2 shows the simulated device, with the intermediate electrode having solid (Wk)
and perforated elements (Ws) of equal widths. Table 1 shows the parameters used.
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Figure 2. Schematic of the simulated structure.

Table 1. Parameters used in the simulations.

Parameter Value
D1 6 um
D: 10 pm
L 100 pm
kspring 0.00724 N/m
We 9.09 pm
Cosel 9.09 um
WE 4.76 pm
Cosel 1429 um

The MEMS device is anchored through the suspending springs, and the system was designed so
that in conventional operation a 20 V drive voltage on the drive electrode displaces the MEMS ~4.5
um. A further increase in voltage results in sufficient displacement to cause the pull-in effect. The
conventional operation relates to applying bias voltage on the drive electrode only, while leaving the
intermediate electrode electrically floating. The blue line in Figure 3 shows the performance of the
conventional operation mode.
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Figure 3. (a) Conventional actuator compared to tri-electrode with We = Ws. The blue curve is for the
conventional drive mode. The red and green curves are for V, =20 V and V} = 40 V respectively. (b)
Conventional actuator compared to tri-electrode with We = 1/3 Ws. The blue curve is for the
conventional drive mode. The red and green curves are for V=20 V and V) =40 V respectively.

The tri-electrode operation mode is enabled by applying a voltage (Vi) on the intermediate
electrode with V) fixed. The red curve shows the scenario with the drive electrode fixed at V, =20V,
and the green curve is for V, = 40 V. The plotted lines show the maximum displacement possible
before the pull-in effect occurs in both situations.

3. Results and Discussion

Case 1 with We = Ws is shown in Figure 3a and compares the performances of the tri-electrode
mode with the conventional mode. We can see that by using the intermediate electrode as the control
electrode, a similar displacement can be achieved with significantly reduced control voltage. For V;
=20V, aVi=7.1V gives a maximum displacement of 4.62 um, while the displacement at Vi=0V is
0.13 um, giving a controllable stroke of 4.49 um. This stroke is achieved with only 35.5% of the prior
drive voltage of 20 V. The full range of displacement would be achieved by making Vi=-1.6 V, giving
a minimum displacement of 0.049 pum. In this situation, the controllable stroke is 4.57 pm.

When V, is increased to 40 V, the needed voltage on the intermediate electrode is reduced. For
this case, the maximum displacement of 4.39 um occurs at Vi = 4.8 V, which is 24% of the original
needed voltage of 20 V. In this case, the minimum displacement is 0.22 pm at Vi=-3.2 V, giving a
controllable stroke of 4.17 pum.

Case 2 with We=1/3 Ws is shown in Figure 3b. We can see a similar reduction in Vi corresponding
to the maximum displacement for both values of V;. For V» = 20 V, the maximum displacement is
simulated to be 4.40 um with a Vi=7.0 V, while the minimum displacement (0.15 um) occurs at Vi=
-4.2 V. When V, = 40 V, the maximum displacement is simulated to be 3.70 um with a Vi=-0.89 V,
while the minimum displacement (0.74 pum) occurs at Vi=-8.4 V.

Based on observation of Figure 3a,b, it is obvious that the increased V, leads to an increased
strength of the fringing electric field from the drive electrode. The increased strength of the fringing
field has two effects demonstrated in the figure. First, it reduces the required Vi to reach the maximum
displacement of the device before the pull-in. However, it also reduces the controllable range before
the pull-in. Second, it pushes the Vi voltage of the minimum displacement to the negative of the
voltage axis, meanwhile increases the minimum displacement.

The comparison between two figures also shows that a reduced W to Ws ratio leads to a wider
variation of Vi that is required for the maximum controllable stroke. As the width of the intermediate
electrodes shrink, the shielding effect of the intermediate electrode is reduced. The same effect also
leads to the reduced maximum displacement before pull-in and increased minimum displacement in
case of We=Wsand We=1/3 Ws with V;, =40 V.
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4. Fabrication of a Prototype and Experimental Demonstration

A fabricated prototype, which is shown Figure 1b, employs a spring supported MEMS located
D1 = ~35 um over the intermediate electrode. Performance was evaluated as a conventional
electrostatic actuator and in tri-electrode mode. Figure 4a shows that in conventional operation a
voltage Vs on the pull-down electrode is required to enable a displacement of ~10 um. Figure 4b
shows the tri-electrode mode providing a similar controllable stroke, but requiring only Vi=+0.17 Vs
on intermediate electrode while the pull-down electrode is held fixed at V» = 5.81 Vs. It should be
mentioned that without the pull-down electrode biased (V, = 0 V), the intermediate electrode itself
biased to Vi=0.17 Vs enabled only ~1 pm motion.
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Figure 4. (a) Displacement in the conventional drive mode. (b) Displacement in the tri-electrode mode
Vi=+0.17 Vs.

5. Conclusions

In this paper, we carried out a successful experimental demonstration of the drive (control)
voltage reduction of the tri-electrode topology. Furthermore, we investigated the effect of various
drive voltage (V») for two different perforation width (WEe vs. Ws) ratios. It is apparent from the that
the increased drive voltage can reduce the needed control voltage (Vi) required to achieve the
maximum displacement, however, at the same time reduces the value of the maximum controllable
stroke. Reducing the WEe to Ws ratio also reduces the maximum controllable stroke, and increases the
range of the needed control voltage (Vi) required to achieve a given controllable stroke.
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