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ABSTRACT 

This paper discusses modeling, design, fabrication and characterization of an optical scanner based on cantilever-type 
electrostatic zipping actuators. The electrostatic actuator has been designed to achieve high displacements for large 
optical scanning angles at lower actuation voltages. The zipping actuators are fabricated using multi-layer polysilicon 
foundry fabrication processes. The electrostatic force between the cantilever and the bottom electrode on the substrate 
pulls the cantilever down. With a warped cantilever, the force closes the gap from the anchored end and gradually the 
zipping effect actuates the entire cantilever. In our design, mechanical structures are arranged to avoid electrical short-
circuit. With various annealing temperatures, the warped angles are controllable. The cantilever serves as a reflective 
surface and the high out-of-plane displacement is used to steer a reflected laser beam for imaging and scanning 
applications. In this paper we present the design considerations in electrostatic zipping actuator displacement and 
control as well as the arrangement for optical scanning. 
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1. INTRODUCTION 
 

Optical MEMS is a promising technology with applications in telecommunications, high-resolution displays, and 
medical imaging. Electrostatic actuators have the advantages of low power consumption, high actuation speeds, and 
fabrication compatibility [1]. Large deflection and force can be achieved by using the cantilever type electrostatic 
zipping actuator. Electrostatic actuators with an S-shaped film element and deformed membrane have been reported 
with high displacements [2, 3]. Legtenberg et al. have demonstrated laterally compliant curved electrode zipping 
actuators [4]. Optical fibers have been aligned using curved electrodes [5]. The large gap between the top and the 
bottom electrodes increases the voltage required to actuate the actuator. The zipping actuator works well if the angle 
between both the electrodes is small at the beginning of zipping action [6]. The zipper actuator can be fabricated using 
various commercial fabrication processes such as SOI (silicon on insulator), bulk micromachining and surface 
micromachining. These batch fabrication techniques are monolithic and thus the fabrication cost could be relatively 
lower.  
 
When the zipping actuator is actuated, the bottom fixed electrode pulls the top electrode down, reducing the gap 
between the electrodes. At a sufficiently high voltage, the top electrode snaps down on the bottom electrode thus 
shorting the circuit. In order to prevent this shorting, conventional designs include a thin layer of insulating material to 
electrically separate the two electrodes. A thin layer of silicon dioxide or silicon nitride is generally used.  To 
circumvent the problem of electrical shorting and dielectric breakdown, a new design of a surface micromachined 
cantilever-type zipper actuator has been presented [7]. The actuator was fabricated using the multi-layer polysilicon 
foundry fabrication process PolyMUMPS. This actuator can be utilized in microwave and millimeterwave waveguide 
applications for switching, tuning and phase shifting and imaging applications. The analysis and experimental results 
demonstrated that the design can withstand high voltages without shorting and is capable of producing high deflections. 
In this paper, the design considerations involved in displacement of the zipper actuator are presented. The actuator is to 
be used for optical imaging and scanning applications. The optical arrangement for utilizing a gold coated reflective 
surface of the zipping actuator to steer a laser beam for imaging applications is then presented. 
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2. ACTUATOR DESIGN 
 

The actuator was designed to achieve high displacements at low voltages. The mask layout of the actuator is shown in 
Fig. 1. The device is released in HF solution and is shown in Fig. 2. After the HF release process, the top electrode 
curves up due to the bending stress and difference in thermal expansion of the polysilicon and metal layers. When the 
voltage is applied on the contact pad, the electrostatic force between the curved cantilever and the bottom electrode on 
the substrate pulls the cantilever down. With a warped cantilever, the force closes the gap from the anchored end and 
gradually the zipping effect actuates the entire cantilever without increasing the biasing voltages. 
 

 
 

3. LUMPED MODELING ANALYSIS 
 

The lumped modeling analysis and the behavior of the actuator are presented in this section including various aspects 
such as stress induced bending of the cantilever beam, electrostatic force and the pull-in voltage of the actuator. 
  
3.1 Stress induced bending 
 
Micromachined cantilever beams are subject to residual stresses due to the fabrication process [9, 10]. These stresses 
cause the cantilever beam to curl upwards. During the HF release process, the chips are heated, and upon returning to 
the room temperature, the cantilevers curve up more than the high temperature stress-induced state. The schematic of 
the cantilever shown in Fig. 3 has thickness of h1 and h2, residual stress of 1σ and 2σ , and Young's modulus of E1 and 
E2 for polysilicon and gold layers, respectively. The force and moments acting on the structure are also shown in the 
figure [11]. The radius of curvature of the cantilever solely due to the residual stress is given by 
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And the total deflection at the tip of free end of cantilever is estimated as 
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where L is length of the cantilever beam. 
 
  

         
Figure 1 Mask layout of the cantilever type zipping            Figure 2 Fabricated zipping actuator after HF release. 
actuator. 
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The radius of curvature due to the residual stress and change in temperature T∆  is given by 
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where 1w  and 2w  are the width, 1α and 2α are thermal expansion coefficients of polysilicon and gold layers, 
respectively. 
 
The stress induced deflection, the deflection due to the residual stress and change in temperature, and hence the total 
deflection of the cantilever can be calculated. For a cantilever electrode that is 475 µm long and 90 µm wide, the total 
deflection solely due to stress is 16.285 µm. In our calculations, the induced stress due to fabrication processes is taken 
from the PolyMUMPs database as 7.8MPa for polysilicon and 23.3MPa for the gold layer. The total deflection for a 
cantilever electrode with a length of 475 µm and a width of 90 µm is 34.33 µm at 100oC curing temperature. For a 
cantilever 1600 µm long and 100 µm wide, the deflection due to the residual stress and change in temperature is 
increased to 459.5 µm at a curing temperature of 100°C, as shown in Fig. 4. 
 
 
3.2 Electrostatic force 
 
A general analysis of the electrostatic force of the cantilever type zipper actuator can be performed by considering a 
parallel plate capacitor configuration composed of a moveable plate of a mass M and a spring constant K separated from 
the bottom electrode by an air gap do [12]. The configuration is shown in Fig. 5. A constant voltage is applied between 
the top and bottom electrodes. Electrical energy is stored in the electric fields established by the charges accumulated in 
the capacitor due to the applied electric potential. The electrostatic force pulls the top electrode towards the bottom 
electrode causing the top electrode to deflect. This electrostatic force is inversely proportional to the air gap between the 
top and bottom electrodes. For lumped model analysis, damping within the system was neglected. The electrostatic 
force due to the stored charges is [13] 
 

( )20

2
0

2 zd
VAF ticelectrosta −

=
ε                                                                                                                                   (4) 

where A is the area of moveable plate, 0ε  is the permittivity of free space, do is the initial gap between the top and 
bottom electrodes, z is the displacement, and V is the applied potential. 

 
Figure 3 Schematic of cantilever 
    

 
Figure 3 Schematic of the cantilever.                                            Figure 4 Displacement of cantilever as a function of     
                                                                                                        temperature. 
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3.3 Pull-in voltage 
 
The pull-in action is related to the balance between elastic and electrostatic forces. When an electric potential is applied 
between the two electrodes, the electrostatic force generated causes the top electrode to collapse towards the bottom 
one. The elastic force is a linear function of the top electrode displacement and the electrostatic force is inversely 
proportional to the air gap between the two electrodes. When the applied voltage is increased, the top electrode slowly 
snaps towards the bottom electrode. At a certain input voltage, the electrostatic force becomes larger than the elastic 
force and the system cannot reach a force balance causing the top electrode to collapse onto the bottom electrode. This 
phenomenon is called pull-in and the voltage at this point is called the pull-in voltage. Chowdhury et al. [14] have 
formulated a closed-form expression for the pull-in voltage which is given by 
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where E is the Young's modulus and v is the Poisson ratio.  
 
This formulation assumes that the top electrode has only one layer. The top electrode of a zipper actuator in this paper 
has two layers: a 0.5-µm thick gold layer deposited on top of a polysilicon layer. The nominal Young's modulus of 
polysilicon is 168GPa and that of gold is 77.2GPa [15]. Assumption is made that if the polysilicon layer is thin, the 
Young's modulus of gold should also contribute to the total Young’s modulus. We assumed that the Young's modulus of 
the bi-layer cantilever is between 77.2GPa and 168GPa. The range of the pull-in voltage for the cantilever actuator with 
a length of 475 µm and a width of 90 µm is calculated and shown in Fig. 6. These values indicate the pull-in voltage 
should be in the range of 4.5 V to 6.7 V. 

 
4. EXPERIMENTAL RESULTS 

 
Zipper actuators with various lengths and widths were fabricated using the PolyMUMPs process. The MUMPs chips 
were released using the HF release process and a sequential curing procedure. The scanning electron micrograph (SEM) 
images of the various configurations are shown in Fig. 7. 

 
Figure 5 Parallel plate configuration of a zipper                      Figure 6 Range of the pull-in voltage. 
actuator. 
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Figure 7 SEM images of various configurations of zipper actuators. 

 
The maximum tip deflection of the actuator was determined experimentally using an optical profiler and a reflective 
microscope. The actuator tip deflections at various input voltages were first measured. The input voltage was varied 
from 0 V to 45 V. Fig. 8 shows the plot of displacement as a function of biasing voltage for a zipping actuator with a 
length of 495 µm and a width of 90 µm. For the analysis of pull-in voltages, the biasing voltage was varied from 0 V to 
45 V in a step of 0.2 V. The height of the cantilever decreases slowly until 7.8 V. The cantilever electrode then 
collapses to the bottom electrode at 7.8 V. The deflection of the electrode is well controlled with a voltage below 7.8V. 
At the pull-in voltage, the electrode collapses at a voltage increment of 0.05 V. The pull-in voltage of 7.8 V includes the 
potential drops due to electrical resistances in the polysilicon biasing lines, the contact pads and the probe tips. This 
explains the higher pull-in voltage than the predicted one. 

 
4.1 Optical scanning 
 
The electrostatic zipping actuator has a top layer of gold. This highly reflective surface can be used to reflect a laser 
beam. The top electrode of the zipper actuator when actuated moves towards the bottom electrode. When the voltage is 
released, the electrode returns to its initial position. The arrangement to demonstrate the optical scanning is shown in 
Fig. 9 consisting of a voltage source, a microscope and a video camera setup to probe and monitor the actuation. The 
actuator is probed using 25-µm nickel coated probe tips connected to magnetic manipulators as shown in Fig. 10. Fig. 
11 shows an SEM photo of the assembled scanner. The 633-nm He-Ne laser beam is carried by a single- mode optical 
fiber with a diameter of 125 µm to the zipping actuator. The distance between the end of the fiber to the reflection spot 

 
Figure 8 Deflection as a function of input voltage. 
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is about 850 µm.                        
 
              
 
 
 
 
 
 
 
 
 
The 1600-µm long actuator is probed with biasing voltages in the range of 10-50 V and the motion of the reflected 
beam spot is traced. The beam is found to trace a path from a position vertically above the electrode, when not actuated, 
to a point nearly in-line with the fiber and lower electrode when a biasing voltage of 24 V is applied, as shown in Fig. 
12. The biasing voltage is chosen to be much above the pull-in voltage to ensure maximum deflection. The scanning 
angle is estimated to be around 70o.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

              
Figure 10 Probing arrangement.                                        Figure 11 SEM image of the zipper actuator and fiber 
                                                                                           assembly. 
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Figure 9 Setup for optical scanning using the zipping actuator. 
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Figure 12 Laser reflection (a) without a biasing voltage and (b) with the maximum biasing voltage. 
 

6. CONCLUSIONS 
 

In this paper, a cantilever-type electrostatic zipper actuator is presented. The device is fabricated using multilayer 
polysilicon process, PolyMUMPs. The actuator operates at low voltages without the requirement of a dielectric isolation 
layer. The actuator is characterized in terms of electrostatic forces, pull-in voltages, and deflections. A mechanical 
structure is designed to prevent the electrical shortage of the device without the use of dielectric material. The 
theoretical and experimental results are verified. The ability of the zipper actuator to function as an optical scanner is 
shown experimentally. The scanning actuator can be utilized in general imaging or scanning applications. 
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