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Abstract 

 In this thesis, a micromachined electrostatic actuator is proposed for a deformable mirror 

system that is designed to achieve a decent stroke (~10 µm) with a reasonable resonant 

frequency (>1 kHz) and a controlling voltage smaller than 30 V, which is fully compatible with 

existing ICs. This is achieved by employing an Al / SU-8 phase sheet that is less stiff than a 

single crystal silicon phase sheet; a spiral electrostatic actuator that separates the stiffness, the 

resonant frequency, and the drive voltage at a certain displacement; and finally a novel tri-

electrode topology of the electrostatic actuator that replaces the drive voltage of a conventional 

electrostatic actuator with a high static drive voltage and a low varying controlling voltage just a 

fraction of the conventional drive voltage. All three parts of the design were proven to be 

functional as desired via simulation. Both the polymer phase sheet and the spiral actuator design 

were fabricated, and shown a similar performance to the simulation. A prototype electrostatic 

actuator with tri-electrode topology was also fabricated and tested, demonstrating performance as 

desired. 
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Chapter 1 - Introduction 

 Adaptive optics (AO) is the correction of the distorted wavefront of propagating light 

based on a distortion in the optical path. The distortion usually comes from the propagation of 

the light through a medium with a local refractive index different from the ambient medium. This 

difference can be introduced by a non-uniformity within a single media, for example, the 

turbulence in the earth atmosphere, which is usually introduced by an un-even thermal 

distribution. It could also come from the optical path through the multiple media, such as organic 

tissues, or optical aberrations introduced from the material, say, electro-optical materials.  

 One of the major application areas of the AO is astronomy, but that is far from the whole 

picture. The technology has also been implemented for biomedical purpose such as vision 

science [1] and communication based on lasers [2]. Fig. 1.1 gives an example of an AO scenario, 

where the reflected light from the picture is distorted in the optical path and then compensated.  

 Deformable mirrors (DMs) are crucial part of an AO system, and are used to correct for 

the perturbation in the optical path. 

 

Fig. 1.1. Illustration of adaptive optics. The distortion of the wavefront from the object is introduced by a non-
uniformity in the optical path. The distortion is compensated by the DM. 
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1.1. Adaptive Optics in Astronomical Application 

 Adaptive optics has been proven to be able to boost the performance of the ground-based 

telescopes to their diffraction limit, especially in the near-infrared wavelength (H-band) [3]. At 

many observatories built in the last two decades, telescopes are equipped with AO system as 

standard instrument [4,5,6,7,8], which will be covered in the following section. Fig. 1.2 shows a 

simplified layout of a standard AO system.  

 

Richard Davies, and Markus Kasper, Adaptive optics for astronomy, 
Annu. Rev. Astron. Astrophys., Vol. 50, pp. 305-351, 2012. 

Fig. 1.2. Typical simplified layout of an AO system. The atmospheric distorted wavefront is compensated by the 
DM, and then residual error is collected by a wavefront sensor (WFS). The WFS calculates the residual 
error by matching and measuring the difference between the received and expected wavefronts from a 
guide star. The real-time computer calculates the needed surface profile of the DM to correct for the 
residual error measured by the WFS. As a result, a corrected image is available at the camera. 
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 A typical AO system consists of a wavefront sensor (WFS), a deformable mirror (DM), a 

high-resolution camera, a beamsplitter, and a real-time computer as a controlling system used to 

guide the DM. In Fig. 1.2, the atmospheric distorted wavefront is compensated by the DM, and 

the residual error is collected by a WFS. The WFS calculates the residual error by matching and 

measuring the difference between the received and expected wavefronts from a guide star. The 

real-time computer calculates the needed surface profile of the DM to correct for the residual 

error measured by the WFS. As a result, a corrected image is available at the camera. 

 With the set-up shown above, AO systems have demonstrated their power in various 

applications of astronomy. Within the solar system, AO systems have been used to observe the 

sun [9], asteroids [10], planets and satellites [11]. Beyond our solar system, AO systems have 

been employed to research the formation of stars and exoplanets [12], and to observe the nucleus 

of the Milky Way [13]. Fig. 1.3 shows the comparison of pictures taken with and without AO 

system. 

  
(a) (b) 

Gemini natural seeing image of M-13 core and Gemini Altair adaptive optics image of M-13 core, both obtained on 

May 10, 2003, from http://www.gemini.edu/media/images_2003-2.html, Photo courtesy of GEMINI Observatory. 

Fig. 1.3. Pictures of M-13 core of (a) Gemini natural seeing (without AO system), and (b) Gemini Altair AO 
system. 
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 In most of the set-ups of the AO systems of the telescopes, the DM works as the 

secondary mirror. A few parameters are crucial to a DM, that are maximum stroke [1], the 

resonant frequency [2], and the spatial frequency [3] of actuators [3]. While the spatial frequency 

and resonant frequency are heavily dependent on the Fried Parameter γ0 
[4], and the coherence 

time τ0 
[5] of the telescope, the maximum stroke is simply related to the diameter of the telescope 

primary mirror. For existing telescopes, the required stroke is about 10 µm, and few tens of 

micrometer stroke is required for next generation of telescopes with primary mirror with a 30 m 

– 40 m diameter. 

 The available technologies for DM systems can be categorized into two types, 

macroscopic and micromachined. The former is used in the majority of the observatories. The 

Keck Observatory employs a 349 channel Xinetic deformable mirror, with a maximum stroke of 

4 µm at a driving voltage of 100 V [14]. The Subaru observatory employs a piezoelectric 

bimorph material lead zirconate titanate (PZT) to enable the deformable mirror with 188 

electrodes [15]. This specific DM has a transverse piezoelectric coefficient d31 at 193.5 × 10-12 

m/V, with a maximum driving voltage of ± 400 V. The European Southern Observatory (ESO) 

Very Large Telescope (VLT) employs a 1377 actuator piezoelectric DM fabricated by CILAS 

[16]. The DM has a diameter of 180 mm and an actuator pitch of 4.5 mm. The phase sheet [6] is 

tested to have a roughness at 20 nm root-mean-square (rms) after flattening. It has a maximum 

stroke > ± 3.5 µm with a driving voltage of ± 400 V. 

 Micromachined DM is a relatively new technology. Various actuation mechanisms are 

implemented such as electrostatic [17], magnetic [18], and thermal actuation [19]. Details of 

these micromachined DMs will be presented in Chapter 2. One micromachined DM system in 

use is at the Gemini observatory. This DM system is driven by electrostatic actuation and has a 

maximum displacement of ~ 4 µm, but requires a large drive voltage of 400 V [20]. Due to the 

                                                
1

 Maximum stroke is the maximum deflection in the phase sheet mirror that a DM can have. 
2

 Resonant frequency is the frequency at which the system oscillates with amplified vibration amplitude. In a MEMS system, the first resonant 
frequency is usually designed to be at least twice of the working frequency of the system, given the system is not designed to work at its 
resonant frequency. 

3
 Spatial frequency is a measure of how often the structure repeats per unit of distance.  

4
 Fried Parameter is an indicator of the quality of the atmospheric optical transmission. 

5
 The coherence time is the time within which the wavefront is considered stable. 

6 The phase sheet is the reflecting surface of a DM. 
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needed specifications of a state-of-art telescope, non-standard industrial microelectromechanical 

system (MEMS) processes for both design and fabrication were required.  

1.2. The Design Goal of the Thesis 

 From the previous section and the following Chapter 2, it is apparent that most of the 

macroscopic DMs in use are based on the piezoelectric actuation, while the micromachined ones 

have various driving mechanisms. Despite their prominent performance so far, all of the DMs in 

use have a driving voltage ranging from 150 - 400 V and are power-thirsty; some of them have a 

power consumption of 800 W. The large voltage and power consumption prevent DMs from 

integrating with controlling ICs, and can pose issues with the power supply and cooling 

mechanism.  

  In this thesis, a new design for an electrostatic actuator for a micromachined DM system 

is presented that uses IC compatible voltage levels while achieving the needed DM performance 

specifications. The design goals are: 

• A maximum stroke of ~ 10 µm from peak-to-valley. 

• A driving voltage below 30 V, that is compatible with ICs so that the DM can be 

integrated with the controlling circuits. 

• The first resonant frequency should be higher than 1 kHz. 

• The roughness of the phase sheet mirror should be smaller than 20 nm. 

 With these specifications, the DM can achieve the diffraction limit of the telescope in 

terms of the full width at half maximum of the point spread function [7], which is 0.042” for an 8-

m telescope in H-band, and 0.011” for a 30-m telescope in H-band. 

                                                
7 Point spread function is the three-dimensional diffraction pattern of light from an infinitely small point source and transmitted to the image 

plane through an optical system. It is used to describe the resolution of a telescope and is defined using arc second. 
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 Besides the items listed in Section 1.3, a 5 × 5 actuator array was designed and 

constructed as the prototype. Future work on this project would continue towards a complete 

version of the DM system with a 16 × 16 array, for 8-m scale telescope and 60 × 60 array for the 

Thirty Meter Telescope (TMT) which is a 30-m scale telescope.  

1.3.  Thesis Summary - Key Concepts and Fabrications 

 The DM system designed has elements that are given below. Each point will be briefly 

discussed in the following section and more detail will be given in the chapters of this thesis.  

1. Polymer phase sheet for flexible mirror (Chapter 3) 

2. Electrostatic actuation (Chapter 4 Section 4.1) 

3. Spiral shaped actuator design (Chapter 4 Section 4.4) 

4. Actuator fabrication and laser etching (Chapter 5) 

5. Tri-electrode topology (Chapter 6) 

Polymer phase sheet for flexible mirror: 

 Essential for the AO system being developed is a flexible phase sheet mirror [8]. This 

would enable low voltage electrostatic actuation. Therefore, effort was undertaken to develop a 

large polymer membrane as the mirror structure, so as to make each element of the DM to have a 

low stiffness. A 1.2 cm × 1.2 cm polymer phase sheet was developed and tested as part of this 

thesis. 

Electrostatic actuation: 

 The electrostatic actuation mechanism was chosen as the driving mechanism of the 

design. Electrostatic actuation has its own advantages such as low energy consumption, fast 

response, and simple mechanism. A very elementary electrostatic actuator consists of two 

parallel conducting (metal) plates, one of which is movable and another applied with a voltage V 

(see Fig. 1.4). In this figure, the movable electrode is designated the MEMS device, and the drive 

electrode is designated as the drive electrode. 

                                                
8 A phase sheet mirror is the flexible reflecting surface of a DM system. The deformation of the phase sheet mirror matches and compensates the 

distorted wavefront. 
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Fig. 1.4. A schematic of an electrostatic actuator. The device is anchored through suspending springs above the 

drive electrode. A is the area of the platform, D is the separation spacing between device and the drive 
electrode, and ε is the permittivity of the medium. 

 The electrostatic force between the two plates is governed by equation 1.1. 

   𝐹! = − !
!
𝜀𝐴 !!!!!

!

!
= − !

!
𝜀𝐴 !

!

!
  (1.1) 

where FE is the electrostatic force, 𝜀 is the permittivity of the medium; A is the facing area; Va 

and Vb are the voltage on each metal plate; D is the separation; and V is the voltage. The 

restoration force is usually mechanical force generated from a spring that suspends the movable 

electrode (device) plate. From equation 1.1, one can see that, once the metal plates are charged to 

establish the electrostatic force, no further electric current is required.  Therefore, the power 

consumption is low (near zero) assuming no charge leakage. The power consumption only 

occurs during the switching or moving the electrode. Second, the electrostatic force exists 

simultaneously with the electric field, so the response time of the actuator only depends on the 

mechanical property of the device. 

Spiral Electrostatic Actuator Design: 

 This thesis developed a new structure for electrostatic actuators, having Archimedean 

spiral springs. Fig. 1.5 is a demonstration of the design of this structure with the phase sheet that 

will be discussed in a later chapter. Results presented show that this structure has advantages 

over conventional electrostatic actuators. The most prominent is that the stiffness of the actuator 
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can be designed to be independent from the needed drive voltage and the resonant frequency. By 

enabling these three specifications (stiffness, drive voltage, resonant frequency) to be treated 

independently in the design process, it gives the design of the device a wide latitude in exploring 

suitable performing designs.  

 The spiral electrostatic actuator design is discussed in the following submitted paper: 

• Yu Zhou, Cyrus Shafai, and James Dietrich, A spiral spring electrostatic actuator for 

double layer deformable mirror with continuous phase sheet, SPIE Journal of 

Micro/Nanolithography, MEMS, and MOEMS (JM3), vol. 18, 015001, May 2019. DOI: 

10.1117/1.JMM.18.2.025501 

 

Fig. 1.5. Schematic of the prototyped DM with spiral actuators. The DM consists of a polymer phase sheet mirror, 
and spiral electrostatic actuators. 
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Tri-Electrode Actuation: 

 In this thesis, a new tri-electrode topology of electrostatic actuator was developed. The 

topology is demonstrated in Fig. 1.6. By introducing a perforating intermediate electrode 

between the MEMS device and the drive electrode of the conventional set-up, the intermediate 

electrode provides an additional drive voltage to control the electrostatic actuator. This thesis 

will present results showing that the control voltage on a MEMS electrostatic actuator can be 

reduced by a factor of approximately 5 times using this additional electrode. Details of the design 

will be presented in the later chapters. 

 The tri-electrode topology is published in: 

• Yu Zhou and C. Shafai, Reduction of electrostatic control voltage with a tri-electrode 

actuator, Proceedings 2017, vol. 1, pp. 282; doi: 10.3390/proceedings1040282.  

• Yu Zhou, Cyrus Shafai, and Lot Shafai, Effect of perforation ratio on the actuation 

voltage reduction of a tri-electrode electrostatic actuator, Conference on Optical MEMS 

and Nanophotonics 2018, Lausanne, Switzerland, Jul. 29 – Aug. 2, 2018, doi: 

10.1109/OMN.2018.8454551. 

• Yu Zhou, Cyrus Shafai, Lot Shafai, and Greg Burley, study of electrostatic actuator 

voltage reduction with a tri-electrode actuator with varying pull-down voltage, 

Proceedings 2018, vol. 2, pp. 928; doi:10.3390/proceedings2130928. 

 

Fig. 1.6. Schematic of the tri-electrode topology. The green part is the MEMS device suspended by the springs, the 
red part is the intermediate electrode, and the blue part is the drive electrode.  
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Actuator Fabrication and Laser Etching: 

  Three fabrication processes were explored. The first was a surface micromachining 

process that is a single wafer process and is easy to carry. However, we found that the process 

had stress issue in the step of metal deposition and was hard to deal with. The second one was a 

two-wafer process using single crystal silicon, therefore avoiding the stress issue, and it was 

designed to be self-aligned. The process had two major drawbacks. First, the spacing between 

the actuator wafer and the drive electrode wafer could not be precisely controlled, and second, 

the alignment trench in the drive electrode wafer greatly increased the difficulty in fabrication of 

the drive electrodes greatly. The ultra-thin wafer fabrication process was then developed. It was 

also a two-wafer process. It utilized a pre-fabricated ultra-thin wafer with a given thickness (50 

µm). With this technique, the spacing between the actuator and drive electrode could be 

precisely controlled through spin coating of the spacer and the adhesive. It also reduced the 

complexity in the fabrication process of the drive electrode.  

 For the second and third fabrication processes mentioned above, the MEMS structures 

(actuator) were fabricated on a silicon wafer. Multiple methods of fabrication were examined, 

including various chemical, plasma, and laser etching methods to form the various elements. To 

etch the spiral structure from the silicon, the laser etching method was implemented as an 

alternative to the plasma etching, due to the technological limits of the plasma etching system. 

The process employed a solid-state pico-second 355 nm laser. Efforts were made to refine the 

recipe of the process so that a 20-µm etched separation between spiral arms were achieved.  

 The laser milling process is published in: 

• Yu Zhou, Cyrus Shafai, and James Dietrich, Application note: silicon etching process 

using laser milling techniques, www.cmc.ca/en/WhatWeOffer/Products/CMC-00200-

05004.aspx, 2016. 
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Chapter 2 - Existing Deformable Mirror Technologies 

 This chapter introduces some examples of the DMs. Section 2.1 introduces various DMs 

used today in observatories to give a broad introduction to the technology for those who are not 

familiar. Section 2.2, more specifically focuses on MEMS DM designs. This gives background 

knowledge to existing MEMS DM technologies and their limitations, which relates to the work 

of this thesis. The specification required for this thesis is to design a MEMS continuous DM with 

a ~ 10 µm displacement, a response time < 2 ms, and with a drive voltage < ± 30 V.  

2.1. DMs Employed in Various Observatories and Telescopes 

 The DM technologies used at Keck Observatory, Subaru Observatory, Gemini South 

Telescope, Large Binocular Telescope, and European Southern Observatory Very Large 

Telescope will be briefly introduced in the following sections. 

2.1.1. DM of the Keck observatory 

 A 349 channel Xinetics (Northrop Grumman Corporation, USA) deformable mirror is 

employed at Keck Observatory. The DM has a 21 × 21 – array of lead magnesium niobate 

electroceramic actuators and a 7-mm spacing between each adjacent actuator with a controllable 

surface with a 5.52-inch diameter [14]. The maximum stroke of the DM is 4 µm at a drive 

voltage of 100 V. However, in order to protect the bonding between the mirror sheet and the 

actuators, the maximum permissible difference between adjacent actuators is set to be 2 µm. The 

surface quality without actuation was measured to be 341 nm peak-to-valley (P-to-V) and with 

an rms value of 45 nm. The influence function [9] was also tested to be around 60 %, 11 %, 39 %, 

and 2 % at the mid-point of two most adjacent actuators, at the most adjacent actuator, at the 

mid-point of two diagonally adjacent actuators, and at the diagonally adjacent actuator, 

respectively. The test also proved that the DM is compatible with a 500 Hz working frequency 

with the maximum stroke of 2.5 µm at this frequency.  

                                                
9 An influence function indicates the degree of influence between two elements that are not directly corresponding to each other. 
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 Fig. 2.1 shows the layout of the Adaptive optical system of Keck telescope. From the 

figure, one can see that two wavefront detecting systems are used for the laser guide star [10] 

(LGS) and nature guide star [11] (NGS) separately. Due to the LGS’s limitation, this type of dual 

system is critical. As the LGS is located at the sodium layer in the atmosphere, which has a 

certain height and a varying thickness, the absolute focus of the telescope cannot be measured 

using the LGS. The absolute focus can, therefore, only be measured by using the NGS, the Tip-

Tilt Mirror (TTM), and the low-bandwidth wavefront sensor (LBWFS). The information of the 

detected focus is used to drive the position of the wavefront sensor. 

 

http://www2.keck.hawaii.edu/optics/lgsao/lgsbasics.html 

Fig. 2.1. Layout of the adaptive optics system of the Keck telescope. Courtesy W. M. Keck Observatory. Both 
NGS and LGS are used. The TTM is controlled using NGS while the DM is controlled according to the 
LGS. 

                                                
10 Laser guide star is an artificial image of guide star projected to the atmosphere by a laser system. 
11 Nature guide star is a reference star of a telescope. 
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2.1.2. DM of the Subaru Observatory 

 A bimorph PZT DM with 188 electrodes is now being used at Subaru observatory [15]. 

Fig. 2.2 is the picture of the deformable mirror. The DM has a blank diameter of 130 mm with an 

effective aperture size of 90 mm in diameter. Its silver-coated phase sheet has a reflectivity (> 

95 %) over a wide range of wavelengths (0.45 µm to 6.0 µm), except an absorption around 2.9 

µm due to adsorption of water vapor in the coating layer. The phase sheet has flatness at 30 nm 

rms and a surface roughness smaller than 10 Å. The transverse piezoelectric coefficient d31 of the 

PZT material used is 193.5 × 10-12 m/V, with a maximum driving voltage V of ± 400 V, that 

gives a total stroke of 155 nm. With the thickness of one side of bimorph PZT h at 9 × 10-4 m, 

the global curvature R can be calculated to be 10.5 m from equation 2.1 below. 

   𝑅 = !!

!!!"
 (2.1) 

 The measured global curvature is slightly better at 10.1 m. The resonant frequencies of 

the system are measured to be 124 Hz, 214 Hz, 457 Hz, and 641 Hz for the 1st, 2nd, 3rd, and 4th 

resonant modes respectively. This DM uses a Tip-Tilt Mirror. 

 
http://www.naoj.org/Pressrelease/2006/11/20/index.html 

Fig. 2.2. Picture of the DM of the Subaru Telescope. The DM is actuated by 188 PZT actuators (upper-right), and 
has a phase sheet mirror coated with silver (down-left). 
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2.1.3. DM of the Gemini South Telescope 

 A 4092-actuator DM designed and fabricated by Boston Micromachines Corp. (USA) is 

employed at Gemini South Telescope. The electrostatic actuated DM has an active aperture of 

370 mm2 and a substrate size of 2300 mm2 [20]. Fig. 2.3 shows a picture of the DM. The 

maximum stroke of the device is ~ 4 µm with a driving voltage at ~ 250 V. However, in order to 

ensure reliable operation, the maximum operating stroke was set to be 3.5 µm at ~ 280 V. The 

DM has a surface finish of < 10 nm rms and a fill factor of 99.8 %. The influence function is 13 

% for the DM and the maximum inter-actuator stroke is 1550 nm. What should be mentioned 

here is that the DM has to be working with another woofer DM [12] to correct the low-order 

aberration [20]. 

 
S.A. Cornelissen, A.L. Hartzell, J.B. Stewart, T.G. Bifano, and P.A. 

Bierden, MEMS deformable mirrors for astronomical adaptive optics, 
Proc. of SPIE Vol. 7736, 77362D, 2010. 

Fig. 2.3. The 4096-actuator DM at Gemini south telescope [20]. The specific DM has a stroke of 3.5um and is 
used to correct for the high order wavefront errors induced by the atmosphere.  

2.1.4. DM of the Large Binocular Telescope (LBT) 

 A 672-actuator adaptive secondary mirror is used at the First Light Adaptive Optics at the 

LBT. The AO system is capable of obtaining a 77 % Strehl ratio [13] (SR) at H – band (1.6 µm) 

                                                
12 A woofer DM is used to correct the low-order aberration. It usually has a larger deflection but lower resonant frequency than the main DM.  
13 𝑆 = | 𝑒!!!"/! |!, where 2𝜋𝛿/𝜆 is the phase of the aperture at the wavelength 𝜆. 
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[21]. Fig. 2.4 shows the schematic of the DM along with its hub. The DM is actuated by 672 

electromagnetic force actuators and has a phase sheet with a thickness of 1.6 mm and diameter of 

911 mm. It has a settling time below 1 ms according to the test and a surface flatness of 30 nm 

rms after actuation. The maximum stroke of the phase sheet is approximately 100 µm, though the 

driving voltage is not disclosed.  

 

Simone Esposito, Armando Riccardi, Fernando Quirós-Pacheco, 
Enrico Pinna, Alfio Puglisi, Marco Xompero, Runa Briguglio, 

Lorenzo Busoni, Luca Fini, Paolo Stefanini, Guido Brusa, Andrea 
Tozzi, Piero Ranfagni, Francesca Pieralli, Juan C. Guerra, 

Carmelo Arcidiacono, and Piero Salinari, Laboratory 
characterization and performance of the high-order adaptive 

optics system for the Large Binocular Telescope, APPLIED 
OPTICS, Vol. 49, No. 31, pp. G174-189, 2010. 

Fig. 2.4. Schematic (right) and picture (left) of the DM along with its hub [21]. The DM is actuated by 672 
electromagnetic force actuators and has phase sheet with a thickness of 1.6 mm and diameter of 911 mm. 

2.1.5. DM of the European Southern Observatory Very Large Telescope (ESO VLT) 

 A 1377 actuator piezoelectric DM fabricated by CILAS (France) is used by the AO 

system at ESO VLT [16]. The DM has a diameter of 180 mm and an actuator pitch of 4.5 mm. 

The phase sheet is tested to have a roughness at 20 nm rms after flattening. It has a maximum 

stroke of > ± 3.5 µm with a driving voltage of ± 400 V, and an inter-actuator stroke of > ± 1µm. 
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The precise resonant frequency of the DM is not known, however, according to CILAS it is 

above 10 kHz. Fig. 2.5 is the picture of this DM.  

 

Stack Array Mirror SAM, CILAS, http://www.cilas.com/miroirs-
adaptatifs/Stack_Array_Mirror_astronomy.pdf, 2015. 

Fig. 2.5. DM used at ESO VLT [16]. The DM is actuated by piezoelectric actuators (blue) and has a maximum 
stroke of > ± 3.5 µm with a driving voltage of ± 400 V. 

2.2. Existing Micromachined DM Technologies 

 In the previous section, several state-of-art macroscopic DMs that are employed in the 

daily observatory applications were introduced. However, the macroscopic DMs usually suffer 

from a high expense and a very high driving voltage to deformation ratio, partially due to 

available technology. This section will present discussion on several technologies of constructing 

micromachined DMs as a comparison to their macroscopic counterparts. Existing technologies 

can be categorized into the membrane deformable mirror, digital deformable mirror, and other 

variants, based on the type of the phase sheet mirror of the DM. This following discussion is 

therefore divided into three sections, based on the categorization above. 

2.2.1. Basic Membrane Deformable Mirror 

 The membrane deformable mirror is usually constructed from a thin membrane working 

as the deflective mirror surface and driving mechanism to generate the deflection of the 

membrane. As a result of the continuous mirror surface, the deflection of the surface is usually 
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smooth; therefore, no discontinuities in the surface contour will occur, and there will be no 

diffractive interference due to segment edge. Furthermore, the fill factor [14] is often close to 1, 

which makes the loss of optical intensity negligible [22]. 

 Fig. 2.6 shows the cross-section of a typical membrane deformable mirror driven by 

electrostatic force. The device of [23] used this structure, employing a silicon nitride layer coated 

with aluminum to form the phase sheet (reflecting mirror surface). The deflection was generated 

by applying voltage between the bottom electrodes and mirror membrane. The main problem of 

this technology is cross-talk [15], which is uncontrollable due to the membrane being a single 

structure. 

 

Fig. 2.6. Cross-section of a membrane deformable mirror driven by electrostatic force. A continuous phase sheet 
mirror is actuated by multiple electrodes with their own power supplies. 

2.2.2. Variations of Basic Membrane Deformable Mirror 

 Several variations of the basic membrane deformable mirror concept are introduced in the 

following sections. Different materials or driving mechanisms were used in each individual 

design. 

                                                
14 Fill factor is a ratio between the area of the reflecting surface over the cross-section area of the optical path.    
15 The cross-talk describes the influence in terms of the displacement from an active adjacent element (see Fig. 3.1), when the element in 

consideration is not actuated. 
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2.2.2.1. Polymer Deformable Mirror 

 A polymer material generally has a much smaller Young’s modulus [16] than silicon or 

silicon nitride. Therefore, a larger deflection can be achieved with similar applied force. 

Additionally, the fabrication process of a polymer membrane can be easier than membranes 

made from silicon or silicon nitride, as in general, polymeric materials can be spun-coated. 

 Fig. 2.7 is a schematic of a polymer deformable mirror from Wang et al. [17]. An 

amorphous fluoropolymer material (CYTOP®) is used as the material of membrane, which 

offers low temperature bonding (108°C) with a good adhesion to silicon. It also has a reasonable 

stretching ability (5% yield strain). The polymer layer is 6 mm in width and 2 µm in thickness. 

The gap between the electrode and the membrane is about 70 µm. With a drive voltage of 160 V, 

the membrane can achieve a displacement of more than 25 µm. Despite the large deflection, the 

surface is not locally controllable since there is only one electrode, and so the maximum 

deflection occurs at the center of the phase sheet mirror. 

 

Fig. 2.7. Schematic drawing of a polymer deformable mirror. The polymer phase sheet is more flexible than the 
phase sheet mirror made of silicon or silicon nitride. 

2.2.2.2. Deformable Mirror Driven by Magnetic Force 

 Fig. 2.8 is a magnetic deformable mirror reported by Gugat et al. [18]. The mirror 

consisted of a reflective membrane made of a layer of liquid polymer (Ultradel 3112 coating) 

spun and solidified, and a magnetic layer or magnetic components glued to the back of the 

membrane. The actuating force was due to local magnetic fields generated by the array of coils 

below the mirror, which was fabricated on the surface of a silicon substrate. Experiments showed 

                                                
16

 The Young’s modulus is a measure of the stiffness of a solid material. 
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a maximum static response of 15 µm at a drive current in the actuating coils of less than 2.5 A, 

or 6 µm/A. The magnetic force incident on neighboring mirror locations causes a crosstalk 

motion of ~ 23 nm/A. 

 

 

O. Cugata, S. Basrour, C. Divoux, P. Mounaix, and G. Reyne, 
Deformable magnetic mirror for adaptive optics: technological 

aspects, Sensors and Actuators A, vol. 89, pp. 1-9, 2001. 

Fig. 2.8. Schematic of a magnetically actuated deformable mirror [18]. In the figure, ∅ stands for the diameter, 
while the wiggly line along the r axis stands for the deformation in the phase sheet mirror. 

 This design suffers from two drawbacks. First, deformations are caused by the stress 

generated at the glue points of the magnets. Fig. 2.9 shows the reflecting surface after the 

magnets were glued. The deformation is obvious in the figure and will cause very large 

aberrations, which is not desired. The second problem is the low resonant frequency compared to 

the silicon-based membrane, since the Young’s modulus of the polymer material is orders of 

magnitude smaller than that of silicon or silicon nitride membranes. The resonant frequency of 

this design is 485 Hz. As a result, the working frequency could be no higher than 200 Hz, which 

poses a serious limitation for many applications. 
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O. Cugata, S. Basrour, C. Divoux, P. Mounaix, and G. Reyne, 
Deformable magnetic mirror for adaptive optics: technological 

aspects, Sensors and Actuators A, Vol. 89, pp. 1-9, 2001. 

Fig. 2.9. Reflecting surface after the magnets are glued [18]. The small circular deformation in the phase sheet 
indicates the spots where the magnets are attached. These can cause aberrations in the image taken. 

2.2.2.3. Deformable Mirror Actuated by Vertical Comb Drive 

 A deformable mirror actuated by vertical comb drive was reported by Clark et al. [24]. 

Fig. 2.10 is a schematic of the cross-section of the deformable mirror, where 550 is the reflective 

mirror membrane, and 520 is the slider of the vertical comb drive, 510 is the stator, 540 is the 

anchoring post beneath the mirror membrane, and 560 is spring providing the force restoring the 

mirror to its original position.  

 

Rodney L. Clark, Jay A. Hammer, and John R. Karpinsky, Vertical 
comb drive actuated deformable mirror device and method, United 

State Patent, Patent No.: US 6384952 B1. 

Fig. 2.10. Schematic of the cross-section of a deformable mirror driven by comb drive [24]. The 550 is the mirror, 
and 520 and 510 are the slider and stator of the vertical comb drive. 
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2.2.2.4. Deformable Mirror with Thermal Actuator 

 Fig. 2.11 is the schematic view of a deformable mirror with thermal actuator reported by 

Vdovin et al. [25]. The mirror is formed by a 5.08 cm in diameter, 0.37 mm thick silicon wafer 

attached with 19 thermal actuators. The actuator array is placed in a hexagonal grid with a pitch 

of 10 mm. More than 5 µm deflection can be achieved with a standard ±15 V laboratory power 

supply, while each individual thermal actuator demonstrates a 20 µm elongation at nominal 

power dissipation without loading. The drawback of this deformable mirror is that the relatively 

long thermal time constant of the thermal actuator limits the working speed (due to long cool 

down time) of the system. Approximately 5 sec is required to reach a 5 µm deflection. Moreover, 

the thermal convection due to the heat of the thermal actuator can also be an issue for 

astronomical applications. 

    
  (a)  (b) 

Gleb Vdovin and Mikhail Loktev, Deformable mirror with thermal 
actuators, OPTICS LETTERS, Vol. 27, No. 9, pp. 677-679, 2002. 

Fig. 2.11. (a) Schematic view of a deformable mirror with thermal actuator and (b) photo of the mirror with 
electronics [25]. The thermal actuators are attached to the backside of the flexible plate (mirror) with a 
separate power supply for each actuator (I1 to I4 in the figure).  

2.2.2.5. Piezoelectric Deformable Mirror 

 A piezoelectric low-order deformable mirror was reported by Dainty et al. [26]. Fig. 2.12 

shows the schematic of the mirror. The drive voltage of this deformable mirror ranges from -150 

V to 150 V, while the working frequency was limited at a maximum of 200 Hz. According to 

their report, the mirror works well in correcting low-order aberrations. 
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J. Christopher Dainty, Alexander V. Koryabin, and Alexis V. 
Kudryashov, Low-order adaptive deformable mirror, Applied 

Optics, Vol. 37, No. 21, pp. 4663-4668, 1999. 

Fig. 2.12. Schematic of the piezoelectric deformable mirror [26]. The phase sheet mirror (glass plate and reflecting 
coating) is deposited on the focus electrode (e9) while the actuator (e1 to e8) was fabricated on the back 
side of the focus electrode. 

2.2.2.6. MEMS Deformable Mirrors from Boston Micromachines Corporation  

 The MEMS deformable mirror fabricated by Botson Micromachines Corporation is based 

on the electrostatic driving prototype developed by Horenstein et al. [27,28]. A similar design is 

used at the Gemini Observatory. Fig. 2.13 and Fig. 2.14 are the picture and cross-section of the 

mirror. This structure influenced the design presented in this thesis. 
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Fig. 2.13. Close look of the front-side of the Kilo-DM Deformable Mirror System from Boston Micromachines 
Corporation[28]. The center square (golden) is the phase sheet mirror with gold coating. The wirings are 
on the sides of the mirror body. 

 

Fig. 2.14. Cross-section of the DM from Boston Micromachines Corporation. [27] The double layer structure 
provides a good isolation cross-talk between adjacent actuators. 

 The mirror consists of two layers of polysilicon deposited on a single layer of silicon 

nitride on the surface of the silicon substrate followed by a deposition of a thin layer of gold, the 

reflecting surface of the mirror, on the surface of the top layer polysilicon. The actuator is also 

formed by segmented heavily doped polysilicon. The deformable mirror has a 1 cm × 1 cm 

reflecting surface with 1020 actuators (32 × 32 array) [29]. The surface roughness is below 20 

nm. The DM gives a maximum 1.5 µm stroke with the power consumption lower than 40 W, 

while the mechanical response time is approximately 20 µsec. 
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 The structure provides a good isolation of cross-talk between adjacent actuators, which is 

approximately 15% [29]. However, in order to achieve a planar mirror surface, silicon dioxide 

was used in the fabrication process as the sacrificial layer, for which releasing holes were 

required on the surface of the mirror. The releasing holes reduced the fill factor and may 

introduce discontinuities in the surface contour. Moreover, the 1.5 µm stroke is not enough for 

the application of the telescope with 10 meter level diameter. A secondary DM for low 

aberration correction is required to work simultaneously with this DM design. 

2.2.3. Digital Deformable Mirror 

 Digital deformable mirrors (DDM) are those with a segmented reflective surface, instead 

of a continuous membrane as the reflective surface. Compared to their membrane counterparts, a 

digital deformable mirror holds two main advantages. First, the DDM can accomplish angular 

scanning in addition to the piston actuation. Moreover, a less complicated controlling system is 

required for phase control for DDM than membrane deformable mirror [30]. However, a main 

drawback of DDMs is that their fill factor is much lower than one. This results in a loss of optical 

intensity and the interference due to the segmented edge. 

 While DDMs suffer from fill factor issues, various designs are described in the following 

sections to give a complete introduction to the micromachined DM topic. 

2.2.3.1. Tip-Tilt-Piston Micro-Mirror Array Driven by Vertical Comb Drive 

 A 2x2-element array of tip-tilt-piston micro-mirrors has been reported by Milanović et al. 

[31]. The micromirrors were fabricated from monolithic single crystal silicon that was metal-

coated to form a reflective surface. The actuator element consisted of a vertical comb drive 

fabricated from a silicon-on-insulator (SOI) wafer and was connected to the center stage with 2-

degree-of-freedom (DoF) linkages. Fig. 2.15 is the photo of the mirror array. A maximum 

displacement of ±12 µm was realized in the vertical direction, while at its neutral position, tip-tilt 

mechanical rotations of the micromirror from ±5° was achievable. The fill factor of this design 

was approximately 95 %. The resonant frequencies of the mirror array for all modes are above 

440 Hz, and was much higher in the piston mode at above 1520 Hz. 
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   (a) (b) (c) 

Veljko Milanović, Kenneth Castelino, and Daniel 
McCormick, Fully-functional tip-tilt-piston micromirror 

array, Adriatic Research Institute. 

Fig. 2.15. (a) Scanning electron microscope (SEM) micrograph of the backside of the silicon micro-mirror. (b) 
Optical micrograph of an array of tip-tilt-piston actuators. (c) SEM micrograph of a fully assembled 
micro-mirror [31]. 

2.2.3.2. Tip–Tilt–Piston Micro-Mirror with Thermal Actuator 

 A micromirror driven by bimorph thermal actuators was reported by Jia et al. [32]. The 

structure of the bimorph thermal actuator was designed so that when charged a pure vertical 

displacement could be achieved. Fig. 2.16 is the schematic of the bimorph thermal actuator while 

Fig. 2.17 shows the SEM of the fabricated device. 

 
Kemiao Jia, Sagnik Pal, Student Member, and Huikai Xie, An 

electrothermal tip–tilt–piston micromirror based on folded dual 
s-shaped bimorphs, Journal of Microelectromechanical Systems, 

Vol. 18, No. 5, pp. 1004-1015, 2009 

Fig. 2.16. Schematic of the folded dual S-shaped bimorph actuator [32]. The stress difference between silicon 
dioxide (SiO2) and Al generates the deformation of the actuator while the folded dual structure cancels 
out the horizontal displacement generated by the bimorph. 
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 The folded dual structure cancels out the horizontal displacement generated by the 

bimorph and doubles the vertical displacement at the same time. An optical scan range of ± 30° 

was possible in both x- and y-axes, and vertical displacement of 480 µm could be accomplished 

with a dc voltages of less than 8 V. The thermal response time of the actuator was ~ 10 ms. The 

resonant frequencies of the piston and rotation motion were 336 and 488 Hz, respectively. 

 

Kemiao Jia, Sagnik Pal, and Huikai Xie, An electrothermal tip–
tilt–piston micromirror based on folded dual s-shaped bimorphs, 
Journal Of Microelectromechanical Systems, Vol. 18, No. 5, pp. 

1004-1015 , 2009. 

Fig. 2.17. SEM image of the fabricated tip–tilt–piston micro-mirror [32]. (a) and (c) show the upward and 
downward motion of the mirror, (b) shows the closer view of the bimorph thermal actuator. 

2.2.3.3. Complementary Metal-Oxide-Semiconductor(CMOS)-Integrated SiGe Micro-Mirrors 

 A 10 cm2 11 MPixel CMOS-integrated micromirror arrays was reported by Witvrouw et 

al. [33]. Micro-crystalline SiGe has been used as structural layer of the mirror structure. Each 

individual 8 µm × 8 µm pixel could be controlled by an analog voltage to enable accurate tilt 

angle modulation. Fig. 2.18 shows the cross-section of one pixel and the integrated micro-mirror 

array. From Fig. 2.18 it can be seen that the two electrodes were fabricated beneath each 
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individual pixel. This allowed electrostatic force from the electrodes to generate a tilting 

movement of the pixel, which was connected to the anchors through a torsion bar. 

  

A. Witvrouw, E. Beyne, L. Haspeslagh, and I. De Wolf, CMOS-
integrated sige mems: application to micro-mirrors, Transducers 

of 2009 International Solid-State Sensors, Actuators and 
Microsystems Conference, pp. 734-739, 2009.  

Fig. 2.18. The cross-section of one pixel and the integrated micro-mirror array [33]. This specific design uses 
CMOS as the control of the electrostatic actuator and micro-crystalline silicon-germanium (SiGe) as the 
mirror structure. 

2.2.3.4. Micromirror with Electrothermal and Electrostatic Actuators 

 Micromirrors actuated by both electrothermal and electrostatic actuators were reported by 

Li et al. [34]. The mirror was fabricated from a 10 µm thick SOI wafer using the SOIMUMPs 

process provided by MEMSCAP. The electrostatic actuator could be operated at the mechanical 

resonant frequency to produce fast line scanning, see Fig. 2.19. When driven by a 360 V (peak-

to-peak) sinewave at its resonant frequency of 823 Hz, the mirror gave a maximum ~ 7° scan 

angle about the y-axis. The electrothermal actuator, whose scanning speed was limited by the 

thermal response time, was actuated to step the scanning lines in the orthogonal direction at a 

slower rate. A maximum of ~ 7° tilt about the x-axis could be reached when driving the 

electrothermal actuators alone at 537 mW. 
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Li Li, Ralf Bauer, Gordon Brown, and Deepak Uttamchandani, A 2D MEMS 
scanning micromirror with electrothermal and electrostatic actuators, 2012 

International Conference on Optical MEMS and Nanophotonics, pp. 73-74, 2012. 

Fig. 2.19. SEM picture of the hybrid micro-mirror [34]. The electrostatic comb-drives provide the mirror with ~ 7° 
scan about the y axis, while the electrothermal actuator gives a ~ 7° tilt about the x-axis. 

2.2.3.5. Dual-Axis Electromagnetic Scanning Micro-mirror 

 A dual-axis electromagnetic scanning micro-mirror was presented by Ji et. al. [35]. The 

micro-mirror fabricated had a maximum scan angle of 16.1° when I equaled 120 mA and the 

magnets placed 250 µm below, with a diameter of 1.5 mm and a working frequency at 19.7 kHz 

(which was not the first resonant, they had the mirror working at its 6th resonant frequency). In 

their design, a radial magnetic field was applied instead of the conventional parallel magnetic 

field. Fig. 2.20 shows the schematics of both coil and the concentric magnets used to generate 

the radial magnetic field. 

 
Chang-Hyeon Ji, Si-Hong Ahn, Ki-Chang Song, Hyoung-Kil 

Yoon, Moongoo Choi, Sang-Cheon Kim, and Jong-Uk Bu, Dual-
axis electromagnetic scanning micromirror using radial magnetic 

field, MEMS, 2006, pp. 32–35. 

Fig. 2.20. Schematic of the coil and the concentric magnets [35]. The inner and outer magnets generate the radial 
magnetic field (Hr), with the drive current (I), a rotational force (F) is generated in T direction. 
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 Fig. 2.21 is the SEM view of the micro-mirror. The whole structure was etched from an 

SOI wafer with a device layer thickness of 120 µm. The front side was electroplated with a 7 µm 

copper layer for the conductivity. The backside of the device layer works as the mirror surface, 

which gave a maximum p-to-v deformation at 20 nm and 48 nm for X, Y direction, respectively. 

Part of the device was partially etched to form the 20 µm-thick torsion beams. 

  
 (a) Backside (b) Front-side 

Chang-Hyeon Ji, Si-Hong Ahn, Ki-Chang Song, Hyoung-Kil 
Yoon, Moongoo Choi, Sang-Cheon Kim, and Jong-Uk Bu, 

Dual-axis electromagnetic scanning micromirror using radial 
magnetic field, MEMS, 2006, pp. 32–35. 

Fig. 2.21. SEM view of the scanning micro-mirror [35], (a) the backside of the device fabricated as the gimbal of 
the mirror, (b) Closer view of the torsion beam. 

2.2.3.6. MEMS Mirrors Based on a Curved Concentric Electrothermal Actuator 

 MEMS mirrors driven with curved concentric bimorph thermal actuators were presented 

by Liu et. al. [36]. Two types of mirror were shown in the paper, the tip-tilt-piston mirror and the 

piston-only mirror, with SEMs of both designs given in Fig. 2.22. 

 The tip-tilt-piston mirror had a mirror plate with 1 mm diameter and was capable of 

scanning ± 11° with a 0.6 V driving voltage. It could achieve a 227 µm piston displacement at 

0.8 V while confining the lateral shift and tilting angle within 7 µm and 0.7°. The piston-only 

mirror had a mirror plate of 0.9 mm in diameter and demonstrated a lateral shift and tilt angle of 

3 µm and 0.4° over its 200 µm dynamic range with a 0.9 V driving voltage. The first resonant 

frequency of the tip-tilt-piston and the piston-only mirror were 272 Hz and 172 Hz, respectively. 

In both designs, concentric bimorph actuators were applied to increase the fill factor. In addition, 



	 32 

the zig-zag design with three bimorphs was employed to avoid the unwanted lateral displacement. 

The whole structure was fabricated on an SOI wafer with a device layer of 20 µm. The bimorph 

structure consisted of a 0.1 µm plasma enhanced chemical vapor deposition (PECVD) SiO2, a 

0.6 µm of W, a 0.2 µm of SiO2, and a 1 µm of e-beam evaporated aluminum. The 20 µm single 

crystal silicon was kept to form the frame and mirror substrate. The e-beam evaporated 

aluminum layer also worked as the reflecting layer of the mirror plate. 

  
   (a)  (b) 

Lin Liu, Sagnik Pal, and Huikai Xie, MEMS mirrors based on 
a curved concentric electrothermal actuator, Sensors and 

Actuators A, Vol. 188, pp. 349–358, 2012. 

Fig. 2.22. (a) SEM of the tip-tilt-piston mirror; (b) SEM of the piston-only mirror [36]. (a) The mirror plate is 
supported by four concentric bimorph actuators (CCBA). (b) The mirror plate is suspended by both 
concentric bimorph actuators and radial bimorphs. 

2.2.4. Other Designs 

 A magnetic liquid deformable mirror was reported by Brousseau et al. [37]. In this design, 

magnetic liquid (ferrofluid) coated with a metallic layer was used as the material of the mirror 

and it was shaped by magnetic field generated by the coils. Fig. 2.23 shows the schematic of the 

design. The liquid mirror has a fundamental advantage in that the surface of a liquid follows an 

equipotential surface to a very high precision. In addition, ferrofluidic mirrors can have 

substantially larger strokes than solid or membrane mirrors. A deformation of ~ 20 µm can be 

achieved using simple geometrical arrangement of concentric rings of current carrying wires as 

had demonstrated in the paper. However, there are disadvantages. The response time is of the 
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order of 50 ms, and is significantly slower than that of solid mirrors. Also, the mirror itself is 

much more sensitive to the vibration than the solid mirrors. 

 

Denis Brousseau, Ermanno F. Borra, Hubert-Jean Ruel, Jocelyn 
Parent, and Anna Ritcey, A magnetic liquid deformable mirror 
for high stroke and low order axially symmetrical aberrations, 

Optics Express, vol. 14, Issue 24, pp.11486-11493, 2006. 

Fig. 2.23. Schematic of the magnetic liquid deformable mirror [37]. The ferrofluid is actuated by the magnetic field 
generated by the coils beneath. 

2.3. Summary 

 In this chapter, various existing technologies of DMs were introduced, see Table 2.A. 

The macroscopic DMs are employed in majority of the telescopes, while micromachined DMs 

start to emerge due to the advantages of the MEMS technology, such as easy access to mass 

production and lower cost. Various drive mechanisms are employed by micromachined DMs, 

and each has their pros and cons. The electrostatic actuation has a low power consumption in 

general, however, a drive voltage ranging from 150 V to 400 V is required for a displacement 

around 5 µm with various designs. The thermal actuation has a low working frequency limited 

by the thermal relaxation time. The existing magnetic actuation requires an external magnetic 

source to be functional. None of the existing technology introduced in this chapter meets all the 

requirements of the project introduced at the beginning of this chapter simultaneously, and new 

design of a micromachined DM is needed.  
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Table 2.A. Project requirement and comparison between various designs of DMs. None of the existing designs 
match the requirement. In the Table, the response time is calculated by 1/f (resonant frequency). 

 Drive Voltage Stroke Response Time Phase Sheet Mirror 

Specifications required for this thesis ≤ ± 30 V  ~ 10 µm < 2 ms Continuous 

 

DMs in use (continuous phase sheet) - Traditional actuators and MEMS systems 

Name Drive 
Mechanism 

Element 
Size 

Drive 
Voltage  

Stroke Response 
Time  

Application 

349-channel 
Xinetics [14] 

Piezoelectric 7 mm 100 V 4 µm 2 ms Keck Observatory 
(DM) 

Bimorph PZT 
[15] 

Piezoelectric Varying ± 400 V 0.155 µm N/A Subaru Observatory 
(TTM) 

672-actuator* 
[21] 

Electromagnetic ~ 30 mm N/A 100 µm < 1 ms LBT (DM) 

1377-actuator 
CILAS [16] 

Piezoelectric 4.5 mm ± 400 V ± 3.5 µm < 0.1 ms ESO VLT (DM) 

4092-actuator 
Boston [20] 

MEMS - 
Electrostatic 

300 µm ~ 250 V ~ 4 µm < 50 µs Gemini South (DM) 

* The DM has a diameter of 911 mm, and a tested power dissipation of 1.8 kW. 

 

Continuous Phase Sheet DMs - MEMS technology 

Author Drive 
Mechanism 

Element 
Size 

Drive 
Voltage / 
Current 

Stroke Response 
Time 

Comments 

This thesis Electrostatic 1.8 mm ± 30 V 5 µm < 0.75 ms** Spiral actuator 

This thesis Electrostatic 1.8 mm ± 30 V 10 µm < 0.75 ms** Spiral actuator and 
tri-electrode 

topology 

Wang et al. [17] Electrostatic 6 mm 160 V 25 µm N/A No surface control 

Gugat et al. [18] Electromagnetic 6 mm 2.5 A 15 µm 2.06 ms Large aberration 

Vdovin et al. [25] Thermal 10 mm ± 15 V 5 µm ~ 5 sec Long response time, 
thermal convection 

** The response time is calculated based on half of the first resonant frequency of the actuator. 
 

Digital Phase Sheet DMs - MEMS technology 

Milanovic et al. 
[31] 

Electrostatic 1 mm 150 V ± 12 µm 2.27 ms Discrete phase sheet  

Jia et al. [32] Thermal > 1 mm 8 V 480 µm ~ 10 ms Discrete phase sheet  

Liu et al. [36] Thermal 2 mm 0.8 V  227 µm ~ 5.8 ms Discrete phase sheet  
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Chapter 3 - Fabrication of the Membrane Phase Sheet 

 This chapter demonstrates the feasibility of a polymer membrane to act as the phase sheet 

mirror shown in Fig. 3.1. The polymer phase sheet mirror of an area above 1 cm × 1 cm is 

fundamentally important to the project. As explained briefly in the introduction, by expanding 

the size of each element of the DM, the reduction of the drive voltage can be possible as the 

structure becomes less stiff. Using a polymer material with smaller Young’s modulus further 

reduces the stiffness of the structure. However, expanding the size of the phase sheet without 

increasing the thickness poses an issue to the survival of the membrane structure. The efforts 

leading to the successful fabrication of the membrane phase sheet mirror is discussed in the 

sections below.  

 
Fig. 3.1. Schematic of the deformable mirror structure designed during this thesis project. The polymer phase sheet 

mirror is demonstrated by the part in orange. 
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3.1. Fabrication and Testing of the SU-8 Membrane Structure 

 SU-8 is a transparent polymer material usually used as a negative photoresist [17]. It can 

be easily patterned lithographically, and has a very low Young’s modulus (~2 GPa). It is also a 

very strong material with a tensile strength at 60 MPa, and has an elongation at break around 6.5 

% [38]. As a result, it has been employed as a material for a thin membrane by several groups of 

researchers [39, 40, 41]. Zamkotsian et al. has reported a chromium-coated square SU-8 

membrane with a side-length of 580 µm and a thickness of 10 µm. Luke et al. has presented a 3 

mm × 4.24 mm SU-8 membrane with a thickness of 2.5 µm supported by a circular frame, while 

a membrane with much larger surface area (8 cm diameter) was reported by Luo et al., though a 

free standing one. However, the existing membranes cannot meet the technical requirement of 

this project, which requires a phase sheet at least 1 cm × 1 cm, with frame support. In this thesis, 

SU-8 2025 from MicroChem was used for the base material of the polymer membrane. It was 

coated with aluminum to form the mirror. Aluminum was selected due to its inexpensiveness and 

good reflectivity over the wavelengths of near ultraviolet, visible, and infrared light (0.31 µm to 

28 µm).   

3.1.1. Fabrication Process 

 The fabrication process of the SU-8 phase sheet mirror is shown in Fig. 3.2. First, a 

silicon wafer is coated with silicon nitride (Si3N4) on both sides. Lithography was applied at the 

backside [18] (bottom side in the figure) of the wafer to pattern the nitride layer. The frontside was 

also coated with photoresist as a protection layer in the following etching process. The back-side 

openings are then etched in the nitride layer using plasma etch [19] (a). After that, a hot 30% 

potassium hydroxide (KOH) etch (80°C) was used to back-etch the wafer until there is only 20-

30 µm of silicon remaining (b). Then the front-side (top side in the figure) silicon nitride is 

removed with a 20 % hydrofluoric acid (HF) wet etch, while the backside is coated with 

photoresist and taped. Following it is a hydrochloric acid (HCl) clean to get rid of potassium ions 

                                                
17

 A photoresist is a light-sensitive material used in the lithography processes. The negative photoresist is a type of photoresist that becomes 
insoluble in the solvent once exposed to the light. 
18 A silicon wafer usually has a polished side and a rough side. The polished side is the side where the devices are often fabricated on, and is 
considered as the front-side of the wafer. The rough side is considered as the backside of the wafer.  
19 Etching is a process of removing unprotected material using chemicals.  
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(c). A layer of 100 nm thick aluminum was then deposited on the front-side of the wafer as the 

reflecting layer using a thermal evaporation process (d). This was followed by a SU-8 spin 

coating at 500 rpm (5 µm thickness [20]) and ultraviolet (UV) light exposure to crosslink [21] it, 

and so form the main body of the membrane structure (e). After this, the remaining silicon under 

the membrane was etched away with plasma etch to release the membrane structure (f). The 

reflecting side of the phase sheet in this case was the aluminum surface of the membrane.  

   

  (a) (b) 

    
  (c) (d) 

    
  (e) (f) 

Fig. 3.2. Side view of the device through fabrication process outlined in section 3.1.1. (a) Patterning of the 
backside of a Si3N4 wafer using dry etch. (b) Back etch the wafer using KOH. (c) Removal of the front-
side nitride. (d) Al deposition using thermal evaporation. (e) SU-8 spin coating. (f) The thin silicon 
membrane in the back-etch trench is removed using dry etch. 

 Fig. 3.3 shows the mirror membrane structures that were fabricated. The silicon residue 

in Fig. 3.3(a) is due to the imperfection of the hot KOH etch. The etch residue left a rough 

surface in the trench and could not be removed by the following plasma etching. After a 

modification to the concentration of the KOH in the solution, the etching process turned out to be 

functional and the trench was shiny and smooth. The modification was to measure the 30% KOH 

                                                
20 The 5 µm thickness was chosen to get a phase sheet with low spring constant compared to the electrostatic actuator, as will be shown in the 
Chapter 4 Section 3, while still strong enough to be fabricated in our cleanroom.  
21 Cross-linking is the process of chemical bonds forming between the short chain molecules of the polymer. The crosslink of SU-8 can be 
achieved by exposing the material to the UV light. 
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concentration by solution density, as opposed to mass ratio of solid KOH to water when mixing 

the solution. Fig. 3.3(b) is the membrane structure fabricated after the modification was done. 

 Multiple shapes of the membrane were fabricated, as shown in Fig. 3.3(b). The side 

lengths of the square membrane were measured to be 1.0 cm, 0.5 cm, and 0.25 cm. The 

diameters of the circular were measured to be 1.2 cm, 0.5 cm, and 0.25 cm, while the length 

between the center and tip of the hexagonal membrane were measured to be 1.2 cm, 0.5 cm, and 

0.25 cm. The square and hexagonal ones were fabricated as the corresponding phase sheet for the 

actuator arrays designs, while the circular ones were fabricated as the comparison. As shown in 

Fig. 3.3(a), the 1.2 cm square membrane without a clean back etch did survive the releasing, 

however, with a good KOH back etch, the design did not survive the release.  

 
 (a) (b) 
Fig. 3.3. Fabricated SU-8 membranes, the reflecting parts are the mirrors and the rest are the silicon substrate 

(backside) as the support. (a) Results for early KOH back etch process. (b) Results for later back etch 
using modified KOH solution recipe. The backside of silicon wafer is the front side of the mirror. 

3.1.2. Details of the SU-8 Process 

 As mentioned in the previous section, SU-8 2025 was used in this application. However, 

it was too viscous to provide an ~ 5 µm thickness that is desired. A spin at 4000 rpm of pure SU-

8 2025 solution results in a layer of approximately 20 µm thickness, according to the data sheet 

[38]. As a result, extra solvent is required in this application. The process of SU-8 deposition is 

given in Fig. 3.4. The recipes examined are given in Table 3.A. From the table, it is clear that the 

ratio of SU-8 to thinner at 1:2 was too low to give a desired thickness. A ratio of 1:1 was then 

chosen in this application. The thickness of the SU-8 layer is generally proportional to the 



	 39 

inverse of the spin speed, however, the effect becomes less significant once the spin speed is 

below 1500 rpm. What should also be mentioned is that, according to the measurements, the 

spreading [22] speed does not have a significant effect on the thickness of the layer, while a 

different spin time can result in a great difference in the thickness. 

 

 

Fig. 3.4. Flow chart of the SU-8 handling process. 

  

                                                
22

 Spreading is a step of spin-coating process prior to the step of spinning. The step spreads the material over the surface of the substrate, and is 
usually carried out with a speed lower than the spin speed of the spinning step.  
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Table 3.A.  Recipes for SU-8 spin-coating and the resulting thickness of the SU-8 layer. Recipe No. 10 was chosen 
to fabricate membrane of ~5µm thickness. 

No. SU-8 to Thinner ratio Spread Speed 
(rpm) 

Spin Speed 
(rpm) 

Spin Time 
(sec) 

Thickness 
(µm) 

1 1:2 500 500 30 1.7 µm 

2 1:2 500 1000 30 1.4 µm 

3 1:2 500 1500 30 1.0 µm 

4 1:1 500 3000 30 2.28 µm 

5 1:1 500 2500 30 2.48 µm 

6 1:1 500 2000 30 2.90 µm 

7 1:1 500 1500 30 3.63 µm 

8 1:1 500 1000 30 4.03 µm 

9 1:1 500 600 30 4.81 µm 

10 1:1 500 500 30 4.99 µm 

11 1:1 700 2000 30 2.95 µm 

12 1:1 700 1500 30 3.65 µm 

13 1:1 700 1000 30 3.97 µm 

14 1:1 500 1000 40 3.12 µm 

 

 Experiments were carried out on membrane thickness of both 2.5 µm and 5.0 µm. The 

2.5 µm-thick membranes had a maximum membrane side length of 7.5 mm for a square 

membrane. As a result, a membrane thickness of 5 µm was chosen. 

 The recipe of the plasma etching is given in Table 3.B. In the table, two different Si3N4 

recipes are listed. The first recipe was used on the wafer with 200 nm Si3N4, and the second one 

was used on 100 nm Si3N4. The second recipe worked well, except that the etching rate was slow 

therefore the etching time was prolonged. An extended etching time led to the complete removal 

of the photoresist, which was hard to be removed.  
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Table 3.B.  Recipe of plasma etch of Si3N4 and Si. RIE and ICP in the table stands for inductively charged plasma 
power and reactive ion etching power.  

Recipe ICP 
(W) 

RIE 
(W) 

Pressure 
(mTorr) 

CF4 
(sccm [23]) 

O2 

(sccm) 
SF6 

(sccm) 
Rate 

(nm/sec) 

Si3N4 #1 300  80 50 45 5 0 1.8 

Si3N4 #2 300 25 66 45 5 0 1 

Si 100 50 50 0 0 30 25 

 

3.2. Test of the SU-8 Membrane Structure 

3.2.1. Surface roughness test: 

 The surface roughness of the aluminum / SU-8 coating was tested with an Atomic Force 

Microscope (AFM). Due to the softness of the membrane structure, tapping mode was 

implemented in the measuring. 

 Fig. 3.5 shows a scan of the SU-8 top surface with silicon support beneath it. The 

topographical scan size (left side of the figure) was set to be 50 µm × 50 µm. From Fig. 3.5, it is 

quite obvious that the surface quality is very good. The white line in the plot on the left hand-

side shows where a 2-D section line of the image is taken, and this is shown in the plot on the top 

right-hand side. On the bottom-right hand side is the Fourier transform of it. The table at the 

bottom shows the result from the section line in which Rmax is the maximum roughness. It is clear 

that Rmax is 4.081 nm, and is far below the required roughness limit (< 20 nm). 

 Fig. 3.6 is a scan from the reflecting side of the membrane structure (aluminum surface). 

In Fig. 3.6, Rmax over the white line is 7.478 nm. Compared to the requirement of a good quality 

phase sheet, that is the maximum roughness should not exceed 20 nm, the SU-8/Al phase sheet 

provides a surface roughness less than half of the requirement.  

                                                
23 sccm stands for standard cubic centimeter per minute. 
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 Comparing Fig. 3.6 and Fig. 3.5, it appears that the aluminum surface without silicon 

support is rougher than the SU-8 top surface with silicon support. One of the possible reasons for 

this is the softness of the membrane, as in the tapping mode, the membrane could well be 

deformed by the tip tapping the surface.  

 
Fig. 3.5. AFM image of SU-8 top surface with silicon support beneath. The maximum roughness was measured to 

be 4.081 nm with an rms of 0.462 nm at the white line in the figure. 
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Fig. 3.6. AFM scan of aluminum surface. The maximum roughness was measured to be 7.478 nm with an rms of 

1.433 nm at the white line in the figure. 

3.2.2. Surface flatness test: 

 The surface flatness of a released Al / SU-8 mirror was measured using the wavefront 

sensor at NRC Herzberg Astronomy and Astrophysics Research Centre, Victoria. Due to the 

security policy, the data was not available digitally. However, the Peak-to-Valley result was 

approximately 0.75 µm over the surface of the circular membrane with a diameter of 1.2 cm. In 

addition, some ripples could be observed at the center and edge of the membrane. 

 The formation of the ripple structure might be a result of the thermal stress between 

silicon wafer, and Al / SU-8 mirror structure. The thermal expansion coefficient of the single 

crystal silicon, aluminum and SU-8 are 2.56 ppm/K, 23.1 ppm/K, and 52 ppm/K, respectively. 

Due to the heat required for the SU-8 cross-linking process, as demonstrated in Fig. 3.4, both the 
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Al and SU-8 layers have tensile stress compared to the silicon substrate. The SU-8 most likely 

has a higher tensile stress than the Al layer, due to the 5 minute hard-bake process at 150 °C. 

During this heating process, chemical reactions (cross-linking) happens within the SU-8 layer, 

see the Data sheet of the SU-8 2025 [38], and most likely the reaction released the stress within 

the SU-8 at 150 °C. However, during the cooling process, the SU-8 starts to shrink much faster 

than the Al layer and the silicon substrate, which again introduces stress between different layers. 

As a result, after releasing the membrane structure, at the center of the suspended membrane 

structure, the Al layer (100 nm) has a greater tensile stress compared to the SU-8 layer (5 µm), 

which can possibly cause the ripple in the center of the membrane. 

3.3. Summary 

 In this chapter, the feasibility of an SU-8 membrane phase sheet was demonstrated. The 

membrane with a maximum width of 1.25 cm and a thickness of approximately 5 µm was 

fabricated and examined using both AFM and interferometer. The membrane shows a low 

surface roughness (Rmax = 4.081), however, the flatness over (ripples - specification) whole 

surface is relatively large (~ 0.75 µm PtoV). While this was not fixed in this thesis, it can be 

fixed in two ways. First, by an active flattening process using the micro-actuators after the phase 

sheet wafer is bonded to the actuator wafer. Second, reducing the flatness problem by fabricating 

a sandwiched Al / SU-8 / Al structure, which would be stress balanced and so would give a flat 

phase sheet. This latter method is commonly implemented for MEMS membranes for stress 

balancing. 
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Chapter 4 - Design of the Electrostatic Actuator Array 

 This chapter presents the various designs explored for the low voltage electrostatic 

actuator needed for the DM of this thesis. Section 4.1 gives a general introduction of the design 

considerations for an electrostatic actuator. Section 4.2 shows the designs of six different 

aluminum metal electrostatic actuators that were initially considered. These unfortunately 

suffered from mechanical stress issues. Section 4.3 gives a brief discussion of the effect of the 

phase sheet while designing an electrostatic actuator. Section 4.4 presents the design of single 

crystal silicon electrostatic actuators that were developed to solve the stress issue. 

 The required specification was a DM that could displace 5 µm with less than 30 V on the 

drive electrode. For this application, the spatial frequency of the actuator array should also be 

considered. Although, the discussion in this chapter is mainly focused on the single actuator 

design, a 5 × 5 actuator array is the ultimate goal. To maintain the spatial frequency of an array, 

the size of individual actuator elements of the array needed to be confined. For the designs 

presented in Section 4.2, the size of the elements were designed to be 1.2 mm × 1.2 mm. While 

for the design of Section 4.4, each element had a 50 % increase in each dimension due to the 

change of the actuator design and was 1.8 mm × 1.8 mm. A further increase in the size of the 

element can result in a potential reduction in the actuation voltage, while the resonant frequency 

will decrease accordingly.  

4.1. Design Considerations of an Electrostatic Actuator 

 The electrostatic driving technique was chosen as the driving mechanism due to its low 

energy consumption, fast response, and simple mechanism. The displacement of a parallel plate 

electrostatic actuator can be calculated from equation 4.1 (illustrated in Fig. 4.1), 

   𝑑 = !!
!
= !

!
𝜀 !!!

!(!!!)!
 (4.1) 
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where d is the displacement, Fe is the electrostatic force, k is the spring constant of the actuator, 𝜀 

is the permittivity of the medium, A is the facing area, V is drive voltage, and D is the initial 

built-in separation. 

 

Fig. 4.1. A sketch of a parallel plate electrostatic actuator. The upper electrode is attached to the anchor point with 
springs, while the bottom electrode is fixed. D is the spacing between the upper and bottom drive 
electrode, ε is the relative permittivity of the spacing material. 

   The design of a conventional electrostatic actuated deformable mirror (see Fig. 4.2) often 

consists of a fixed drive electrode, a moving actuator (the MEMS platform) that is suspended by 

flexible springs, upon which the phase sheet mirror is attached. In many cases, the phase sheet is 

also anchored at its edges.  

 

Fig. 4.2. Cross-section of an electrostatic actuator with attached phase sheet mirror. The phase sheet mirror is 
attached to the actuator, and both of them are anchored. The drive electrode is placed beneath the actuator 
at a distance of D. 
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 When designing an electrostatic actuator for a deformable mirror, there are five important 

aspects that should be considered. First, an actuator with large area (variable A in equation 4.1) is 

usually desirable. As demonstrated in equation 4.1, the electrostatic force is proportional to the 

facing area of the actuator. The facing area of the actuator is dominated by the area of the MEMS 

platform, since the support springs are small compared to the MEMS platform. Therefore, to 

increase the amount of electrostatic force, the size of the MEMS platform should be maximized 

within the size limit of each actuator. 

 Second, the total stiffness of the actuator is defined by the stiffness of the suspending 

springs (assuming the MEMS platform is much stiffer than the suspending springs). That means, 

in order to achieve a desirable spring constant (variable k in equation 4.1), the suspending 

springs have to be designed appropriately. To increase the actuation distance for a given drive 

voltage, less stiff springs are desired.  This is usually achieved by increasing the length of the 

suspending springs or reducing the thickness and/or width of the springs. However, if the total 

size of the actuator was to be kept constant, increasing the length of the springs leads to a 

reduced size of the central MEMS platform (possessing area A), which leads to reduced 

electrostatic force. 

Third, the openings are elaborately introduced into the actuator to reduce the mass of the 

actuator, thus increase the resonant frequency of the actuator. It may also act as the releasing 

holes if a sacrificial layer beneath the actuator is used in the fabrication process. Furthermore, 

they will not significantly reduce the electrostatic force that is generated between the MEMS 

platform and drive electrode, if the dimensions of the opening are small compared to the distance 

D separating the MEMS platform from the drive electrode. 

 Fourth, the electrostatic actuators suffer from a pull-in effect after a displacement of 

approximately 1/3 of the electrode spacing D [42], thereby limiting the controllable displacement 

range. Fig. 4.3 illustrates a voltage vs. displacement plot of an electrostatic actuator in theory, 

assuming a linear spring is used to generate the restoration force. For the lowest pull-in effect, 

the drive electrode must be placed at a distance from the MEMS platform of at least 3x the 

desired controllable displacement.  
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Fig. 4.3. Drive voltage vs. displacement of a conventional parallel plate electrostatic actuator. The pull-in point 
(inter-section of the curve and dot line) occurs at 1/3 of the normalized displacement, thereby limiting the 
controllable displacement range.  

 Fifth, the combination of the attached phase sheet and the MEMS actuator adds another 

layer of complexity into the system, which is that both their respective spring constants must be 

considered in combination. This is especially important in the case of actuator arrays, where 

adjacent actuators pull on each other, which is referred to as cross-talk. 

 Fig. 4.4 is used to illustrate the cross-talk issues. It shows a similar design to that of Fig. 

4.2, but with the phase sheet is shown as 3 elements in series, with Element 2 in the center, and 

Elements 1 and 3 on either side so that they provide a cross-talk situation. Each element is rigidly 

anchored at the bonding pillars of the actuators below them (labeled A, B, and C). Here one can 

see that the effective spring constant of each phase sheet element is influenced by the adjacent 

elements, and the actuators below them. Consider the case when Element 2 is activated while 

Element 1 and 3 are inactive. The spring constant of Element 2 should be calculated as a sum of 

the spring constant of the electrostatic actuator and the phase sheet above it. The second scenario 

to consider is when both Element 1 and 3 are activated and Element 2 (which was originally 

activated) is then switched off. Noticing that an electrostatic actuator normally can only do 

pulling motion, therefore, the restoration force is solely generated by the suspending springs. As 
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a result, the effective spring constant equals to the spring constant of the actuator subtracted from 

the effective spring constant of the phase sheet. The change in the spring constant leads to a 

varying resonant frequency in different types of motions, which is undesirable. A solution to this 

problem is to design the actuator with a much higher spring constant than the phase sheet, 

therefore the variation in the spring constant is reduced. 

 

Fig. 4.4. Schematic view of an array of electrostatic actuated deformable mirror. Each actuator is anchored to the 
spacer (red) by suspending springs (blue), while the phase sheet mirror is attached to the actuator at A, B, 
and C. Drive electrodes are attached to the substrate. 

 An actuator with much higher spring constant than the phase sheet can also provide a 

solution to the problem of controlling the cross-talk of the phase sheet. Controlling of the cross-

talk of the phase sheet can be done by passive control or active control. Passive control relies 

completely on the physical properties of the phase sheet, and was usually implemented in the 

early designs of electrostatic actuated deformable mirror. Its drawback is that it is generally not 

controllable. Active control utilizes the actuators to shape the surface topology of the phase 

sheet, which means the cross-talk between adjacent mirror locations is set by active surface 

control using the underlying actuators. This is more critical in applications with arrays of 

electrostatic actuators. To achieve active control, the actuators should be much stiffer than the 

phase sheet. 
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4.2. Electrostatic Actuator - MEMS Platform Design 

 Six different designs of metal electrostatic actuators were initially examined. Fig. 4.5 

shows the set-up of an actuator using one of the six designs as an example. 

 

Fig. 4.5. Schematic of the structure of the actuator design. The MEMS platform is connected to the anchor with 
springs, and is suspended at a distance of D above the drive electrode. A drive voltage Vd is applied over 
the actuator and the drive electrode. 

 Finite element analysis using COMSOL Multi-physics [43] was employed to model their 

performance. Initially, both copper (Cu) and aluminum (Al) were material candidates for the 

simulations. However, since the fabrication process utilized includes an oxygen plasma cleaning 

process, Cu was not considered for fabrication since it could be corroded by the oxygen plasma. 

As a result, Al was chosen as the material in the fabrication process and the COMSOL 

simulations. In addition, Al has a much smaller density (2.7 g/cm3) compared to Cu (8.96 g/cm3) 

while the Young’s modulus is relatively close (70 GPa for Al and 110 GPa for Cu), which brings 

some mechanical advantages. 

 The six designs considered are shown in Table 4.A, with the schematics of the designs 

given in Fig. 4.6. The simulations were carried out by drawing the top-views of the designs in 

COMSOL Multiphysics. The top-views were then extruded into the structures given in Fig. 4.6. 

For all the designs listed in the following table, 3 µm thick aluminum metal was used. The ends 
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of all springs were set as fixed in the COMSOL model. To reduce the computational complicity 

of the simulations, a constant force (~ 9 µN) was applied to the actuators in all simulations. This 

simplified the simulations, as multi-physics modeling of both mechanical and electrostatic 

physics was not needed. The use of 9 µN force was calculated using equation 4.1, and is the 

electrostatic force on an electrostatic actuator of similar size applied with 20 V. 

 All designs had the MEMS platform ~ 400 µm in radius, supported by spring elements on 

their sides, and are located 17 µm above the drive electrode. The goal was to have ~ 6 µm 

motion of the MEMS platform. Many iterations of the simulations were done to find designs for 

the springs (the total spring constant of the system is the sum of the spring constant of the 

actuator and the polymer phase sheet) so as to achieve the 6 µm displacement with 20 V on the 

drive electrode. Table 4.A shows that this is achieved for all designs except for Hex 2. The 

results demonstrate the capability of the actuators to meet the specifications required (introduced 

at the beginning of this chapter). 

 The designs introduced in this section were fabricated. The fabrication process will be 

introduced in Section 5.1. However, after fabrication it was found that the mechanical stress in 

the aluminum metal resulted in significant curvature of the MEMS platform. The issue prevented 

the actuators from being functional. Therefore, a new single crystal design for the actuators was 

developed, and is discussed in Section 4.4. 
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 (a) (b) 

  
 (c) (d) 

  
 (e) (f) 

Fig. 4.6. Schematic of (a) circular design 1, (b) circular design 2, (c) hexagonal design 1, (d) hexagonal design 2, 
(e) rectangular design 1, (f) rectangular design 2 with design parameters. Each design consists of a large 
center MEMS platform and multiple suspending springs. The values of the parameters are given in Table 
4. A.   
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Table 4.A. Designs of the Upper Layer Electrodes. According to the table, all six designs other than hex 2 meet the 
requirement of having a displacement larger than 5 µm. 

Type Parameters Type Parameters 
Circle 1 

 

Rcenter 420 µm Circle 2 

 

Rcenter 420 µm 
Wbeam 40 µm Wbeam 40 µm 
θbeam 75° θbeam 75° 
Spring 
Constant 1.35 N/m 

Spring 
Constant 1.44 N/m 

Resonant 2611 Hz Resonant 2733 Hz 
Deflection 6.65 µm Deflection 6.23 µm 

Hex 1 
 

 

Rcenter 430 µm Hex 2 
 

 

Rcenter 430 µm 
Wbeam 20 µm Wbeam inner 30 µm 
Lbeam 440 µm Lbeam inner 260 µm 
Spring 
Constant 1.36 N/m Wbeam outer 20 µm 

Resonant 2757 Hz Lbeam outer 460 µm 

Deflection 6.61 µm 
Spring 
Constant 

1.85 N/m 

Resonant 3630 Hz 
Deflection 6.02 µm Deflection 4.85 µm 

Rec 1 
 

 

Lside 800 µm Rec 2 
 

 

Lside 800 µm 
Wbeam connect 40 µm Wbeam connect 40 µm 
Lbeam connect 115 µm Lbeam connect 80 µm 
Wbeam long 40 µm Wbeam long 40 µm 
Lbeam long 475 µm Lbeam long 500 µm 
Spring 
Constant 1.50 N/m 

Spring 
Constant 1.30 N/m 

Resonant 2813 Hz Resonant 2740 Hz 
Deflection 6.02 µm Deflection 6.02 µm 

 

4.3. Co-Design of Actuator with Phase Sheet Mirror: 

 As mentioned in the Section 4.1, the spring constant of the actuator should be higher than 

that of the phase sheet mirror. Fig. 4.4 shows that the phase sheet is effectively mechanically 

segmented, due to the multiple actuators attached to it from below. The spring constant of this 
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segmented phase sheet can be simulated, by including its own structure and the structure of the 

actuators attached to it from below. The phase sheet itself, as described in Chapter 3, is an SU-8 

membrane with 5 µm thickness. 

 The structure used in the simulation is shown in Fig. 4.7, and COMSOL software was 

used. The simulation was performed so that when driving an actuator (for example actuators 1 in 

Fig. 4.7), the all neighboring actuators will act as anchor points. The neighboring actuators then 

act as rigid boundary points fixing the phase sheet to mimic the worst-case scenario where the 

effective spring constant of the phase sheet is maximized. L in the figure stands for the spacing 

between two adjacent actuators, and is set to 1200 µm according to the actuator designs of 

Section 4.2. 

 

Fig. 4.7. Structure used in the simulation of the phase sheet effective spring constant. The center actuator (actuator 
1) was set as active while the surrounding actuator 2 to 9 were set as fixed. L stands for the spacing 
between two adjacent actuators, and is set to 1200 µm according to the actuator designs of Section 4.2.  

 The simulation showed that the effective spring constant of the SU-8 membrane was 

found to be 0.65 N/m for L = 1200 µm. According to the data on Table 4.A, the spring constants 

of all actuator designs are significantly larger than this 0.65 N/m value. This then satisfies the 

criteria described in Section 4.1, which stated that the spring constant of the actuator should be 

higher than that of the phase sheet mirror. 
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4.4. Electrostatic Actuator - Spiral Design 

 Single crystal silicon was chosen to replace the aluminum material to overcome the 

mechanical stress issue of the aluminum actuator designs described in Section 4.2. Single crystal 

silicon has a similar density to aluminum (single crystal silicon density is 2.33 g/cm3 and 

aluminum density is 2.70 g/cm3). However, {100} [24] single crystal silicon has a higher Young’s 

modulus (130 GPa) than aluminum (70 GPa). Therefore, a device made of single crystal silicon 

with the same structure parameters would be almost twice as stiff as that made of aluminum. 

 Adding to the stiffness problem, is the fact that the single crystal silicon actuators that are 

described in this section, had a larger device thickness (15 µm vs. 3 µm for the earlier aluminum 

design). This larger thickness was selected in order to ensure a robust fabrication process. 

However, the larger thickness further stiffens the actuator. For example, the spring constant of a 

cantilever spring is given by equation 4.2: 

   𝑘 ∝ 𝐸∙𝑤∙𝑡3

𝐿3
 (4.2) 

where k is the spring constant, E is the Young’s modulus, w is the width, t is the thickness of the 

device and L is the length of the spring. From this equation we can see that the increased 

thickness can be compensated for by increased length to the spring. For example, the Circle 1 

design of Table 4.A has 4 springs each having a length at approximately 600 µm. Assuming the 

same width, according to equation 4.2, to maintain the same spring constant for a 15 µm thick 

silicon spring used in place of a 3 µm aluminum spring, the silicon spring should have a length 

of approximately 5600 µm. However, this long length would make it impossible to fit all 4 

springs into the limited spacing of the design. In order to fit the elongated springs while 

maintaining the size of the actuator as compact as possible, a new actuator design was 

developed, possessing a spiral shape (see Fig. 4.8(a)).  

 This new spiral actuator design had the MEMS platform replaced with a small center 

stage (80 µm in diameter), in contrast to the large MEMS platform considered earlier. The freed 

                                                
24 {100} tells the lattice orientation of the single crystal silicon wafer. The physical properties of the single crystal silicon vary with the lattice 
orientation. 
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space enabled the springs to be elongated, and they were designed to spiral inward and converge 

on the center stage. The longer springs themselves possessed a large surface area, and so they 

provided the needed capacitive facing area for the electrostatic actuator system, that was earlier 

provided by the large MEMS platform. 

 With this new spiral actuator design, the entire adaptive optics system was then fabricated 

on 3 separate wafers (see Fig. 4.8(b)), which would then be bonded together after their individual 

fabrication. The drive electrodes were on the bottom wafer, the spiral actuators in the middle 

wafer, and the phase sheet on the top wafer. All three parts were fabricated. The phase sheet 

mirror was tested separately, while the spiral electrode and the drive electrode were combined 

and tested. The phase sheet and the actuator structure (spiral electrodes and drive electrodes) 

were not yet bonded together and tested. 
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(a) 

 
(b) 

Fig. 4.8. (a) Upper electrode design with a spiral springs. (b) Schematic of the spiral actuator array with phase 
sheet and underlying electrodes. This new spiral actuator design has the MEMS platform replaced with a 
small center stage (80 µm in diameter), in contrast to the large MEMS platform considered earlier. 

 A benefit of the spiral shape is that the number of spiral springs can be easily altered; 

giving another design parameter that can be considered. Fig. 4.9 shows cases where there are 2, 

3, and 4 spiral arms connecting to the center platform.  The detailed design process for the spiral 

actuators can be found in Appendix D. Many design variations were explored in simulations 

using COMSOL software before settling on a candidate design with silicon spiral springs that 



	 58 

were 30 µm wide, 15 µm thick, 6030 µm long, an 80 µm wide central platform, and the diameter 

of the structure being 1250 µm. The mechanical resonance and spring constants of these 

structures are shown in the Fig. 4.9 for cases where there are 2, 3, and 4 spiral arms.  

 From these simulated actuators, we can see another significant benefit of the spiral 

system. The spring constant approximately scales with the number of spiral arms, while the 

resonance frequency is relatively unchanged, with the maximum difference to be 51 Hz (< 2 %). 

This fact gives significant freedom in the design of the actuator. Overall, the spiral actuator 

design provides the following benefits: 

• A more flexible structure is achievable within a confined size, while maintaining kHz 

resonant frequency. 

• By making the central connection location small (low mass compared to the springs), the 

resonant frequency of the structure is largely independent to the number of spiral arms. 

• The spring constant of the structure scales with the number of spiral arms. 

• The electrostatic pulling force scales with the number of spiral arms. 

• Since the spring constant and electrostatic force both scale with the number of spiral 

arms, the spring constant can be adjusted without affecting the driving voltage required 

for a given displacement. 

  



	 59 

	
(a)  2 spiral arms, resonance = 2654 Hz, ktotal = 3.28 N/m	

	
(b)  3 spiral arms, resonance = 2685 Hz, ktotal = 4.95 N/m	

	
(c)  4 spiral arms, resonance = 2705 Hz, ktotal = 6.64 N/m 

Fig. 4.9. Comparison between spiral actuators with different number of arms with simulation results. All have 
silicon spiral springs that are 30 µm wide, 15 µm thick, 6030 µm long, an 80 µm wide central platform, 
and the diameter of the structure is 1250 µm. 

 Fig. 4.10 shows the displacement versus drive voltage performance of the actuator with 2, 

3, and 4 spiral arms shown in Fig. 4.9. The actuator was 15 µm above the drive electrode. We 

can see that all actuators were capable of achieving ~ 5 µm displacement with a drive voltage of 

under 30 V, meeting the design specifications. At 30 V the actuators were found to pull-in. 
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Fig. 4.10. Simulated displacement of the spiral actuators with spiral arms of 30 µm wide, 15 µm thick, 6030 µm 

long, an 80 µm wide central platform, and an arm number of 2, 3, and 4 versus the drive voltage. The 
simulation shows that this structure is capable of achieving ~ 5 µm displacement with a drive voltage of 
under 30 V. 

4.4.1. Testing of the Spiral Structure  

 Fig. 4.11 shows a fabricated 5 x 5 array of spiral actuators using the specifications of Fig. 

4.9(c). The detailed fabrication process will be introduced in section 5.2. Fig. 4.11(a) is a picture 

of the bottom wafer containing the drive electrodes. Fig. 4.11(b) shows the wafer with 12 

functional spiral actuators that is bonded to the lower electrode wafer. In this sample, only 12 

upper layer spiral electrodes were released. The sample was taped on a piece of acrylic to ensure 

the electrical isolation. An Olympus BX-51 microscope was used to observe and measure the 

vertical displacement of the actuator when electrically actuated. The error of the microscope 

measurements is ± 1 µm. 
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 (a) (b) 
Fig. 4.11. (a) Fabricated bottom wafer consisting of drive electrodes, the greenish and grey blue part is the silicon 

substrate while the circular electrodes, wires, and contacting pads are in black color. (b) Combined 
structure of the actuator with spiral actuators wafer attached to the bottom drive electrode wafer and the 
contacting pads wired to the power supply. 

 When mounting of the actuator wafer over the drive electrode wafer, the actuator wafer 

was tilted slightly due to the uneven thickness of the insulation layer on the surface of the drive 

electrode wafer. This resulted in slightly different spacings between each of the spiral electrodes 

and the bottom electrodes. We were able to measure the spacing between the actuator and drive 

electrode of position 14, 15, and 17 in Fig. 4.11(a). Table 4.B gives the spiral actuator to bottom 

electrode spacing for these 3 actuators.  

Table 4.B.  Spiral actuator to bottom electrode spacing measured with microscope. 

Actuator No. Spacing 

14 65 ± 1 µm 

15 75 ± 1 µm 

17 45 ± 1 µm 

 

 Electrical testing of the spiral actuators was done using the experiment set-up shown in 

Fig. 4.12. Testing was done by applying an AC voltage to the drive electrodes, instead of a DC 
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voltage. This was done since using a DC voltage would result in electrical charging of the 

insulator material on top of the drive electrodes, which was an SU-8 layer that was spin coated 

over the bottom drive electrodes. Using an AC voltage for testing is acceptable, since the 

electrostatic force is proportional to the square of the voltage, resulting in a pulling force for both 

positive and negative voltages. An Agilent 33120A 15 MHz Function/Arbitrary Waveform 

Generator was used to give a drive voltage Vs at 10 kHz. This frequency is much higher than the 

resonant frequency of the spiral actuators, and so the actuators see this voltage as a root-mean-

square (rms) average voltage equivalent to an applied dc voltage. 

 Because the spiral actuators were more distant from the drive electrodes, as shown in 

Table 4.B, a higher voltage was used to generate the needed electrostatic force to compensate for 

the increased actuator-electrode spacing. Since the output of the function generator only ranges 

from 0 - 10 V, its output Vs is passed through a 1:17 transformer [25], elevating Vs to 0 - 170 V ac. 

One terminal of the transformer’s second stage was connected to the bottom drive electrodes, 

and the other was connected to the upper electrode (spiral actuators) and also electrically 

grounded. 

 

Fig. 4.12. Schematic of the experiment setup of the tested actuator array. A transformer was used to amplify the 
voltage from an ac waveform generator. The amplified drive voltage Vin was applied over the upper-layer 
electrode (spiral actuator) and the bottom-layer electrode (drive electrode).  

 Table 4.C presents the test results of actuators 14, 15, and 17. The input voltage Vin is 

shown in the table. A simulation of the same spiral actuators was done to compare with the 

measurements above. The comparison between the experimental results and the simulation is 

given in Fig. 4.13, where the error bar of the measured data is set to be ±1 µm based on the 
                                                
25 The transformer was shown to have a stable frequency response at the 10 kHz frequency. 
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measurement error of the microscope. We can see close agreement between the simulated and 

measured displacement, indicating that the COMSOL model used to design the spiral is accurate. 

Therefore, design with 4 silicon spiral arms (30 µm wide, 15 µm thick, 6030 µm long, 80 µm 

wide central platform, diameter of 1250 µm) as simulated in Fig. 4.10 can be used to achieve ~ 5 

µm displacement with under 30 V drive voltage, if the separation, D, can be reduced to 15 µm 

Table 4.C. Measured results of the displacement vs. drive voltage of the spiral actuators. A Vin higher than 30 V for ~ 
5 µm displacement in the table compensates for a larger separation D.  

Drive Voltage (Vin) at 10 kHz Displacement d (µm) 

Actuator 14 

30 V < 1 

60 V 1.5 ± 1 

90 V 2.5 ± 1 

120 V 4 ± 1 

 

Actuator 15 

30 V < 1 

60 V 1.5 ± 1 

90 V 2.5 ± 1 

120 V 3 ± 1 

 

Actuator 17 

30 V < 1 

60 V 2 ± 1 

90 V 4 ± 1 

120 V 6.5 ± 1 
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 (a) Actuator 14 (b) Actuator 15 

 

(c) Actuator 17 

Fig. 4.13. Comparison between experimental results and the simulation results of the fabricated spiral actuators 14, 
15, and 17. The red curves in all plots are the simulated results, while the rest are the measured results. 
The error bars are ±1 µm due to the microscope’s limitation.  

 By applying the results in Fig. 4.13 to Equation 4.1, the ratio of k/A for the fabricated 

actuators can be calculated and compared to the k/A of the simulated actuators of Fig. 4.10. This 

is shown in Table 4.D. In Table 4.D, the last data point of both Fig. 4.13(a), (b) and (c) are used, 

as the error to measurement ratio is minimum compared to other data points. The upper and 

lower boundary of the simulation (error bar of the red curve) is based on the thickness range of 

15 ± 1 µm, while the upper and lower boundary of the actuator 14, 15, and 17 are calculated 

based on the error bar of the measurements in Fig. 4.13. We can see close agreement between the 

simulated and measured of k/A, values for the actuators.  
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 The first resonant frequency of the device was also measured to verify the performance of 

the actuator. Resonance movement study was done using a laser position measurement system to 

monitor spiral movement while it was driven with frequency swept ac source (shown in Fig. 

4.14). A Tektronix TDS 2024B digital oscilloscope was used to measure the frequency of the 

input drive voltage, while an Agilent 34461A digital multimeter was used to measure the output 

signal of the laser position detection system. An ac function generator was used to generate a 

swept frequency drive signal from 100 Hz to 3 kHz. The actuator was tested to have its first 

resonance at ~ 2.61 kHz, as shown in Fig. 4.15. This is in close agreement of the predicted 

resonant frequency of 2705 Hz found by COMSOL simulation. 

 

Fig. 4.14. Set-up of the laser position measurement system. 

 

Fig. 4.15. 1st resonant frequency test for the spiral actuator. 
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 Both the measured k/A value and the 1st resonant frequency of the fabricated device 

validate the COMSOL model used to design the spiral. We can then conclude that the simulation 

of Fig. 4.10 is also accurate, which shows that the spiral actuator design is capable of achieving 

the ~ 5 µm displacement with under 30 V drive voltage, if the separation d were to be correctly 

fabricated at 15 µm. 

Table 4.D.  k/A (ratio of spring constant vs. effective facing area) of the simulation results and measurements 

k/A ratio Simulation  

(Fig. 4.10) 

Actuator 14 Actuator 15 Actuator 17 

Calculated 6.577 × 106 N/m3 4.281 × 106 N/m3 4.097 × 106 N/m3 6.614 × 106 N/m3 

Upper error 
boundary 7.982 × 106 N/m3 5.926 × 106 N/m3 5.979 × 106 N/m3 7.425 × 106 N/m3 

Lower error 
boundary 5.347 × 106 N/m3 3.540× 106 N/m3 3.160 × 106 N/m3 6.042 × 106 N/m3 

 

4.5. Summary 

 This chapter presents two different types of electrostatic actuator designs to achieve a 5 

µm displacement with a drive voltage of 30 V. Based on simulations, both designs have the 

ability to generate 5 µm displacement with a drive voltage below 30 V. However, the first design 

with the aluminum conventional parallel-plate structure was found to be difficult to fabricate. A 

single crystal silicon actuator was then designed that achieved the needed flexibility. 
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Chapter 5 - Fabrication of the Electrostatic Actuator 

 This chapter presents the detailed fabrication process of the two types of electrostatic 

actuators that were described in the previous chapter. Three different fabrication processes are 

introduced in detail in the following sections. 

• A surface micromachining process was designed for the fabrication of the MEMS 

platform actuators of Section 4.2, and which were made from aluminum. This is 

presented in Section 5.1. However, stress in the aluminum was a problem, and this 

process was abandoned. 

• A bulk micromachining fabrication process was adopted that enabled the fabrication of 

single crystal silicon spiral actuators of Section 4.4. This is presented in Section 5.2. Two 

methods were explored for etching the spiral actuators into the required spiral shape 

(Section 5.2.2). A plasma etching method was considered first, but it was not successful. 

A laser micro-milling process was then developed and was successful. 

• Controlling the spacing between the spiral actuators and the underlying drive electrode 

was difficult. Section 5.3 presents a process involving a bonded ultra-thin wafer that 

solved this problem. 

5.1. Fabrication of MEMS Platform Actuators 

 The fabrication process of this design can be categorized into the following 3 steps: the 

preparation of the substrate surface and the deposition of the bottom electrode, the deposition of 

the sacrificial layer and the upper electrode, and finally the removal of the sacrificial layer. Each 

step will be introduced in the following sections. The detailed recipes used for each steps are 

covered in Appendix A. Fig. 5.1 shows the schematic of the MEMS platform actuator design and 

the cross-section of a fabricated structure.  
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(a) 

 
(b) 

Fig. 5.1. (a) Schematic of a MEMS platform actuator, with the phase sheet mirror bonded to the actuator. (b) 
Cross-section of the actuator in (a) fabricated on a silicon substrate with silicon dioxide insulation layer, 
showing in detail the materials used. The phase sheet mirror in (a) is not included in (b).  

5.1.1. Substrate Preparation and Bottom Electrode Deposition 

 Two sets of devices were fabricated, one on a silicon substrate, and the other on a glass 

substrate. Both sets of devices had a common process for fabricating the bottom electrodes (Fig. 

5.2). First, the substrate was cleaned with Piranha solution [26] to get rid of the any organic 

contamination on the surface. It was then placed in the oxidation furnace for 8 hours to grow the 

bottom silicon dioxide (SiO2) insulation layer. A 400 nm Al layer was deposited using sputtering 
[27] and patterned lithographically and etched to form the bottom drive electrodes, wires, and 

contacting pads (a). Second, a 450 nm SiO2 layer was sputtered (b), and it was etched through at 

the places where connection wires will connect to the contact pads (c). 

                                                
26 A piranha solution consists of 4 portions of sulfuric acid (H2SO4) and 1 portion of hydrogen peroxide (H2O2). 
27 Sputtering is a process of material deposition. In sputtering, particles of the desired material are ejected from the solid target by ion 
bombardment. The energized particles then are projected to the substrate where the material should be deposited. The process is carried out under 
a vacuum condition. 
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Fig. 5.2. Substrate preparation and bottom electrode deposition. (a) A 400 nm Al layer was deposited using 

sputtering and patterned as the bottom drive electrodes, wires, and contacting pads. (b) A 450 nm SiO2 
layer was sputtered. (c) The sputtered SiO2 was etched through at the places where connection wires will 
connect to the contact pads. 

5.1.2. Sacrificial Deposition and MEMS Platform Fabrication 

 A thick SU-8 2025 layer (~17 µm) was spin-coated at 4 krpm to form the sacrificial layer 

under the MEMS platform (Fig. 5.3 (a)). A layer of 3 µm aluminum was sputtered (b), and this 

Al layer was patterned to form the structure of the MEMS platform and springs, and the 

contacting pads (c). 

 
Fig. 5.3. Sacrificial deposition and upper layer electrode deposition. (a) An SU-8 2025 layer was spin-coated to 

form the sacrificial layer. (b) A layer of aluminum was sputtered. (c) The Al top layer was patterned to 
form the structure of the MEMS platform and springs, and the contacting pads. 

 

Layer Thickness (µm) 
Thermal SiO2 1 

Al Contact Pad 0.4 
Sputtered SiO2 0.45 

Layer Thickness (µm) 
Su-8 ~17 

Al MEMS 
Platform 3 
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 After fabrication of the silicon and glass substrate devices, it was observed that the 

aluminum on the glass samples tended to have a better film quality compared to the ones on the 

silicon substrates. That is due to the thickness of the aluminum layer (~3 µm), it takes 12 min to 

fully etch the aluminum layer. However, the aluminum layer deposited on the silicon substrate 

failed to survive the etching process, the layer pilled off during the process. The aluminum layer 

on the glass substrate survived the process. Therefore, we can consider that the layer on the glass 

substrate has a better layer quality. It was suspected that the sample temperature during the 

aluminum sputtering was the cause of the difference, with the glass substrate being hotter due to 

its much lower thermal conductivity compared to the single-crystal silicon. Therefore, in 

subsequent attempts, a piece of glass was placed below the silicon substrate, resulting in higher 

quality aluminum films. 

 Another issue was that the releasing holes in the MEMS platform (to enable the future 

etching of the sacrificial material) were not fully etched (see Fig. 5.4(a)). This was due to the 

imperfection of the lithographic patterning of the photoresist. The solution to this issue was to 

use a brief etch of the photoresist in a plasma etcher before the wet aluminum etch (see 

Appendix A). Fig. 5.4(b) shows the much better quality of aluminum patterning due to this 

process. 

  
 (a) (b) 

Fig. 5.4. (a) Result of the Al etch without the post-develop etch of photoresist, showing that all releasing holes 
were not fully etched. (b) The result of the aluminum etch with post- develop etch of photoresist, showing 
the holes all fully etched. (a) was taken under the positive light field mode of the microscope while (b) 
was taken under the dark field mode. 
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5.1.3. Sacrificial Removal 

 The last step of the actuator fabrication is the removal of the SU-8 sacrificial layer, see 

Fig. 5.5. This was done using plasma etching with the Trion RIE / ICP plasma etcher. A detailed 

discussion of this releasing process is covered in Appendix B with its recipe presented in 

Appendix A.  

 

Fig. 5.5. Removal of the SU-8 sacrificial layer. The sacrificial layer (green) beneath the MEMS platform and 
springs (red) was removed using plasma etch. A detailed discussion of this releasing process is covered in 
Appendix B. 

5.1.4. Released Electrostatic Actuators 

 Fig. 5.6 shows a picture of a released circle electrode structure. A complete set of pictures 

can be found in Appendix C. Fig. 5.6 (b) shows an array of actuators. Looking closely (Fig. 5.7 

shows the photo taken with 500x magnification), it can be seen that some parts of the MEMS 

platform are not in focus, which means that it is not flat. For more pictures see Fig. A.2. in 

Appendix A. In Fig. 5.7, it is quite obvious that the end of the suspending spring is not at the 

same height of the anchor point. 

 In order to measure the non-flat surface profile of the MEMS platform, some points of 

each design were identified and their height profile was measured with microscope. Fig. 5.8 

shows the measurements for one of the fabricated Circle 1 actuators. We can see that the height 

profile varies up to 23 µm from flat. The deformations in vertical direction occurred in all 
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designs, and for some of the designs, the peak-to-valley can be more than 50 µm. Appendix C 

shows more measurements for other actuators. 

 

  
 (a) (b) 
Fig. 5.6. Released electrostatic actuators observed under a microscope. (a) A single circle 1 actuator. (b) 3x3 array of 

circle 1 actuators. The black part in the pictures is the upper electrode layer, (b) the grey areas in the 
background are the silicon substrate, and the bright yellow areas are the bottom electrodes, and they are 
shown in orange in side view in Fig. 5.1(b). 

 
Fig. 5.7. Anchor point and the end of the spring of design hex 1. The part in the lower part of the picture is the 

anchor, while the one in the upper part is the edge of the actuator. This is a top down view. Since the edge 
is out of focus compared to the anchors, both parts are not at the same height. 
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Fig. 5.8. Height mapping of circle 1 actuator. Numbers refer to depth out of the page towards the viewer (+) The 

anchor point is set to be 0. The maximum deformation (+23 µm) happens at the junction of the MEMS 
platform and the spring. The deformation is due to the stress within the aluminum layer. 

 The cause of these deformations was stress in the 3 µm sputtered aluminum film, which 

is in part due to the heating of the aluminum during the sputtering process. The deformations that 

result in variable height of the MEMS platform will cause problems in the following bonding 

process. Additionally, the variable height of the MEMS platform over the lower drive electrode 

will affect the electrostatic pulling force. 

 Since solving the aluminum stress is a difficult process, an alternative fabrication method 

was considered which used a single crystal silicon structure for the actuator. This process is 

discussed in Section 5.2 below. 

5.2. Fabrication of Spiral Actuators 

 This section discusses the fabrication of the spiral actuator on a silicon wafer. Fig. 5.9 

shows a schematic of the fabricated structure. The process can be divided into two steps, each 

fabricated on a separate silicon wafer. First, the spiral actuator is fabricated on what will become 

the top wafer. Second, the fabrication of the bottom drive electrodes is done on a standard silicon 

wafer. Fig. 5.9(b) shows these two wafers etched such that they interlock when stack on each 

other. This was done to ensure good alignment when assembled. 
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(a) 

 
(b) 

Fig. 5.9. (a) Schematic of a spiral actuator with the phase sheet mirror. The actuator itself has two components: the 
spiral actuator (middle layer; top layer in (b)) and the drive electrode (bottom layer here and in (b)). (b) 
Cross-section of actuators wafer mounted over drive electrode wafer. The gap in the top layer represents 
the opening in the spiral structure. 
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5.2.1. Fabrication of the Spiral Structure 

 Fig. 5.10 shows the fabrication process of the spiral structure on the actuator wafer. The 

wafer (blue) is coated with a layer of silicon dioxide (orange) on both sides. Then the backside 

silicon dioxide is patterned and etched using wet etching. The silicon dioxide then serves as the 

mask for the KOH etch. The wafer is then etched in 30% KOH heated to 80 °C until 50 µm 

remains (a). An oxidation is then carried out to grow a layer of silicon dioxide (red) in the 

etching trench as the mask for the next etch (b). The frontside silicon dioxide is then patterned 

(c), and then etched in KOH in three successive steps to define the pillar, and to thin the 

membrane to 30 µm at the locations of the support frames and 15 µm at the locations of the 

spiral actuators (d, e, f). This is followed by the removal of the silicon dioxide and a deposition 

of the aluminum coating material (green) by sputtering (g). The aluminum is patterned into 

actuator shape that can be used as the etching mask for the releasing process. Following that, the 

spiral actuators are released (h). 
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  (a) (b) 

   
  (c) (d) 

   
  (e) (f) 

   
  (g) (h) 

 

 

 

 

 

Fig. 5.10. Fabrication process of the spiral structure. (a) The substrate starts with a piece of silicon wafer coated 
with silicon dioxide (orange). The SiO2 is patterned and the wafer is back-etched to 50 µm thickness. The 
wafer is then coated with silicon dioxide again (red) (b). The silicon dioxide is then patterned as the mask 
for the first KOH etch (c). The silicon substrate is etched (d). The silicon dioxide mask is patterned again 
for the second KOH etch (d) and the silicon is etched to form the step structure of the actuator (f) Al was 
deposited and patterned to form the conducting layer (g). The spiral actuator is released afterwards (h). 

5.2.2. Actuator Etching 

 Two processes were explored to etch the spiral actuators from the silicon membrane. 

Reactive ion etching (RIE) was tried first, but failed due to thermal issues. Laser etching was 

then used to successfully etch the actuators. 

  

Layer Thickness (µm) 
Si Substrate ~250 

SiO2 (Orange) ~1 
SiO2 (Red) ~1 
Al (Green) 0.2 
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RIE etching to release actuator: 

 The RIE is type of plasma [28] etch that is most commonly used. The schematic of a RIE 

chamber with inductively coupled plasma power (ICP) is shown in Fig. 5.11. The details of the 

RIE process can be found in [44]. The recipe of this specific application is given in Table 5.A. 

The recipe was tested to have a silicon etch rate of ~ 1.4 µm/min and a vertical-to-horizontal etch 

rate ratio of ~0.8. The device is placed in a vacuum chamber and is cooled with a cooling 

system. The etchant gases (SF6, O2, and CHF3) are fed into the chamber and the plasma is 

generated with ICP power. The ions of the etchants are then pulled towards the surface of the 

device by RIE power, and react with silicon. The gaseous products of the reaction (SOxFy and 

COxFy) are pumped away, while the solid by-product (SiFxOy) is deposited on the surface of the 

device, and works as the passivation layer [45]. The deposition process of SiFxOy is sensitive to 

the temperature of the device surface, and the etch rate of the silicon varies with temperature. 

Empirically, when etching a device with a complicated surface topology, it should be cooled 

down to -50 °C to guarantee a uniform deposition of the passivation layer. In this application, the 

device was cooled to 16 °C due to the limitation of the cooling system of the plasma etch 

chamber.  

 
Fig. 5.11. Schematic view of an ICP-RIE plasma etch system. The sample, in this case the device, is placed in a 

vacuum chamber. The ICP power is used to generate the plasma of the etchant gas (positive circles in 
orange) while the RIE power pulls the etchant ion towards the sample. Negative circles in the picture are 
electrons. 

                                                
28 Plasma is a state of matter in which an ionized gaseous substance becomes highly electrically conductive to the point that long-range electric 
and magnetic fields dominate the behavior of the matter. 
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Table 5.A.  Recipe of the RIE process used in the trial to etch the silicon structure of the spiral actuator 

Parameter Value 

Etch pressure 50 mTorr 

RIE power 50 W 

ICP power 100 W 

Sulfur Hexafluoride (SF6) 30 sccm 

Oxygen (O2) 15 sccm 

Trifluoromethane (CHF3) 15 sccm 

 

 During the process, it was found out that the recipe was not able to give a uniform etch 

over the surface of the device. The main reasons for the difficulties in the etch process were the 

uneven cooling of the spiral structure, and the varying mask opening sizes. Heat is generated 

during the RIE process. Because the structure is very thin compared to its diameter (~15 µm in 

thickness compared to 1300 µm in side-length for each spiral actuator and 9000 µm for the 

whole 5 × 5 array), during etching the center becomes hotter than the edges (where the spiral 

meets the bulk silicon wafer). The etching process is then slower at the edges of the structure. 

Second, the smaller mask opening at the center of the structure impeded the plasma from 

reaching the silicon surface, therefore, the etching rate is also slower. Fig. 5.12 shows a partially 

etched spiral structure under a microscope. In Fig. 5.12, the silvery colored part is the spiral 

structure coated with aluminum, while the grey and black area is the partially etched silicon.  
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Fig. 5.12. Surface of a partially etched spiral structure. The non-uniformity of the color (black and grey) shows the 
imperfections of the plasma etch. The various small black rectangular structures on the surface are the 
spots where the wafer was etched deeper, due to defects in the KOH etch mask. 

 The problem might be fixed if the sample could be cooled to -50 °C. At this temperature, 

the passivation layer on the surface of the sample might be stable enough to mitigate the 

difference in the etch rate over the surface due to the varying temperature. As a result, the etch 

rate then might become uniform. However, it is not feasible with the cooling system available in 

our lab.  

Laser etching to release actuator: 

 A laser etching method to pattern the actuators was developed to avoid the temperature 

issue with the plasma etching. An ultraviolet (355-nm) diode-pumped solid-state pico-second 

laser (A-355ps Laser Micromachining system) from Oxford Lasers Ltd was used (see Fig. 5.13.).  



	 80 

 

Fig. 5.13. The A-355ps Laser Micromachining system from Oxford Lasers Ltd. The system has a 355-nm diode-
pumped solid-state pico-second laser as the milling mechanism. 

 The flow chart of the laser milling process is given in Fig. 5.14. The process includes 

four major steps: the toolpath generation, the focus adjusting, the auto-aligning, and finally the 

milling. The detailed process can be found in the application note [46], while Table 5.B shows the 

specs of the machine setting. The recipe used in the milling process can be found in Appendix E.  

 
Fig. 5.14. Flow chart of the laser milling process using the A-355ps Laser Micromachining system. The process 

includes four major steps: the toolpath generation, the focus adjusting, the auto-aligning, and finally the 
milling. 
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Table 5.B. Specs of machine setting used in the milling process. 

Specs of Machine Setting Value 

Maximum Pulse Energy 0.12 mJ 

Attenuation 0.6 % 

Milling Pulse Energy 0.72 µJ 

Pulse Duration 6 ps 

Pulse Frequency 400 Hz 

Spot Speed 1 mm / sec 

Etch Rate per Run 1 µm per run for first 5 runs 

0.8 µm per run for run 6 to 10 

0.5 µm per run for run 11 to 15 

0.4 µm per run for run 16 to 20 

  

 In this application, because the toolpath was generated using AlphaCAM. As will be 

mentioned in below in this section, the laser spot was tested to have a finite size (18 µm to 20 

µm), the original drawing of the spiral actuator needed to be modified. Fig. 5.15 shows an 

example of the generated toolpath. 

 

Fig. 5.15. The toolpath generated based on the drawing of the spiral actuator. The green lines are the drawing of the 
spiral actuator while the cyan lines are the toolpath. 
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 The laser focusing is done by drilling a series of holes into the surface of the target while 

gradually reducing the spacing between the laser emitter and target. The focus occurs at the 

spacing with minimum spot size. Fig. 5.16 demonstrates the series of the spots that were used. 

The radius of the spots was later measured to find the minimum resolution of the laser. It was 

measured to be about 18 µm in lateral direction and 20 µm in vertical direction, which is 

adequate for the application of the upper-layer electrodes. 

 
Fig. 5.16 Series of the spots drilled into the surface of the target to focus the laser. Each spot represents a different 

height out of the page of the focus of the laser relative to the sample surface. The 12th spot has the 
minimum radius therefore the laser is focusing on the sample surface. 

 The laser milling system also has an auto-align feature that can be handy in the releasing. 

This feature was tested and proven to be functional on the dummy silicon wafers coated with 

sputtered aluminum layer (see Fig. 5.17 and Fig. 5.18). In Fig. 5.17, a misalignment can be 

observed, this is due to the built in error in the mechanical structure of the system. It was later 

solved by manually inputting a 30 µm offset in the y-direction, and the result is given in Fig. 

5.18. The difference of the surface roughness between a polished silicon surface and sputtered 

aluminum layer makes it possible for the optical system of the laser mill to recognize the 

alignment mark etched into the aluminum layer and therefore successfully finish the releasing. 

However, the system fails to recognize the alignment mark etched into the silicon substrate of the 

samples with KOH etch. This is due to the increased surface roughness in the KOH etch. This 
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issue was solved by a minor modification in the fabrication process, which was to only etch the 

alignment mark into the aluminum layer; see Fig. 5.19(a).  

 

Fig. 5.17. View of contour cutting done with auto-alignment function. The yellowish surface is the place where 
aluminum was deposited, the white part is the silicon surface, while the black curves are the trench of the 
laser milling. In an ideal situation, the black curves should be parallel with the yellowish Al. A 
misalignment can be observed in this figure. 

 

Fig. 5.18. Single contour cutting with auto-alignment function and calibration. The yellowish surface is the place 
where aluminum was deposited; the white part is the silicon surface, while the black curves are the trench 
of the laser milling. The quality of the alignment was improved after calibration. 
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 A 30 µm spiral width was used for the laser etched actuators. Fig. 5.19(a) and Fig. 

5.19(b) show a successfully released 5 × 5 array of actuators from both sides. The one missing 

on the left side was broken accidentally while measuring the sample. Fig. 5.19(c) and Fig. 

5.19(d) show the spiral structure under the microscope. 

  
 (a) (b) 

  
 (c) (d) 

Fig. 5.19. (a) Front (phase sheet side) view of a released actuator array sample. (b) Back-side (side towards drive 
electrodes) view of the released actuator array sample. (c) Spiral actuator array under a microscope. (d) 
Single spiral actuator under 100 × magnification. 

 In Fig. 5.19(c), some dark regions on the surface of the frame between adjacent spirals 

can be observed. These are residue from the milled material re-deposited on the surface of the 

sample. Ideally, the laser milling system should have vaporized all the material that is designed 

to be removed. However, in reality, the power of the laser is not high enough to vaporize the 
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silicon material at the edge of the laser spot. Instead, silicon is re-deposited on the surface of the 

sample. However, no significant effect on spring constant was observed in the test of the device 

as the measurement in Chapter 4 matches the simulation results. It is safe to ignore the effect of 

the re-deposition. 

5.2.3. Fabrication of the Bottom Electrode 

 The fabrication of the bottom electrodes is demonstrated in 

 
   (a) 

 
  (b) 

 
   (c) 

Fig. 5.20. It starts with a common silicon wafer. Alignment trenches are etched into the wafer to 

match the structure of the actuator wafer with the spirals, so to ensure they align during 

fabrication. Etching is done using KOH (a). A second KOH etch is used to pattern a spacing 

trench of 10 µm deep for the bottom electrodes, which will be the spacing between the spiral 

actuators and the drive electrodes (b). Metal is deposited on the front (top, towards the actuator) 

side and is patterned into the structure of the bottom electrodes. Then a thin layer of SU-8, 

around 5 µm, is spin-coated and cross-linked as the insulation layer (c). Fig. 5.21 shows the 

fabricated bottom electrode. 
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   (a) 

 
  (b) 

 
   (c) 

Fig. 5.20. Fabrication process of the bottom electrode. (a) Alignment trench is etched into the substrate. (b) Spacing 
trench is etched to define the spacing between the actuator and drive electrode. (c) The drive electrode is 
deposited and patterned followed by a coating of SU-8 insulator. 

Layer Thickness (µm) 
Alignment 

Trench 220 

Spacing Trench 10 
Al (Drive 
Electrode) 0.2 

Su-8 Insulator ~5 
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Fig. 5.21. Fabricated bottom wafer (side towards the actuator) consisting of drive electrodes, the greenish and grey 
blue part is the silicon substrate while the circular electrodes, wires, and contacting pads are in black 
color. 

 Two problems were identified in the experimental testing of this device (covered in 

section 4.3.2). First, the lithography process used to pattern the drive electrodes was not as 

reliable as expected, due to the steep surface topography after KOH etching. Second, because of 

the same reason, the insulator layer could not be uniformly coated, which led to the non-uniform 

spacing between the spiral actuator and drive electrode. To overcome these problems, a new 

fabrication process employing an ultra-thin silicon wafer was developed and is discussed in 

Section 5.3.  
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5.3. Fabrication Process Based on Ultra-Thin Wafer 

 A fabrication process using an ultra-thin silicon wafer (50 µm thick) was developed to 

overcome the issues caused by the alignment trench identified in Section 5.2. Fig. 5.23 shows the 

schematic of the actuator fabricated using the process.  The ultra-thin wafer process, like the 

process of Section 5.2 is a two-wafer process. However in this case there is no need to align 

protruding structures in the top layer with trenches in the bottom layer. The thicker bottom 

silicon wafer has the drive electrodes patterned on it, with the ultra-thin wafer bonded to it on top 

of a spacer layer, and subsequently KOH etched and laser cut to free the spiral actuators. 

 Comparing to the process of Section 5.2, the ultra-thin wafer process has the advantages 

listed below.  

1. The thickness of the thin wafer is precisely controlled as it is pre-fabricated, therefore no 

back-etch is required. 

2. The spacing between the spiral actuator layer and drive electrode layer is controlled by 

the spacer layer, whose thickness is controlled by the deposition process. 

3. Since no alignment trench is required, the fabrication of the drive electrode is easier. 

 

Fig. 5.22. Schematic of the spiral actuator fabricated with the thin-wafer process. The overall actuator device is 
fabricated by bonding two pieces of wafer. One is a drive electrode wafer (bottom). The other is the spiral 
component wafer fabricated using an ultra-thin wafer (top). A via hole is etched into the bottom wafer to 
balance the pressure in the following fabrication process. 
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 The detailed fabrication process using the ultra-thin wafer is given in Fig. 5.23. The 

process starts with producing the drive electrode wafer. The base is a silicon dioxide (~1 µm) 

coated silicon substrate wafer (Fig. 5.23(a)). Aluminum is deposited and patterned to form the 

bottom electrodes, wiring, and the contacting pads (Fig. 5.23(b)). A thin layer of either SU-8 or 

silicon dioxide is then deposited and patterned as the insulation layer above the underlying 

electrodes. A 15 ± 1 µm thick SU-8 spacer layer is then spin-coated on the wafer (Fig. 5.23(c)). 

A via hole through the substrate is opened using laser milling (Fig. 5.23(d)) with the discussion 

of it presented in Appendix F. The via hole is needed to prevent pressure from trapped gas during 

subsequent heated processes.  

 The second component, the spiral actuator with ultra-thin wafer is then produced. The 

ultra-tin wafer is spin-coated with 1.5 µm SU-8 at 4 krpm, which is used as the adhesive to bond 

the ultra-thin wafer to the spacers in the bottom component (Fig. 5.23(e)). Details of the step are 

presented in Section 5.3.1. Once it is attached to the lower electrode wafer, the whole assembly, 

including the surface of the ultra-thin wafer, is coated with sputtered SiO2, which is used as an 

etch mask for the next KOH etching step (this process is explained later in 5.3.2). Three 

successive hot KOH etches are used to fabricate the required spiral actuator features (Fig. 

5.23(f), (g)), details of this step are covered in Section 5.3.3. The surface then is metallized with 

200 nm of sputtered aluminum. After that, a 1 µm SiO2 layer is deposited by sputtering as the 

insulation layer (Fig. 5.23(h)). The final step is the releasing of the structure using laser milling 

technology (Fig. 5.23(i)). 
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  (a) (b) 

   
  (c) (d) 

  
  (e) (f) 

  
  (g) (h) 

 
 (i) 

 
 

Fig. 5.23. Fabrication process based on an ultra-thin wafer. (a) The silicon dioxide layer (orange) is deposited on the 
silicon  (dark blue) substrate. (b) Al (light blue) layer is deposited and patterned to form drive electrode. 
(c) SU-8 (green) spacer is spun and patterned. (d) Via hole is etched into the substrate. (e) The ultra-thin 
silicon (dark blue) wafer is bonded to the substrate. (f) A layer of silicon dioxide (orange) is sputtered 
onto the ultra-thin wafer. (g) Successive KOH etchings are used to produce the thickness of the spiral 
actuator. (h) Al (blue) is deposited followed by a sputtering of silicon dioxide (orange). (i) The spiral 
actuator is released using laser milling. 

Layer Thickness (µm) 
Silicon Dioxide ~1 

Al Bottom Electrode 0.2 
SU-8 Spacing 15 

Ultra-thin Wafer 50 
Su-8 Adhesive ~1.5 
Sputtered SiO2 1 

Al on Spiral 0.2 
SiO2 on Spiral 1 
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 The following sections explain the three important steps involved in the fabrication 

process. The three steps are ultra-thin wafer attachment, the deposition of the mask material of 

the hot KOH etching, and the wafer handling method during the KOH etching. 

5.3.1. SU-8 Bonding Technique 

 The bonding of the ultra-thin wafer to the lower drive electrode wafer used SU-8 as the 

adhesive. The reason of choosing SU-8 is that, other than cross-linking with exposure to UV, it 

can also be cross-linked simply with heat. The experiment to verify the suitability of this process 

is described below. 

 A 15 µm SU-8 spacer was first patterned on the bottom electrode wafer (see Fig. 5.23(d)) 

to create the spacing between it and the ultra-thin wafer. This SU-8 was properly cross-linked to 

form a solid structure. Next, the ultra-thin wafer was temporally bonded to a handle wafer using 

positive photoresist PR 504. It was then coated with a layer of thin SU-8 (~1.5 µm) that was 

spun uniformly over the ultra-thin wafer. Next, the ultra-thin wafer was pressed against the 

electrode wafer (see Fig. 5.24). The structure placed in an oven at 150 ºC for 4 hours, while a 

400 g weight was placed on the top of the sample for a uniform stress to enhance the bonding. 

The thermal cross-linking process is much slower than the UV cross-linking process, so a long 

duration heat treatment is necessary in this case. The handle wafer attached to the ultra-thin 

wafer was then removed by dissolving the PR 504 photoresist using acetone rinsing. 

 The bonding strength was not quantitatively measured [29]. However, in attempting to 

separate the ultra-thin wafer from the electrode wafer using a scalpel, the electrode wafer 

shattered. As a result, we consider the bonding reliable enough for our application. 

  

                                                
29 The bond strength of SU-8 to silicon is reported to be 38 MPa [38]. 
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Fig. 5.24. The schematic of bonding process. The ultra-thin wafer was temporally bonded to a handle wafer using 
positive photoresist PR 504. It was then coated with a layer of thin SU-8 (~1.5 µm) that was spun 
uniformly over the ultra-thin wafer. Next, the SU-8 surface of the ultra-thin wafer was pressed against the 
spacers above the Al drive electrode wafer.  

5.3.2. Sputtered Silicon Dioxide as the Mask for KOH Etching  

 As explained above, the ultra-thin wafer is bonded to the substrate before the deposition 

of the mask material for KOH etching. Since the SU-8 used as the bonding material is a polymer, 

it is impossible to use thermally grown silicon oxide as the KOH etch mask. To thermally grow 

the silicon dioxide, the sample needs to be placed in the oxidation oven at 1100 °C for 8 hr to 

grow a 1 µm thick silicon dioxide layer, with water vapor fed as the resource oxygen. The SU-8 

carbonizes at ~ 300 °C, therefore, a low temperature process is required to deposit the silicon 

dioxide layer. As a result, the sputtered silicon dioxide was explored as a suitable mask material, 

since it can be deposited at close to room temperature. 

 The performance of sputtered silicon dioxide, compared to thermally grown silicon 

dioxide, needed to be determined before it can be considered as a KOH etch mask. The sputtered 

oxide was deposited using a reactive process, where silicon is sputtered with oxygen to form 

silicon dioxide. The recipe is given in Table 5.C. 
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Table 5.C. Recipe used to reactive sputter silicon dioxide from a silicon target material. 

Parameters Value 

Sputtering Pressure (Torr) 5.3 × 10-3 

Radio Frequency Power (W) 300 

Reflection Power (W) < 10 

Ar (Argon) Flow Rate (sccm) 30 

O2 Flow Rate (sccm) 15 

Time (min) 100 

 

 Several experiments were carried out with samples of sputtered silicon dioxide (912 nm 

thick) etched in KOH at 80 °C for 1 hour, to determine its suitability as an etch mask. It should 

be mentioned, that in the real fabrication process, only a 35 min KOH etch is required. Table 5.D 

shows the etch experiment results. The table also shows results for reactive sputtered SiO2 that 

was annealed at 1100 ºC in N2 gas, to explore if this makes a difference in the KOH etch rate. 

Table 5.D.  Measured results of the KOH etch rate test of the sputtered silicon dioxide with various annealing time. 

No. Annealing 
Time (hr) 

SiO2 etched 
away (Å) 

Etch rate 
(Å/min) 

Sputtered SiO2 0 4418 73.6 

Sputtered SiO2 1 2777 46.3 

Sputtered SiO2 2 2193 36.6 

Sputtered SiO2 3 1523 25.4 

 

 As shown in Table 5.D, all the sputtered silicon dioxide samples, even the un-annealed 

one, are shown to be suitable as a mask for the 35 minutes of hot KOH etching. The etch rate of 

the SiO2 layer is considerably lower than the etch rate of silicon in hot KOH (~1.02 µm/min). It 

is interesting to note from Table 5.D. that after annealing, the sputtered silicon dioxide has 

almost the same slow etch rate as the thermally grown silicon dioxide. Fig. 5.25 shows a picture 

of the un-annealed sputtered SiO2 after the 1 hour KOH etch. 
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Fig. 5.25. Silicon dioxide sample without annealing after 1 hour KOH etch. The gradiant in the color of the silicon 
dioxide comes from the deposition process rather than the etching. Only a single flaw can be observed 
over the whole wafer, while everywhere is not penetrated. Combined with the low etch rate, the sputtered 
silicon dioxide can be considered as a decent mask. 

5.3.3. Polydimethylsiloxane (PDMS) as the Sample Protection Layer in KOH Etching 

 From Fig. 5.23(g), we can see that the sample needs to go through three successive KOH 

etches after two pieces of wafer are bonded. An issue with this etch process is that, in order to 

carry out the etch, the sample needs to be submerged in the KOH solution. This will etch not 

only the exposed silicon, but the bonding material (SU-8) and the aluminum metal as well. In 

order to prevent any undesired etching, the exposed SU-8 and aluminum has to be protected 

completely, leaving only the top of the ultra-thin wafer exposed. A protective material is needed, 

that can be easily deposited and later removed. 

 PDMS is a reasonable candidate for the job. It is a silicon-based organic polymer that is 

proven to be KOH durable in literature [47]. It is liquid in its un-crosslinked form, and can be 

easily deposited. After curing, the material transforms into a gel-like state, and is bonded to the 

substrate with Van der Waals force only, which makes it relatively easy to be removed. The 

process is given below. 
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 The PDMS is first fully mixed with its curing agent [30] to a 10:1 ratio. Then it is poured 

into a mold with device samples in order to cover the surface. A de-gassing process in vacuum is 

done to get rid of most of the bubbles introduced during the mixing. This is followed by a 4-hour 

heat treatment in an oven at 80 ºC. After the heat treatment, the PDMS is fully cured and 

solidified. The material, however, is soft enough to be cut using a scalpel so that an opening can 

be shaped on the top surface where the sample will be etched. After the KOH etching, the PDMS 

layer is removed (peeled off). Fig. 5.26 shows a test sample after a 2-hour KOH etching. The 

process was found to be successful, and so was used to protect the sample for the process step of 

Fig. 5.23(g). The PDMS was then removed before the process step of Fig. 5.23(h). 

 

Fig. 5.26. Test sample after a 2-hour KOH etch. The reflecting surface shows a successful KOH etch while the dark 
part of the sample is protected by the PDMS coating. The process demonstrates the capability of using 
PDMS as a protection layer in KOH etch. 

5.4. Conclusion 

 Three different fabrication processes were introduced in the chapter. The first one is a 

surface micromachining process designed for the MEMS platform design, while the other two 

                                                
30

 Ingredients: Octamethylcyclotetrasiloxane, Ethylbenzene, Xylene, Dimethyl Methylhydrogen Siloxane – Trimethylsiloxy – terminated, 
Dimethyl, Siloxane – Dimethylvinylsiloxy – terminated, Tetramethyl Tetravinyl Cyclotetrasiloxane Dimethylvinylated and Trimethylated Silica.  
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were bulk micromachining processes (silicon wafer and ultra-thin wafer) that were designed for 

the spiral design. The advantages and disadvantages of the each process are given below. 

• The surface micromachining process designed for the fabrication of the MEMS platform 

actuators of Section 4.2 is single wafer process and is easy to carry out compared to the 

other. However, the stress issue in the aluminum layer is hard to deal with. 

• The silicon wafer fabrication process is a two-wafer process. It has no issue with the 

aluminum layer as single crystal silicon is used, and it was designed to be self-aligned. 

The draw-backs of the fabrication process are, first, the spacing between the spiral 

actuator wafer and the drive electrode wafer could not be precisely controlled, and 

second, the alignment trench in the drive electrode wafer increases the difficulty in 

fabrication of the drive electrodes greatly. 

• The ultra-thin wafer fabrication process is also a two-wafer process. It utilizes a pre-

fabricated ultra-thin wafer with a given thickness (50 µm). With this technique, the 

spacing between the spiral actuator and drive electrode can be precisely controlled 

through spin coating of the spacer and the adhesive. It also reduces the complexity in the 

fabrication process of the drive electrode. The process, however, does require some new 

techniques to be feasible, and these steps were covered in this chapter. Overall, this 

process was the most reliable (and easy) amongst the three processes, in terms of the 

precision of the fabrication process.  
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Chapter 6 - The Tri-Electrode Topology of an Electrostatic 

Actuator for 10 µm Stroke  

 Two different categories of electrostatic actuators were presented in Chapter 4. 

According to the simulation and experimental results, both designs showed capable of meeting 

the original requirements of the project, that is a 5 µm displacement with a drive voltage 

compatible with IC (< 30 V). However, during the course of this research, the specifications 

were changed and made more demanding, with the mirror now needing double the displacement 

from 5 µm to 10 µm, while still only requiring < 30 V for actuator. 

 This change required the designs of Chapter 4 to be again revisited. As presented in 

Chapter 4, the displacement of an electrostatic actuator is given by:  

   𝑑 =
!!
!
= !

!
𝜀

!!!

!(!!!)!
 (6.1)  

where d is the displacement; Fe is the electrostatic force; k is the spring constant of the actuator; 

𝜀 is the permittivity of the medium; A is the facing area; V is the drive voltage; and D is the 

initial built-in separation between the actuator and drive electrode. From equation 6.1, it is clear 

that, in order to increase the displacement without increasing the drive voltage, the following 

could be considered: increase the facing area, reduce the spring constant, or reduce the spacing 

between the actuator and the drive electrode. However, each method poses problems. Increasing 

the facing area would result in a reduction in the spatial frequency of actuators, which is 

undesirable. Reducing the actuator spring constant will also reduce the resonant frequency, and 

so hamper the capability of phase sheet surface control. Finally, reducing the spacing between 

the actuator and its driving electrode is not possible, as this will lead to the positive feedback 

pull-in effect. 

 Therefore, in order to achieve greater stroke without suffering an increase in voltage, a 

new tri-electrode topology for electrostatic actuators was developed. The development of this 

topology is presented in this chapter. 
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 This chapter is presented in four parts. In Section 6.1, existing methods to reduce drive 

voltage and extend pull-in are introduced. However, none of these methods are suitable for the 

application of this thesis. Section 6.2 shows the concept of the tri-electrode topology. Section 6.3 

presents a fabricated prototype of the topology, demonstrating the drive voltage reduction feature 

of the topology. Finally, in Section 6.4, the tri-electrode topology is applied to the spiral actuator 

to double the stroke of the spiral electrostatic actuator design presented in Chapter 4. The spiral 

structure with tri-electrode topology was only simulated in this chapter, and not fabricated. 

6.1. Designs of Electrostatic Actuators by Other Groups 

 Some attempts of reducing the drive voltage and extending controllable stroke [31] are 

listed in this section. 

 Shai Shmulevich et. al. [48] proposed solving the pull-in issue by a design with a 

nonlinear spring, whose spring constant increases as the actuator closes. Fig. 6.1 shows the 

zoom-in photo of the design. By changing the effective length of the spring of the electrostatic 

actuator, the spring constant of the restoration force can be changed so that it increases with a 

decreased separation between the electrodes. The maximum displacement was measured to be 

18.6 µm out of 21 µm of the initial separation with a drive voltage of 130 V that is 4 times the 

original pull-in voltage. 

 

 

 

                                                
31 The controlled stroke of an electrostatic actuator is the total displacement of the actuator that can be well controlled using some type of control 
mechanism. 
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Shai Shmulevich, Ben Rivlin, Inbar Hotzen, and David Elata, A 

gap-closing electrostatic actuator with a linear extended range, J. 
Microelectromech. Syst. Vol. 22, No. 5, pp. 1109-1114, Oct. 2013. 

Fig. 6.1. Zoom-in photo of the electrostatic actuator with non-linear spring [48]. By changing the effective length 
of the spring of the electrostatic actuator, the spring constant of the restoration force can be changed so 
that it increases with a decreased separation between the electrodes. 

 Another way to mitigate the high voltage for high stroke issue is to mechanically re-direct 

the displacement into another axial direction. One design was given by Holger Conrad et al. [49]. 

They came up with an inverted-V shaped actuator design so that the displacement is amplified by 

angle between the pulling direction and actuation direction. Fig. 6.2 is the schematic view of the 

design. From Fig. 6.2, it is clear that displacement at the tip of the inverted-V shaped actuator in 

the vertical direction is theoretically equal to 1 cos (𝛼) of the displacement (in the direction 

perpendicular to the bottom electrode) in the pulling direction. The measurement showed that the 

displacement was 272 nm with a 200-nm separation between the two electrodes, which gives a 

136 % amplification of the displacement.  
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Holger Conrad, Harald Schenk, Bert Kaiser, Sergiu Langa, 
Matthieu Gaudet, Klaus Schimmanz, Michael Stolz, and Miriam 

Lenz, A small-gap electrostatic micro-actuator for large 
deflections, DOI: 10.1038/ncomms10078, 2015. 

Fig. 6.2. Schematic view of the inverted-V shaped electrostatic actuator [49]. The displacement at the tip of the 
inverted-V shaped actuator in the vertical direction is theoretically equal to 1 cos (𝛼) of the displacement 
in the pulling direction. 

 Bi-directional movement of the electrostatic actuator can also be a good solution to 

achieve high stroke, by enabling part of the stroke in either direction. Toshiyuki Sugimoto et al. 

[50] proposed a novel bi-directional electrostatic actuator driven by two MEMS structures facing 

each other, see Fig. 6.3. The top fixed electrode was electrically grounded, the free electrode was 

connected to the electrical ground through a switch while the drive voltage was applied on the 

bottom fixed electrode. When the switch was closed, the free electrode was electrically grounded, 

resulting in electric charge on its surface. A downwards electrostatic force was generated 

between the bottom fixed electrode and the free electrode. While the switch was opened, the 

charged free electrode was floating in the electric field between the top and bottom fixed 

electrode, as a result, the free electrode was pulled towards the top fixed electrode.   
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Toshiyuki Sugimoto, Kenichiro Nonaka, and Mark N. 
Horenstein, Bidirectional electrostatic actuator 

operated with charge control, J. Microelectromech. 
Syst., vol. 14, no. 4, pp. 718-724, Aug. 2005. 

Fig. 6.3. Bi-directional electrostatic actuator using charge control [50]. (a) Schematic demonstrates the working 
principle of the design. (b) Schematic of the bi-directional actuator. 

 Hao Ren et al. also presented a bi-directional electrostatic actuator design with a two-

layer set-up [51]. The bi-directional movement was achieved by modulating the fringing electric 

field [32], as shown in Fig. 6.4. By applying the same drive voltage over the two facing electrodes, 

and electrically grounding the adjacent electrodes, the net electrostatic force turns out to be 

upwards.  

                                                
32 The fringing electric field between a parallel capacitor represents the field lines extending beyond the edge of the capacitor and which then 
take longer paths from the anode to cathode. 
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Hao Ren, Weimin Wang, Fenggang Tao and Jun Yao, A 
bi-directional out-of-plane actuator by electrostatic 

force, Micromachines 2013, 4, 431-443, 2013. 

Fig. 6.4. Working principle of a bi-directional electrostatic actuator [51]. The fringing electric field is modulated 
so that the net force on the actuator is pointing upwards. 

 A negative feedback employing an additional capacitor provides another solution for the 

pull-in issue [52]. In their paper, J. I. Seeger et al. put a capacitor (Cf) in series with the actuator 

(having capacitance C), which is at least twice the capacitance of the actuator. The schematic is 

demonstrated in Fig. 6.5. In this configuration, the drive voltage Vs is shared between the two 

capacitors C and Cf. As the electrostatic actuator is closed, its capacitance increases. As a result, 

less of the Vs voltage will be stored in the actuator, and more of Vs will be stored in Cf. With this 

technique, a 100 % coverage of the build-in separation is feasible in theory.  
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J. I. Seeger, S. B. Crary, Analysis and simulation of MOS 
capacitor feedback for stabilizing electrostatically 

actuated mechanical devices, Transactions on the Built 
Environment, vol. 31, 1997, ISSN 1743-3509. 

Fig. 6.5. Diagram of a capacitor in series with an electrostatic actuator [52]. A capacitor that is at least twice the 
capacitance of the original capacitance between the electrostatic actuator is placed in series with the 
electrostatic actuator. 

6.2. Tri-Electrode Topology 

 The tri-electrode actuator design that was developed in this thesis enables a low voltage 

intermediate electrode to control the motion of a large displacement actuator. Two different tri-

electrode electrostatic actuators were designed, one using a conventional MEMS platform 

actuator and the other using a spiral actuator. The one with the conventional MEMS platform 

actuators was fabricated and tested, while the spiral actuator version was demonstrated in 

simulation. 

 Conventional parallel plate actuators are dual-electrode systems, formed by the MEMS 

structure and the driver electrode, shown in Fig. 6.6(a). The tri-electrode topology introduces an 

intermediate electrode located between the MEMS platform and the main drive electrode, as 

demonstrated in Fig. 6.6(b) with notations of the parameters given in Table 6.A. The 

intermediate electrode is perforated, as shown in the figure, to modulate the electrostatic force 

between the underlying drive electrode and the above MEMS device (In our case the MEMS 

device consists of the phase sheet and spiral actuator in Fig. 5.9(a)). In Fig. 6.6(a), the MEMS 

device is placed at a distance D above the drive electrode that VD is applied to. The controllable 

stroke Dpull-in is approximately 1/3 of D, as explained in the previous Chapter 4. In Fig. 6.6(b), 
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the perforated intermediate electrode has solid elements of width WE spaced WS apart, and 

electrode-spacing pitch L = WE + WS. It is located a distance D1 below the MEMS structure and 

D2 above the driver electrode (held at a fixed voltage VP). D1 would be set to slightly larger than 

Dpull-in for a conventional actuator (this will be explained later). The tri-electrode actuator 

operates with two actuation voltages, one on the drive electrode, and one on the intermediate 

electrode. It will be shown, that the intermediate electrode voltage needed to move the MEMS 

device is considerably reduced compared to the normal drive electrode voltage VD of a 

conventional electrostatic actuator. 

 
(a) 

 
(b) 

Fig. 6.6. (a) Conventional set-up of an electrostatic actuator with D as the spacing between the device and the drive 
electrode, the device can only move a distance of Dpull-in before the pull-in occurs. (b) An electrostatic 
actuator with the tri-electrodes topology. The parameters used in the figure are explained in Table 6. A. 

Table 6.A.  Parameters and definitions that are used in the tri-electrode topology. 

Symbol Definition 
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D Initial separation between MEMS and drive electrode 

Dpull-in Pull-in displacement 

VD Drive voltage of a conventional electrostatic actuator 

Vpull-in Maximum drive voltage at pull-in 

D1 Separation between the intermediate electrode and the MEMS device 

D2 Separation between the intermediate electrode and the drive electrode 

L Perforating length of the intermediate electrode 

WS Width of the spacing between elements of the intermediate electrode 

WE Width of the solid elements of the intermediate electrode 

𝜀! Relative permittivity of the insulator 

Vi Modulating voltage of the intermediate electrode 

Vp Drive voltage on the drive electrode of the tri-electrode 

 

6.3.  Working Principle  

 The finite element method (FEM) simulation was used to investigate the performance of 

the new topology. There are four main factors that contribute to the operation characteristics of 

the tri-electrode actuator. 

• Superposition of electric fields of both the drive electrode and intermediate electrode. 

• The negative feedback of the area of the MEMS that the intermediate electrode interacts 

with, as the MEMS approaches it. 

• Fringing of the drive electrode electric field passing through the perforations of the 

intermediate electrode, and on to the MEMS device. This depends on both the size of the 

perforation and the distance of the MEMS device to the intermediate electrode. 

• Lifting force on the MEMS from the drive electrode, due to fringing fields travelling 

around the intermediate electrode. This increases with downward motion of the MEMS. 
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6.3.1. Superposition of electric field 

 With a fixed MEMS device, Fig. 6.7 shows the electric field distribution between the 

intermediate electrode and the MEMS device. In this simulation, the drive electrode is applied 

with a drive voltage, the MEMS device is electrically grounded, while a fraction (20%) of the 

drive voltage is applied on the intermediate electrode. Briefly, the induced charge on the fixed 

MEMS device, when the intermediate electrode is electrically grounded and a drive voltage (Vp) 

is applied on the drive electrode, is normalized to be Q. 

 It is clear from Fig. 6.7(a) that when the intermediate electrode (Vi) is reverse compared 

to the drive voltage (Vp), a large portion of the electric field converges to the intermediate 

electrode; as a result, lower electrostatic force is generated on the MEMS device. While when 

the intermediate electrode is forward towards the drive voltage, significantly higher electrostatic 

force reaches the MEMS device, enabling a large deflection. 
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(a) 

 

 
(b) 

Fig. 6.7. (a) Electric field distribution with the intermediate electrode reverse to the drive voltage. The amount of 
induced charge is 55.4% of the case where the intermediate electrode is grounded. (b) Electric field 
distribution with the intermediate electrode forward to the drive voltage. The amount of induced charge is 
144.6% of the case where the intermediate electrode is grounded 

6.3.2. Fringing field, positive feedback, and negative feedback 

 The other three significant phenomena are the positive feedback of the strength of 

fringing electric fields from the drive electrode (both lifting and pulling), and the negative 

feedback of the electrostatic force from the intermediate electrode.  

• Negative feedback from intermediate electrode: As the MEMS device approaches the 

intermediate electrode, the area of the MEMS that the intermediate electrode interacts 



	 108 

with reduces. This helps to mitigate the pull-in effect between the intermediate electrode 

and the MEMS device. 

• Positive feedback from drive electrode - Pulling: Based on the existing research [53], the 

strength of the fringing field passing through the intermediate electrode is positively 

correlated to a larger slit width, that is WS in this application. It is also positively 

correlated to the spacing between the intermediate electrode and the MEMS device. This 

means, the closer the MEMS device is to the intermediate electrode, the stronger fringing 

electric field from the drive electrode can reach the surface of the MEMS and generate 

downward pulling force.  

• Positive feedback from drive electrode - Lifting: The electric field from the drive 

electrode, also fringes around the sides of the intermediate electrode, coupling to the top 

of the MEMS device. This results in a lifting force that increases the closer the MEMS is 

to the intermediate electrode. This lifting force helps to mitigate the pull-in effect from 

the intermediate electrode. 

6.3.3. Dynamic simulation to explore the working principle 

 The dynamic simulations of the topology are employed to demonstrate the working 

principle. The structure used in the simulation is shown in Fig. 6.8, with linear perforations 

shown. The case of a conventional electrostatic actuator was first explored for reference. A rigid 

MEMS square structure of side length Lplatform = 100 µm was defined, supported by micro-

springs at its corners. It was located 16 µm above the drive electrode. Simulations determined the 

needed spring constant of the supporting springs to enable a ~ 4.5 µm displacement to occur at 

20 V, and to avoid pull-in. The tri-electrode configuration was studied with parameters defined 

as shown in Table 6.B. The total span of the intermediate electrode and drive electrode are also 

Lplatform, and the intermediate electrode was made rigid.  
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Fig. 6.8. Schematic of the structure used in the dynamic simulation. The MEMS device (green) is anchored 
through springs. Both the intermediate electrode (red) and drive electrode (blue) are fixed. The 
perforation ratio in this figure stands for the ratio between WE and WS. 

 The structure was simulated at 3 different perforation ratios (see Fig. 6.8): WE = 3 WS , 

WE = WS , and WE = 1/3 WS , and for cases with different Vp voltages. The movement of the 

MEMS was controlled by varying Vi with the Vp held fixed. 

 The case of WE = 3 WS is shown in Fig. 6.9. The dark blue curve shows the displacement 

of the MEMS when operated as conventional electrostatic actuator, while the other lines show 

the tri-electrode cases. The red line shows the case for Vp fixed at 20 V. It can be seen that Vi 

varying from 0 - 7 V achieves a similar displacement to that of the conventional actuator which 

required a drive voltage varying from 0 - 20 V. Fig. 6.9 further shows that by increasing to 

higher fixed Vp values, the required Vi needed to control the displacement falls further. These 

results show that the intermediate electrode can act to enable similar displacements, but with 

significantly reduced control voltage compared to a conventional actuator. Fig. 6.10 and Fig. 

6.11 show the cases where WE = WS and WE = 1/3 WS. A similar reduction in the Vi 

corresponding to the maximum displacement can be observed in both cases. On the other hand, a 

wider variation of Vi is required for the maximum controllable stroke, while the minimum 
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displacement increases with reduced perforation ratio. This is caused by increased strength of the 

fringing electric field from the drive electrode penetrating through the intermediate electrode, as 

the shielding effect of the intermediate electrode is reduced with a reduced perforation ratio. The 

same effect also leads to the reduced maximum displacement before pull-in in case of WE = WS 

and WE = 1/3 WS with Vp = 40 V.  

 Fig. 6.12 compares three cases of intermediate electrode perforation ratios, WE = 3 WS , 

WE = WS , and WE = 1/3 WS , all with Vp fixed at 20 V. All cases show a control voltage reduction 

benefit compared to a normal electrostatic actuator, but a wider variation of Vi is needed to 

achieve the same displacement control as perforation hole size increases. On the other hand, a 

larger perforation hole size reduces the maximum Vi required for the maximum displacement, 

and also delays the pull-in effect slightly according to the comparison of the slope of the red, 

green and purple curves. An approximate 4.5 µm maximum displacement is close to the pull-in 

point of the system, as demonstrated by the figure.  

• For WE = 3 WS the needed voltage range is -0.5 V < Vi < 7.15 V 

• For WE = WS the needed voltage range is -1.6 V < Vi < 7.1 V 

• For WE = 1/3WS the needed voltage range is -4.2 V < Vi < 7.0 V 

Table 6.B.  Structure parameters used in the dynamic simulation of the tri-electrode topology. 

Parameters Value used in Experiments 

kspring 0.00724 N/m 

Lplatform 100 µm 

D1 6 µm 

D2 10 µm 

ε 1 
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Fig. 6.9. Simulated displacement of a conventional actuator compared to tri-electrode with WE = 3WS . The blue 
curve is for the conventional drive mode and the x-axis is Vd. The red, green, pink, and cyan curves are 
for Vp = 20 V, Vp = 40 V, Vp = 75 V, and Vp = 100 V, respectively. 

 

Fig. 6.10. Simulated displacement of a conventional actuator compared to tri-electrode with WE = WS . The blue 
curve is for the conventional drive mode and the x-axis is Vd. The red and green curves are for Vp = 20 V 
and Vp = 40 V. 
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Fig. 6.11. Simulated displacement of a conventional actuator compared to tri-electrode with WE = 1/3 WS . The blue 
curve is for the conventional drive mode and the x-axis is Vd. The red and green curves are for Vp = 20 V 
and Vp = 40 V. 

 

Fig. 6.12. Simulated displacement of a conventional actuator compared to tri-electrode for various intermediate 
electrode perforation ratios. The blue curve is for the conventional drive mode and the x-axis is Vd. The 
red, green, and pink curves are for WE = 3WS , WE = WS, and WE = 1/3WS, respectively 
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6.4. Fabrication and Testing of a Tri-Electrode Prototype 

 A prototype of the structure of Fig. 6.8 was fabricated and tested to demonstrate the tri-

electrode topology that used a perforation ratio of WE = 0.6WS. It consists of 3 layers. The top 

layer is a spring supported MEMS device (indicated as MEMS platform in this case) fabricated 

on a silicon wafer (fabricated by Sampath Liyanage et. al. [54]). The MEMS device is suspended 

over and attached to a glass substrate containing both the intermediate electrodes and the drive 

electrode (see Fig. 6.13). The intermediate electrodes are located at the top side of the glass 

substrate (facing the MEMS device), while the drive electrode is placed at the bottom side of the 

glass substrate. 

 The fabrication process is given in Fig. 6.14. The fabrication started with a 500 µm thick 

glass piece with a relative permittivity of 6.2. The glass was cleaned with Piranha process to 

remove any organic contamination, and then sputtered with aluminum on both sides (a). The 

front side aluminum was patterned to form the contacting pads and intermediate electrodes (b). A 

thin photoresist was then spun on the front side as the insulation layer, then patterned and baked 

to harden it (c). 

 The top MEMS device was fabricated from a 250 µm thick p-type silicon wafer. The 

wafer was first oxidized, patterned, and back-side etched in a hot KOH solution to thin it to 

approximately 50 µm. Following that was an isotropic plasma etching to further thin it to ~ 15 

µm thick (d). The wafer was then released from the front side using the patterned front side 

oxidation as the mask to form the device (e). An aluminum sputtering was carried out afterward 

to enable the electrical conductivity on the backside of the wafer (f). The center membrane has a 

size of 1750 µm × 1750 µm, with each zig-zag spring 1600 µm in the length and 40 µm in 

width. The intermediate electrode has a WE = 40 µm and WS = 70 µm. 

 The two pieces of the structure were then bonded together using two layers of double-

sided tape (Nitto © 5601 and 5603 [55, 56]). A 5603 has a thickness of 30 µm while the 5601 

has a thickness of 10 µm. 
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(a) 

 
(b) 

 
(c) 

Fig. 6.13. (a) Tri-electrode prototype viewed under a microscope. The rectangular MEMS platform is suspended by 
4 zig-zag springs. The underneath stripes are the intermediate electrode. (b) Cross-section view of the 
structure. (c) Schematic of the prototype. The green layer is the MEMS platform, the intermediate layer in 
red is perforated with an electrode width of WE and a slit width of WS. It is placed D1 below the MEMS 
device. The drive electrode is in blue and is located at D2 from the intermediate electrode. 
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 An Olympus© BX51 microscope was used to observe and measure the displacement of 

the MEMS device. An Agilent E3647A dual output DC power supply used as the low voltage 

power supply to drive the intermediate electrode, and a Model PS310/1250V-25W high voltage 

power supply from Stanford Research System Inc. was used as the static high voltage drive of 

the bottom drive electrode. The displacement of the MEMS device was measured using 1000× 

magification. The experimental setup is shown in Fig. 6.15. 
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 (a) (d) 

   

 (b) (e) 

   

 (c) (f) 

 

(g) 

Fig. 6.14. Fabrication process of the testing structure. (a) A piece of glass is sputtered with aluminum on both sides. 
(b)The front side aluminum was patterned to form the contacting pads and intermediate electrodes. (c) A 
thin photoresist was then spun on the front side as the insulation layer. (d) A silicon wafer is back-etched 
to ~15 µm thick. (e) The MEMS device is released using plasma etch. (f) Al is sputtered at on the MEMS 
device. (g) Both pieces are bonded together using acrylic tape. 
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  (a) (b) 

 
(c) 

Fig. 6.15. Experimental set-up. (a) The bonded actuator prototype, with the yellow wire connected to the 
intermediate electrode and blue wire to the actuator. (b) The bonded actuator prototype with black wire 
connected to the actuator and the wire connected to the intermediate electrode hidden under the electro-
tape. (c) The power supplies and the microscope.  

 The following Table 6.C shows the displacement of the device with conventional driving 

mode, with voltage applied only on the drive electrode and intermediate electrode electrically 

floating. The thickness of the MEMS device was measured to be 15 ± 1 µm, while the spacing 

between the MEMS device and the intermediate electrode was measured to be 40 ± 5 µm. 
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 Fig. 6.16 shows the comparison between the measurement and the simulation results. The 

deviation may come from the non-uniformed spacing between the MEMS device and the 

intermediate electrode (D1). 

Table 6.C.  Displacement vs. drive voltage, measured on the fabricated tri-electrode prototype device with 
conventional driving mode of the prototype. 

Vd (V) Displacement (µm) 

100 V ~ 3 ± 1 

150 V 5 ± 1 

160 V 6 ± 1 

168 V 9 ± 1 

170 V 10 ± 1 

180 V 12 ± 1 

200V 13 ± 1 

 

 

Fig. 6.16. The comparison between the measurement and the simulation results of the conventional drive mode of 
the fabricated tri-electrode prototype device in which the intermediate electrode is electrically floating. 
The red stars are the measurement results and the blue line is the simulation result of the same structure.  

 Fig. 6.17 shows the tri-electrode driving mode with Vi fixed at 30 V and Vp increasing 

from 500 V to 1000 V. An almost linear relationship of displacement over increasing Vp can be 



	 119 

observed. The tendency agrees with the simulation, that the topology modulated the field 

between the device and the intermediate electrode so that the field strength increases in a less 

parabolic way. It is worth noting that the intermediate electrode itself cannot move the MEMS 

device significantly. This is shown in Fig. 6.18, where Vi is swept in voltage with Vp = 0 V. 

 Fig. 6.19 shows the displacement of the device when a Vp = 950 V was applied on the 

drive electrode and a Vi ranging from – 30 V to 30 V. From the figure, an approximate 8.5 µm 

controllable stroke was achieved with a Vi ranging from -30 V to 30 V. Compared with the case 

of the conventional driving mode, a Vd of approximately 160 V is required to give the same 

stroke. 

 

Fig. 6.17. Displacement of tri-electrode driving mode with Vi = 30 V and an increasing Vp. A very linear response 
can be observed. 
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Fig. 6.18. Displacement of tri-electrode driving mode with -30 V < Vi < 30 V and Vp = 0. No significant 
displacement of the MEMS device can be observed with Vi while have Vp = 0.  

 

Fig. 6.19. Displacement of the device with Vp = 950 V and -30 V < Vi < 30 V. An approximate 8.5 µm controllable 
stroke was achieved with a Vi ranging from -30 V to 30 V. 

 Fig. 6.20 shows the displacement of the same device with a Vp = 1000 V applied on the 

drive electrode and a Vi ranging from – 30 V to 30 V. In the figure, the orange line is the 

simulated curve with a spacing between the MEMS device and intermediate electrode D1 = 35 

µm. The deviation in the D1 in this case might be a result of the tilting in the MEMS device. As 
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the intermediate electrode is much closer to the MEMS device than the drive electrode, the tri-

electrode driving mode is more sensitive to the tilting of the MEMS device. The change in the 

spacing between the device and the intermediate electrode due to the tilting is proportionally 

larger than that to the drive electrode. However, both curves match well with each other in terms 

of the slope, which shows the feasibility of the tri-electrode topology. Despite the deviation in 

the D1 between the measured data and the simulation, the total controllable stroke with the tri-

electrode driving mode was measured to be 10.5 µm. That is an equivalent to the stroke of a Vd = 

172 V of the conventional driving mode. This means a Vi ranging from -17.4 % to 17.4 % of Vd 

with a Vp = 581.4 % Vd.  

 

Fig. 6.20. Displacement of the device with Vp = 1000 V and -30 V < Vi < 30 V. The blue points are the measured 
results, and the orange line is the simulated curve with a D1 = 35 µm. An approximate 10 µm controllable 
stroke was achieved with a Vi ranging from -30 V to 30 V. 

 It should be mentioned that for the tri-electrode structure, the elevated Vp will not 

necessarily lead to an increased heating of the MEMS mirror element. In an electrostatic 

actuator, power is only consumed to move the actuator. In other words, the consumed 

electrostatic energy is converted to potential energy of the actuator when changing the 

displacement of the MEMS element. As the displacement of the actuator’s moving phase sheet is 

similar to a conventional MEMS electrostatic actuator, the change of the potential energy of the 

actuator remains the same, and so does the consumed electrostatic energy. As a result, the 
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heating of the MEMS mirror element for the tri-electrode topology should be similar to the 

conventional topology. 

 The measurement of the prototype device demonstrated the feasibility of the tri-electrode 

topology. However, the spatial frequency and the resonant frequency of the prototype device 

could not meet the requirement of this project given in Chapter 1. Therefore, a new design 

combining the spiral actuator and the tri-electrode topology is presented in the next section. 

6.5. Simulation of Spiral Electrostatic Actuator with Tri-Electrode Topology 

 The tri-electrode topology was applied to the spiral actuator previously described in 

Chapter 4.4. With a similar simulation setup, drawn in Fig. 6.21, an intermediate electrode is 

placed between the spiral structure and the drive electrode. The structure of the intermediate 

electrode is shown in Fig. 6.21(b), and is also formed into a spiral structure. The intermediate 

electrode is placed beneath the spiral actuator and is aligned to the vacant region between two 

spiral arms. One can also see that, contrary to the previous design, an opening is placed at the 

center of the intermediate electrode. The opening is there to enhance the electric field penetration 

to the center of the spiral actuator above, in order to further reduce the drive voltage. The 

optimization of the different design parameters will be covered in the following section, with a 

similar notation system used by Table 6.A. of the previous section. These parameters all affect 

the magnitude of the displacement: the intermediate electrode width WE, the central opening Rc, 

the spacing between the spiral actuator and the intermediate electrode D1, and the spacing 

between the intermediate electrode and drive electrode D2. We selected an appropriate value for 

each by inspecting the run of values produced per parameter while keeping the others fixed. 
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(a) 

 
(b) 

Fig. 6.21. (a) Spiral upper electrode in rainbow color; (b) Intermediate electrode with Rc, WS, and WE representing 
the radius of the center opening, the width of the slits, and the width of the intermediate electrode, 
respectively. 

6.5.1.1. Width of the intermediate electrode 

 The width of the intermediate electrode (WE) in this case indicates the width of the spiral 

arm of the intermediate electrode as given in Fig. 6.21(b). As explained in the section above, the 

perforating period of the intermediate electrode (L = WE + WS) is identical to the perforating 
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period of the spiral structure above, which is 52.5 µm in the spiral design. While fixing D1 and 

D2, and for radius of the central opening Rc at 14 µm, 68 µm, and 120 µm, respectively, various 

WE were examined. In all cases, the same Vi and Vp were used for comparison. The results are 

given in Table 6.D for the case with Vp = 350 V, and in Table 6.E for the case with Vp = 300 V.  

 From these tables, one notices that a decreasing WE leads to an increase of both initial 

displacement and maximum displacement, and an increase of the maximum stroke at a given Vp. 

One should also notice that higher Vp results in greater stroke. Since a small WE would also 

introduce complexity in the fabrication requiring more precise alignment, WE = 12 µm was 

chosen for the further optimization. 

Table 6.D.  Comparison between the simulated results of  intermediate electrode designs with various WE for Vp = 
350 V. The stroke in the table stands for the difference between the max. and min. displacement. 

WE 
(µm) 

WE / L 
(%) 

Vi-min 
(V) 

Min Displacement 
(µm) 

Vi-max 
(V) 

Max Displacement 
(µm) 

Stroke 
(µm) 

20 38 -30 1.39 30 6.05 4.66 

16 30 -30 2.61 30 8.40 5.79 

12 23 -30 2.71 30 9.56 6.85 

10 19 -30 3.50 30 10.81 7.31 

 

Table 6.E.  Comparison between the simulated results of intermediate electrode designs with various WE for Vp = 
300 V. The stroke in the table stands for the difference between the max. and min. displacement. 

WE 
(µm) 

WE / L 
(%) 

Vi-min 
(V) 

Min Displacement 
(µm) 

Vi-max 
(V) 

Max Displacement 
(µm) 

Stroke 
(µm) 

20 38 -30 0.96 30 4.77 3.81 

16 30 -30 1.16 30 5.80 4.64 

12 23 -30 1.74 30 7.22 5.48 

10 19 -30 2.23 30 8.08 5.85 
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6.5.1.2. Radius of center opening (Rc) 

 Increasing the radius of the center opening in the intermediate electrode reduces the 

shielding effect of the intermediate electrode, and therefore can lead to an increase in the 

displacement of the spiral structure for a given Vp. Simulations were done to optimize the radius 

of the opening. D1, D2, and WE were set at 14 µm, 68 µm, and 12 µm, respectively. The results 

are given in the following Table 6.F. 

 From the table, it is clear that a higher Vp is required to achieve a similar maximum 

displacement with a small Rc. With a fixed Rc, increasing Vp leads to a simultaneous increase in 

both initial displacement and maximum displacement. However, the increasing of the maximum 

displacement is more significant. On the other hand, comparing each individual case, one can see 

that increasing Rc does not lead to a smaller controllable stroke with a fixed Vp. Instead, although 

both initial displacement and maximum displacement shrink, they are not shrinking at the same 

rate. Rather, the initial displacement decreases more than the maximum displacement, which 

leads to an increasing controllable stroke with a decreasing Rc. Noticing that the maximum 

displacement is constrained by the separation between the spiral structure and the intermediate 

electrode, therefore, a controllable stroke with a smaller maximum displacement is favorable. 

However, another limitation that should also be considered is the Vp voltage, for which lower 

values are perhaps better. As a result, Rc = 75 µm was chosen. 
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Table 6.F.  Comparison between simulation results of the designs with various Rc, The stroke in the table stands for 
the difference between the max. and min. displacement. 

Vp = 300 V 

Rc (µm) Vi-min (V) Min Displacement 
(µm) 

Vi-max (V) Max Displacement 
(µm) 

Stroke (µm) 

150 -30 2.33 30 7.75 5.42 

120 -30 1.74 30 7.22 5.48 
 

Vp = 350 V 

Rc (µm) Vi-min (V) Min Displacement 
(µm) 

Vi-max (V) Max Displacement 
(µm) 

Stroke (µm) 

150 -30 3.56 30 10.35 6.69 

120 -30 2.71 30 9.56 6.85 
 

Vp = 400 V 

Rc (µm) Vi-min (V) Min Displacement 
(µm) 

Vi-max (V) Max Displacement 
(µm) 

Stroke (µm) 

120 -30 4.00 30 12.49 8.49 

100 -30 3.38 30 11.85 8.47 
 

Vp = 420 V 

Rc (µm) Vi-min (V) Min Displacement 
(µm) 

Vi-max (V) Max Displacement 
(µm) 

Stroke (µm) 

100 -30 3.92 30 13.15 9.23 

80 -30 3.75 30 13.67 9.92 
 

Vp = 443 V 

Rc (µm) Vi-min (V) Min Displacement 
(µm) 

Vi-max (V) Max Displacement 
(µm) 

Stroke (µm) 

70 -30 3.65 30 13.67 10.02 
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6.5.1.3. D1 and D2 

 In this section, the effect of a varying D1 is discussed. In this case, the total effective 

spacing between the drive electrode and the spiral structure was fixed. As a result, the value of 

D2 was adjusted accordingly [33]. WE and Rc were set to be 12 µm and 75 µm. The following table 

gives the results of the simulations. From the results, we can see that decreasing D1 reduces the 

required drive voltage needed to achieve certain displacement. In addition, changing D2 does not 

demonstrate a significant effect on the displacement and controllable stroke. 

Table 6.G.  Results comparison between simulation results of the designs with different D1. The stroke in the table 
stands for the difference between the max. and min. displacement. 

Vp (V) D1 (µm) Vi-min 
(V) 

Min Displacement 
(µm) 

Vi-max 
(V) 

Max Displacement 
(µm) 

Stroke 
(µm) 

300 12 -30 1.17 30 7.84 6.67 

16 -30 1.01 30 5.57 4.74 

 

350 12 -30 1.97 30 10.21 8.24 

16 -30 1.66 30 7.57 5.91 

 

440 16 -30 3.37 30 12.03 8.66 

 

443 14 -30 3.65 30 13.67 10.02 

 

480 16 -30 4.42 30 14.86 10.44 

 

6.5.1.4. D2 and a fixed D1 

 In this section, the effect of varying D2 is discussed for D1 fixed at 14 µm. This means the 

total effective spacing between the spiral and the drive electrode will be changed. A comparison 

of results is presented in the following table. We can see that a larger D2 requires a larger Vp to 

achieve similar controllable stroke, with only a slight increase in the initial and maximum 
                                                
33

 D2 can be calculated by D2 = (35 µm – D1) × εr-SU-8, where εr-SU-8 = 3.24. 
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displacement can be observed. As a result, it is safe to consider that the effect of D2 on the 

modulation is limited.  

Table 6.H.  Results comparison between simulation results of the designs with different D2. The stroke in the table 
stands for the difference between the max. and min. displacement. 

Vp (V) D2 (µm) Vi-min 
(V) 

Min Displacement 
(µm) 

Vi-max 
(V) 

Max Displacement 
(µm) 

Stroke 
(µm) 

443 68 -30 3.65 30 13.67 10.02 

655 100 -30 3.89 30 13.49 9.60 

 

6.5.1.5. Final design  

 Incorporating all the simulations and experiments shown in the previous sections, a final 

spiral actuator design is presented. The parameters are given in the following table. 

Table 6.I.  Design paramters and values for the spiral actuator. 

Parameter Value 

Wspiral 30 µm 

Lspiral 625 µm 

D1 14 µm 

D2 68 µm (SU-8) 

WE 12 µm 

WS 43 µm 

Rc 75 µm 

 

 The schematic of the spiral electrostatic actuator with tri-electrode topology is given in 

Fig. 6.22(a) along with the schematic of a spiral electrostatic actuator with the conventional set-

up without the intermediate electrode (Fig. 6.22(b)). The simulated performance of this specific 

design is given in Fig. 6.23 while compared with the conventional set-up. The design gives a 

maximum displacement dmax = 13.67 µm at Vi = 30 V and Vp = 443 V. While with Vi = -30 V and 

Vp = 443 V, the minimum displacement dmin was simulated to be 3.65 µm (red curve). Therefore, 
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an effective controllable stroke in this case is 10.02 µm. On the other hand, a conventional set-up 

was simulated to have a 11 µm displacement with a drive voltage of 130 V. Moreover, in 

addition to the capability of fulfilling full 10 µm controllable stroke for the tri-electrode topology, 

the relation between the control voltage and displacement is more linear compared to the 

conventional electrostatic actuator. This effect can greatly reduce the complexity of the 

controlling software. 

 
(a) 

 
(b) 

Fig. 6.22. (a) Spiral electrostatic actuator with tri-electrode topology, with D1 = 14 µm, ε1 = 1, D2 = 68 µm, and ε2 = 
3.2. (b) Spiral electrostatic actuator with conventional set-up, with D = 35 µm, and ε = 1.  
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Fig. 6.23. Comparison between the tri-electrode and conventional topology. The red curve is the displacement of a 
tri-electrode topology over intermediate voltage, while the blue curve is the displacement of a 
conventional topology over drive voltage.  

6.6. Conclusion 

 In this chapter, we presented two designs for a new tri-electrode topology for electrostatic 

actuators; one with the MEMS platform and the other with the spiral actuator. The voltage 

applied on the intermediate electrode was used to modulate the electrical field between the 

MEMS device and the intermediate electrode. With this mechanism, it would be possible to 

reduce the intermediate voltage to a fraction of the conventional drive voltage.  

 A prototype of a tri-electrode topology design with a MEMS platform was fabricated and 

tested. According to the results of the tests, an intermediate voltage ranging from ±17.6 % (±30 

V vs. ~ 170 V) of the conventional drive voltage was sufficient to perform a similar controllable 

stroke with this specific design of tri-electrode actuator. Despite the increased drive voltage, 

1000 V vs. approximately only a 170 V, it is a universal static voltage that requires no 

controlling. The result could be very useful especially for the application of the deformable 

mirror, where a large array of the actuators will be deployed. 
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 The tri-electrode topology was also applied to the design of the spiral actuator, and was 

investigated using simulations. From the simulation results, one can see that the new structure 

should be capable of meeting the performance requirement of this specific project with the 

parameters given in Table 6.I.  
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Chapter 7 - Conclusion and Future Work 

 In this thesis, a new design for a deformable mirror driven by an electrostatic actuator is 

presented. The deformable mirror design is capable of a controllable stroke of around 10 µm, 

with a control voltage range of ± 30 V. This voltage is low enough to be compatible with 

integrated circuit electronics. This is in contrast to a drive voltage of a few hundred volts which 

is needed by existing commercially available deformable mirrors with similar specifications. To 

enable the low voltage drive, several efforts were undertaken and validated experimentally. We 

summarize these steps here. 

 An SU-8/Aluminum polymer mirror technology was developed, and was presented in 

Chapter 3. It describes a study of various sizes and shapes of mirrors, with the largest radius of 

1.2 cm for a circular design and side length of 1.0 cm for a rectangular design. The measured 

maximum roughness of the mirror was ~7 nm, which is smaller than the requirement (< 20 nm) 

for a mirror phase sheet. The polymer phase sheet is comparably more flexible than the existing 

phase sheet technology that uses single crystal silicon or poly-silicon, and this is responsible for 

the reduction of the force of actuation. A spiral electrostatic actuator was developed to reduce the 

drive voltage for a specific displacement, so that a ~ 5 µm stroke with a 30 V drive voltage is 

achievable. 

 In Chapter 4, two different kinds of electrostatic actuators were introduced. One is the 

electrostatic actuator with aluminum MEMS platform. Six different actuator designs are 

investigated using FEM in order to meet the need of 5 µm displacement over 30 V. However, 

during the fabrication, it was found that the stress within the aluminum layer was too large to 

give a desired result. To avoid the stress issue, a spiral electrostatic actuator was developed using 

FEM simulation. This structure separates the different design parameters of resonant frequency, 

spring constant, and drive voltage. This makes easier the design effort to achieve specific values 

for the three required parameters, which introduces great flexibility to the design process. A large 

(5 µm) displacement was achievable with a drive voltage of 30 V with the spiral actuator, while 

maintaining the resonant frequency and spring constant of the actuator higher than the 

requirement. This spiral actuator was fabricated and tested, and the results agreed with the 

simulations.  
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  Three fabrication processes were examined in Chapter 5. The first was a surface 

micromachining process designed for the fabrication of the MEMS platform actuators of section 

4.2. It is single wafer process and is easy to carry out compared to the other two processes. 

However, the stress issue in the aluminum layer is hard to deal with. The second one was the 

silicon wafer fabrication process developed to avoid the aluminum stress issue. It is a two-wafer 

process using single crystal silicon, therefore has less stress issue, and it was designed to be self-

aligned. The draw-backs of the fabrication process are, first, the spacing between the spiral 

actuator wafer and the drive electrode wafer could not be precisely controlled, and second, the 

alignment trench in the drive electrode wafer greatly increases the difficulty in fabrication of the 

drive electrodes. The ultra-thin wafer fabrication process was then developed. It is also a two-

wafer process. It utilizes a pre-fabricated ultra-thin wafer with a given thickness (50 µm). With 

this technique, the spacing between the spiral actuator and drive electrode can be precisely 

controlled through spin coating of the spacer and the adhesive. It also reduces the complexity in 

the fabrication process of the drive electrode. The process, however, does require some new 

techniques to be feasible, and these steps are covered in this chapter. Overall, the ultra-thin wafer 

fabrication process is the most feasible one among three processes. 

 In Chapter 6, a tri-electrode topology for the electrostatic actuator for 10 µm 

displacement was introduced. The tri-electrode topology divides the drive voltage of a 

conventional electrostatic actuator into two components. These are a fixed drive voltage and a 

low varying intermediate voltage. The low intermediate electrode voltage controls the 

displacement of the actuator structure. With this topology, a similar controllable stroke for the 

actuator is achievable with a control voltage that can be ± 20 % or lower of the original drive 

voltage. This was demonstrated by a design with rectangular strips as intermediate electrode and 

MEMS platform as the actuator device. This actuator was successfully manufactured. The test 

shows that an intermediate voltage ranging from ±17.6 % (±30 V vs. ~ 170 V) of the 

conventional drive voltage to perform a similar controllable stroke with this specific design of 

tri-electrode actuator. The topology was also capable of mitigating the pull-in issue of an 

electrostatic actuator.  

 The tri-electrode topology was implemented on the spiral actuator, and was examined 

using FEM. Combining the features of both the spiral actuator and the tri-electrode topology, a ~ 
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10 µm displacement was shown to be theoretically possible using simulations with a control 

voltage of ± 30 V using the same spiral actuator as in the second innovation.  

 The goal of this thesis was to design a DM system that is capable of having a ~ 10 µm 

stroke with a 30 V drive voltage, while maintaining its resonant frequency > 1 kHz. This was 

achievable by three innovations. First, a polymer phase sheet mirror was used for lower stiffness 

compared to the conventional phase sheet mirror. Second, a spiral electrostatic actuator was 

designed that separates the stiffness, resonant frequency, and drive voltage. As a result, the 

actuator can be designed much stiffer than the phase sheet mirror to keep a high resonant 

frequency (~ 2.6 kHz), while still reach a ~ 5µm displacement with a 30 V drive voltage. Third, a 

tri-electrode topology was investigated to further amplify the stroke of the DM system without 

increasing the control voltage. 

 

Future Work: 

 There are several improvements and studies that can be undertaken to further explore the 

research foundations of this thesis, and to continue towards a fully implemented low voltage 

deformable mirror. 

• A reliable mechanism for bonding the phase sheet mirror to the actuator wafer should be 

developed. 

• Further research of the properties of the tri-electrode topology should be carried out. The 

optimization of the structure of the topology with the spiral actuator should also be done. 

• A complete version of the deformable mirror with a 5 × 5 array of actuators should be 

fabricated and tested. 

• The final stage will be the fabrication of a deformable mirror with larger array size 

depending on the requirement of the project. This would require multi-layer metallization 

to enable a higher density of wiring to all of the actuators. 
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Appendix A 

Table A.A. Recipes of the Fabrication Process of the Electrostatic Actuators with Conventional Structure. See 
Chapter 4. 

Al Sputtering – Bottom Electrodes 

Base Pressure 3.0×10-6 Torr Deposition Pressure 7.4×10-3 Torr 

Gas – Rate (Ar) 64.5 sccm PowerDC 200 W 

Target Material Aluminum 

Time 8 min 

Thickness ~ 450 nm 

 

Al Etch – Bottom Electrodes 

Tsolution 50 °C Thot-plate 95 °C 

Rspin 200 rpm   

Time 2 min 20 sec or until the substrate is completely exposed 

Retch ~ 0.21 µm/min   

 

Silicon Dioxide Sputtering – Insulation Layer 

Base Pressure 9.6×10-6 Torr Deposition Pressure 1.4×10-2 Torr 

Gas – Rate (Ar) 37.4 sccm Gas – Rate (O2) 56.0 sccm 

RFnet 300 W Input Tuning* 7 

T1 Target Tuning* 108 Load Tuning* 88 

Target Material Silicon 

Time** 150 min 

Thickness ~ 450 nm 

*: Parameters of the system setting to reduce reflecting RF power 

**: Cooling time are required, 5 min cooling for every 25 min sputtering. 

 

Silicon Dioxide Etch – Insulation Layer 

Base Pressure 5.0×10-2 Torr Gas – Rate (CF4) 45 sccm 

ICP 300 W RIE 50 W 
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Time: 15 min 

Retch ~30 nm/min 

Note: A thick photoresist layer is required in this etch. 

 

SU-8 Coating – Sacrificial Layer 

Rspin 4000 rpm tspin 90 sec 

Tsoftbake 95 °C tsoftbake 5 min 

texposure 20 sec 

Tpost-exposure-bake 95 °C tost-exposure-bake 5 min 

Thardbake 150 °C Thardbake 5 min 

Thickness ~ 17.6 µm 

 

Al Sputtering – Upper Electrodes 

Base Pressure 3.0×10-6 Torr Deposition Pressure 7.4×10-3 Torr 

Gas – Rate (Ar) 64.5 sccm PowerDC 200 W 

Target Material Aluminum 

Time 50 min 

Thickness ~ 2.9 µm 

 

Post-Develop PR Etch* – Upper Electrodes 

Base Pressure ~ 1.9×10-1 Torr Gas – Rate (O2) 30 sccm 

RFnet 80 W 

Time: 1 min 30 sec 

Note: the PETS table top plasma etcher was used in this step 

 

Al Etch – Upper Electrodes 

Tsolution 50 °C Thot-plate 95 °C 

Rspin 200 rpm   

Time 14 min 

Retch ~ 0.21 µm/min   
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SU-8 Etch Step 1 – Releasing 

Base Pressure 1.0×10-1 Torr   

Gas – Rate (O2) 95 sccm Gas – Rate (SF6) 5 sccm 

ICP 300 W RIE 50 W 

Time: 10 min for 1 sq.in. sample 

Note: The etch rate is heavily dependent on the surface area of the SU-8. 

 

SU-8 Etch Step 2 – Releasing 

Base Pressure 9.0×10-1 Torr   

Gas – Rate (O2) 95 sccm Gas – Rate (SF6) 5 sccm 

ICP 300 W RIE 25 W 

Time: 30 min for 1 sq.in. sample 

Note: The etch rate is heavily dependent on the surface area of the SU-8. 
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Appendix B 

 See Chapter 5 Section 5.1.4. The releasing process was initially developed with the PETS 

table top plasma etcher in the NSFL cleanroom. As the PETS system can’t work at the mode 

with both ICP and RIE plasma generation active at the same time, RIE power was used in this 

case both to generate the plasma and accelerate the ions generated. In order to get a decent 

etching rate (~0.5 µm/min for a 1 in.2 sample), the RIE was set at around 135 W with an etching 

pressure at 250 mTorr. This led to a DC bias at around -375 V (this is a factor in the velocity of 

the ions impacting the sample), which is high enough to bombard and corrode the aluminum 

surface of the upper layer electrodes. As a result, the aluminum was sputtered over the surface of 

the sample, leaving a foggy surface and impeding the releasing process. In order to minimize this 

issue, the Trion RIE / ICP plasma etcher was used instead. Since both the ICP and RIE are 

available simultaneously, it is possible to cut the DC bias to a level around -100 V to -150 V, 

which greatly reduced the damage to the aluminum surface from the ion bombardment. Fig. 

B.0.1 shows the comparison between two different recipes. In Fig. B.0.1(a), the sample on the 

bottom was released using the recipe listed in the Appendix A, while the upper one was released 

using the recipe developed for the PETS table-top plasma etcher. It’s quite obvious that the 

surface of the bottom one is much cleaner than the surface of the upper one, which indicates a 

much lower degree of the aluminum damage. Fig. B.0.1(b) shows the surface of the upper 

sample under the microscope, clusters of the re-deposited aluminum can be observed all over the 

surface of the sample, even beneath the center membrane. From Fig. B.0.1, it is apparent that the 

sputtered aluminum layer can withstand a DC bias of -150 V, while it is heavily damaged when 

the DC bias reaches -375 V. 
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(a) 

 
(b) 

Fig. B.0.1. (a) Comparison of two sample surfaces released using different oxygen plasma etch recipe. The top one 
was released using PETS system while the bottom one was released using Trion system. The substrate of 
the bottom sample is cleaner, which means less re-deposition of aluminum on the surface. (b) The 
underlying substrate surface of the sample that was released using PETS system. Clusters of the re-
deposited aluminum can be observed all over the substrate surface of the sample. 

  

Surface re-

deposition 

of Al. 
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Appendix C 

 The released electrostatic actuators in Chapter 4 Section 4.2 were inspected under the 

microscope.  Fig. C.1 to Fig. C.3 show the array structure of the designs. The black part in the 

pictures is the upper electrode layer, the grey areas in the background are the silicon substrate, 

and the bright yellow areas are the bottom electrodes. In Fig. C.1 to Fig. C. 3, we can see the 

single actuators of various designs. With higher magnification, it is not hard to notice that some 

part of the upper electrode layers are not in focus, which means the upper electrode layers are not 

flat. Fig. C.4 shows some of the photos taken with higher magnification (500×).  

    

   (a) design circular 1 (b) 3-by-3 array of design circular 1 

   

   (c) design circular 2 (d) 3-by-3 array of design circular 2 

Fig. C.0.1. Released circular electrostatic actuators observed under a microscope. The black part region is the upper 
electrode layer, and in (b) and (d) the grey areas in the background are the silicon substrate, and the bright 
yellow areas are the bottom electrodes. Note that the holes on the edge of the center membrane in (a) and 
(c) are not in focus. 
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   (a) design rec 1 (b) 3-by-3 array of design rec 1 

   
   (c) design rec 2 (d) 3-by-3 array of design rec 2 

Fig. C.0.2. Released rectangular electrostatic actuators observed under a microscope. The black part region is the 
upper electrode layer, and in (b) and (d) the grey areas in the background are the silicon substrate, and the 
bright yellow areas are the bottom electrodes. Note that the holes on the edge of the center membrane in (a) 
and (c) are not in focus. 

   
   (a) design hex 1 (b) hexagonal array of design hex 1 

   
   (c) design hex 2 (d) hexagonal array of design hex 2 

Fig. C.0.3. Released hexagonal electrostatic actuators observed under a microscope. The black part region is the 
upper electrode layer, and in (b) and (d) the grey areas in the background are the silicon substrate, and the 
bright yellow areas are the bottom electrodes. Note that the holes on the edge of the center membrane in 
(a) and (c) are not in focus. 
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   (a) (b) 

 

(c) 

Fig. C.0.4. (a) Anchor point on the left of the gap and the end of the spring, on the right, of design circular 1 are not 
at the same height. (b) Anchor point on the bottom side of the gap and the edge of the center membrane of 
design hex 1 on the upper side of the gap are not at the same height. (c) Anchor point, on the upper left 
side of the gap, and the end of the spring of design rec 1, on the bottom right side of the gap, are not at the 
same height. 

 In Fig. C.4, it is quite obvious that the end of the suspending spring is not at the same 

height to the anchor point. In order to figure out the surface profile of the upper electrode layer, 

some critical points of each design are mapped with microscope. Fig. C.5 shows the measured 

height of several features in each design, and in all cases, the anchors are chosen to be the 

reference level and therefore set to be zero in height. From Fig. C.5, we can see that 

deformations in vertical direction occurs in all designs, and for some of the designs, the peak to 

valley height can be more than 50 µm. This will cause problems for subsequent processes. 
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   (a) (b) 

 
   (c) (d) 

 
   (e) (f) 
Fig. C.0.5. Height mapping of design (a) circular 1, (b) circular 2, (c) rec 1, (d) rec 2, (e) hex 1, (f) hex 2. Measured 

under microscope with the anchor pointed set as 0 in height. The measured height of various spots are 
given in the figures.   
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Appendix D 

 The detailed design process of the spiral actuator is demonstrated in this section. Various 

designs of springs are considered as the candidates, before deciding on the spiral shape. 

 In general, for a cantilever structure and an elliptical beam structure, the deflection is 

given by the equation D.1 and equation D.2 [57]: 

   𝛿!"#$ = 𝑃
𝑘 ∝

𝑃𝐿
𝐸𝐼  

(D.1) 

   𝛿!""#$ =
𝜋
4
𝑃𝑅3
𝐸𝐼 +

3𝜋
4 − 2 𝑃𝑅3

𝐺𝐾𝑡  
(D.2)	

where δ is the deflection, P is the applied stress, R is the radius, E is the Young’s modulus, I is 

the second moment of inertia, L is the length of the cantilever, 𝐺 = 𝐸
2∗(1+𝜈) is the shear 

modulus, and Kt is a factor of torsional rigidity. As a result, the deflection of the actuator can be 

derived: 

   𝛿!""#$ ∝
𝑃𝑅3
𝐸𝐼  (D.3) 

and the spring constant of the cantilever and the elliptical beam are given by the following 

equations D.4 and D.5, respectively: 

   𝑘 ∝ 𝐸∙𝑤∙𝑡3

𝐿3
 (D.4) 

   𝑘 ∝ 𝐸∙𝑤∙𝑡3

𝑅3
 (D.5) 

where w is the width of the spiral spring, and t is the thickness.  

 Table D.A shows some results from simulations of various spring structures with Fig. 

D.0.1 illustrating the various designs examined. In the simulations, single crystal silicon was set 
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as the material and the width and thickness of the cantilever are set at 30 µm and 10 µm, 

respectively. A 9 µN force pointing downwards is applied at the body of every cantilever system 

with one end of them fixed. From Table D.A, one can see that, although the zigzag spring 

structure can preserve the space frequency to a certain extent, it is far from optimal. With an 

increasing number of zigzags in the spring, the spring constant goes down almost linearly with 

the length rather than following a cubic rule. On the other hand, the arc spring shape seems to 

have a better performance than other designs. Therefore, arc shape springs were selected, and 

implemented in a spiral structure for the upper electrode of the actuator. 

     
 (a) (b) (c) (d) 

Fig. D.0.1. Schematic of (a) cantilever spring, (b) zigzag spring, (c) box spring, and (d) arc spring. For all designs, 
one end of the spring was anchored while the whole body of the spring is applied with a 9µN force 
pointing into the page. 
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Table D.A. Comparison of springs in Fig. D.1. over the total length and the displacement with a constant force (9 
µN) applied. 

Type Total length (µm) Displacement (µm) Spring Constant (N/m) 

Cantilever 1 500  1.15 7.83 

Cantilever 2 1000 9.21 0.977 

Cantilever 3 1500 31.1 0.289 

Zigzag 1 1000 (1 fold) 2.27 3.96 

Zigzag 2 1500 (2 folds) 3.57 2.52 

Zigzag 3 2000 (3 folds) 5.01 1.80 

Box 1 1000 (1 bend) 4.79 1.88 

Box 2 1500 (2 bends) 8.84 1.02 

Box 3 2000 (3 bends) 10.00 0.9 

Arc 1 250π (quarter circle) 3.32 2.71 

Arc 2 500π (half circle) 15.8 0.570 

Arc 3 750π 29.00 0.310 

Arc 4 1000π 32.4 0.278 

 

 From the table, we can see that, with the same amount of force applied, the Cantilever 3 

and Arc 4 design has similar displacement at more than 30 µm. However, the Arc 4 design has a 

total diameter of 1000 µm compared to the 1500 µm length of the Cantilever 3 design. On the 

other hand, multiple springs are required for an actuator design. Compared to other designs, it is 

easier for Arc design to fit multiple springs into a confined space. As a result, the Arc design was 

chosen. 

Spiral Spring Design Iterations: 

 The development of the spiral shape of the actuator springs discussed in Section 4.4 is 

presented below. The simulations were carried out using COMSOL Multiphysics software. In 

this specific actuator design, an Archimedean spiral spring was chosen as the shape of the arc 

spring. The Archimedean spiral follows equation D.7. 

   𝑅 = 𝐴 + 𝐵 ∙ 𝜃 (D.7) 
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where R is the total radius, A is the initial radius, B is the radius increment per degree of arc, and 

θ is the degree of arc.  

 Several spiral actuator designs were simulated each with a single spiral arm. The 

simulation results are shown in Table D.B. Various values of B and R were considered, and 

spring widths of w equal to 25 µm or 30 µm. in all cases, the thickness of the spiral elements was 

10 µm thick silicon. The simulations presented in the table were based on a single spiral arm and 

were using electrostatic pressure rather than voltage for less computational complexity. An 

electrostatic pressure of 17.7 N/m2 was used, which according to equation 4.1 corresponds to a 

drive voltage of 30 V demanded for the project, with an electrode to spiral spacing of 15 µm.  

 The electrostatic pressure was considered instead of force, in order to remove surface 

area from the analysis and reduce the computation complicity. Based on a brief calculation from 

equation D.6: 

   𝑃 = 𝜀0𝜀𝑟𝑉
2

2𝑑2
 (D.6) 

where ε0 = 8.85 × 10-12, εr = 1, and d = 15 µm. With a V = 20 V we obtain a P = 7.87 N/m2, while 

with a V = 30 V we obtain a P = 17.7 N/m2. 
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Table D. B. Results of the simulations of various designs spiral actuator arms with a thickness of 10 µm and with 
an electrostatic pressure of 17.7 N/m2 applied over the bottom surface of the actuator that is equivalent 
to a drive voltage of 30 V. In the table, R and B are parameters from equation D.7 with A = 0, and w is 
the width of the spiral arm. 

Case R (µm) B/(2π) 
(µm) 

w (µm) Resonant 
frequency 

Spring constant 
of each spiral 

Deflection with 17.7 
N/m2 (30 V) 

1 600 150 25 1465 Hz 0.347 N/m 9.68 µm 

2 600 150 30 1486 Hz 0.431 N/m 9.88 µm 

3 625 150 25 1302 Hz 0.297 N/m 12.83 µm 

4 625 150 30 1319 Hz 0.368 N/m 12.51 µm 

5 600 180 25 1728 Hz 0.410 N/m 7.27 µm 

6 600 180 30 1753 Hz 0.509 N/m 7.06 µm 

7 625 180 25 1551 Hz 0.354 N/m 9.04 µm 

8 625 180 30 1578 Hz 0.440 N/m 8.76 µm 

9 600 210 25 2037 Hz 0.494 N/m 5.15 µm 

10 600 210 30 2074 Hz 0.614 N/m 5.03 µm 

11 625 210 25 1801 Hz 0.417 N/m 6.62 µm 

12 625 210 30 1831 Hz 0.516 N/m 6.42 µm 

 

 From the table, we can see that all designs meet the requirement of the displacement over 

drive voltage. However, the first 4 designs are not capable of fitting 4 spiral arms in the size 

required, therefore the spring constant is limited. Designs 5-8 have spacing between adjacent 

spiral arms that are difficult to be fabricate. As a result, designs 11 and 12 were selected as 

candidates for the spiral actuators. 
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Appendix E 

 See Chapter 5 Section 5.2.1. The non-ideal energy distribution of the laser spot also 

results in the non-vertical side-wall in the released structure; see Fig. E.0.1 under higher 

magnification. 

 

Fig. E.0.1. The center of the spiral structure under 500 × magnifications. It is easy to see that the side-wall of the 
released structure is not perfectly vertical. The opening on the top layer is measured to be 20 ± 2 µm over 
the whole array, which gives a spiral beam width at 32.5 ± 2 µm. 

 Fig. E.0.1 gives a clearer demonstration of the sample surface. It is easy to see that the 

side-wall of the released structure is not perfectly vertical. The opening on the top layer is 

measured to be 20 ± 2 µm over the whole array, which gives a spiral beam width at 32.5 ± 2 µm. 

The bottom of the releasing hole varies from approximately 15 µm to 4 µm at different locations. 

This phenomenon is the result of few reasons. First of all, the laser has a finite focal depth, which 

is relatively small compared to the sample thickness of 15 µm. The recipe was designed so that 

the laser spot was focused on the surface of the sample. In this case, the energy of the laser 

reaches its maximum. However, as the milling was carried out, the laser starts to lose focus as 

the etching surface gradually moved far away from the focal point. This led to a loss in the 
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energy density, therefore reduced the milling power. It can be compensated by a longer milling 

process with more milling cycles. On the other hand, the top surface had a longer exposure in the 

laser beam and more milling. In order to protect the top surface, a recipe with moderate amount 

of the milling cycles, total 20 times, was chosen by sacrificing the side-wall profile. 

 In Fig. E.0.1, one can also observe a roughing in the surface aluminum layer. It is caused 

by a combination of both the re-deposition of the milled material and heating process during the 

milling. An approximately 1 µm difference in the sample thickness can be observed before and 

after the milling process due to material property change introduced by heating. However, the 

change is not significant in terms of the overall performance of the actuator as has been covered 

in section 4.3.1. The laser-milling recipe is given in the following Table E.A.  

Table E.A. Recipe of laser milling process. 

 

 In Table E.A, the first section is the setting of the laser milling system, while the second 

section contains the setting of the mapping software of the milling system named AlphaCAM. In 

the second section, the offset number equals to 1 indicates the existence of the finite laser spot 

diameter, which is 20 µm as given in the previous section. However, during the releasing 

process, with a 20 µm spot diameter, the system could not generate a close contour for the laser 

spot, and the structure cannot be fully released. To settle the issue, 17 µm was set as the beam 

Setting for milling system 

Parameter Set value Parameter Set value 

Attenuation 0.6 % Frequency 400 Hz 

Speed 1 mm/sec    

 

Alphacam setting for milling process 

Offset No. 1 Beam width 0.017 mm 

Cutting Runs 20    

Alphacam setting for polishing process 

Offset No. 1 Beam width 0.018 mm 

Cutting Runs 5    
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diameter to trick the system, so that a closed contour can be generated. Meanwhile, a relatively 

low number of cutting-runs were used to reduce the damage to the spiral beam. After the cutting 

runs, a 5 times polishing run was carried out to guarantee the punch-through of the sample. 
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Appendix F 

 See Chapter 5. During the first attempts at using this new bonding process, it is clear the 

bonding process could not be fully carried out without a gas channel to balance the atmospheric 

pressure above, with the pressure of the trapped air cavity below, the bonded ultra-thin wafer. 

Without via holes acting as gas channel, the trapped gas in the cavity prevents any bonding at the 

center region of the wafer. Tests carried out with gas channels shown a good quality of bonding. 

The structure pattern underneath can be observed by naked eye, which indicates the formation of 

a reliable bond. 

 In Fig. F.1, a dummy sample for the testing of laser milling a hole used as the gas channel 

in the substrate is illustrated. Several gas channels with various sizes were punched through the 

250 µm silicon substrate with SU-8 coating using laser milling process. The surface was then 

cleaned with isopropanol and deionized water to remove the debris generated by the laser milling 

process. The examination of the channels demonstrated a clean surface around the channel and 

the roughness of the surface is minimal compared to the thickness of the spacer in this 

application. 

 
Fig. F.1. A dummy sample for the testing of laser milling drilling holes in a thick silicon substrate (250 µm). The 

holes work as the gas channel through the substrate. Holes of various sizes are etched and demonstrated 
in the figure.. 
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Appendix G 

 See Chapter 6. Tri-electrode topologies were explored for two different geometries, a 

cantilever MEMS structure, and a square membrane MEMS structure. Unlike the above 

simulations, these structures themselves deform during their displacement, and so the distance 

between them and the pulling electrode varies over the length of the structure.  Therefore, these 

simulations were done to investigation if the tri-electrode topology would be usable for such 

deforming structure. 

 Each set-up will be explained in the following sections. For each of these simulations, the 

use of a large VP (about 4-6 times normal drive voltage) was explored, so as to enable a large 

reduction in the needed control voltage on the intermediate electrode. It is also worth mentioning 

that all of these structure themselves, bend as they are pulled downwards. This reduces the 

positive feedback effect of the fringing fields passing through the intermediate electrode 

perforations, in comparison to the situation of rigid MEMS of Fig. 6.8. 

Cantilever electrostatic actuator 

 Fig. G.0.1 shows the structure set-up of the cantilever electrostatic actuator used in the 

simulation. Various parameter set-ups were simulated and compared. D in this case indicates the 

original separation between the cantilever and drive electrode of a conventional electrostatic 

actuator, as explained in the previous section. Noticing that D is approximately 300 % of the 

designed total displacement that is effectively Dpull-in. The intermediate electrode is placed at a 

position that is 140 % of Dpull-in, while the bottom electrode is placed at 820 % of Dpull-in. An 

insulator (SU-8) with a relative permittivity of 3.2 used as the spacer between the intermediate 

and primary electrode. The effective total separation between the primary electrode and the 

device layer is then 350 % of Dpull-in, that is 116.7 % of D. An extra 50 % of separation is added 

here to avoid the pull-in of the device to the primary electrode when a high static driving voltage 

is applied. A total perforating period length, L, was set at 116.7 % of D. Simulations of a 

conventional cantilever actuator was first carried out, in order to obtain the required driving 

voltage to achieve Dpull-in. From this, the driving voltage Vpull-in was found for a standard 

cantilever actuator. Now for the double-bottom electrode actuator simulations, the intermediate 
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voltage Vi was set as 20 % of Vpull-in. Gradually increase the static driving voltage on the primary 

electrode Vp to reach a total displacement of approximately 120 % of Dpull-in. A second 

simulation then was carried out with Vi equal to -20 % of Vpull-in and with the same Vp. The 

difference in the upper electrode displacement of both simulations is the controllable stroke of 

the new electrostatic actuator design. Fig. G.0.2 shows the comparison of the strokes between the 

design with the intermediate electrode and the conventional design, with normalized voltage and 

displacement. 

 

Fig. G.0.1. Cantilever electrostatic actuator set-up. The cantilever is anchor at one end, and the intermediate 
electrode is placed on the insulation layer with a thickness of D2 and relative permittivity of εr.  
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Fig. G.0.2. Simulated displacement of two designs vs. the controlling voltage. The blue curve shows the 
displacement vs. voltage of a conventional cantilever actuator while the red curve is the tri-electrode 
topology. 

 From Fig. G.0.2, it is obvious that with a Vi ranging from -20 % to 20 % of the Vpull-in, a 

similar controllable stroke is achievable; despite of the fact the static stroke is no longer 0 in the 

case with intermediate electrode. Meanwhile, even though a much higher driving voltage is 

required on the primary electrode, in this case Vp is 392 % of Vpull-in, it is relative easy to 

implemented this concept, since Vp is a static voltage and is universal over the whole system of 

all actuators in the electrostatic actuator array.  

Varying intermediate voltage (Vi) 

 It should be mentioned that a lower Vp can be realized by increasing Vi to 25 % or 30 % 

of Vpull-in. Fig. G.0.3 shows the comparison between these three cases with the same structure set-

up. Vp in the two cases is 346 % and 323 % of Vpull-in respectively. 

 It is also noticed in all the cases that the pull-in issue ceased to happen during the 

movement towards the intermediate electrode, as demonstrated in both Fig. G.0.2 and Fig. G.0.3. 

The deformed MEMS device travelled more than 85 % of the built-in spacing between the 
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device and intermediate electrode. A further investigation demonstrated that the pull-in issue 

would not occur until the device reaches beyond 90 % of the built-in spacing. 

 

Fig. G.0.3. Simulated displacement over Vi with various Vi range. The red, blue, and green curve are for Vi = 0.2 Vd, 
Vi = 0.25 Vd, and Vi = 0.3 Vd, respectively. The Vp required for Vi = 0.2 Vd, Vi = 0.25 Vd, and Vi = 0.3 Vd 
are 392 %, 346 % and 323 % of Vpull-in. 

Number of Perforations 

 In this section, the effect of the varying the number of perforations will be discussed. The 

change in the structure is given in Fig. G.0.4. Effectively, the change of the number of 

perforations changes WS while keep WE as a constant. The result is given in Fig. G.0.5. From the 

figure, one can see that with a smaller number of perforations, a larger initial can be observed. 

On the other-hand, the drive voltage is lower with a smaller perforating number, as demonstrated 

in the simulation, a Vp required for 2, 3, and 4 electrodes are 346 %, 484 %, and 668 % of Vpull-in, 

respectively. The results indicate that, with a fixed WE, an increasing WS, the required drive 

voltage for a specific maximum displacement decreases, while the initial displacement increases 

simultaneously. What should also be mentioned is that in the figure, the slope of the 

displacement curve is smaller with less perforating number. That indicates a less tendency 
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towards pull-in issue with smaller perforating number, however, it is still limited by the total 

spacing between the MEMS device and the intermediate electrode.     

 

Fig. G.0.4. Cross-sections of the simulated cantilever structure with different perforating number of the intermediate 
electrode, from left to right are 3 perforations, 4 perforations and 2 perforations. 

 

Fig. G.0.5. Simulated displacement vs. Vi over various perforation number. The blue, red, and yellow curves are for 
2 intermediate electrodes beneath the cantilever, 3 intermediate electrodes, and 4 intermediate electrodes, 
respectively. The Vp required for 2, 3, and 4 perforations to achieve a similar maximum displacement are 
346 %, 484 %, and 668 % of Vpull-in. 
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WE vs L 

 A varying WE with a fixed perforating number means both the WE and WS change 

simultaneously. The structure is given in Fig. G.0.6, while the result is given in Fig. G.0.7. In 

Fig. G.0.7, Vp required for WE equal 14 %, 27 %, and 50 % L are 346 %, 447 %, and 723 % of 

Vpull-in, respectively. From the figure, we can see that, a smaller WE to L ratio leads to a larger 

initial displacement, while a lower Vp on the drive electrode is required to generate a larger 

maximum (controllable) displacement, therefore a similar net controllable stroke. However, as 

mentioned in the previous sector, the total spacing between the MEMS device and intermediate 

electrode is fixed, and eventually, a pull-in will occur between those two. As a result, 

compromising should be made to optimize the total controllable stroke and the drive voltage. 

 

Fig. G.0.6. Cross-sections of the simulated cantilever structure with different WE to L ratio. From left to right are WE 
= 0.27L, WE = 0.5L, and WE = 0.14L. 
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Fig. G.0.7. Simulated displacement vs. Vi over various WE to L ratio. The blue, red, and yellow curves are for WE = 
0.5L, WE = 0.27L, and WE = 0.14L, respectively. The Vp required for WE equal 14 %, 27 %, and 50 % L 
are 346 %, 447 %, and 723 % of Vpull-in. 

D1 vs L 

 The effect of a varying D1 based on ratio between D1 and L is demonstrated. Fig. G.0.8 

shows the change of D1. Vp required for D1 equals 40 %, 34 %, and 29 % of L are 346 %, 300 %, 

and 240 % of Vpull-in, respectively. A lower Vp is needed to generate a similar net controllable 

stroke with a smaller D1. However, it comes at a cost of higher vulnerability to the pull-in issue 

as it can be observed in Fig. G.0.9 that the curve of D1 = 0.29 L has higher slope at the right end 

of it.  

 
Fig. G.0.8. Cross-section of the simulated cantilever structures with different D1 to L ratio. From left to right are D1 

= 0.4L, D1 = 0.34L, and D1 = 0.29L. 
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Fig. G.0.9. Simulated displacement vs. Vi over various D1 to L ratio. The blue, red, and yellow curves are for D1 = 
0.4L, D1 = 0.34L, and D1 = 0.29L, respectively. The Vp required for D1 equals 40 %, 34 %, and 29 % of L 
are 346 %, 300 %, and 240 % of Vpull-in, respectively 

Square membrane actuator 

 Another type of the actuator structure that is examined through simulation is the square 

membrane actuator. The structure itself is given in Fig. G.0.10.  

 

Fig. G.0.10. Structure used in simulation of a square membrane electrostatic actuator. The square membrane is 
anchored on all four edges, and has a side-length of 20 D and a thickness of 2/15 D. It is placed at D1 
above the intermediate electrode. And the insulator between intermediate electrode and drive electrode 
has a thickness of D2 and a relative permittivity of εr. 
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The same process was repeated for the membrane electrostatic actuator. In this case, the 

intermediate electrode was placed at 140 % of the designed displacement, while the primary 

electrode is placed at 420 % of the designed displacement, with no special insulator placed 

between the intermediate and primary electrode. With this set-up, Vp was set at 617 % of Vd. 

From Fig. G.0.11, the effective controllable stroke is achieved by a Vi ranging from -25 % to 25 

% of Vpull-in, and the device layer covers more than 70 % of the built-in between the device and 

the intermediate electrode. The increasing of Vp and Vi comes from the non-linearity of the 

stiffness of the square membrane.  

 

Fig. G.0.11. Simulated displacement of two designs vs. the controlling voltage. The blue curve shows the 
displacement vs. voltage of a conventional membrane actuator where the red curve is the tri-electrode 
topology. 
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