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ABSTRACT 
 
 

 We developed a novel large-stroke deformable mirror for focus control and 
spherical aberration correction. The mirrors fabricated using MEMS technology provide 
full range (150-200 µm in tissue) of focus scanning at high numerical aperture 
(N.A.=0.5-0.7) for confocal microscopy and optical coherence tomography (OCT). In 
addition to large stroke, low power consumption and high speed operation are other key 
factors of the developed devices. The impact of this project is broad since the 
miniaturized deformable mirrors have a wide range of applications. In addition to focus 
scanning in microscopes they can also be used in small form factor systems such as cell 
phone cameras and robot vision. Furthermore, laser based microscopes equipped with the 
focus control mirror may be useful for skin cancer diagnosis and treatment. This thesis 
consists of seven chapters. The first chapter introduces optical focus control and focus 
control elements. The second chapter describes different schemes for optical focus 
control in imaging systems including transmissive variable lenses. The principle of 
operation, fabrication, and characterization of electrostatic deformable mirrors are 
reviewed in Chapter 3. High-speed focus control mirrors with controlled air damping are 
discussed in Chapter 4. In this chapter a model adopted from the analysis of MEMS 
microphone is used to design the backplate of a MEMS deformable mirror. Moreover, 
electrostatic-pneumatic MEMS deformable mirrors are introduced in Chapter 5. 
Analytical model is developed for electrostatic-pneumatic actuation in order to design a 
MEMS mirror with two membranes. Applications of MEMS deformable mirrors are 
demonstrated in optical systems in Chapter 6. Finally, a summary and future work are 
discussed in Chapter 7. The fabrication process details are given in Appendix A.   
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CHAPTER 1- INTRODUCTION 
 
 
 High resolution microscopy is still a challenge for biologists to study intact 

tissues. The current technology places a sample on a stage and mechanically moves the 

objective lens or the sample stage to adjust the optical focus. While the approach works 

well, it is slow. In our approach the objective lens and sample remain fixed and the focal 

location of the microscope is under control using a MEMS deformable mirror. The 

MEMS mirror addresses two major problems for in-vivo microscopy: optical focus 

control and spherical aberration compensation. The impact of this project is quite broad. 

This technology is useful for multi-plane microscopy, fast focus tracking of non-

stabilized objects, and axial focus scanning to provide cross-sectional images of vital 

tissues. Also, this technology is critical to miniaturized imaging systems such as small 

form factor cameras and endoscopy in which mechanical focus adjustment is highly 

limited. Moreover, laser based scanning microscopes with a variable focus element can 

be used for skin cancer diagnosis and therapy. In addition to applications in microscopy, 

progress with MEMS deformable mirrors will be attractive for astronomy, optical storage 

read-heads, and robot vision. 

 In commercial cameras, motors and cams mechanically adjust the lens position to 

control the location of the focus. This process is slow and not efficient in terms of power 

consumption. Moreover, the bulky motorized actuators cannot fit into miniaturized 

systems such as cell phone cameras or the distal tip of an endoscope. 

Microelecromechanical systems (MEMS) variable-power optics are a promising 

alternative to lens translation for focus control. High speed focus control capability of 
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such miniaturized elements allows rapid response cameras to capture images of objects 

vibrating in the axial direction. The oscillating focal length enables the camera to create 

3-D images by sweeping the focus and integrating sequential image planes. Furthermore 

rapid focus control is useful for laser based scanning microscopes such as confocal 

microscopy and optical coherence tomography to provide in vivo images. The high speed 

focusing also could be applicable in 3-D optical holography, pico-projectors, and 3-D 

optical switches. The optical MEMS elements can be used in cell-phone cameras for 

zooming and focusing due to low power consumption and small mass. The miniaturized 

optical focus control elements used with feedback may enable autonomous robots to 

determine their position. These useful applications are the primary motivation to design 

and fabricate optical MEMS focus control elements.  

 Different micro devices have been fabricated for focus control such as 

transmissive lenses and reflective lenses (curved mirrors). Electro-optic (EO) [1], liquid 

crystals [2], electro-wetting [3-6], oscillating liquid lenses [7, 8] and MEMS pneumatic 

devices are transmissive examples. Large EO coefficient crystals are used in EO lenses in 

order to modulate refractive index of the lens and modify the focal length. Focusing 

capability of such a lens is fast but limited to polarized light while it has high aberrations 

and small focus range. Also the liquid crystal lens performance is limited by its long 

response time. Although deformation of liquid interface enables the electro-wetting 

lenses to have large focus range, this lens has residual aberrations and slow focus 

tracking (response time on the order of msec). Also, the response time of oscillating 

liquid lenses driven with sound pressure is in range of milliseconds [7]. In pneumatic 
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lenses, pumping a liquid in and out of a transmissive cavity with an elastic membrane 

changes the curvature in order to control focus [9]. Liquid evaporation and shock noise 

are potential problems for all types of liquid lenses. Deformable mirrors are examples of 

reflective lenses [10, 11]. Unlike the transmissive ones, these optical elements possess no 

chromatic aberrations. Different schemes have been used to shape a mirror including 

thermal, electromagnetic, pneumatic, piezoelectric, and electro-active polymers. Thermal 

actuation and electromagnetic actuation both require high power consumption to shape a 

mirror. Piezoelectric materials and electro active polymers cause small displacement of 

the membrane resulting in small focus range. Thermal, pneumatic using external pump, 

and electroactive polymer cannot operate at high speed so that the focus control is slow. 

 In contrast, electrostatic mirrors are simple, compact, low-cost, and high-speed. 

The major limitation, however, is the range of motion in deflection, or membrane stroke. 

Few electrostatic membranes can achieve even 10 µm deflection, which is not enough for 

full range of focus control, especially for high numerical aperture (N.A.) systems.  

 Commercial deformable mirrors are available at different size, stroke, power 

requirement, and speed of operation. A 2.5 mm diameter deformable mirror with a 

maximum displacement of 5.5 µm has been developed by Boston Micromachines 

Corporation with a working frequency of 2 kHz [12]. Oko Tech. developed a 15 mm 

diameter deformable mirror with a maximum deflection of 9 µm with a speed of focusing 

less than 1 kHz [13]. Adaptica Srl. developed an 11 mm diameter deformable mirror with 

a stroke of 10 µm with a bandwidth of 800 Hz [14]. The power consumption of these 

mirrors is small since electrostatic actuation is used to shape the membrane mirrors. An 
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electromagnetic deformable mirror with 15 mm diameter made by Imagine Eyes Inc. 

achieved a maximum displacement of 25ି
ା  µm. This mirror operates at a maximum 

frequency of 200 Hz and the power consumption is as high as 50 W [15].       

 The optical and mechanical properties of the membrane are important to the 

performance of all deformable mirrors. Stress in the membrane material influences the 

maximum membrane displacement and focus range, and stress non-uniformity leads to 

aberration due to compromised surface flatness. Several materials have been 

demonstrated for focus control mirrors. Early mirrors using silicon nitride membranes 

[16, 17] exhibited good stress uniformity and low aberrations, but suffered from high 

intrinsic stress that limited overall displacement. More recent work with polymers 

including SU-8 [18, 19], Cytop [20] and Polyimide [21] achieve larger deflection due to 

lower film stress. Except for the surface micromachined devices reported by Lukes et. al. 

[22], these latter techniques employ bonding of a spin-cast membrane wafer to an 

electrode-bearing substrate wafer with some spacer material in between. The bonding and 

assembly steps are critical to maintaining uniform stress in the resulting free-standing 

membranes.  

 This thesis reviews electrostatic deformable mirrors for focus control and 

spherical aberration correction. We report SU-8 membrane mirrors constructed using a 

die bonding technique, in which a silicon die with a wet-etch released membrane was 

aligned and glued to a die that supported a spacer and the electrostatic actuation 

electrodes [19]. Errors during alignment and bonding led to non-uniform initial stress in 

the suspended membrane, residual aberrations and poor device repeatability. The mirrors 
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described in [18] and [23] also show residual aberration when not actuated, relying on 

active flattening using an electrode array with a large number of actuators. By 

comparison, our focus control mirrors have circularly symmetric ring electrodes and must 

have excellent initial flatness to achieve the targeted control of focus and (circularly 

symmetric) spherical aberration without introducing unwanted residual aberrations. 

 This thesis subsequently describes an optimized fabrication process using wafer 

bonding and dry etching to achieve more uniform in-plane stress to minimize residual 

aberration on the membrane mirror. The mirrors are made from metalized photoset 

polymer SU-8 which has excellent mechanical properties, including relatively low 

residual stress in the range of 14-30 MPa depending on process parameters [24] to enable 

large electrostatic deflection. The SU-8 also serves as an adhesive layer for wafer 

bonding, resulting in a simple and low cost fabrication process. The membrane mirrors 

are released after the wafer bonding step using deep reactive-ion etching (DRIE) 

producing a flat, reflective and uniform surface. The surface quality and membrane 

displacement are measured using an optical interferometer and the results show that the 

new process improves the initial flatness and reduces the residual aberration of our SU-8 

membrane mirrors. The focus range and active spherical aberration correction are also 

investigated for these deformable mirrors, and we demonstrate the use of this mirror for 

focus control in scanning confocal microscopy.  

 The speed of membrane motion is significantly affected by viscous air flow in the 

cavity between the backplate and the membrane, and this air damping can be the limiting 

factor in determining the speed of focus control. In chapter 4, a high speed focus control 
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MEMS mirror with a step response time of 100 µsec and small-displacement bandwidth 

of 25 kHz is designed and fabricated for a 3 mm diameter, electrostatically actuated SU-8 

membrane mirror. We describe the use of vertical air channels etched in the backplate 

behind the deformable membrane mirror to control the air damping effect and achieve 

wide-bandwidth focus control. We also demonstrated fast focus scanning in a confocal 

microscope to provide cross sectional images of living tissue. 

 The maximum stroke, power consumption, and speed of focusing are significantly 

influenced by the actuation method. The electrostatic mirrors are excellent in terms of 

power consumption and focusing speed, however the maximum deflection is limited by 

pull-in instability. Furthermore, it is a challenge to create a repulsive force on the 

membrane to achieve convex mirror by use of electrostatic actuation. In Chapter 5 a new 

actuation method is described for MEMS deformable mirrors to exceed 20 µm 

displacement for circular membranes with 3, 4, and 5 mm diameter while the power 

consumption is low and the speed of operation is high. The actuation method is referred 

to as electrostatic-pneumatic, since both electrostatic and pneumatic forces are used to 

control the shape of the mirror. The final device can form either a concave or convex 

mirror for active optics systems. The reflective membrane is made of photoset epoxy SU-

8. The large membrane stroke provides full range of focus control for confocal 

microscopy and optical coherence tomography, achieving 400 µm focal range at 

N.A.=0.5. Focus control throughout the useful penetration depth may be accomplished 

using this deformable mirror for laser based scanning microscopes. 
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CHAPTER 2- FOCUS CONTROL ELEMENTS IN OPTICAL SYSTEMS 
 
 

 This chapter describes different schemes for optical focus control. Mechanical 

lens translation and variable optical power elements including liquid lenses, pneumatic 

lenses, and electro-optics lenses are discussed in this section. 

  
Mechanical Lens Translation 

 

 Many imaging systems such as cameras require several lenses to achieve an 

acceptable performance. The effective focal length of the group of lenses is dependent on 

the lens separation. The effective focal length (f) of two lenses with separation distance d 

is 

  ଵ
௙

ൌ ሺ ଵ
௙భ

൅ ଵ
௙మ

െ ௗ
௙భ௙మ

ሻ                                                                                                          (1) 

where f1 and f2 are focal length of the lenses. The focus is adjusted by changing the 

distance d. When the lens separation is f1+f2 the focal length of the system is at infinity 

(Fig.1-a). When the distance between lenses is shorter than f1+f2 the focus is not infinite 

and can be determined by Eq.1 (Fig.1-b). As the lens separation is zero (d=0), the 

effective focal length is shorter than f1 and f2. 

 In traditional cameras a lens gets closer or further from the film plane by a means 

of a helical thread on the lens mount to create a sharp image. In snap shot cameras and 

some of professional cameras the distance between lenses is adjustable by a miniaturized 

electric motor. 
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a)                                                       b) 

Figure 1. Effective focal length of a combined lens 
 
 

Lens Translation using MEMS Technology 
 

 Some research groups developed vertical microlens scanners in order to 

miniaturize the focus control system [25-28]. In this type of device a microlens is 

fabricated on a micro-actuator to achieve mechanical translation of the lens. The 

schematic of a MEMS scanner is shown in Fig.2. This device consists of a Photoresists 

(PR) microlens, a lens holder, lens actuators, and a frame. The lens holder plate has a 

circular opening to form PR lens. The holder is attached to a rigid silicon frame by a set 

of actuation beams called lens actuator. The frame is attached to silicon substrate by 

another set of bimorph beams (Frame actuator). 

 

 

Figure 2. Schematic of a vertical mircolens actuator [26] 
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 The polysilicon resistors integrated into beams create enough heat for 

electrothermal actuation. The angular rotations in two sets of actuators result in vertical 

displacement of the PR microlens. A maximum displacement of 280 µm is achieved at 

12 mA dc current. The power consumption of this device is relatively high due to 

electrothermal actuation. Furthermore the optical quality of the lens is low since PR 

reflow process is used to create the microlens, so that the resultant image is not sharp.  

 In another design a maximum vertical displacement of 55 µm is achieved at 400 

Hz by electrostatic comb drive actuators [28]. Fig.3 shows the schematic of a microlens 

scanner using comb drive actuation. The device consists of isolated comb banks, a 

symmetric coupled torsion flexure and a lens frame. The comb drives pull the lens frame 

upward and downward by electrostatic force. This technique eliminates the use of bulky 

actuators but the speed of scanning and the range of motion are still limited. 

 

 

 
Figure 3. Schematic of a lens scanner using comb drive actuation method [28] 
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Variable Power Optics Elements 
 

 This section describes the principle of variable-focus elements. Lens maker 

equation (Eq.2) shows that the focal length (f) of a transmissive lens is dependent on 

refractive index of the material (n) and radius of curvature (R1 and R2) of the lens.  

ଵ
௙

ൌ ሺ݊ െ 1ሻሺ ଵ
ோభ

െ ଵ
ோమ

ሻ                                                                                                        (2) 

A variable focus control can be achieved by either modulating the refractive index or 

changing the curvature of a lens. The radius of curvature is tunable for focus adjustment 

in electrowetting lenses, oscillating liquid lenses, and pneumatic lenses. In liquid crystal 

and electro-optic lenses the refractive index of the lens changes in order to control the 

focal length. Fig.4 shows the concept of an electrowetting lens. The electrowetting lens 

consists of a transparent cylinder containing two immiscible liquids with different 

refractive indices. One liquid is electrically conductive and the other one is an insulator. 

The counter electrode is in contact with the conductive liquid while the inside of cylinder 

is coated with a hydrophobic insulator. A voltage applied to the electrodes creates an 

electric field across the liquid insulator, which modulates the interfacial tension between 

the two liquids. The change in contact angle between the conducting liquid and the wall 

of the cavity is [4] 

cosሺߠሻ ൌ ఙೢ೔ିఙೢ೎
ఙ೎೔

൅ ఌ
ଶఙ೎೔ௗ೑

ܸଶ                                                                                           (3) 

where ε is the dielectric constant of the insulating film, df is the film thickness, V is the 

applied voltage, ߪ௖௜ is the liquid/liquid interfacial tension, ߪ௪௖ is the interfacial tension 
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between the wall and the conducting liquid, and ߪ௪௜ is the interfacial tension between the 

wall and the insulating liquid. 

 

 
 

Figure 4. Schematic cross section of an electrowetting lens [4] 
 
 

The Dioptric optical power can be described as [4] 
 
ܦ ൌ ଴ܦ ൅ ఌሺ௡೔ି௡೎ሻ

ଶఙ೎೔ௗ೑ோ
ܸଶ                                                                                                        (4) 

where D0 is the Dioptric power in the off-state, R is the radius of the cylinder, ni is the 

refractive index of the insulating liquid, and nc is the refractive index of the conductive 

liquid. The focal length can be controlled from -10 mm to 20 mm for a 3mm-diameter 

lens. The performance of this lens is dependent on the ambient temperature. Liquid 

evaporation and liquid freezing are potential problems for this lens. Also the speed of 

focusing is limited by the large capacitor formed between the electrode and the liquids 

and the inertial mass of the liquid. The time constant is on the order of several 

milliseconds for a 3 mm diameter lens. 
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 The oscillating liquid lens structure is similar to electrowetting lens. These lenses 

consist of two droplets in a cylindrical cavity. The interfacial curvature of droplets creates 

a natural resonator which could be actuated by sound pressures. In order to produce 

driving pressure one side of the cylinder is connected to a speaker. This causes oscillating 

curvature leading to vibrating optical focal length. This actuation method is simple and 

low-voltage. The bandwidth of this lens is limited to 100 Hz since damping is a 

significant effect reducing speed of focusing in liquid/liquid interface lenses [7]. 

 Liquid pneumatic lenses consist of transmissive membranes sealing a liquid in a 

circular chamber. A microfluidic system pressurizes the fluid into the liquid filled 

chamber in order to adjust the membrane curvature. In this way the focal length is tunable 

by regulating the chamber pressure. The principle of operation of the pneumatic lens is 

shown in Fig.5. In this particular lens the cavity and the micro fluidic system are 

patterned on a thick SU-8 layer. A 40 µm PDMS layer forms the transparent membrane. 

The focal length variation is highly dependent on the liquid refractive index. The focus 

range for UV curable polymer (Norland 63, n=1.56) is 5 mm where this range for 

microscope immersion oil (n=1.51) is 1.4 mm. These ranges are achieved when the 

pressure variation in chamber is 35 kPa.    

 

 

Figure 5. Principle of operation of a pneumatic lens [9] 
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 In addition to all liquid lens problems such as susceptibility to device acceleration 

(shock), the pneumatic pump adds complexity to this lens. The control over the shape of 

membrane is limited so the optical aberrations are relatively high. 

 Another scheme for focus control is the use of electroactive polymers to change 

the curvature of a lens [29]. The lens consists of three membranes and two liquid filled 

chambers as depicted in Fig.6. Two membranes are made of passive polymers 

(transparent acrylic elastomer) and the electroactive membrane is placed between the 

passive membranes resulting in two cavities. The electroactive polymer is made of 

transparent acrylic elastomer with deposited electrodes on both surfaces. The electrodes 

are single walled carbon nanotube mats. The liquid (in the cavities) and membranes are 

optically transparent. When a high voltage is applied to the electroactive polymer, the 

Coulombic force creates stress on the membrane so that the polymer stretches. 

Deformation of the middle membrane causes deformation on the passive membranes and 

the focal length of the lens changes. 

 

 

Figure 6. Electro-active lens with two liquid filled cavities [29] 
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 Some low voltage electroactive polymers have been reported in the literature but 

this lens requires 3.9 kV for 4 mm focus range [29]. Moreover all of electroactive 

polymers have relatively slow response time. The response time of this specific lens is 

25 msec.  

 A liquid crystal (LC) lens schematic is shown in Fig.7. In this lens the nematic LC 

is sandwiched between two glass substrates supporting of an array of transparent 

electrodes. The spacer layer establishes the cavity for the LC. The external electric field 

through the electrodes aligns the LC molecules in a direction to modify the index of 

refraction. The linearly polarized light experiences modulated refractive index to achieve 

adaptive focusing. The operation of LC lens is limited by its slow response time. 

  

 

Figure 7. LC lens structure on glass substrates [2] 
 
 

 A stack of thin LC lenses can operate at higher speed but the response time of the 

stack  is  still  limited  to  70  msec  [2].  Crystals  with  large  EO  coefficient  crystals  can  be  

used to build EO lenses. In EO lenses, EO crystal refractive index is modulated to control 

focus. This crystal has a fast response time (on the order of a few hundreds of kHz) but 

the range of focusing is limited. In addition, both LC lens and EO lens suffer from high 
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optical aberrations. An alternative method for focus control is use of deformable mirrors. 

Chapter 3 covers the concept, fabrication, and characterizations of deformable mirrors for 

focus control and aberration corrections.  
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CHAPTER 3- DEFORMABLE MIRRORS FOR OPTICAL FOCUS CONTROL 
 
 
 More than 2000 years ago when Syracuse was surrounded by Roman ships (214-

212 BC) Archimedes used some mirrors to focus sunlight onto approaching ships to set 

them on fire. The mirrors were highly polished bronze and copper shields. This is the first 

use of segmented deformable mirrors for optical focus control in history.  

 For a long time, deformable mirrors have been used in telescopes to correct 

distorted light (caused by atmospheric turbulences) from stars and create sharp images. 

Nowadays, deformable mirrors are versatile elements for adaptive optics purposes 

including focus control and aberration correction in optical systems. In microscopes 

imaging in inhomogeneous sample induces aberrations leading to degraded images. One 

of the major aberrations is spherical aberration especially for in vivo imaging when the 

depth of focus is variable. We designed and fabricated a MEMS deformable mirror for 

high N.A. systems. The mirror is able to control the focus while managing the spherical 

aberrations. Principle of operation, fabrication process, and optical properties of 

electrostatically actuated mirrors are described in this chapter. The data provided in this 

chapter was already published in the journal of Micro/nanolithography MEMS and 

MOEMS, SPIE in 2011 and 2012 [19, 30].   

 
Electrostatic MEMS Mirror for Focus Control 

 
 In this section the concept of electrostatic deformable mirrors is described. 

MEMS deformable mirrors consist of a reflecting thin membrane suspended over the 

actuating electrodes.  The electrodes and membrane are separated by a spacer layer. By 
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applying voltage between the membrane and any given electrode, the electrostatic force 

pulls the membrane toward the electrodes and the mirror can be deformed to the required 

shape, so the tunable-focus lens is achieved by the membrane curvature adjustment. 

When the same voltage is applied to all electrodes (Fig.8-a), the electrostatic force is 

uniform on the membrane and the mirror deflects into cavity in order to adjust the optical 

power. As illustrated in Fig. 8(a) a greater deflection results in a shorter focal length. For 

deflections less than approximately 10% of the air gap, the electrostatic pressure on the 

membrane is 

                                                                                                            (5)
 

where g is the air gap beneath the membrane, s(r) is the membrane deflection toward the 

substrate, ε0 is the permittivity of air and V(r) is the applied voltage. The membrane 

deflection s(r) is governed by the membrane equation 

                                                                                                               (6)
 

where ܶ ൌ sݐ  is the in-plane tension of the membrane with thickness t and stress s, ρ is 

the area mass density, and p is the pressure distribution on membrane. For static solutions 

the acceleration term is zero. For small deflections, the membrane shape is parabolic with 

maximum deflection s0 given by  

଴ݏ ൌ ఌబ ௏మ௥బ
మ

଼௚మఙ௧
                                                                                                                        (7) 

where r0 is mirror radius, g is the air gap beneath the membrane, ε0 is the air permittivity 

and V is the applied voltage. Since the focal length (f) of the mirror depends on the 
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maximum deflection and the mirror radius (݂ ൌ ௥బ

మ

ସ ௦బ
ሻ, the focal length vs. applied voltage 

can be obtained by substituting Eq.7 in the focal length equation 

݂ ൌ ଶ௚మఙ௧
ఌబ ௏మ                                                                                                                            (8) 

Eq.8 indicates the focal length is inversely proportional to the square of the applied 

voltage for the small deflections. For large deflections, shape of the mirror and resultant 

focal length can be calculated from the numerical solution of the membrane motion 

equation. This MEMS mirror is fabricated for focus control and spherical aberration 

correction, so the actuating electrodes are designed circular symmetric. However our 

fabrication process is flexible to pattern more electrodes with different shapes in order to 

correct off axis aberrations (Astigmatism, Coma, etc.). Applying the correct voltage 

pattern to the electrodes can deform the mirror to compensate the spherical aberration. In 

fact, the shaped mirror cancels the wavefront error and the reflected wavefront is centered 

at the natural focus of the system. Fig.8 shows the concept of the deformable membrane 

mirror for these applications.  
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a)                                                   b) 

Figure 8. Principle of operation for deformable membrane mirror a) Focus control: shape 
1 with smaller deflection results in larger focal length (f1), shape 2 with larger deflection 
results in smaller focal length (f2) b) Spherical aberration correction: the parabolic mirror 
cancels the spherical aberration error on the wavefront and focuses all rays in the focal 
point. 
 
 
 F-number and numerical aperture (N.A.) are important parameters of the mirror. 

F-number (F#) determines lens speed in photography. N.A. characterizes the maximum 

angle which mirror can accept light. Fig.9. shows the concept of numerical aperture of a 

mirror. N.A. for a mirror in air is defined as 

ܰ. .ܣ ൌ ܵ݅݊ሺߠሻ ൌ ௥బ

ට௥బ
మା௙మ

                                                                                                   (9)                                                  

For small angles, N.A. becomes Sin(θ) = θ= ௥బ
௙

ا 1.                                                     (10) 

We substitute Eq.10 in Eq.9 to calculate N.A. based on mirror diameter and stroke. 

ܰ. .ܣ ൌ ଼௦బ
஽

                                                                                                                        (11) 

where s0 is the mirror stroke and D is diameter of the mirror. This equation shows to 

achieve high N.A. mirror, large stroke at small diameter is required. Mirror F# is also 

#ܨ ൌ ଵ
ଶ ே.஺.

ൌ ஽
ଵ଺௦బ

 . 
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a) 
 

 

b) 

Figure 9. a) Membrane mirror with focal length f, center deflection s0, radius r0, and 
numerical aperture Sin(θ) b) A variable mirror in the backfocal length of an objective lens 
for focus control  
 
 
 Moreover the focus range of the system comprising a variable lens and objective 

lens can be calculated from paraxial imaging theory (Fig.9-b). The focus range is 

݂߂ ൌ െ ௙భ.௙మ
௙

. In this equation ଵ݂is the back focal length of the objective lens in air, ଶ݂is 

the focal length in the sample medium with refractive index of n ( ଶ݂=n ଵ݂) . If the variable 

lens is a curved mirror the focal length is ݂ ൌ ௥బ
మ

ସ௦బ
. The height of marginal ray with angle 
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θ at radius r0 (assuming the pupil radius is equal to mirror radius) for objective lens is 

r0=f2 Sin(θ). By combining these equations, the focus range in medium is 

݂߂ ൌ െ ସ௡௦బ
ே.஺.మ

                                                                                                                    (12) 

N.A. in this equation is the numerical aperture in the sample. This equation shows for 

large focus range at high numerical aperture a large stroke on the membrane is required. 

For example Δf=300 µm in water n=1.33 at N.A.=0.7 requires s0=27.6 µm. 300 µm is 

about as deep as we can image in skin at N.A.=0.7 before scattering reduces the signal 

before detection limits.  In order to have large deflection with electrostatic actuation low 

stress membrane with a large gap can achieve relatively large deflection before snap-

down. The electrostatic mirrors with silicon nitride or poly silicon were already 

developed but the maximum deflection was limited to 5 µm [17]. In this project we use 

photoset epoxy SU-8 for membranes with low residual stress.  

 
Background 

  

 We developed three generations of SU-8 deformable mirrors for focus control. 

The first generation is a die-bonded MEMS mirror. The second one is an SU-8 wafer 

bonded mirror. These two devices are described in this chapter. The third generation is  a 

fast deformable mirror with controlled air damping which is described in chapter 4. The 

mirrors are circular with diameter 1, 2, 3, 4 and 5 mm and elliptical with minor-major 

axis 1.44-2 mm. Finally in both chapters the capability of the focus control mirror in 

confocal microscopy is shown. 
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Die-bonded Membrane Mirror 
 
 The SU-8 focus control mirror is fabricated using three photomasks in a die-

bonded process as shown in Fig. 10. Aluminum control electrodes are patterned on an 

oxidized silicon wafer called the spacer wafer. Then, 30 mm of SU-8 2025 (Microchem, 

Inc.) is deposited and patterned to form the spacer layer. The spacer establishes an air gap 

beneath the membrane mirror, and defines the shape of the mirror perimeter. These focus 

control mirrors have a circular membrane boundary and are designed for focusing a beam 

that is incident normal to the surface. Air channels in the spacer layer allow airflow into 

and out of the cavity under the membrane. The spacer wafer is diced and cleaned prior to 

bonding to the membrane die. 

 The membrane wafer is a single side polished (100) wafer. It is oxidized and then 

patterned on the back side to define etch windows for a subsequent through-wafer etch to 

create free-standing membranes. The membrane layer is 2 mm of SU-8 2002, spun on the 

polished side of wafer to create flat membrane. After a prebake at 95o C the wafer is flood 

exposed to crosslink the SU-8 layer and then hardbaked at 200o C for 90 minutes. The 

membranes are released by etching through the wafer in TMAH with concentration 

12.5% at temperature 75˚ C. The silicon etch rate is measured as 21.5 µm per hour at 

these conditions. A single-side mechanical mask is employed to protect one side of the 

SU-8 membrane layer from the TMAH etchant. 
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Figure 10. Fabrication process for a die-bonded MEMs mirror 
 
 

 The fully released membrane wafer is coated with 200 nm aluminum on the back 

side to provide the optical reflecting surface and is then diced and cleaned. Finally, the 

membrane die is aligned using a digital camera and bonded to the spacer die, with the 

SU-8 membrane in contact with the SU-8 spacer. 

 The membrane mirrors have been characterized under static electrical excitation. 

Fig.11 shows displacement measured at the membrane center vs. applied voltage. For this 

measurement, the same voltage is applied to all three actuation electrodes. Mirror 

deflection was measured using an optical interferometer. 

 



 

Figure 11.
 
 
The maximum useable displacement with an air gap of 30

The pull-in voltage is measured as 440 V. 

 Surface quality of the membrane is excellent, since the mirror surface is the 
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Figure 11. Static deflection as a function of applied voltage

The maximum useable displacement with an air gap of 30 mm is approximately 12

in voltage is measured as 440 V.  
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first column identifies the mode number, and the last column identifies the common name 

for these low order aberrations. 

 
Table 1. Zernike polynomials associated with terms 1-15 in the Zernike mode spectrum. 

term # n,m for  polynomial pk-pk 
amplitude aberration type 

1 0,0 1 - Piston 
2 1,1  1 Tip 
3 1,-1  1 Tilt 
4 2,2  1 Astigmatism 
5 2,0  2 Defocus 
6 2,-2  1 Astigmatism 
7 3,3  1 Trefoil 
8 3,1  1.63 Coma 
9 3,-1  1.63 Coma 
10 3,-3  1 Trefoil 
11 4,4  1 Quadrafoil 
12 4,2  1.56 2nd astigmatism 
13 4,0  1.5 spherical  
14 4,-2  1.56 2nd astigmatism 
15 4,-4  1 Quadrafoil 

 
 
 The units for the coefficients in the Zernike spectrum are also nm. The lower left 

shows the surface height data with tilt and offset removed and the lower right shows the 

residual aberration after subtracting tilt, offset and parabolic curvature. Peak to valley 

residual aberration is 591 nm for this device, with RMS aberration of 56 nm [19].  



26 
 

 

Figure 12. A 2 mm diameter membrane fabricated by die bonding process with no 
applied voltage, the raw height information (upper left), coefficients for the best 
fit Zernike polynomials (upper right), the data with tilt and offset removed (lower 
left) and the residual aberration with tip, tilt, offset and parabolic curvature (lower 
right). 
 
 

Wafer Bonded Mirror  

 We modified our fabrication process to improve the initial flatness and the 

production yield of the mirrors. In the new process illustrated in Fig.13 the SU-8 wafer 

bonding technique is used to fabricate the deformable MEMS mirrors. Also a dry etching 

process is employed to etch silicon and fabricate free standing membrane. The spacer 

wafer is fabricated similar to the die-bonded process. For membrane wafer, a 200 nm 

aluminum is deposited and patterned on the back side of a double side polished (DSP) 

silicon wafer to create etch windows for a subsequent through-wafer etch. A 100 nm 
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aluminum layer is deposited on the front side to create the reflecting surface. A 2 mm 

layer of SU-8 2002 is spun on the reflecting aluminum surface to create flat membrane.  

 

 

Figure 13. Fabrication process using wafer bonding technique for deformable membrane 
mirrors [30]. 
 

 The SU-8 layer is prebaked at ramped temperature (65oC to 95oC for 7.5 min) and 

then the wafer is flood exposed to UV light with energy dose 145 mJ/cm2 to crosslink the 

SU-8 layer. Post exposure bake is carried out at ramped temperature 65oC to 95oC for 

7.5 min. Since both wafers are coated with an SU-8 layer, they can be bonded at elevated 

pressure and temperature (300 kPa and 145 oC). The mirrors are released by etching 

through the membrane wafer using a deep reactive-ion etching (DRIE) process. DRIE is 
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performed in an inductively coupled plasma (ICP) etcher using sulfur hexafluoride (SF6) 

and oxygen (O2) as process gases. The parameters for dry etching are shown in Table 2. 

 
Table 2. DRIE parameters for silicon etching 
Parameters Value 

SF6 82 sccm 

O2 18 sccm 

ICP power 1500 w 

RIE power 5 w 

Main Chamber Pressure 15 mTorr 

Stage Temperature 25 oC 

Hard Mask 200 nm aluminum 

Si (100) etch rate 7 µm/min 

 
 Wafer bonding results in less stress and higher uniformity of stress on the 

membrane relative to devices fabricated by bonding individual die. Moreover, final dry-

etch release balance the stress on the mirror and reduce the surface errors in comparison 

to die-bonded mirrors. Finally, individual devices are mounted and wire bonded to a 

circuit board. Figure 14 shows one device on a completed spacer wafer and the final 

mounted device.  
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                                                  a)                                               b) 

Figure 14. a) A single device with actuating electrodes and 22 µm thick patterned SU-
8 layer on spacer wafer b) The final device with overall chip size10 mm× 9 mm glued 
and wire bonded to a circuit board. 

 
 
 The optical properties such as initial flatness and aberration are very important for 

deformable membrane mirrors. Since the membrane mirror is created on the polished side 

of the silicon wafer, the initial flatness is superior. Moreover, wafer bonding results in 

less stress and higher uniformity of stress on the membrane relative to devices fabricated 

by bonding individual die. Figure 15 shows the excellent flatenss for 1 mm, 2 mm 

diameter mirrors and ellipse mirror with 2.8 mm and 2 mm axes at rest when imaged 

using an optical interferometer.       

V1 

V3 
V2 
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Figure 15. The initial flatness of circle 1 mm diameter (a) and circle 2 mm diameter (b) 
ellipse with 2.8 mm and 2 mm axes (c) membrane mirrors at rest, imaged using an optical 
interferometer with λ=830 nm. 
 

 
 The membrane mirrors are deflected with electrostatic force by applying a DC 

voltage to the electrodes and keeping the membrane at ground potential. Figure 16 shows 

the center deflection vs. driving voltage for two circular mirrors 2 mm and 3 mm in 

diameter. In this measurement, the applied voltage is the same for all three electrodes. 

Displacement to approximately 40% of the air gap is observed without snapdown. The 

membrane displacement is measured using an optical phase-shift interferometer. 

Figure 17 shows optical interferogram images of deflected membranes. In these images, 

each fringe represents a half wavelength displacement while the laser source wavelength 

is 830 nm. The mirrors with bigger surface area need less voltage for deflection. The 

maximum deflection achieved for a circle with 2 mm diameter at 340 volts is 8.7 µm. 

The pull-in voltage is measured as 360 V, when the membrane is reversibly stuck down 

to the electrodes. The circular mirror with 3 mm diameter requires 160 V for the same 

deflection, with the pull-in voltage measured to be 167 V. The membrane deflection 

depends on the thin film intrinsic stress, with a film with lower stress deflecting more at 

 
a)            b)                                                  c)  
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the same electrostatic force. The intrinsic stress on the membrane can be calculated using 

Eq.7 by knowing the film deflection and the mirror geometry. The data indicates an 

intrinsic stress for the SU-8 film of approximately 20 MPa.  

 

 

Figure 16. Center deflection vs. applied voltage for circular mirrors 2 mm and 3 mm in 
diameter, with 22 μm cavity beneath the membrane. 
 

 

a)                                                          b) 

Figure 17. Optical interferogram images (λ=830 nm) of mirror 3 mm (a) and 2 mm (b) at 
DC voltage 160 V and 340 V. 
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 Figure 18 shows a surface profile (the axis are similar to Fig.8) for a 2 mm 

diameter membrane with no applied voltage, showing its baseline surface height 

variation. Peak to valley residual aberration is 423 nm for this device, with RMS 

aberration of 35 nm. This information indicates the residual aberration for a wafer bonded 

device is less than for a die bonded mirror. Initial surface errors (such as astigmatism) 

have been decreased by the new fabrication process. 

 

Figure 18. A wafer bonded 2 mm diameter mirror with no applied voltage, the raw height 
information (upper left), coefficients for the best fit Zernike polynomials (upper right), 
the data with tilt and offset removed (lower left) and the residual aberration with tip, tilt, 
offset and parabolic curvature (lower right). 

 
 

 The mirror deflection changes the focal distance, and consequently the defocus 

term appears in the Zernike spectrum in Figure 19. When the center of the membrane is 

deflected 4.9 µm (300 V applied to each electrode), the dominant Zernike coefficient is 

raw height image
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defocus corresponding to mode number 5 (2ݎଶ െ 1 in our basis set, where r is  the  

normalized pupil radius). The dominant surface errors (excluding tip, tilt and piston) at 

this voltage are astigmatism (mode numbers 6 and 12) and spherical aberration (mode 

number 13). Residual aberration is still low at only 98 nm RMS. Fig. 8 shows the optical 

parameters with this uniform applied voltage of 300 V. Subplots are the same as for 

Figure 5. 

 

 

 

 

 

 

 

 

 

 

Figure 19. Optical parameters of a 2 mm diameter mirror for uniform applied voltage of 
300 V. Subplots are the same as in Fig. 12. 

 
 
 The deformable MOEMS mirror is also able to introduce spherical aberration by 

shaping the membrane. With uniform pressure, the membrane shape is parabolic and the 

spherical aberration is zero. At larger deflection the electrostatic pressure with a uniform 

voltage is not uniform but is influenced by the decreasing air gap as the membrane 
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deflects. Therefore the membrane shape is not exactly parabolic and spherical aberration 

is introduced to the mirror profile. The mirror shape is adjustable by applying different 

voltages to the electrodes in order to cancel the optical aberrations as it is shown in 

Fig.20.  

 
Figure 20. Cross section view of the 2-mm diameter membrane for 3 different voltage 
patterns on the electrodes 
 
 
 Figure 21 shows the Zernike spectrum for different voltages applied to the 

electrodes. When 220 V is applied to all electrodes the maximum deflection is 2.3 µm 

(less than 11% of the air gap) and the mirror shape is nearly parabolic and the spherical 

aberration, mode number 13, has a coefficient of 35 nm in the Zernike spectrum 

(Fig.21(a)). Setting the middle electrode at 320 V and the two other electrodes at 220 V 

results in 125 nm spherical aberration coefficient (mode 13) in the mirror surface profile 

(Fig.21(b)). The mirror with such a voltage pattern is able to correct 250 nm of negative 

wavefront spherical aberration (the wavefront modification is twice the surface height 

variation). Setting the center electrode at 320 V and the outer two electrodes at 220 V, 
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mode number 13 is again the dominant aberration coefficient, but it is negative now as 

shown in Fig.21(c). The overall dominant term is still defocus, mode 5. The Zernike 

coefficient for mode 13 is more than 350 nm. This result indicates the device can 

compensate positive spherical aberration of the wavefront of as much as 700 nm. 

Expressed in terms of peak-to-peak amplitude of balanced spherical aberration, the full 

adjustment range (positive and negative) of the mirror is 1.5×(250+700)=1.4 µm, where 

the factor of 1.5 is derived from the peak-to-peak amplitude of mode 13. 

 
              

                                                

 

 

 

  a)                                                                          b)

  
                                          c)        

Figure 21. Zernike spectrum of a 2 mm diameter mirror a) Small spherical aberration (35 
nm); uniform voltage 220 V on the all three electrodes (V1=V2=V3=220 V)  b) Positive 
spherical aberration correction; the middle electrode voltage is 320 V and the two other 
electrodes are kept at 220 V (V1=220,V2=320,V3=220 V) c) Negative spherical aberration 
(SPHA) correction; the inner electrode voltage is 320 V, and the outer electrodes are 220 
V (V1=320,V2=220,V3=220 V) 
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 Figure 22 shows surface height maps of the residual aberrations for negative and 

positive spherical aberration on the membrane, corresponding to the Zernike spectra of 

Figs 21(b) and 21(c). Astigmatism (modes 4 and 6) superimposed with the positive 

spherical aberration is obvious in Fig.10-a. Peak-valley of the residual aberration is 

430 nm for this case. For negative spherical aberration the Peak-valley is 722 nm.    

 
 

 

                                        a)                                              b) 

Figure 22. Residual aberration profile on the membrane a) Positive spherical aberration 
(V1=220, V2=320, V3=220 V) b) Negative spherical aberration (V1=320, V2=220, 
V3=220 V) 
 

Summary and Conclusion 
 

 An improved process to fabricate SU-8 deformable mirrors capable of focus 

control and limited spherical aberration correction has been described in this work. 

Initially flat mirrors 2 mm in diameter were demonstrated. A relatively low temperature 

wafer bonding process that replaces a hardbake step resulted in estimated residual stress 

in the SU-8 membrane of 20 MPa.  The 2 mm diameter circular mirror achieved 8.7 µm 

center deflection at uniform applied voltage of 348 V, with a 22 µm air gap, limited by 

snapdown. Previously we have demonstrated actuation using more than 400 V with these 
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materials without breakdown, indicating that a larger air gap and greater deflection is 

possible by using a thicker spacer layer.  

 Importantly, the initial surface quality is improved with the wafer-scale bonding, 

compared to the prior die bonding approach [19]. The residual aberration on a 2 mm 

diameter circular membrane is reduced to 31 nm RMS at rest, increasing to 98 nm RMS 

for 4.9 µm center deflection. This surface error is acceptable for applications such as 

biomedical imaging using near infrared wavelengths. Furthermore, this device can 

minimize spherical aberration originating elsewhere in the system by shaping the mirror 

through applying different voltages to the control electrodes. We hope to use this 

capability to maintain or improve image quality during focus adjustment in our future 

work. 
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CHAPTER 4- HIGH SPEED FOCUS CONTROL MEMS  

MIRROR WITH CONTROLLED AIR DAMPING 

 
 Chapter 4 will describe the design, fabrication, and characterization of a high 

speed focus control MEMS mirror with controlled air damping. This chapter was 

published in the journal of Microelectromechanical Systems (IEEE/ASME JMEMS). 

Some parts of the introduction were already discussed in the previous chapters but we 

decided to keep our published form of the chapter for coherency of the discussion. This 

was a multi-author manuscript. This author (Moghimi) was responsible for device and 

fabrication process development, device characterization and interpretation of results and 

preparation of the manuscript. The numerical modeling was performed primarily by 

K. Chattergoon.  

 Abstract- A high speed focus control MEMS mirror with a step response time of 

100 µsec and small-displacement bandwidth of 25 kHz is reported for a 3 mm diameter, 

electrostatically actuated SU-8 membrane mirror. The dominant effect limiting the mirror 

bandwidth is viscous air damping, and the innovation we describe is the use of a 

perforated counter-electrode backplate that facilitates air flow underneath the membrane. 

We have adopted a model originally developed for a MEMS microphone to engineer the 

damping characteristics and design the air hole patterns. Cryogenic deep silicon etching 

creates through-wafer perforations in the backplate, and fabricated devices achieve wide-

bandwidth actuation. The design approach, fabrication process and dynamic 

characterization of the MEMS mirrors are shown. Finally the focus control mirror is used 
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in a confocal microscope for fast axial focus scanning to provide x-z cross-sectioned in 

vivo images.  

 
Introduction 

 

 High speed focus control elements will be enabling technology to realize new 3D 

imaging systems [32]. For example, fast focus tracking or scanning would allow high 

speed cameras to capture images of moving objects or create 3D images by sweeping the 

focus and accumulating sequential image planes. Rapid and adaptive focus control is also 

useful for laser based scanning microscopes such as confocal microscopy and optical 

coherence tomography to provide in vivo images of intact tissues [33], and is directly 

applicable to optical storage read heads and 3D holography.  

 The standard method for optical focus control is mechanical lens translation. 

Conventional systems are slow and inefficient in terms of power consumption. Moreover, 

the motors and mechanical linkages necessary to adjust the lens position cannot be easily 

miniaturized for compact imaging systems such as endoscopes or small form-factor 

cameras.  Some research groups have developed lens scanners using MEMS technology 

in order to miniaturize the focus scanning system [25-28]. In this type of device a 

microlens is fabricated on a micro-actuator to achieve mechanical translation of the lens. 

Although this technique eliminates the use of bulky actuators, the speed of scanning is 

slow when displacements are large. Xie et. al. developed an electrothermal microlens 

axial scanner with a large maximum static vertical displacement of 710 µm, but it 

requires a settling time of approximately 300 ms, and exhibits a strong coupling between 

axial and lateral displacements [25]. A modified design eliminated the lateral shift and 
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extended the translation to about 900 µm, but maintained a maximum scanning frequency 

of about 3 Hz [26]. Higher speed actuation has been demonstrated with correspondingly 

smaller range of motion. Kwon et. al. developed a low voltage electrostatic lens scanner 

capable of 20 µm static deflection, and up to  55 µm was achieved at 400 Hz [27]. Li et. 

al. demonstrated a lens focus and tracking actuator for an optical disk pickup head 

capable of 5.7 µm focus displacement with a mechanical resonance of 4.35 kHz [34]. 

Lens scanners also face the challenge of incorporating a lens of sufficient quality and 

appropriate prescription, which may be difficult if the process is designed around a 

photoresist reflow type of lens.  

 An alternative method to lens translation is use of variable-power lenses. 

Examples of transmissive lenses include electro-optic (EO) lenses [1], liquid crystal 

spatial light modulators [2, 3], electro-wetting lenses [4-6], membrane-based microfluidic 

lenses [35-39] and oscillating liquid lenses [7, 40]. EO lenses modulate the refractive 

index of a crystal to tune the focal length. An EO lens can be very fast, but it is limited to 

polarized light and only a small range of focus adjustment is possible [1]. Similarly, a 

liquid crystal lens is limited to polarized light, with focusing speed on the order of 800 

msec [2]. Deformation of a liquid interface using electro-wetting offers the possibility for 

a large focus range, but this lens suffers from residual aberrations and slow focus tracking 

(response times on the order of 2 ms) [41]. Also, the response time of oscillating liquid 

lenses driven with sound pressure is in the range of milliseconds [7]. A 2.8 mm diameter 

liquid-filled lens actuated by an electroactive polymer membrane achieved 30 diopters of 

optical power at a low applied voltage but the response time was 20 msec [29].    



41 
 
 Another type of transmissive variable lens was recently reported that is made 

from a thick deformable membrane of polydimethylsiloxane (PDMS) with no liquid on 

either side [42]. While such a membrane acts as a weak negative meniscus lens when 

deformed, its primary use is to control spherical aberration. The ability to control 

spherical aberration while adjusting focus is particularly important for high numerical 

aperture (N.A.) microscopy, where a change in focus is typically accompanied by 

changing amounts of spherical aberration. In the study using this deformable membrane 

for adjustment of spherical aberration, axial resolution of two-photon fluorescence 

imaging was preserved over 1 mm imaging depths at N.A.=0.8, with a two-fold 

improvement in resolution relative to the uncompensated images. This type of 

transmissive lens cannot achieve a large range of optical power, however, and adjustment 

speeds are limited by the pneumatic actuation method using an external vacuum pump. 

 In contrast, reflective lenses based on electrostatic deformable membrane mirrors 

are relatively fast, low power and compact. Unlike transmissive lenses, these optical 

elements exhibit no chromatic aberration, and multiple actuation electrodes allow the 

creation of aspheric shapes. Therefore these reflective lenses are capable of both a large 

focusing range and simultaneous management of spherical aberration. Deformable 

mirrors consist of a free-standing metalized membrane suspended above actuating 

electrodes on a backplate. Electrostatic force adjusts the mirror curvature to control the 

optical focal length. The focusing speed of electrostatic deformable membrane mirrors 

can in principle be quite high because of the small mass of the moving membrane, which 

is an advantage compared to the lens translation or liquid lens approaches. But reported 
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speeds for deformable membrane lenses are highly variable, ranging from 100 Hz [19] to 

600 kHz [11] depending on mirror size, materials and method of construction. The speed 

of membrane motion is significantly affected by viscous air flow in the cavity between 

the backplate and the membrane, and this air damping can be the limiting factor in 

determining the speed of focus control. 

 We describe here for the first time the use of vertical air channels etched in the 

backplate behind the deformable membrane mirror to control the air damping effect and 

achieve wide-bandwidth focus control. Air damping is ubiquitous in MEMS devices that 

cause air flow in confined chambers. For very small gaps the Reynolds equation from 

lubrication theory has been used to study the damping coefficients of a squeezed film 

under a vibrating plate or membrane [43], including devices with a perforated back plate 

[44]. Air damping has also been widely studied for condenser microphones [45, 49], 

which are similar in construction to our MEMS deformable membrane mirrors. In these 

devices the air gap may be tens of microns thick, and the approach is to solve the three 

dimensional equations of motion of a viscous gas subject to known boundary conditions 

[50]. Zuckerwar developed an analytical model to predict the frequency response of a 

microphone based on the geometry of air channels in the backplate and the material 

properties of the membrane [45]. Tan et al. studied the influence of the number of air 

channels and their locations on the backplate to optimize the frequency response 

characteristics of a MEMS microphone [46].  

 In this work, variable-focus MEMS mirrors with a perforated backplate are 

fabricated using bulk micromachining and an SU-8 wafer bonding technique. The 
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analytical model of Zuckerwar and Tan is adopted to design the distribution of air 

channels on the backplate and engineer the damping characteristics of the membrane 

mirrors. Cryogenic deep reactive ion etching (DRIE) is employed to etch vertical air 

channels in the silicon to create the perforated backplate. The mirror frequency response 

characteristics are simulated and measured for various air hole patterns. We show that the 

vibrational bandwidth of 3 mm diameter SU-8 membranes can be extended to 25 kHz by 

selecting a proper pattern of air holes. Furthermore, the step response of the membranes 

is measured to characterize the time evolution of the mirror displacement. The 95% 

settling time for 3-mm diameter mirrors is measured to be less than 100 µsec for several 

designs. Finally the capability of fast focus scanning using the mirror is demonstrated in a 

laser-scanning confocal microscope to provide cross sectional images of a plant leaf. 

 
Principle of Operation and Analytical Model 

 
Device Principle 
 

Electrostatic actuation excites membrane motion in order to achieve dynamic 

focus control in a MEMS mirror device. Deflection of the membrane displaces air from 

the gap separating the membrane from the rigid backplate, and creates a reaction pressure 

opposing the membrane motion. Therefore a means must be provided for airflow to 

relieve the reaction pressure. We recently described continuous sheet 3 mm diameter 

circular membrane mirrors fabricated with lateral channels for air flow [19]. Fig.23-a and 

Fig. 23-c show the cross-section and top view of this MEMS mirror. The membrane was 

made of a 2 µm thick metalized layer of the photoset polymer SU-8, and the actuating 
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electrodes were patterned on a silicon backplate. The cavity beneath the membrane and 

the air channels were patterned in a 28 µm thick SU-8 layer.  The air channels connected 

to the cavity at its perimeter, with an aperture width of 50 µm, tapering to a final channel 

width of 250 µm.  

The mechanical resonant frequency of the membrane is governed by material 

properties and membrane size. The first resonant frequency (f0) of this circular membrane 

can be calculated by [51] 

଴݂ ൌ ଶ.ସ଴ହ
ଶగ௥బ

ට ்
ఙ೘

                                                                                                                 (13) 

 
where r0, T, and ߪ௠ are the radius, tension and area mass density of the membrane 

respectively. The frequency response of this membrane was measured using stroboscopic 

interferometry for small deflections. Fig.24 shows the curves for both magnitude and 

phase of the membrane frequency response with lateral air channels for a 3-mm diameter 

circular membrane. The membrane size, in-plane tension and air damping all affect the 

dynamic characteristics of the mirror. While the first mechanical resonant frequency of 

these mirrors was approximately 30 kHz, the effective bandwidth was only 100 Hz. This 

low bandwidth is attributed to very strong damping due to viscous airflow.  

We describe here new devices with vertical air channels distributed beneath the 

membrane to achieve desired damping characteristics. The holes are etched in the silicon 

backplate to create the vertical channels. Fig.23-b and Fig.23-d show the concept of a 

deformable MEMS mirror with perforations in the backplate.  
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a) b) 
 
                      
                                              
 

                                                                                                      
 
                           
                               c)                                                                               d)   
Figure 23. a) Cross-sectioned view of a deformable membrane mirror with lateral air 
channels b) Cross-sectioned view of a deformable membrane mirror with perforated 
silicon backplate. c) Top view of the spacer layer with cavity and the lateral channels d) 
Top view of the perforated backplate showing the air channel pattern. 

 

 

Figure 24. Measured frequency response for 3 mm diameter mirror with lateral air 
channels [19] 
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 In the new design the membrane radius is equal to the backplate radius and the air 

channels are equally spaced azimuthally in rings with radii ak. The hole pattern on the 

backplate significantly affects the mirror bandwidth, so high speed focus control can be 

achieved by selecting a proper design. The size, number and location of the air channels 

are the design parameters. For the device with lateral air channels, the location, number 

and width of channels are limited by the device geometry and the air gap height. The 

length of the lateral air channels was determined by the die dimensions (9 mm×10 mm2), 

and long channels increase the air resistivity and damping effect. On the other hand, the 

design of a perforated backplate with vertical channels is more flexible in terms of 

number, size and location of the openings. In addition the length of the vertical air 

channels is less than or equal to the wafer thickness (shorter than 500 µm). The analytical 

model of a membrane with a perforated backplate and the design approach are discussed 

in the next section. 

 
Analytical Model and Backplate Design 

 A theory developed by Zuckerwar [45] to describe the frequency response of 

condenser microphones was employed by Tan et. al. to describe MEMS microphones 

[46]. We use it here to predict the dynamic performance of the deformable membrane 

mirrors. This theory relates the frequency response characteristics of the membrane to the 

backplate hole configuration. It assumes uniform external pressure acting on a circularly 

symmetric membrane, suspended over a backplate with rings of holes equally spaced 

azimuthally, as illustrated in Fig.23-d. Several assumptions allow a closed-form solution 

of the coupled vibration/acoustic problem. We assume that the displacement of the 



 
membrane is small and axially symmetric, the reaction pressure in the gap is insensitive 

to the shape of the membrane (allowing convenient trial shapes for the membrane to be 

used for the solution), and the airflow through the vertical holes in the back

described in terms of an acoustic impedance relating a uniform velocity at the hole 

surface to the pressure drop across the hole. We therefore work within this framework to 

describe the small-displacement frequency response of our membrane mir

actuated with a (nearly) uniform electrostatic pressure. We anticipate deviation from this 

behavior as we move toward a large displacement regime, and we do not derive details of 

membrane surface shape from this analysis. Nevertheless, the theory

analytical tool to guide the backplate design to modify air damping in order to extend the 

frequency response of our deformable mirrors.

 

Figure 25. Cross section of a deformable mirror with backplate 

 
The model geometry is i

mechanical sensitivity M

<y> divided by the applied pressure 
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membrane is small and axially symmetric, the reaction pressure in the gap is insensitive 

to the shape of the membrane (allowing convenient trial shapes for the membrane to be 

used for the solution), and the airflow through the vertical holes in the back

described in terms of an acoustic impedance relating a uniform velocity at the hole 

surface to the pressure drop across the hole. We therefore work within this framework to 

displacement frequency response of our membrane mir

actuated with a (nearly) uniform electrostatic pressure. We anticipate deviation from this 

behavior as we move toward a large displacement regime, and we do not derive details of 

membrane surface shape from this analysis. Nevertheless, the theory

analytical tool to guide the backplate design to modify air damping in order to extend the 

frequency response of our deformable mirrors. 

 

. Cross section of a deformable mirror with backplate 

The model geometry is illustrated in Fig.25. Following Zuckerwar we calculate a 

M(ω) which is defined as the average membrane displacement 

divided by the applied pressure p for small displacements, as given in Eq.14 [45

membrane is small and axially symmetric, the reaction pressure in the gap is insensitive 

to the shape of the membrane (allowing convenient trial shapes for the membrane to be 

used for the solution), and the airflow through the vertical holes in the backplate may be 

described in terms of an acoustic impedance relating a uniform velocity at the hole 

surface to the pressure drop across the hole. We therefore work within this framework to 

displacement frequency response of our membrane mirrors when 

actuated with a (nearly) uniform electrostatic pressure. We anticipate deviation from this 

behavior as we move toward a large displacement regime, and we do not derive details of 

membrane surface shape from this analysis. Nevertheless, the theory offers a useful 

analytical tool to guide the backplate design to modify air damping in order to extend the 

. Cross section of a deformable mirror with backplate  

. Following Zuckerwar we calculate a 

) which is defined as the average membrane displacement 

placements, as given in Eq.14 [45], 
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Here ω is angular frequency, r0 is membrane radius which is equal to the cavity radius a, 

K is the wave number for transverse waves in the membrane given by ܭ ൌ ߱ඥߪ௠/ܶ, T is 

the membrane tension, and ߪ௠ is the area mass density of the membrane. The functions 

J0 and J2 are the zero and second-order Bessel functions of the first kind. The function 

D(ω) is a damping term to be described subsequently. The model solves the Kirchhoff-

Helmholz equations for a fluid coupled to a harmonically vibrating membrane, subject to 

boundary conditions of the fluid particle velocity. The velocity of the fluid is assumed to 

match the velocity of the membrane along the membrane boundary, and is zero 

everywhere else except at the small openings in the backplate. The particle velocity at the 

boundary over each opening is determined according to the local pressure at that point 

relative to the backchamber pressure, divided by the product of the acoustic impedance of 

the hole and the area of the hole. Because the flows through all of the backplate holes are 

coupled in the backchamber, these equations must be solved simultaneously. A modal 

solution to the boundary value problem results in an infinite summation of radial modes, 

assuming cylindrical symmetry with no azimuthal variation.   

 Following Zuckerwar and Tan et al. [45, 46] we calculate the damping term D(ω) 
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where ߩ଴ is the air density, m is a modal index for the radial modes, s is an index for the 

backplate openings, ym is the membrane displacement of the mth mode, y0 is the overall 

average membrane displacement, fs is the air velocity at the sth opening in the backplate, 

ss is the area of sth opening in the backplate, ξm is the symmetric radial component of the 

wave number of sound in air satisfying J1(ξma)=0, as is the radius of the location of the sth 

opening in the backplate, δ(m) is a delta function (δ(m) = 1 if m = 0 and δ(m)  =  0  

otherwise), and J1 is the first-order Bessel function. The terms Г௠ and Tm are weighting 

terms dependent on the cavity dimensions and the physical properties of the air. In this 

model we assume the electrostatic pressure is uniform on the membrane and the 

displacement is small. The air layer damping term D(ω) appears in the denominator of 

the mechanical sensitivity, so increasing the magnitude of D(ω) lowers the magnitude of 

the displacement. D(ω) is dependent on the location, size and number of the air channels 

in the backplate and is a function of angular frequency [46]. Full details on the 

computation of D(ω) may be found in Zuckerwar [45]. 

 Air damping is reduced when the diameter of the air channels is increased or the 

thickness of the backplate is decreased, or if the overall number of air channels is 

increased. Wide openings in the backplate can cause non-uniform electrostatic pressure 

on the membrane, leading to optical aberrations in the mirror. Also a very thin backplate 

may have low rigidity and lead to a fragile device. Furthermore, the etch process presents 

some limitations to the hole aspect ratio that is conveniently achieved. We decided to 

design the devices with cylindrical air channels with 50 µm diameter and 250 µm length 

(the backplate thickness). Relative to the overall size of the mirror, this hole size is small, 
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but the 5:1 aspect ratio of the openings was easily maintained with our etch process. To 

vary the damping we designed seven configurations for the perforated backplate that kept 

the hole size constant and changed only the location and number of the holes. Table 3 

shows the number of air channels and their location for all configurations. The simulated 

membrane diameter is 3 mm with tension T=65 N/m and has a thickness of 1.7 µm 

corresponding to an area mass density ߪ௠ ൌ 2.3 ൈ 10ିଷ kg/m2. The air gap beneath the 

membrane is 30 µm and the backplate diameter is 3 mm, identical to the membrane 

diameter.  

 Figure 26 shows the magnitude of the damping term D(ω) and the magnitude of 

the membrane displacement vs. frequency for our seven designs. At high frequencies the 

damping effect corresponding to losses in the cavity and air channels is significant and 

limits membrane motion. The magnitude of D(ω) is decreased for the devices with more 

air channels since the resistance to air flow is reduced. This effect results in higher 

bandwidth for the mirrors with more rings of holes and more holes per ring.  

 The membrane 3 dB bandwidth ranges from 6.13 kHz with 8 air holes in a single 

ring of radius 0.75 mm to 20.0 kHz with 96 holes distributed in four rings. Redistributing 

the 8 holes in 2 rings (4 holes per ring) at radii 0.5 mm and 1 mm (configuration 2) 

increased the bandwidth slightly from 6.13 kHz to 6.50 kHz. Comparing configuration 2 

(4 holes per ring at radii 0.5 mm and 1 mm) with configuration 4 (8 holes per ring at the 

same locations) and configuration 5 (16 holes per ring at the same locations) shows that 

increasing the number of holes per ring effectively decreases the magnitude of the air 

damping term D(ω) and increases the membrane bandwidth. In this case quadrupling the 
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number of holes per ring more than doubled the 3 dB bandwidth of the mirror. The 

device with 72 perforated holes placed only near the device perimeter, at a radius 1.4 

mm, has 10.53 kHz bandwidth (configuration 3). Combining the 72 hole outer ring 

(resembling a perimeter slot in the backplate of a MEMS microphone [45]) with two or 

three distributed rings of 8 holes per ring gave the highest simulated bandwidths of 

17.82 kHz and 20.0 kHz for configurations 6 and 7, respectively. It is worth noting that 

the resonant frequency for the fundamental membrane vibrational mode for this 3 mm 

diameter mirror is 42 kHz. 

 
Table 3. Air holes pattern on the backplate for 3mm diameter membrane 

Device Number of 
rings  Ring radii ak  (mm) 

Holes per 
ring  

Total 
holes 

Bandwidth 
(kHz) Symbol 

1 1 0.75 8 8 
 
6.13 
 

 

2 2 0.5, 1 4, 4 8 
 
6.50 
 

 

3 1 1.4 72 72 
 
10.53 
 

 

4 2 0.5, 1 8, 8 16 
 
9.88 
 

 

5 2 0.5, 1 16, 16 32 14.62 
 
 
 

6 3 0.5, 1, 1.4 8, 8, 72 88 17.72 
 
 

7 4 0.375,0.75,1.125,1.4 8, 8, 8, 
72 96 20.00  
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Figure 26. a) Magnitude of damping term D(ω) vs. frequency for different backplate 
configurations b) Membrane displacement amplitude vs. frequency 

   

 In addition to the number of holes and number of rings on a backplate, the 

location of the holes plays a significant role on the air damping term and frequency 

response characteristics of the mirror. Since the membrane displacement is not uniform in 

the radial dimension, air velocity and air pressure are not uniform for all holes and are 

dependent on the location of the openings. As evidenced in Eq. 15 the air damping term 

D(ω) is dependent on air velocity fs at sth opening and the radial location of the sth 
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opening as. This is in evidence when comparing configuration 3 with configuration 5. 

The device with 72 holes at radii 1.4 mm exhibits a membrane deflection bandwidth of 

10.53 kHz while configuration 5 with just 32 holes at radii 0.5 mm and 1 mm has a 39% 

higher bandwidth (14.6 kHz). This also shows that increasing the number of holes per 

inner ring effectively increases the membrane bandwidth whereas increasing the number 

of holes in the ring at the perimeter of the backplate has less influence on the damping 

term and membrane bandwidth. Fig.27 shows the 3 mm diameter membrane bandwidth 

vs. the location of a single ring (with 8 holes) in the backplate. The maximum bandwidth 

occurs when the air holes are located at 55% of the backplate radius (as=0.55b). When 

the air channels are located on the perimeter of the backplate the bandwidth is reduced to 

40% of the maximum bandwidth.     

 

 

Figure 27. The bandwidth of the 3 mm diameter membrane for 8 holes in a ring vs. 
location of the ring in the backplate 

 

MEMS Mirror Fabrication Process 
 

The fabrication process for the deformable MEMS mirror is shown in Fig.28. A 

double side polished (DSP) silicon wafer is used to create the perforated backplate. A 
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200 nm aluminum hard mask is deposited and patterned on the front side of the wafer to 

define the air hole pattern. A second aluminum hard mask is patterned on the back side to 

define etch windows for substrate thinning, aligned to the hole pattern using infrared 

back-side alignment and lift-off lithography. The backplate is thinned to a final thickness 

of 250 μm using sulfur hexafluoride dry etching. Then the holes are etched in the silicon 

from the front side using cryogenic deep reactive ion etching (DRIE). This process is 

performed in an inductively coupled plasma (ICP) etcher. The process gases are sulfur 

hexafluoride and oxygen, and the wafer chuck is maintained at -110 oC. The cryogenic 

DRIE parameters are shown in Table 4. 

 
Table 4. Parameters of cryogenic DRIE process  
Parameters Value 

SF6 40 sccm 

O2 3 sccm 

ICP power 1000 w 

RIE power 3 w 

Main chamber pressure 10 mTorr 

Stage temperature -110 oC 

Aluminum mask thickness 200 nm 

Etch rate 3 µm/min 
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Figure 28. Fabrication process for deformable MEMS mirror. 

 
 The cryogenic etch profile is highly anisotropic, so that high aspect ratio air holes 

(50 μm diameter and 250 μm depth) can be etched in the silicon. A perforated wafer was 

cleaved to study the air channel profile in the silicon. A scanning electron microscope 

(SEM) is used to image and measure the hole dimensions. The hole diameter varies from 

the top to the bottom of the channel, with a minimum diameter of 65 µm and maximum 

of 100 µm on the back side. The aluminum hard mask defines a 50 µm diameter opening 

but the mask is undercut during etching, making the holes larger. Fig.29 shows the SEM 

image of a single etched hole in the perforated wafer. 
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Figure 29. SEM image of an etched hole in a perforated silicon wafer.   

 
 The membrane wafer is also a DSP silicon wafer. A 200 nm aluminum hard mask 

is deposited and patterned on the backside to define the etch windows, and 100 nm 

aluminum is deposited on the front side to create a reflective surface. A 1.7 μm layer of 

SU-8 2002 (Microchem, Inc.) is spun and cross-linked on the reflective aluminum to 

make the deformable membrane mirror. Then a 28 μm layer of SU-8 2025 is spun and 

patterned on the thin membrane to establish the cavity beneath the membrane. The 

perforated wafer and membrane wafer are aligned and bonded using SU-8 bonding at 

150 oC and 300 kPa. The thick SU-8 layer on the membrane wafer is bonded to the 

aluminum layer on the perforated wafer at this pressure and temperature. Finally, the 

silicon over the membranes is removed using a sulfur hexafluoride dry etching process to 

release the membrane. Figure 30 shows the top and bottom view of a completed 3 mm 

diameter mirror. Also Fig.30-c shows the initial flatness of the mirror when imaged using 

an optical interferometer (λ=830 nm). There is approximately 200 nm peak-to-peak 
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surface variation across the mirror. A maximum deflection of 10 µm is achieved at a DC 

voltage of 332 V. More information about the optical properties and static deflection 

characteristics of the SU-8 deformable mirrors may be found in [19] and [30].   

 

 

a)                                 b)                                        c) 

Figure 30. A completed 3 mm diameter mirror: a) photomicrograph of top view showing 
the mirror, b) photomicrograph of bottom view showing the etched hole pattern, 
c) Interferogram image of the mirror showing the initial flatness of the mirror (imaging 
wavelength is 830 nm). 
 
 

Experimental Results and Discussion 
 

All measurements of dynamic behavior were made in Bozeman, MT, at an 

elevation of approximately 1490 m, corresponding to approximately 0.8 atm barometric 

pressure. The frequency response of the mirrors was measured using the optical set-up 

shown in Fig.31. A vibrating mirror is illuminated by a collimated laser beam. A DC bias 

voltage superimposed with an AC voltage is applied between the membrane and the 

electrode to actuate the mirror. A small-aperture photo-detector is placed near the focus. 

The detector bandwidth is well in excess of the membrane bandwidth. The variation of 

light intensity on the detector is nearly proportional to the membrane deflection, since the 

intensity on the detector changes as the location of the focus oscillates. When the 



 
maximum voltage is applied to the mirror the beam is focused more tightly on the 

aperture and maximum intensity is

decreases the membrane deflection decreases and the beam size increases on the aperture, 

resulting in lower intensity at the detector (Fig.31

light intensity on the detector are recorded as the frequency of the actuating voltage 

changes. 

 

a)                                                                       

Figure 31. The optical set
voltage is on the mirror and maximum intensity is focused into the detector b) minimum 
voltage is on the mirror and minimum intensity is on detector
 
 
Frequency Response Characteristics
 

Figure 32 shows the 3 dB bandwidth measurements for a 3

membrane with different backplate configurations. The experimental results follow the 

trend of the simulation results, however the measured bandwidth is slightly

the simulation data. This discrepancy may be due to the fact that the air channel profile is 

considered completely cylindrical with 50 µm diameter in simulation while the etched 

holes are somewhat tapered and the diameter is wider in the real 
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m voltage is applied to the mirror the beam is focused more tightly on the 

aperture and maximum intensity is measured on the detector (Fig.31-a). As the voltage 

decreases the membrane deflection decreases and the beam size increases on the aperture, 

intensity at the detector (Fig.31-b). The amplitude and the phase of the 

light intensity on the detector are recorded as the frequency of the actuating voltage 

                                                                               b) 

The optical set-up for mirror frequency response measurements a) maximum 
voltage is on the mirror and maximum intensity is focused into the detector b) minimum 
voltage is on the mirror and minimum intensity is on detector 

haracteristics 

shows the 3 dB bandwidth measurements for a 3

membrane with different backplate configurations. The experimental results follow the 

trend of the simulation results, however the measured bandwidth is slightly

the simulation data. This discrepancy may be due to the fact that the air channel profile is 

considered completely cylindrical with 50 µm diameter in simulation while the etched 

holes are somewhat tapered and the diameter is wider in the real devices. The frequency 

m voltage is applied to the mirror the beam is focused more tightly on the 

a). As the voltage 

decreases the membrane deflection decreases and the beam size increases on the aperture, 

b). The amplitude and the phase of the 

light intensity on the detector are recorded as the frequency of the actuating voltage 

 

up for mirror frequency response measurements a) maximum 
voltage is on the mirror and maximum intensity is focused into the detector b) minimum 

shows the 3 dB bandwidth measurements for a 3-mm diameter 

membrane with different backplate configurations. The experimental results follow the 

trend of the simulation results, however the measured bandwidth is slightly higher than 

the simulation data. This discrepancy may be due to the fact that the air channel profile is 

considered completely cylindrical with 50 µm diameter in simulation while the etched 

devices. The frequency 
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response amplitude and phase characteristics of the membranes are depicted in Fig.33. 

The DC voltage is 175 V and the peak-peak AC voltage is 20 V for these measurements. 

The mirror 3 dB bandwidth is 100 Hz for a device with 8 lateral air channels, while the 

bandwidth is measured as 7 kHz for the device with 8 vertical air channels located at 

radius 0.75 mm. The vertical air channels in the backplate effectively increase the 

membrane bandwidth. The lateral air channels are longer (3-5 mm) and located on the 

edge of the cavity, where the channels are not as effective for airflow. In contrast, the 

length of the vertical channels is 250 µm and they are located beneath the membrane 

where the air velocity and air pressure are higher than at the edge of device and the 

channels are more effective for airflow. The device with backplate configuration 5 

exhibits slightly under-damped behavior with a 3 dB frequency of 21 kHz and a 1.5 dB 

peak in the amplitude response. Configuration 6 has a bandwidth of 23 kHz (also under-

damped), while configuration 7 exhibits a 25 kHz bandwidth. This device is also under-

damped, with a 2.5 dB peak near 18 kHz. The mirrors with backplate configurations 1, 2, 

3 and 4 exhibit an over-damped frequency response.   

 

 

 

 

 

 

 



 
 

 

 

Figure 32. Measured membrane 3 dB bandwidth of the 3 mm diameter mirror for various 
backplate configurations.
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Figure 33 Continued 
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Figure 33 Continued 

                    

 

 b) 
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Figure 33 Continued 

                                                                    

 

c) 

Figure 33. Measured frequency response for 3 mm diameter mirror with backplate 
configuration a) 8 holes in 1 ring and 2 rings b) 2 rings showing the influence of 
increasing the number of holes per ring c) 72 holes at radii 1.4 mm with 0, 2 and 3 rings. 
 
 
Step Response 

 
The step response of the mirror is measured using the same optical set-up shown 

in Fig.31 to investigate the transient characteristics of the devices. The applied voltage is 
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a low frequency rectangular waveform with a step amplitude of 200 V corresponding to 

3 µm membrane deflection. The dynamic response of a 3-mm diameter membrane is 

measured for different backplate configurations as shown in Fig.34. The 95% settling 

time of a 3 mm diameter mirror with backplate configuration 1 and 2 is measured as 

90 µsec. Also, the step response is over-damped with no overshoot for these 

configurations. The membrane with backplate configuration 4 shows slightly under-

damped behavior with 100 µsec settling time. The device with 1 ring of holes at the 

perimeter (Configuration 3) has 80 µsec membrane settling time. Devices with backplate 

configuration 5, 6 and 7 exhibit an under-damped behavior with decaying oscillations. 

The step response of device 6 has 22% overshoot with 100 µsec settling time. Similarly, 

the device with 4 rings of holes shows 27 % overshoot in membrane deflection with 

100 µsec settling time.  

The underdamped step responses exhibit a slow oscillation that correlates 

approximately with the peak of the small-signal frequency response (~9 kHz for 

configuration 5, ~13 kHz for configuration 6 and ~16 kHz for configuration 7). In 

addition, the step responses of all the mirrors exhibit a higher frequency oscillatory 

behavior with a frequency of 45-50 kHz, which appears to correlate to the theoretically 

calculated fundamental vibrational mode of the membrane of 42 kHz. This oscillation is 

particularly apparent in the rising edge measured for configurations 1, 2 and 3.  
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Figure 34. Measured step response of the membrane mirror for 7 backplate 
configurations. 

 

 

0

0.2

0.4

0.6

0.8

1

1.2

N
or

m
al

iz
ed

 D
ef

le
ct

io
n

Time(µSec)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

N
or

m
al

iz
ed

 D
ef

le
ct

io
n

Time(µSec)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

N
or

m
al

iz
ed

 D
ef

le
ct

io
n

Time(µSec)

-50 0 50 100 150 200 

-50 0 50 100 150 200 

-50 0 50 100 150 200 

Configuration 
2 

Configuration 
1 

Configuration 
4 

Configuration 
2 

Configuration 
5 

Configuration 
7 

Configuration 
3 

Configuration 
6 



66 
 

Fast Focus Scanning in Confocal Microscopy 
 

 One application of the deformable mirrors is focus scanning in confocal 

microscopy and optical coherence microscopy (OCM) to provide cross sectional images 

of intact tissues. We assembled a confocal microscope using a high speed focus control 

mirror for axial scanning (z-axis) at the rate of 5 kHz and a galvanometer for transverse 

scanning (x-axis) at the rate of 100 Hz to create a two-dimensional image. The 

microscope set-up is depicted in Fig.35. In this microscope a laser beam with 830 nm 

wavelength passes through an isolator to reach a polarizing beam splitter. The isolator 

protects the laser source from the reflected light. The beam splitter is used to separate the 

backscattered light returning from the specimen from the illumination beam. The laser 

beam is incident on the circular focus control mirror at a small angle (3º) and the 

reflected beam is relayed through a telescope comprising lenses L1 and L2 to reach the 

galvanometer. The reflected beam from the galvanometer passes through a second 

telescopic relay comprising lenses L3 and  L4, so that both the focus control mirror and 

galvanometer scan mirror are imaged onto the back focal plane of the objective lens. A 

quarter-wave plate is placed between lens L4 and the objective lens to rotate the 

polarization state of the returning light. The backscattered light from the sample carrying 

the image information travels the same path to the beam splitter, where it is reflected and 

focused by the pinhole lens onto a single mode optical fiber.  The fiber is connected to an 

avalanche photodiode (APD) in order to convert the optical signals into electrical signals. 

Then the electrical signals are amplified and digitized to construct the image on a 

computer screen.  
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Figure 35. Confocal microscope with focus control mirror for depth scanning and 
galvanometer for transverse scanning 

 
 

 An Arrowhead Syngonium leaf was placed in front of the objective lens for in 

vivo imaging. Fig.36 shows the front side and the back side of the plant tissue. The upper 

epidermis and palisade layers are imaged on the front side. Long columnar cells with 

dark intercellular chambers are evident on the backside. The axial response of the 

microscope to a plane mirror scanned through the focus, with water immersion, is 

measured to be 5.5 µm full width at half maximum. For a mirror deflection range of 0-

9 µm the focus range in the plant tissue was 75 µm axially, and the lateral scanning range 

was 315 µm. The focus range is limited by the mirror deflection (δ) according to Eq.16 

[52] 



 
݂߂ ൌ െ ସ௡ఋ
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where n is the index of refraction of the tissue, and N.A. is the numerical aperture of the 

objective lens. The refractive index of living plant tissue is taken to be 1.34 and the 

effective N.A. is 0.8 for this microscope obj

membrane deflection will increase the range of focus control proportionally.

 

Figure 36. Cross sectional images of a plant leaf tissue a) front side b) backside. The 
scale bar is 50 µm long.  

 
 

 In this paper we described new deformable mirrors that incorporate a perforated 

backplate, facilitating air flow from the gap beneath the memb
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is the index of refraction of the tissue, and N.A. is the numerical aperture of the 

objective lens. The refractive index of living plant tissue is taken to be 1.34 and the 

is 0.8 for this microscope objective. As is evident from Eq. 16

membrane deflection will increase the range of focus control proportionally.

a)                                                      b) 

sectional images of a plant leaf tissue a) front side b) backside. The 
 

 
 

Conclusion 

In this paper we described new deformable mirrors that incorporate a perforated 

backplate, facilitating air flow from the gap beneath the membrane and significantly 

reducing the air damping. The vertical air channels, etched in the silicon backplate using 

a DRIE cryogenic process, are arranged in concentric rings, with the location of the rings, 

the number of rings and the number of holes per ring all influencing the damping and the 

resultant frequency response for the membrane mirror. An analytical model developed for 

condenser microphones was used to study several air hole patterns and calculate the 

magnitude of the damping term which is a key parameter influencing the dynamic 

characteristics of the membrane. We showed experimental results from 3 mm diameter 

mirrors illustrating that the small-signal frequency response of our mirrors can be 

Slow scanning with Galvanometer (x-axis)  

                                                                                                                    (16) 

is the index of refraction of the tissue, and N.A. is the numerical aperture of the 

objective lens. The refractive index of living plant tissue is taken to be 1.34 and the 

ective. As is evident from Eq. 16, a larger 

membrane deflection will increase the range of focus control proportionally. 

 

sectional images of a plant leaf tissue a) front side b) backside. The 

In this paper we described new deformable mirrors that incorporate a perforated 

rane and significantly 

The vertical air channels, etched in the silicon backplate using 

are arranged in concentric rings, with the location of the rings, 

ng all influencing the damping and the 

resultant frequency response for the membrane mirror. An analytical model developed for 

condenser microphones was used to study several air hole patterns and calculate the 

parameter influencing the dynamic 

characteristics of the membrane. We showed experimental results from 3 mm diameter 

signal frequency response of our mirrors can be 
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extended to more than 25 kHz. The mirror bandwidth is improved by a factor of 250 

relative to our previous devices with lateral air channels [24]. The simulated behavior 

based on the microphone model was in reasonable agreement with the experimental 

results. Furthermore, small displacement step response showed a settling time less than 

100 µs for the same 3 mm diameter mirrors undergoing a 3 µm deflection. Rapid focus 

scanning was performed in a confocal microscope to provide cross sectional images of 

living plant tissue. The focus range in tissue was 75 µm, corresponding to a 9 µm 

deflection range of a mirror scanning at 5 kHz. The axial resolution of the microscope 

equipped with the focus scanning mirror was 5.5 µm. 

 We conclude that the dynamic characteristics of the membrane mirror, including 

both the frequency response and step response, are limited by the viscous air damping 

effect. This effect can be engineered by selecting a proper configuration for the air 

channels in the silicon backplate, with few holes resulting in an overdamped response, 

and a large number of holes leading to an underdamped response, when measured under 

laboratory conditions (approximately 0.8 atm pressure). The resultant focus control 

element with a step response time less than 100 µsec should be useful for many 

applications including fast focus scanning in vital microscopy.      
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CHAPTER 5- ELELCTROSTATIC-PNEUMATIC DEFORMABLE MIROROR 
 
 
Note: This chapter is taken from a manuscript ready for submission to Journal of 

Microelectromechanical systems (JMEMS) IEEE.  

 Systems based on the deformable mirrors can have variable optical power to 

adjust the plane of focus [52, 54] and can achieve optical zoom [55, 56]. The focus range 

of the mirror is proportional to the deflection of the membrane [52], which should be 

maximized. In addition to large membrane stroke, rapid response of the membrane with 

short settling times is desirable for many applications. High-speed focus scanning is 

useful for image stabilization of moving objects, or for intra-frame focus control during 

scanned beam imaging, as is used for confocal and two-photon microscopy. Furthermore, 

the power consumption of the mirrors should be as low as possible for portable devices in 

which the available power is limited.  

 The actuation method has a significant influence on maximum stroke, power 

consumption, and speed of a MEMS deformable mirror. Different schemes have been 

used to shape a mirror including electrostatic, thermal, electromagnetic, pneumatic, 

piezoelectric, and electro-active polymers. Membrane stroke is limited by the snap-down 

effect in electrostatically actuated mirrors [53]. Also, the electrostatic force is attractive 

regardless of polarity of the applied voltage so only a concave surface curvature can be 

achieved. In order to create a deformable mirror capable of either convex or concave 

surface curvature and to increase the overall membrane deflection, a bidirectional force is 

required. Thermo-pneumatic actuation can create a convex mirror with large deflection 

by increasing the pressure in a sealed cavity beneath the membrane, but high power 
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consumption and low response speed are potential limitations [57, 58]. Another option is 

the use of magnetic actuators, providing a bidirectional force on the mirror [59, 60]. This 

method can cause a large deflection of the membrane, but magnetic actuators lead to high 

power consumption and the speed of focusing is relatively slow. A pneumatic pump may 

increase the pressure in a sealed cavity beneath a deformable membrane to achieve large 

deflection although the size of the final device with the bulky pump is not suitable for 

miniaturized systems such as cell phone cameras [61]. Piezoelectric materials typically 

cause a small displacement on the membrane so that the focus range of the mirror is 

limited [62]. A large deflection on a membrane mirror can be achieved at small voltage 

using electro-active polymers, yet the speed of focusing is limited to several seconds 

[63].             

 Recently we described a new actuation concept to use both electrostatic and 

pneumatic forces to control a membrane mirror [54]. In this method electrostatic 

actuation is combined with pneumatic actuation to achieve either concave or convex 

surface curvature and to increase the membrane deflection. With direct electrostatic 

actuation of the deformable surface, precise control over surface shape to control low-

order aberrations is possible. Furthermore high speed focus control and low power 

consumption can be achieved using this technique. In this paper we describe a novel 

MEMS deformable mirror that incorporates this actuation scheme to achieve either 

positive or negative focus with increased membrane displacement and overall focus 

range.  
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 The fabricated device consists of two membranes made of the photoset epoxy SU-

8. The cavities beneath the membranes are connected through etched channels in silicon. 

Cryogenic silicon etching is used to create those high aspect ratio air channels in silicon. 

One membrane serves as the deformable mirror and the other one as the pneumatic 

actuator. The actuator membrane creates a built-in valve for pressure equalization. When 

the actuator is deflected by electrostatic actuation the air inside the cavity is compressed 

and the pressure is increased. The elevated pressure pushes the membrane mirror to 

create a convex mirror. This chapter will discuss the fabrication and performance of the 

mirror, illustrating for the first time an integrated focus control device based on 

electrostatic-pneumatic actuation.   

    
Deformable Mirror with Either Positive or Negative Focus 

  

 We propose a new deformable membrane mirror with either concave surface or 

convex surface to increase the mirror stroke. We combine electrostatic actuation with 

pneumatic actuation in order to achieve large deflection. The concept of the device is 

shown in Fig.37. The curved mirror can act as a positive lens, negative lens, and a flat 

mirror in any optical imaging system. This device consists of two membranes and a 

sealed chamber: one membrane serves as deformable mirror and the other one is the 

pneumatic actuator. The electrostatic force actuates and shapes membrane mirror to bow 

it. Therefore a concave membrane mirror which has a positive focus is formed. Since the 

cavity is sealed any motion in one membrane causes motion on the other one. When one 

membrane deflects into the cavity the pressure inside cavity increases and the other 
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membrane inflates to equalize pressure. This means the deflection of the pneumatic 

membrane into cavity causes bulge shape in the mirror, so a convex mirror with a 

negative focus is created. When the actuator membrane is larger than membrane mirror, 

larger deflection in mirror can be achieved.    

 

 

Figure 37. Principle of the proposed deformable mirror: Electrostatic actuation deflects 
membrane mirror in to cavity and makes a concave mirror (left); Electrostatic actuation 
of pneumatic membrane pushes the mirror and forms a convex mirror (right) 
 
 
 This device only works when the initial volume of the cavity is small. Also we 

assumed the membranes are circular with parabolic surface shape.  Based on ideal gas 

law at fixed temperature ଴ܲ ଴ܸ ൌ ଵܲ ଵܸ  where P0 is the cavity pressure when both 

membranes are flat (Ambient pressure) and V0 is the initial volume of the cavity. P1 and 

V1 describe the pressure and volume of the cavity after actuation. V1 can be rewritten 

based on initial volume, membrane areas and deflections. 

ଵܸ ൌ ଴ܸ െ ଵ݀ଵܣ0.5 െ  ଶ݀ଶ                                                                                       (17)ܣ0.5

where A1 is the area of the actuator membrane and A2 is the area of the mirror. d1 is the 

actuator deflection and d2 is the  mirror deflection (Fig.38). The pressure in cavity after 

actuation can be described as  
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ଵܲ ൌ ௉బ

ଵିబ.ఱൈಲభൈ೏భ
ೇబ

ାబ.ఱൈಲమൈ೏మ
ೇబ

                                                                                                (18)                                                                                                                            

If the initial volume is larger than the displaced volume by the membrane ( ଴ܸ ب ଵܣ ൈ

݀ଵ), the pressure in the cavity does not significantly change by the deflection of actuator 

membrane (P1=P0) so that the mirror deflection is negligible. This means the initial 

volume of the cavity should be fabricated as small as possible. The smaller cavity means 

the larger deflection on the mirror can be achieved by pneumatic actuation.   

 

 

Figure 38. Deformable mirror under pneumatic actuation 

 
 We also need to design a valve to reset the sealed cavity at different ambient 

pressure. If a device with sealed cavity is made in Bozeman (Altitude 1460 m) then we 

take the device to sea level the membranes get stuck to the electrodes. The atmospheric 

pressure at sea level is about 8 kPa higher than Bozeman. This pressure difference is 

enough to cause initial deflection on the membranes. 

 
Electrostatic-Pneumatic Actuation Model 

 

 In this section the model is developed for electrostatic-pneumatic actuated 

deformable mirror. The membrane motion is governed by  

,ଶܵሺܴߘܶ ,ߠ ሻݐ ൅ ܲሺܴ, ,ߠ ሻݐ ൌ ߩ డమௌሺோ,ఏ,௧ሻ
డ௧మ                                                                          (19) 

 d2 

 d1 

A1 

A2 

Pc 
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where ܵሺܴ, ,ߠ ,ሻ is the transverse motion on the membrane, ܲሺܴݐ ,ߠ  ሻ is the pressureݐ

distribution on the membrane, T is in-plane tensile force, and ρ is the surface density of 

the membrane. For static actuation (or slow variations on membrane) the acceleration 

term is considered zero. In order to calculate the mirror deflection we solved the static 

equation for both membranes. Since both membranes are circular symmetric the motion 

is not dependent to angle (ߠ). The simplified differential equations become 

ଶܵଵሺܴሻߘܶ ൅ ௘ܲ ൅ ௔ܲ െ ଵܲ ൌ 0                                                                                        (20) 

ଶܵଶሺܴሻߘܶ ൅ ௔ܲ െ ଵܲ ൌ 0                                                                                                (21) 

where ܵଵሺܴሻ is deflection on the actuator membrane and ܵଶሺܴሻ is deflection on the 

mirror.  ௘ܲ is electrostatic pressure forcing membrane into cavity. ௔ܲ is ambient pressure 

and  ଵܲ is pressure in the cavity. We assume the pressure on membrane 1(electrostatically 

actuated) is ௘ܲ ൅ ௔ܲ െ ଵܲ and the pressure on the second membrane (pneumatically 

actuated) is ௔ܲ െ ଵܲ. For small deflections the applied pressure on membranes is uniform 

so that the solutions are  

ܵଵሺܴሻ ൌ ሺ1ܣ െ ோమ

ோబభ
మ ሻ                                                                                                        (22) 

ܵଶሺܴሻ ൌ ሺ1ܤ െ ோమ

ோబమ
మ ሻ                                                                                                        (23) 

In these equations R is radial distance, A and B are center deflections, ܴ଴ଵ and ܴ଴ଶ are the 

radii of the membranes. Based on these equations the volume of the cavity after actuation 

is  

௖ܸ ൌ ଴ܸ െ ଵ
ଶ

଴ଵܴߨܣ
ଶ െ ଵ

ଶ
଴ଶܴߨܤ

ଶ                                                                                          (24) 
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It is convenient to work with normalized parameters. The normalized radial distances are 

described as ݎଵ ൌ ோ
ோబభ

ଶݎ  , ൌ ோ
ோబమ

. The dimensionless deflections can be written as  

ଵሻݎଵሺݏ ൌ ஺
௦బ

ሺ1 െ ଵݎ
ଶሻ ൌ ܽሺ1 െ ଵݎ

ଶሻ                                                                                  (25) 

ଶሻݎଶሺݏ ൌ ஻
௦బ

ሺ1 െ ଶݎ
ଶሻ ൌ ܾሺ1 െ ଶݎ

ଶሻ                                                                                  (26) 

where s0 is suitably small. Then ߘଶܵଵሺܴሻ ൌ ௦బ
ோబభ

మ  ଵሻ and the first differentialݎଵሺݏଶߘ

equation becomes 

ଵሻݎଵሺݏଶߘ ൅ ோబభ
మ ሺ௉೐ା௉ೌ ି௉భሻ

்௦బ
ൌ 0                                                                                         (27) 

With no sealed cavity (or a very large cavity) the pressure in the cavity is equal to 

ambient pressure (P1=Pa). If we solve the equation above, the electrostatic pressure 

necessary to achieve center deflection A=s0 (S1(0)=a=1) on the first membrane 

(electrostatically actuated) is  

௘ܲ ൌ ସ்௦బ
ோబభ

మ ൌ ଴ܲ                                                                                                                 (28) 

This value is used to normalize the pressures. The normalized pressures become ݌௘ ൌ ௉೐
௉బ

 , 

௔݌ ൌ ௉ೌ
௉బ

 , and ݌௖ ൌ ௉భ
௉బ

 . Using ideal gas law to relate Pc to the cavity volume and ambient 

pressure we have the following equations: 

ଵሻݎଵሺݏଶߘ ൅ ௘݌4 ൅ ௔ሺ1݌4 െ ௏బ
௏భ

ሻ ൌ 0                                                                                (29) 

ଶሻݎଶሺݏଶߘ ൅ ௔ሺ1݌ߛ4 െ ௏బ
௏భ

ሻ ൌ 0                                                                                        (30) 

Where ߛ ൌ ோబమ
మ

ோబభ
మ ൌ ஺೘మ

஺೘భ
 is the ratio of the area of the second membrane (pneumatically 

actuated) to the area of the first membrane (electrostatically actuated). Making 
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assumptions of small deflection and parabolic shape the membrane equations are 

simplified to 

െܽ ൅ ௘݌ ൅ ௔݌ ቀ ି௔ିఊ௕
௩బି௔ିఊ௕

ቁ ൌ 0                                                                                       (31) 

െܾ ൅ ௔݌ߛ ቀ ି௔ିఊ௕
௩బି௔ିఊ௕

ቁ ൌ 0                                                                                                (32) 

where v0 is the normalized volume (ݒ଴ ൌ ଶ௏బ
஺೘భ௦బ

) which is the actual volume divided by 

the volume displaced by membrane 1 with peak deflection s0. If the dead volume is 

negligible, then in terms of the gap height beneath the membrane the normalized volume 

becomes 

଴ݒ ൌ 2 ௚భାఊ௚మ
௦బ

                                                                                                                  (33) 

where g1 is the gap beneath membrane 1 and g2 is the gap beneath membrane 2. For small 

a, b compared to v0 which means the membrane shape is parabolic the equations are 

simplified to 

െܽ ൅ ௘݌ ൅ ௔݌ ቀି௔ିఊ௕
௩బ

ቁ ൌ 0                                                                                             (34) 

െܾ ൅ ௔݌ߛ ቀି௔ିఊ௕
௩బ

ቁ ൌ 0                                                                                                   (35) 

The deflections can be written as 

ܽ ൌ ௘݌
ఊమାೡబ

೛ೌ
ఊమାଵାೡబ

೛ೌ

                                                                                                                (36) 

ܾ ൌ െ݌௘
ఊ

ఊమାଵାೡబ
೛ೌ

                                                                                                              (37)                                

The ratio of mirror deflection (membrane 2) to actuator deflection (membrane 1) can be 

expressed as 
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௕
௔

ൌ െ ఊ
ఊమାೡబ

೛ೌ

                                                                                                                    (38) 

This equation shows the mechanical amplification can be obtained be an appropriate 

design. When v0 /pa is significantly small the deflection ratio approximately is  

௕
௔

ൌ െ ଵ
ఊ

ൌ ஺೘భ
஺௠ଶ

                                                                                                                 (39) 

This means the system acts as a hydraulic system like a cavity filled with a liquid. When 

the actuator membrane is larger than the membrane mirror the stroke on mirror is larger 

than actuator so that the deformable mirror can benefit from mechanical amplification. 

When v0 /pa cannot be neglected the mechanical amplification gets smaller.   

 Fig.39 shows the deflection ratio of pneumatic membrane to electrostatic 

membrane for different K= v0 /pa. We assume the air gap beneath the membrane is 30 µm 

and membrane tension is 75 N/m. These data show as K decreases the larger deflection 

ratio is obtained. Also at larger A1/A2 (which means the actuator area A1 is larger than 

mirror area A2) the deflection ratio is greater than one. When a 4mm diameter actuator 

membrane pushes a 3mm diameter mirror the mechanical amplification is 1.3 at K=0.1. 

This means 5 µm deflection in the actuator causes 6.5 µm deflection on the mirror. 
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Figure 39. The mirror deflection to actuator deflection ratio vs. area ratio  

 
Preliminary Results 

  
 In this section the preliminary results are provided to show the possibility of 

making the proposed optical MEMS mirror. The fabrication process for the deformable 

MEMS mirror with pneumatic-electrostatic actuation is shown in Fig.40. The process 

starts with a double side polished (DSP) silicon wafer to create the perforated wafer. A 

200 nm thick hard mask of aluminum is deposited and patterned on the front side of the 

wafer to define patterns of 50 µm diameter air holes. Infrared (IR) alignment and a liftoff 

process are employed to deposit and pattern 200 nm aluminum on the back side of the 

wafer to define a matching and aligned air hole pattern on that side as well. Then 250 μm 

deep holes are etched in the silicon from the front side to create partial air holes using a 
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cryogenic Deep Reactive Ion Etching (DRIE) process. Since the etch rate slows with 

increasing depth, the DRIE process is repeated from the backside to complete the 500 μm 

through-wafer air channels in the silicon backplate. A 5×5 mm2 window with 12 μm 

depth is etched on the back side of the wafer to allow for airflow between chambers. 

Then the perforated wafer is cleaned in piranha bath to remove residue and remaining 

aluminum. Fresh aluminum (400nm) is deposited on both sides of wafer for electrostatic 

actuation. SU-8 2025 is spun on the perforated wafer to a thickness of 24 μm and 

patterned to establish the cavity beneath the membrane. A second DSP wafer is used to 

create the membrane. A 200 nm thick aluminum hard mask is patterned on the backside 

to define etch windows, and 100 nm aluminum is deposited on the front side to create a 

reflective surface. A 2 μm layer of SU-8 2002 is spun and cross-linked on the reflective 

aluminum to make the deformable membrane. The perforated wafer and membrane wafer 

are bonded using SU-8 to SU-8 bonding at 180oC and 300 kPa. Finally, the silicon over 

the membranes is removed using SF6 dry etching to release the membrane. The bonded 

wafer is diced and cleaned. To test the pneumatic actuation concept a 3 mm diameter 

mirror was clamped to a device with a 4 mm diameter membrane serving as the 

pneumatic actuator (Fig. 40). 
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Figure 40. Fabrication process for electrostatic-pneumatic deformable mirror. 

 
 We measured the deflection vs. applied voltage for the 4 mm diameter membrane 

before clamping to the other device (Fig.41). Then the two devices were clamped and a 

low duty-width pulse at 60 Hz was applied to the 4mm diameter membrane. Since the 

seal is leaking at a slow rate (with a time constant of several seconds for pressure 

equalization) the average pressure in the cavity equalizes to atmospheric pressure. During 

the 0 V portion of the waveform the instantaneous pressure in the chamber is slightly 

negative (relative to ambient) so the shape of the mirror is concave. During the high-

voltage pulse the bottom membrane deflects under electrostatic excitation, increasing the 

pressure in the cavity so that the 3mm mirror bulges out. Peak deflection of both the 4 

mm pneumatic actuator and the 3 mm mirror are plotted in Fig.41. We note that greater 

electrostatic force is required to actuate the 4 mm membrane because of the opposing 

pressure created with the sealed cavity. At 360 V the 4 mm diameter membrane deflects 

5.8 μm into the cavity causing 4.6 μm convex displacement of the mirror. The frequency 
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response of the mirror is also measured to be more than 3 kHz showing that high speed 

focus control is possible using this method. 

 

 

Figure 41. Deflection vs. voltage for 4mm diameter membrane and 3mm diameter mirror 

 
Deformable Mirror with Two Membranes 

 
 The fabrication processes for the deformable MEMS mirror with pneumatic-

electrostatic actuation is shown in Fig.42. The process starts with a double side polished 

(DSP) silicon wafer to create the perforated wafer. A 200 nm thick hard mask of 

aluminum is deposited and patterned on the front side of the wafer to define patterns of 

50 µm diameter air holes. Infrared (IR) alignment and a liftoff process are employed to 

deposit and pattern 200 nm aluminum on the back side of the wafer to define a matching 

and aligned air hole pattern on that side as well. Then 250 μm deep holes are etched in 

the silicon from the front side to create partial air holes using a cryogenic Deep Reactive 

Ion Etching (DRIE) process. Since the etch rate slows with increasing depth, the DRIE 

process is repeated from the backside to complete the 500 μm through-wafer air channels 
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in the silicon backplate. A circular cavity with 25 μm depth is etched on the back side of 

the wafer for the actuator membrane. Then the perforated wafer is cleaned in piranha bath 

to remove residue and remaining aluminum. Fresh aluminum (400nm) is deposited on 

both sides of the wafer for electrostatic actuation. SU-8 2025 is spun on the perforated 

wafer to a thickness of 28 μm and patterned to establish the cavity beneath the mirror.  

A second DSP wafer is used to create the membrane mirror. A 200 nm thick aluminum 

hard mask is patterned on the backside to define circular etch windows, and 100 nm 

aluminum is deposited on the front side to create a reflective surface. The size of the 

mirror is determined by the diameter of the etch windows. A 2 μm layer of SU-8 2002 is 

spun and cross-linked on the reflective aluminum to make the deformable membrane. 

The perforated wafer and membrane wafer are bonded using SU-8 to SU-8 bonding at 

150oC and 300 kPa. Finally, the silicon over the membranes is removed using SF6 dry 

etching to release the membrane. Another DSP wafer is used for the actuator membrane. 

The fabrication process for this wafer is identical to membrane wafer except an 15 μm 

layer of SU-8 2010 is spun and patterned on the membrane layer to create the posts on 

the four corners of the device. The post surface area is 5mm2. The hard bake is performed 

at 190 oC for 90 min for actuator membrane to create a fully cross-linked membrane. The 

silicon over the actuator membrane is removed using SF6 to release membranes. Then the 

actuator membrane is bonded to the backside of perforated wafer at 100 kPa and 120oC. 

The posts on the actuator membrane create a built-in valve for the cavity. The cavity 

before actuation is not sealed and the pressure in the cavity is equal to ambient pressure. 
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Etch windows for mirror and actuator are circular so that the stress on the membrane is 

uniform. The diameter of etch windows on the mirror side is smaller than the SU-8 spacer 

layer on the perforated wafer. This process ensures the membrane is not delaminated 

during pneumatic actuation unlike the process with etch windows larger than mirrors. 

The SU-8 spacer height is 34 μm for the second devices. Moreover the SU-8 posts on 

actuator membrane are circularly symmetric. Having more SU-8 on the second design 

creates a better bond between the actuator wafer and perforated wafer. The post height is 

15 μm. Fig.43 a) shows a 4 mm diameter mirror fabricated and Fig.43 (b) shows a photo 

micrograph of spacer layer on the actuator membrane before bonding step.  

 

 
Figure 42. Fabrication process for electrostatic-pneumatic deformable mirror: circular 
posts and etch windows. 
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a)                     b)                                                    

Figure 43. The micrograph of a) 4 mm diameter mirror b) Circular posts on actuator 
membrane after release before bonding 

 
 

Electrostatic Actuation 
 

 For electrostatic actuation we applied voltage between the membrane mirror and 

the electrode on the perforated wafer when the cavity is not sealed. The electrostatic force 

attracts the membrane to create a concave mirror with positive optical power. The cavity 

beneath the membrane is not sealed for electrostatic actuation so that the actuator 

membrane remains flat. Figure 44 shows the deflection vs. voltage for 3 mm, 4 mm, and 

5 mm diameter mirrors with 34 μm gap when the shape of mirrors is concave and 

positive focus achieved. The 5 mm diameter mirror requires less voltage for actuation 

with the same gap because electrostatic force is proportional to surface area of the mirror. 

The in-plane tension of the membrane (T) can be calculated from  ݏ଴ ൌ ఌబ ௏మ௥బ
మ

଼௚మ்
 by 

knowing the film deflection (S0), the mirror radius (r0), the gap beneath membrane (g), 

and applied voltage (V). ε0 is the permittivity of air. These curves indicate the in-plane 

tension (T1) of the mirror is approximately 45 N/m.  

 Fig.44(b) shows the deflection vs. voltage for a 5 mm diameter actuator with a 

24 μm gap. Solid curve shows deflection for an actuator membrane without mirror on the 

Actuator Membrane 

Posts 
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other side. The electrostatic pressure deflects the membrane into cavity while the cavity is 

open to ambient pressure. Tension of the membrane is calculated from this curve. 

Tension of the actuator membrane is 70 N/m. Tension on the actuator membrane is 

higher than tension on the membrane mirror because the temperature in hard bake step 

was 190oC. The hard bake for membrane mirror was performed in bonding step at 150 oC. 

In addition to hard bake the posts are patterned on the actuator membrane leading to 

different temperature experience. Dashed curve and dotted curve show deflection vs. 

voltage for a 5 mm actuator membrane with a 5 mm and a 4 mm diameter mirror when 

the cavity is sealed. The data indicates opposing pressure from the 4 mm diameter mirror 

is higher than 5 mm mirror. Also, the required voltage to achieve the same deflection is 

lower when the cavity is open to ambient pressure. To achieve 6 μm deflection on the 

actuator, 5 mm-5 mm combination and 5 mm- 4mm combination require 270 V and 

350 V where the single 5 mm membrane requires 200 V to reach the same deflection. 

The exerted force on the actuator membrane is calculated as F1=Am1 × (Pe-ΔP) in the 

analytical model. When the cavity is not sealed the pressure in the cavity is equal to 

ambient pressure (ΔP=0, Pc=Pa) so that the net force on the actuator is higher (F1=Am1 × 

Pe). 
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a) 

 
b) 

Figure 44. Deflection vs. voltage for electrostatic actuation of a) 3 mm, 4 mm, and 5 mm 
diameter mirrors with 34 μm gap b) A 5 mm diameter actuator with 24 μm gap  

 
 

Pneumatic Actuation 

 
 Pneumatic actuation of a 4 mm diameter mirror with a 5 mm diameter actuator 

membrane is shown in Fig.45. This Figure shows the interferogram images of the mirror 

side and actuator side along with surface height profiles (both 2D and 3D) provided by 

phase shift interferometer. The colorbar scale indicates height in nm. The diameter of the 
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circular cavity which determines the effective area of the actuator membrane (Am1) is 

5 mm. First, 100 V is applied between the actuator membrane and the perforated wafer. 

The actuator membrane snaps down on the perimeter of the cavity to seal the cavity. 

After initial contact both membranes are convex because trapped air makes the pressure 

inside the cavity higher than the ambient pressure (Fig.45-a). Then the voltage is reduced 

to 50 V to allow a leaky seal at the perimeter of the cavity which equalizes the pressure. 

After the trapped air escapes from the cavity, the actuator membrane is slightly concave 

because of the small electrostatic force on actuator membrane, while the mirror is flat 

because the pressure in the cavity is equalized to the ambient (Fig.45-b). The actuator 

membrane with posts on the corners thus creates a built-in valve to reset the pressure. The 

actuator membrane can tightly seal the cavity and increase the pressure with electrostatic 

actuation at higher voltages. In order to deflect the actuator membrane into the cavity and 

increase the pressure, the voltage is increased. For example, with V=271 V the actuator is 

concave and the mirror is convex (Fig.45-c). 

 

 

 

 

 

 

 

 
 



 
Figure 45 Continued 
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a) 

b) 
 
 
 
 

 

 



 
Figure 45 Continued 

Figure 45. Interferogram image and surface height profile for 
actuator membrane seals the cavity at 100 V, both membranes are convex b) the seal is 
leaky at 50 V so air escapes and the pressure equilibrates, mir
slightly concave c) The convex mirror shape is observed at 271 V when the cavity is 
sealed and the actuator membrane deflects into cavity. 
in nm. 

 
 
 Fig.46 shows the experimental data for pneu

cavity is sealed and pressure is stabilized to ambient pressure. The curves show 

membrane deflection for the convex mirror and concave actuator when a voltage is 

applied between the actuator membrane and the perforated

deflection vs. voltage when a 5

5 mm diameter mirror and maximum stroke of 7.

shows the deflection vs. voltage for a 5 mm diameter actuator with a 4 mm diameter 

mirror. The maximum deflection of 9.3 

that the 5 mm actuator requires higher voltage to achie

90 

 
 

c) 
. Interferogram image and surface height profile for pneumatic actuation: a) The 

actuator membrane seals the cavity at 100 V, both membranes are convex b) the seal is 
leaky at 50 V so air escapes and the pressure equilibrates, mirror is flat and actuator is 
slightly concave c) The convex mirror shape is observed at 271 V when the cavity is 
sealed and the actuator membrane deflects into cavity. The colorbar scale indicates height 

shows the experimental data for pneumatic actuation. Before actuation the 

cavity is sealed and pressure is stabilized to ambient pressure. The curves show 

membrane deflection for the convex mirror and concave actuator when a voltage is 

applied between the actuator membrane and the perforated wafer. Fig.

deflection vs. voltage when a 5 mm diameter actuator deflects into the cavity t

mm diameter mirror and maximum stroke of 7.5  µm is achieved at 255

shows the deflection vs. voltage for a 5 mm diameter actuator with a 4 mm diameter 

mirror. The maximum deflection of 9.3 µm is achieved at 272 V. The data also shows 

that the 5 mm actuator requires higher voltage to achieve the same deflection with a 

 

pneumatic actuation: a) The 
actuator membrane seals the cavity at 100 V, both membranes are convex b) the seal is 

ror is flat and actuator is 
slightly concave c) The convex mirror shape is observed at 271 V when the cavity is 

The colorbar scale indicates height 

matic actuation. Before actuation the 

cavity is sealed and pressure is stabilized to ambient pressure. The curves show 

membrane deflection for the convex mirror and concave actuator when a voltage is 

wafer. Fig.46-a) shows the 

mm diameter actuator deflects into the cavity to push a 

m is achieved at 255 V. Fig.46-b) 

shows the deflection vs. voltage for a 5 mm diameter actuator with a 4 mm diameter 

m is achieved at 272 V. The data also shows 

ve the same deflection with a 
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4 mm mirror compared to the actuator with a 5 mm diameter mirror. This indicates the 

opposing pressure from a 4 mm mirror is higher than a 5 mm mirror. Moreover the 

deflection curve for the 4-mm diameter mirror is slightly flattened after 250 V. Moreover 

after actuation the pressure in the cavity is lower than ambient pressure so that both 

membranes are slightly concave (less than 1 um deflection). This indicates that at higher 

voltage the seal could leak and limit the mirror deflection. This effect is more 

considerable for pneumatic actuation of small mirrors (2 mm and 3 mm diameter) since 

these membranes require higher pressure for actuation.  Since the area ratio of a 4 mm 

diameter actuator pushing a 5 mm mirror is smaller than one the deflection on the mirror 

is significantly smaller than deflection on the actuator as shown in Fig.46-c.   
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Figure 46 Continued 

 
 

 
b) 

 

 
c) 

Figure 46. The mirror deflection (Convex) and actuator (Concave) deflection vs. applied 
voltage to actuator membrane: a) A 4-mm diameter actuator pushes a 4-mm diameter 
mirror b) A 4-mm diameter actuator pushes a 3-mm diameter mirror c) A 5-mm diameter 
actuator pushes a 5-mm diameter mirror d) A 5-mm diameter actuator pushes a 4-mm 
diameter mirror. 
 
 
 The pneumatic actuation can benefit form mechanical advantage (B/A) to increase 

the deflection of convex mirror. When two membranes have the same size the area ratio 

is one and the mechanical advantage is slightly smaller than one. When area of the 

0
1
2
3
4
5
6
7
8
9

10

0 50 100 150 200 250 300

D
ef

le
ct

io
n 

(µ
m

)

Voltage (V)

Actuator 5 mm

Mirror 4 mm

0
1
2
3
4
5
6
7
8
9

10

0 100 200 300

D
ef

le
ct

io
n 

(µ
m

)

Voltage (V)

Actuator 4 mm
Mirror 5 mm



93 
 
actuator membrane is larger than mirror the mechanical advantage is greater than one but 

the actuator membrane requires higher voltage to achieve the same deflection. The 

mechanical advantage of 5mm-5mm combination is roughly 0.9 for small deflections. 

This value is increased to 1.45 for 5 mm actuator pushing a 4 mm mirror. The mechanical 

advantage is reduced to 0.61 for a 4 mm actuator pushing a 5 mm mirror. The mechanical 

advantage may be useful for pneumatic actuation of the small membranes with large 

actuator and small gap. Table.5 compares the mechanical advantage of devices with 

different membrane diameters. The experimental data is in reasonable agreement with 

simulation results for small deflections. At larger deflections the error between theory 

and experiment is slightly higher since the model is developed for small deflections and 

the seal may leak.  

 
Table.5. Mechanical advantage (B/A) of three different devices for small deflections 

Device Actuator 
Diameter 

Mirror 
Diameter 

B/A 
Simulation 

B/A 
Experiment 

 Area 
ratio(Am2/Am1) 

 Error  
B/A(%) 

1 3mm 3mm 0.87 0.78  1  10 
2 4mm 3mm 1.4 1.3  1.77  7 
3 4mm 4mm 0.92 0.90  1  2 
4 4mm 5mm 0.61 0.61  0.64  0 
5 5mm 3mm 2.1 2  2.77  5 
6 5mm 4mm 1.42 1.53  1.56  8 
7 5mm 5mm 0.95 0.90  1  5 

 
 

Electrostatic-Pneumatic Actuation 

 
 Fig.47 shows the combined effects of electrostatic and pneumatic actuation of the 

mirror. The maximum deflection of the concave mirror with positive focus is 11 μm for 

electrostatic actuation with a 28 μm gap under the mirror membrane. The maximum 
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deflection of the concave mirror is increased to 14 μm with a 34 μm gap. The pneumatic 

actuation of the mirror (electrostatic actuation of the 4 mm actuator on the backside) 

results in 5 μm deflection on the convex mirror with negative focus. The total deflection 

from maximum deflection on the negative side to maximum deflection on the positive 

side is 16 μm with 4 mm diameter actuator. The total stroke is increased by pneumatic 

actuation by a factor of 1.45.  Similar data for a 4 mm diameter actuator membrane and a 

3 mm diameter mirror achieves a total stroke of 15 μm. The pneumatic actuation of the 

5 mm and 4 mm diameter mirrors with 5 mm diameter actuator results in 7.5 μm 

deflection on the convex mirror. The total stroke is increased to 21 μm as shown in 

Fig47-b.  

 

 
      a) 
 
 
 

-6

-4

-2

0

2

4

6

8

10

12

0 50 100 150 200 250 300 350

M
ir

ro
r 

de
fle

ct
io

n 
(µ

m
)

Voltage (V)

3 mm diameter
4 mm diameter

Positive 
Focus 
 with 
11 µm  
deflection 

Negative  
focus 
with 
5 µm  

Total 
Stroke 
16 µm 



95 
 
Figure 47 Continued 
 

 
      b) 
Figure 47. Replotting the mirror deflection on a single axis shows the combination of 
electrostatic and pneumatic actuation of the mirrors, a) with total stroke of 16 μm for the 
4 mm diameter mirror and 15 μm for the 3 mm diameter mirror with 4 mm diameter 
actuator, b) with total stroke of 21 μm for the 4 mm and 5 mm diameter mirrors with 5 
mm diameter actuator 
 
 
 When the actuation method is switched from electrostatic to pneumatic the valve 

is required to be closed to create sealed cavity behind the mirror.  The transition time 

from open valve to closed valve may take some time and make the device slow. We 

performed another experiment to achieve smooth transition from electrostatic to 

pneumatic actuation as shown in Figure 48. First a voltage is applied to the actuator 

membrane in order to close the valve. Then a voltage is applied to the mirror to achieve 

concave shape with sealed cavity. In this case a higher voltage is required for electrostatic 
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actuation of the mirror since the pressure in the cavity is increased by mirror deflection 

into cavity. Fig.48-a) shows deflection vs. voltage for a 5 mm diameter mirror with a 

5 mm diameter actuator. 11 μm deflection on concave mirror is achieved at 300 V with 

sealed cavity while 245 V can cause the same deflection with open valve. The total stroke 

of 19 μm is achieved on the 5 mm mirror from maximum deflection on the concave side 

to maximum deflection on the convex side. For a 4 mm diameter mirror with a 5 mm 

diameter actuator 11 μm deflection on concave mirror is achieved at 264 V and 9.3 μm 

deflection on convex mirror at 272 V. The total stroke of 20.3 μm is achieved on the 

5 mm mirror from maximum deflection on the concave side to maximum deflection on 

the convex side as shown in Fig.48-b). 
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Figure 48 Continued 
 
 

 
b) 

 
Figure 48.  Electrostatic-pneumatic actuation of MEMS deformable mirror with sealed 
cavity: a) A 5 mm mirror with a 5 mm actuator membrane achieved total strok of 19 μm 
(gap for pneumatic membrane 20 μm) b) A 4 mm mirror with a 5 mm actuator membrane 
with total strok of 20.3 μm (gap for pneumatic membrane 25 μm). 
 
 

Optical Properties 
  
  
 The optical properties such as residual aberrations are very important to 

performance of deformable membrane mirrors. Figure 49 shows a surface profile, 

obtained using a phase-shift interferometer, for a 4 mm diameter membrane with concave 

and convex shape, showing its baseline surface height variation. The figure shows raw 

height information (upper left) and coefficients for the best fit Zernike polynomials 
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(upper right) , an image with tip, tilt and offset removed (lower left) and residual 

aberration reconstructed from the Zernike spectrum after subtracting tilt, offset and 

parabolic curvature (lower right). The colorbar scale indicates height in nm. Peak to 

valley residual aberration is 112 nm for concave mirror, with RMS aberration of 20 nm.  

Mode number 5 is positive corresponding to defocus (2ρ2-1 where ρ is the normalized 

pupil radius) in Zernike spectrum since the mirror is concave and optical focus is 

positive. Center deflection is roughly 3 µm for concave shape. For pneumatic actuation 

defocus (mode number 5) is negative since the mirror is convex and the focus is negative. 

Peak to valley residual aberration is 206 nm for convex mirror, with RMS aberration of 

30 nm. Center deflection is 3.5 µm for convex shape. The height of defocus term is 

roughly doubled from negative to positive focus by use of electrostatic-pneumatic 

actuation method compared to electrostatic-only actuated mirror. 
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Figure 49 Continued 
 
 

                      
 
 
 
 

 
 
 
 
 
 
              b) 
Figure 49. A 4 mm diameter membrane a) Electrostatic actuation of the concave mirror 
with positive defous b) Pneumatic actuation of the convex mirror with negative defocous; 
the raw height information (upper left), coefficients for the best fit Zernike polynomials 
(upper right), the data with tilt and offset removed (lower left) and the residual aberration 
reconstructed from the Zernike spectrum with tip, tilt, offset and parabolic curvature 
removed (lower right). The colorbar scale indicates height in nm. 
 
 

Frequency Response of Electrostatic-Pneumatic Actuation 
 

 Speed of focusing is an important characteristic of the mirror. Fast focus control 

has been demonstrated with electrostatic actuation of a membrane mirror with distributed 

air channels, but no opposing cavity behind the mirror [64]. With back-to-back sealed 

cavities the air damping effect can still be engineered by making use of distributed air 

channels between two chambers, and high speed focus control is therefore possible using 

pneumatic actuation. Fig.50 shows the frequency response of a 5 mm diameter mirror 
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with 5mm diameter actuator. We applied 100 V DC supeimposed with 60 V Pk-Pk ac 

signal to mirror for electrostatic actuation and to the actuator for pneumatic actuation. 

Then the deflection is measured at different frequncies. Normalized deflection of the 

mirror for both electrostatic and pneumatic actuation are shown in this figure. -3dB 

bandwidth of the mirror for small deflections is measured to be approximatly 2 kHz. For 

electrostatic actuation the cavity was sealed with 100 V on the valve. Since the size of the 

two  membranes is 5 mm the bandwidth for both actuation methods is approximatly 

identical. The air flow oscillates between the two cavities with pneumatic actuation 

through the air channels. For this device the air channels are distributed in two rings at 

radii 0.83 mm and radii 1.66 mm with 16 holes per ring. We propose in the future to 

extend our analytical model describing the coupled membrane-air mechanical system to 

include the sealed opposing cavities of this new design. 

 

 
                                                   

Figure 50. Frequency response of a 5 mm dimeter mirror with 5 mm diameter actuator, 
two rings of holes with 16 holes per ring are distributed between two cavities: 
electrostatic actuation of the mirror with sealed cavity (solid line) pneumatic actuation of 
the mirror (dot line) 

-30

-25

-20

-15

-10

-5

0

5

0.1 1 10 100

N
or

m
al

iz
ed

 A
m

pl
itu

de
 (d

B
)

Frequency (kHz)

Pneumatic

Electrostatic



101 
 

Summary 
 

 In this chapter, we reported a novel actuation method for deformable MEMS 

mirrors. This technique combines electrostatic actuation with pneumatic actuation to 

increase mirror deflection which is the essential parameter for the performance of the 

mirrors. The new devices are also capable of both positive and negative optical power. 

Positive focusing is possible using electrostatic actuation, while negative focusing is 

possible using pneumatic actuation. Compared to electrostatic-only actuated mirrors this 

method is able to increase mirror deflection by a factor of 2. Total stroke of 20 μm is 

achieved for 4 mm and 5 mm diameter mirrors by this method. Future progress for 

electrostatic actuation toward large membrane displacement, such as lowering membrane 

tension, is also applicable to this actuation method. In addition to large stroke, pneumatic-

electrostatic actuation offers high speed focus control since the cavity is filled with air 

and the location of the channels between cavities can be optimized for desired damping 

characteristics. A bandwidth of 2 kHz is achieved for a 5 mm-5 mm combination. 
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CHAPTER 6- APPLICANTIONS AND DEMONSTRATIONS 

 
 
 The applications of our MEMS deformable mirrors are broad since these compact 

devices can operate at high speed with a small amount of electrical power. As it was 

discussed in chapter 1 the deformable mirrors can control the focus without mechanical 

translation of the lens, eliminating the motors, cams, and linkages. Furthermore they are 

useful for high speed focus tracking and scanning. They also enable confocal 

microscopes and optical coherent microscopy to scan the focus and provide in vivo 

images from intact tissues. Non mechanical zoom lens can be achieved with two MEMS 

mirrors. In this chapter we review and demonstrate these applications in optical systems. 

Some of the demonstrations have been performed by collaboration with researchers in 

Bridger Photonics Inc.  

     
Static Focus Translation 

 
We assembled an imaging system operating at N.A. = 0.75 with a MEMS mirror 

(Electrostatic, die bonded - Chapter 3) for focus control. The setup is illustrated in Figure 

51. A transparent object is illuminated from the left with incoherent illumination. The 

imaging lens was a Leica 100× 0.75 N.A. microscope objective with 2 mm focal length 

and a 3 mm diameter exit pupil. A 1:1 telescope comprising achromatic lenses L1 and L2 

(100 mm focal length) relays the beam to the MOEMS mirror, where the MOEMS mirror 

plane is conjugate to the exit pupil of the objective lens. A beamsplitter is used to 

separate the beam reflected from the MOEMS mirror, and achromatic lens L3 (150 mm 
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focal length) forms an image on a CCD camera. The magnification of the system is 150/2 

= 75. 

 

Figure 51. Imaging setup to demonstrate focus control with the MOEMS mirror. 
Objective lens N.A. is 0.75, while the system magnification is 75×. 

 
 
For our imaging demonstration, we used a 3 mm diameter mirror. The minimum 

radius of curvature (corresponding to maximum membrane deflection) was measured 

with a uniform voltage of 415 V to be 94 mm, yielding a focal length for the concave 

mirror of 47 mm. For the imaging demonstration we limited the control voltage to 400 V. 

We measured the position of best focus as a function of control voltage on the MOEMS 

mirror by translating the object until the best image was obtained. Fig.52 shows the 

change in location of the focal plane vs. applied voltage. The full range of focus control 

was 85 mm at maximum applied voltage of 400 V. 
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Figure 52. Displacement of focal plane from its nominal position as a function of voltage 
on the MOEMS mirror. 

 
 
Figure 53 shows images of a 1951 USAF resolution target for different locations 

of the focal plane. The three targets shown are from group 7, elements 4, 5 and 6. The 

smallest bars are 228 line pairs per mm. Figure 53(a) shows a reference image with the 

MOEMS mirror replaced with an optical mirror. Figure 53(b) is the corresponding image 

with 0 volts on the membrane. Some astigmatism is observed in the image, with an axial 

translation of approximately 2 µm between the horizontal and vertical focal planes, but 

the smallest bars are clearly resolved with good contrast. Figure 53(c) shows the image 

after application of 350 V and a translation of the object 50 mm, while Figure 53(d) 

shows the image with 400 V on the mirror and the object translated 85 mm. In the last 

image the bars in group 7 element 6 are clearly resolved, but there is some loss of 

contrast that we attribute to uncompensated spherical aberration introduced by the 

objective lens when the image plane is translated away from the design working distance.  
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Figure 53. Images of USAF resolution target, group 7 elements 4-6. (a) reference image 
made with a flat mirror in place of the MOEMS mirror; (b) 0 V on the MOEMS mirror, 
and no focus adjustment; (c) 350 V on the MOEMS mirror, with the target translated 50 
µm closer to the objective lens; (d) 400 V on the MOEMS mirror, with the target 
translated 85 µm from the nominal focal position. 
 
 

Fast Focus Control in a Dual Focus Imaging 
 

 A dual focus imaging set-up was assembled using the high-speed MEMS 

deformable mirror (Fig.54). Two objects are imaged in this set-up since the focal distance 

is adjustable. The axial distance between the objects is 135 mm. A non-polarized beam 

splitter is used to separate the object beam and the beam reflected from the mirror. The 

rays from the objects reach the MEMS mirror through lens L1 and the beam splitter. 

Then the reflected rays reflect at the BS and pass through lens L2 to create the image on a 

CCD camera. The camera captures images at a 30 Hz frame rate. When the mirror is flat 

(at 0 V) the object located at a distance of 150 mm from lens L1 is in focus while the 

other object is out of focus and blurry (Fig.55 a). When 300V is applied to the MEMS 



 
mirror, the object located at a distance of 15 mm from L1 is in focus

applied voltage the mirror center deflection is 9 µm.

 

Figure 54. Dual focus imaging set

 When the applied voltage is switching between 0 V and 300 V with a frequency 

of 1 kHz, the focus is oscillating between the two objects so that both of them are in 

focus 50% of the time. The 

slow camera shows that focus is still maintained with 500 µs dwell times (Fig.

switching frequency 10 kHz, which is higher than the mirror bandwidth, both objects are 

out of focus since the mirror will not settle and dwell at the proper focus long enough for 

a crisp image (Fig.55 d).  
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mirror, the object located at a distance of 15 mm from L1 is in focus (Fig.

applied voltage the mirror center deflection is 9 µm. 

Dual focus imaging set-up using high-speed MEMS mirror
 
 

When the applied voltage is switching between 0 V and 300 V with a frequency 

of 1 kHz, the focus is oscillating between the two objects so that both of them are in 

focus 50% of the time. The superposition of sharp and blurry images integrated on the 

slow camera shows that focus is still maintained with 500 µs dwell times (Fig.

switching frequency 10 kHz, which is higher than the mirror bandwidth, both objects are 

the mirror will not settle and dwell at the proper focus long enough for 

.   

(Fig.55 b). At this 

 
speed MEMS mirror 

When the applied voltage is switching between 0 V and 300 V with a frequency 

of 1 kHz, the focus is oscillating between the two objects so that both of them are in 

superposition of sharp and blurry images integrated on the 

slow camera shows that focus is still maintained with 500 µs dwell times (Fig.55 c). At a 

switching frequency 10 kHz, which is higher than the mirror bandwidth, both objects are 

the mirror will not settle and dwell at the proper focus long enough for 
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a)                                                    b) 

 
                                               c)                                                   d) 
Figure 55. Captured images using high speed focus control a) Flat mirror and the focus at 
150 mm; b) 300 V on mirror and the focus at 15 mm; c) oscillating focus between two 
objects at a switching rate of 1 kHz; d) oscillating focus between two objects at a 
switching rate of 10 kHz. 
 
 

Camera Lens 
 

In our collaboration with Bridger Photonics Inc. [65] published in ICOME 2011, 

we designed a camera lens consisting of a beamsplitter, the 3 mm diameter electrostatic 

MEMS mirror as the aperture stop, and an achromatic doublet with fl =15 mm (Thorlabs 

AC064-015-A1). A CMOS camera with 5 mm square pixels with sensor dimension 

6.7×5.3 mm is placed in the back focal plane of the doublet. Fig. 56 shows the schematic 

of the camera lens. The angular field of view is therefore 32.6o along the diagonal. The F-

number is f/D = 5.0. The minimum focal length for this mirror was 45 mm, 
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corresponding to a stroke of 12.5 mm. With the MEMS mirror at full deflection, the 

minimum object distance from the beamsplitter is 41 mm. 

 
Figure 56. Schematic of a camera lens with MEMS focus control  

 
 

 Figure 57 shows images made for two values of control voltage. The image on the 

left has no applied voltage, with the focus at infinity. Note that objects on the far wall are 

in focus, while the business card in the near field is not in focus. The image on the right is 

focused at a distance of 126 mm, corresponding to a MEMS mirror deflection of 

approximately 4.5 mm. Here, the business card is well focused, but far objects are no 

longer in focus. The overall size of the system including a 5 mm beam splitter cube, a 

lens with diameter 6.35 mm, and a MEMS mirror with 9 × 10 mm2 die size is less than 

1 cm3. This demonstration shows the MEMS mirror can provide possibility of a compact 

focus control system with acceptable image quality for commercial cameras. 
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Figure 57. Left image, focus is at infinity. Right image, focus is on business card 126 mm 
away [65]. 

 

Focus Control for in vivo Imaging 
 

 The MEMS deformable mirror is used in a confocal scanning laser microscope to 

control the focus and capture in situ images of plant tissue. This electrostatic MEMS 

mirror is fabricated using wafer bonding technique and the device consists of lateral air 

channels (Chapter 3). Figure 58 shows the schematic of the confocal microscope using 

the variable focus control MEMS mirror. A 70 mW near infra red (IR) laser source is 

used to illuminate the sample. An 830 nm wavelength laser beam passes through the half 

wave plate to control the polarization state of the light. A beam splitter is used to separate 

the incident laser beam and the reflected signal from the sample. The incident beam 

reaches the tilted (~3º) 2-mm diameter MOEMS focus control mirror and the reflected 

beam is guided to the scanning MEMS mirror (Microvision, Inc.) through the mirror M1 

and lenses L1 and L2. The focus control mirror adjusts the imaging depth (z-direction) 

and the scanning MEMS mirror scans the sample surface (x-y plane). The telescope 

lenses L1-L4 are used to adjust the beam size and simultaneously form an image of the 

focus control mirror and scan mirror at the back focal plane of the objective lens. The 

quarter wave plate converts linearly polarized light to circular for the forward path, while 
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converting the reflected circular polarization back to linear, rotated 90º with respect to the 

illumination beam. The reflected light carrying the tissue image information is separated 

at the polarizing beam splitter.  The coupling lens focuses the beam onto the core of a 

single mode optical fiber. The optical fiber is connected to an avalanche photodiode 

(APD) in order to convert the optical signals to electrical signals. Then the electrical 

signals are amplified and digitized to form the images on the computer.  The objective 

lens numerical aperture (N.A.) is 0.9. 

 

 

Figure 58. Variable focus control confocal microscopy [30] 



 
 Living Arrowhead Syngonium

The sample is fixed with respect to the obj

mirror adjusts the imaging depth. Fig.

epidermis layer when the voltage on the focus control mirror is 330 V. Then the voltage 

is set to 270 V and the focus is 

The focus range corresponding to 7 µm membrane deflection is 42 µm in the leaf tissue.

 

a) 

Figure 59. Optical microscopy of
focus control mirror: the focus is on the surface of the leaf convex cells b) 270 V on the 
focus control mirror: the focus is be
 
 
 We used MEMS 

tissue. We note that the range of focus adjustment at high N.A. in an aqueous medium 

(like living tissue) is still limited (42 µm in our experiment for 7 µm membrane 

deflection, using N.A.=0.9), demanding mirrors in

the focus adjustment range is proportional to the stroke, we need to increase our mirror 

deflection by a factor of 4 to 5 to achieve useful full
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Arrowhead Syngonium leaf tissue has been imaged using this microscope. 

The sample is fixed with respect to the objective lens and the voltage on the focus control 

mirror adjusts the imaging depth. Fig.59 (a) shows the leaf convex cells in the upper 

epidermis layer when the voltage on the focus control mirror is 330 V. Then the voltage 

is set to 270 V and the focus is changed to the mesophyll layer as shown in Fig.

The focus range corresponding to 7 µm membrane deflection is 42 µm in the leaf tissue.

                                                    b) 

Optical microscopy of Arrowhead Syngonium leaf tissue a) 330 V on the 
focus control mirror: the focus is on the surface of the leaf convex cells b) 270 V on the 
focus control mirror: the focus is beneath the upper epidermis layer [30]   

MEMS deformable mirror for focus control while imaging living plant 

tissue. We note that the range of focus adjustment at high N.A. in an aqueous medium 

(like living tissue) is still limited (42 µm in our experiment for 7 µm membrane 

deflection, using N.A.=0.9), demanding mirrors in the future with greater stroke. Because 

the focus adjustment range is proportional to the stroke, we need to increase our mirror 

deflection by a factor of 4 to 5 to achieve useful full-range focus adjustment in scattering 

leaf tissue has been imaged using this microscope. 

ective lens and the voltage on the focus control 

(a) shows the leaf convex cells in the upper 

epidermis layer when the voltage on the focus control mirror is 330 V. Then the voltage 

changed to the mesophyll layer as shown in Fig.59 (b). 

The focus range corresponding to 7 µm membrane deflection is 42 µm in the leaf tissue. 

 

leaf tissue a) 330 V on the 
focus control mirror: the focus is on the surface of the leaf convex cells b) 270 V on the 

    

focus control while imaging living plant 

tissue. We note that the range of focus adjustment at high N.A. in an aqueous medium 

(like living tissue) is still limited (42 µm in our experiment for 7 µm membrane 

the future with greater stroke. Because 

the focus adjustment range is proportional to the stroke, we need to increase our mirror 

range focus adjustment in scattering 
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tissues like skin where confocal microscopy is capable of penetration to a depth of 150-

200 µm. 

 
Zoom Lens with Two MEMS Mirrors 

 
  
 In our collaboration with Bridger Photonics Inc. published in SPIE Proceeding 

2012, we designed and assembled a non-mechanical zoom lens constructed from two 

MEMS deformable mirrors [55]. Fig.60. shows the schematic of the zoom lens consisting 

of two MEMS mirrors, two polarized beam splitters (PBS), two achromatic QWP 

positive lenses, a linear polarizer, an achromatic QWP doublet, and a negative lens.  

 
 

 

Figure 60. Schematic of a non-mechanical zoom lens with two MEMS mirrors [55] 
 
 

 The overall size of the system was 3cm×3cm×1.7cm excluding circuit board and 

the image sensor. The zoom ratio of 1.6x was achieved with a 15o field of view. The 

maximum achievable stroke of the mirrors used in the zoom lens is 10 µm. The images at 

two extreme ends are depicted in Fig.61. Low power consumption, compact size, and 



113 
 
high speed operation of the non-mechanical zoom lens make them attractive for any 

mobile systems including robot vision and cell phone cameras.  

 

 

Figure 61. Two images captured at two extreme ends of the zoom lens [55] 
 
 

Summary  
  

 In this chapter, we showed the applications of the MEMS mirrors in microscopy, 

camera lens, and zoom lens. A camera lens with F-number f/D = 5.0 and angular field of 

view of 32.6o is demonstrated using MEMS mirrors. The focus range of 42 µm for in vivo 

imaging has been demonstrated at N.A.=0.9 by use of deformable mirrors. Moreover, the 

capability of zooming with two MEMS mirrors has been shown. The zoom ratio of 1.6x 

was achieved with a 15o field of view. Also high-speed focus control and static focus 

control capability of MEMS mirrors are discussed in this chapter. 
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CHAPTER 7- SUMMARY AND FUTURE WORK 
 
 

 The focus control methods including mechanical lens translation, liquid lenses, 

electro-optic lenses etc. for optical imaging systems are reviewed in the literature. Also, 

electrostatic MEMS deformable mirrors, a versatile focus control element, were 

introduced in this thesis. We fabricated and characterized three generations of SU-8 

deformable mirrors: Die bonded mirrors, wafer bonded mirrors, and mirrors with 

controlled air damping. The fabrication process for the mirrors has been optimized using 

wafer bonding and dry etching to create mirrors with excellent initial flatness and achieve 

fast focus scanning. Peak to valley residual aberration of the mirror is reduced to 200 nm 

by our latest process. In addition to focus control, mirrors with three electrodes can 

compensate aberration. We showed preliminary data that added up to 1.4 µm of balanced 

spherical aberration, measured as Zernike mode 13 (the full range of spherical aberration 

correction possible with these mirrors remains to be fully characterized).  Moreover, the 

-3dB bandwidth of the membrane was increased to 25 kHz for a 3 mm diameter mirror by 

etching 4 rings of holes in the silicon backplate. Settling time for focus control is less 

than 100 µsec in most devices.   

 The focus range for in vivo imaging is limited by the mirror stroke and N.A. of the 

objective lens. At N.A=0.7, the membrane requires to exceed 22 µm stroke to achieve 

maximum penetration depth for a confocal microscopy and OCT [66, 67]. At higher 

N.A., we need even more deflections. For example at N.A.=0.9, a 30 µm deflection is 

required to achieve 200 µm focus range. In this thesis, a new MEMS deformable mirror 

capable of 22 µm deflection is introduced. This device has two mechanisms for actuation: 
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electrostatic and pneumatic to achieve large membrane stroke. We hope to achieve even 

more stroke on the mirror by use of electrostatic-pneumatic technique with larger gap 

beneath membranes. If the gap beneath the electrostatic membrane and pneumatic 

membrane is 35 µm for 5mm-5mm membrane configuration, the maximum deflection of 

30 µm can be achieved at roughly 400 V. Our innovation in this project is to make a 

MEMS focus control mirror that can achieve large deflection (22 µm) with small size 

(=<5mm). Also these devices can compensate spherical aberration with a simple 

electronic control. The commercial MEMS mirrors are mostly intended to compensate 

aberrations rather than focus control. They either have small deflections with small size 

(2.5 mm diameter with 5 µm deflection) [12] or have large deflections with large size 

(1.5 cm diameter with 35 µm deflection) [15]. Our devices can control focus at high 

speeds up to 10s of kHz. Moreover, positive and negative focusing can be achieved with 

very low power consumption. Large deflection, small size, and low power consumption 

make our devices attractive for portable devices.   

 The broad impact of this project includes skin cancer diagnosis and treatment 

using a laser scanning microscope equipped with large stroke mirror. Furthermore, small 

form factor systems such as cell phone cameras and endoscopy could benefit from this 

low mass device for focusing and zooming [56, 68]. We showed both dynamic and static 

focus control using our mirrors in Chapter 6. In addition to focus control, the possibility 

of zooming has been investigated by use of two MEMS mirrors. These experiments have 

been performed on optical tables. However, assembling all components into a micro-

optic system remains a challenge in our research.  
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 For future work, other materials such as Parylene-C and Aluminum nitride can be 

used for the membrane to reduce residual stress and increase membrane stroke [69-71]. 

The residual aberrations can be reduced by optimization of the fabrication process. 

Optimization of the wafer bonding can enhance the initial flatness of the mirrors. Also, 

managing temperature in the dry etching process for releasing the membranes can cause a 

uniform stress on the membranes resulting in flat mirrors. Yield of the process is more 

than 90% before dicing our devices. Dicing machine with spinning saw and pressurized 

water can damage devices and reduce the yield. We always use blue tape on the front side 

and backside of the bonded wafers to protect membranes and air channels from water and 

debris in the dicing saw. A dry dicing technique using laser or dry etching can increase 

the yield. Also, electrostatic-pneumatic actuation requires a fast and reliable valve to reset 

the seal to ambient pressure at different altitudes. Our current structure is a simple way to 

reset seal but it is slow. We can design a small valve with another membrane and air 

channel attached to it for pressure equalization.  

 Eventually, a miniaturized microscope and camera can be assembled using 

MEMS focus control devices [72-75]. In other applications, two deformable mirrors can 

be fabricated in one single device for optical zooming. This device will enable cameras to 

control optical magnification while keeping the image plane stationary. Following the 

work of groups at Stanford, Montana State University, University of Texas and elsewhere 

[72-76], a confocal microscope for endoscopy can be fabricated by combining a lateral 

scanning mirror with a focus control mirror. The small size, low power consumption, and 

large focus range make it a versatile device for biomedical imaging. 
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SU-8 2025 processing: 

- Spin coat speed: 4000 rpm, 3000 rpm, 2800 rpm 
- Spin coat time: 30 Sec 
- Thickness: 23.5 µm, 30 µm, 34 µm 
- Soft bake: 65 oC for 2min, 65 oC- 95 oC for 4.5 min, 95 oC for 1.5 min  
- Exposure dose: 300 mj/cm2, or 15 mw/cm2 for 20 Sec 
- Post Exposure Bake: 65 oC for 2min, 65 oC- 85 oC for 4.5 min, 85 oC for 3 min, 

85 oC to 55 oC for 20 min 
- Develop: SU-8 developer for 3 min 

SU-8 2002 processing for membrane: 
- Spin coat speed: 2000 rpm 
- Spin coat time: 30 Sec 
- Thickness: 2 µm 
- Soft bake: 65 oC for 2min, 65 oC- 95 oC for 4.5 min, 95 oC for 1.5 min  
- Exposure dose: 300 mj/cm2, or 15 mw/cm2 for 20 Sec 
- Post Exposure Bake: 65 oC for 2min, 65 oC- 85 oC for 4.5 min, 85 oC for 3 min, 

85 oC to 55 oC for 20 min 
- Hard bake: 150 oC-200 oC 

SU-8 2010 processing: 
- Spin coat speed: 5000 rpm, 1500 rpm 
- Spin coat time: 30 Sec 
- Thickness: 8 µm, 16 µm 
- Soft bake: 65 oC for 2min, 65 oC- 95 oC for 4.5 min, 95 oC for 1.5 min  
- Exposure dose: 300 mj/cm2, or 15 mw/cm2 for 20 Sec 
- Post Exposure Bake: 65 oC for 2min, 65 oC- 85 oC for 4.5 min, 85 oC for 3 min, 

85 oC to 55 oC for 20 min 
- Develop: SU-8 developer for 3 min 

NR-9-1500y for lift off process: 
- Spin coat speed: 2000 rpm 
- Spin coat time: 40 Sec 
- Thickness: 2 µm 
- Soft bake: 150 oC for 1 min 
- Eposure dose: 600 mj/cm2 
- Post exposure bake: 115 oC for 1 min 
- Develop: RD6 developer 3 - water 1 
- Aluminum thickness: 100 nm 
- Ultra sonic bath for 5-15 min depending on features 

TMAH process for silicon etching: 
- TMAH 12.5 % , Etch rate: 3.7 µm per hour at 50 oC, 8.6 µm per hour at 60 oC, 

21 µm per hour at 75 oC, 22.4 µm per hour at 80 oC, 37.5 µm per hour at 85 oC 
- TMAH 25 %, Etch rate: 14 µm per hour at 75 oC 
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S-1813 process for lithography: 

- Spin coat speed: 5250 rpm 
- Spin coat time: 30 Sec 
- Thickness: 1 µm 
- Soft bake: 115 oC for 1 min 
- Exposure dose: 82 mj/cm2 
- Post exposure bake: 115 oC for 1 min 
- Developer: MF 319 or AZ 726 for 45 Sec  
- Hard bake: 115 oC for 1 min 

 

 


