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This dissertation presents the development and applications of high fill factor (HFF), small 

footprint micromirror and micromirror array (MMA) devices based on microelectromechanical 

systems (MEMS) technology. The individual micromirror devices developed in this dissertation 

are motivated by biomedical imaging, especially endoscopic biomedical imaging applications, 

where the micromirror serves as the lateral scan engine. The MMA devices presented in this 

dissertation are mainly focused on the application of optical phased arrays (OPAs), where the 

individual optical apertures in the MMA device are combined to imitate a much larger optical 

aperture for a wide range of steering state while maintaining the large steering angle and fast 

steering speed of each individual optical aperture.  

Among the various actuation mechanisms of the micromirrors, this dissertation focuses on 

the electrothermal (E-T) and piezoelectric (P-E) bimorph actuation methods with E-T method 

being the primary choice of solution and the P-E method being the secondary. A novel bimorph 

actuator design will be proposed to solve the drawbacks with existing micromirror designs. 

Based on this bimorph actuator, three generations of E-T micromirror devices and one generation 

of P-E micromirror devices has been developed, among which the 2nd-generation E-T micro-

mirror has been successfully implemented for a prototype imaging probe (Φ=4.2mm) for 
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commercial dental optical coherence tomography application. The 3rd-generation E-T micro-

mirror devices can offer the highest area fill factor (~60%) among the existing micromirror 

designs. The footprint of the micromirror devices is also among the smallest (1.45mm×1.55mm). 

Hence they can be applied for further miniaturization of the imaging probe. The P-E micromirror 

has been developed based on the Sol-gel PZT fabrication method. They also demonstrated 

considerably large scanning range at resonance frequency. However, the large residual thermal 

stress of the PZT layer caused undesired deformation of the bimorph actuator and thus limited 

the device performance. The HFF MMA devices presented in this dissertation are based on the 

design of the 3rd-generation E-T micromirror. They provide the largest sub optical aperture size 

ever reported (1.50mm×1.50mm) and thus can achieve a large equivalent optical aperture (e.g. 

1.4cm×1.4cm) with only a small number (e.g. 64) of sub apertures, which simplifies the control 

electronics dramatically. This has made the MMA device quite suitable for OPA applications. 

Unlike traditional HFF micromirror and MMA devices with single-crystal silicon (SCS) 

supported optical aperture, the fabrication method of the 3rd-generation HFF micromirror and 

MMA devices is based on a single Silicon-on-Insulator (SOI) wafer without the need for any 

bonding transfer processes, which simplified the fabrication, enhanced the yield, and reduced the 

cost. The design of the 3rd-generation micromirror and MMA device also provides surface 

mounting and flip chip bonding integration capabilities without the need of through wafer vias, 

which can further reduce the size of the imaging probe or the OPA system. This design, 

fabrication and packaging method has applied US patent and is currently being processed. 

The dissertation consists of seven chapters. Chapter 1 gives a review of micromirror and 

MMA devices, their applications and the goal of this work. Chapter 2 first discusses the principle 

and the modeling methods of electrothermal bimorph actuator. Then, the drawbacks with the 
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existing microirror designs will be summarized followed by the proposal of the novel bimorph 

actuator design. Chapter 3 presents the development of the 1st-, 2nd- and 3rd-generation of the E-T 

micromirror devices based on the proposed bimorph actuator. Chapter 4 focuses on the 

development of the MMA devices. Chapter 5 discusses the current and future application of the 

developed micromirrors and MMA devices. Chapter 6 presents the development of P-E 

micromirror device. Finally, Chapter 7 summarizes the work completed and gives the future 

research plan. 
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CHAPTER 1 
INTRODUCTION 

Micro-Electro-Mechanical Systems (MEMS) are among the fastest growing technology 

areas. With an average annual growth rate of more than 20%, MEMS industry is expected to 

reach over $15 billion by the year 2012 [1]. They not only provide better substitute solutions for 

many conventional technologies, but also have been proven to be key enabling solutions for new 

applications in consumer products, health care, military, transportation, and telecommunication 

industries. Medical/Biomedical instrumentation, automotive industry, and consumer products 

applications will continue dominate the MEMS market in the near future [1-4]. But as they 

continue to expand, the applications of MEMS technology can be virtually every where. 

Micro-Opto-Electro-Mechanical-System (MOEMS), the marriage of MEMS and micro- 

optics, has received intensive study and development by various research groups around the 

world. Its advantages in aspects of functionality, cost-effectiveness, reliability and size over 

conventional optical systems make them irresistible choices of solutions for many optical 

problems. Despite the telecom meltdown at the beginning of this century, many of the 

technologies not only have survived and been successfully commercialized, but also most of the 

key ideas and technologies are now making a steady and firm comeback. As one of the most 

important parts of MOEMS research and the one that actually initiated the development of 

MOEMS, the research of micromirrors has achieved some of the most successful MOEMS 

devices [3-6]. 

1.1 MEMS Micromirrors and Micromirror Arrays 

By the manners of use, micromirrors can be categorized into two groups: Binary or on/off 

micromirrors, and analog micromirrors. With the development of the digitized world, the binary 

micromirrors have seen the most progress and commercialization. They are the key enabling 
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devices in applications such as information display and communication signal control. One 

outstanding example is the Digital Light Processing (DLP) MOEMS chips developed by Texas 

Instruments (TI) [7-11]. With TI’s early start and large investment, the DLP chips are currently 

being used in roughly 50% of the world wide market share of the front projection TVs and in 

many other applications that are well beyond their early use in digital projectors [3, 12-16].  

Analog micromirrors have also received great attentions and encouraging successes over 

the past two decades. With the ability to steer light beam continuously over a certain range, 

analog micromirrors are more powerful than binary micromirrors in terms of functionalities. The 

tradeoff is more complicated structures and more difficult to design and fabricate. As individual 

devices, analog micromirrors have been successfully commercialized by Intermec and 

Microvision for barcode reading and mobile projection [17-20]. With the recent upsurge of new 

biomedical imaging techniques, which include Optical Coherence Tomography (OCT) [21-28], 

Nonlinear Optical Microscopy (NLOM) [29-33] and Confocal Laser Scanning Microscopy 

(CLSM) [34-40], individual analog micromirrors device also shows great potential in biomedical 

endoscopic imaging applications. 

As a configured array of devices, analog micromirrors arrays (MMA) can be used for 

spatial light modulation (SLM) in the same way as the TI’s DLP, but with much more 

flexibility [41-43]. Analog micromirror-based optical switching is also among the most 

promising solutions for future high-port-count DWDM communication networks [44-46]. 

Imbedding analog MMA in adaptive optics systems for wave-front reconstruction opens even 

wider application fields including consumer optics, aero space exploring and homeland 

security [47-52]. In some applications, such as in free-space laser communication system, where 
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large optical aperture, large scanning range and swift response are desired, analog MMA can 

work as optical phased arrays (OPAs) and replace the individual micromirror device [52-56].  

Despite the various applications of MEMS analog micromirrors and MMAs, their 

functionalities can be categorized as information display, information control and information 

collection. MEMS micromirrors in applications where information is collected through them to 

the people are generally referred to as MEMS micromirror optical scanners. As optical scanners, 

MEMS micromirrors redirect light in different directions and collect desirable information from 

the backscattered light over a continuous range. Applications such as laser barcode reading, 

endoscopic imaging and Laser Detection & Ranging (LADAR) systems all use MEMS 

micromirror as optical scanners. Most applications only require the optical scanners to have one 

or two dimensional in-plane rotations, such as laser barcode scanning and endoscopic 

imaging [17, 32, 39, 57-59]. However, although not required, it is always desirable to have more 

degrees of freedom (DOF) in such applications. For instance, the primary purpose of endoscopic 

imaging scanners is for transverse in-plane scanning. But with piston motion capability, it could 

ease the optical alignment process dramatically and can also leave adjustment room for working 

distance. In other applications, e.g., MMA scanners for OPA applications, tip-tilt-piston (TTP) 

actuation capabilities are required to avoid introducing undesirable phase distortions caused by 

optical path length difference across an OPA [49, 53, 60-62].  

The primary objective of this work is to develop a novel MEMS micromirror-based optical 

scanner for biomedical imaging, especially for endoscopic biomedical imaging applications. 

Meanwhile, MEMS MMAs based on the presented micromirror design will also be investigated 

and implemented for OPA applications. This chapter will discuss different types of MEMS 

micromirror optical scanners, MMAs and give the organization of this dissertation. 



 

 23 

1.2 MEMS Micromirror Optical Scanners  

Despite the various designs and applications of MEMS micromirror optical scanner, their 

common characteristic is continuously steering the light beams over certain ranges. With the 

understanding of this, the design of MEMS micromirror optical scanners must consider the 

following design aspects: 

1. Number of DOF 
2. Device footprint 
3. Area fill factor 
4. Mirror surface quality 
5. Range of beam steering 
6. Driving voltage 
7. Repeatability and reliability 
8. Packaging solutions and cost 
9. Bandwidth of operation and 
10. Power consumption 

 
Different applications address differently on the above listed design aspects. For instance, 

for the commercial barcode reading application, it does not put high requirement on DOF or 

aperture size. But as a consumer product for item identification, it does require low power 

consumption, high repeatability and reliability, and long term performance guarantee.  

On the other hand, for endoscopic biomedical imaging applications, it is desired that the 

optical scanner to have small device footprint for minimum invasiveness, large and flat optical 

aperture for high image resolution and easy optical alignment, large scanning range for high 

imaging efficiency, low driving voltage for safety, reliable performances for high image fidelity, 

and linear angular and translational scanning characteristics for the ease of signal processing and 

image interpretation. The requirements of small device footprint and large optical aperture 

require that the micromirror device to have a high area fill factor, i.e. a high area ratio of optical 

aperture size and the device footprint. To achieve the high image resolution, it is required that the 

micromirror to have ultra flat mirror plate (radius of curvature > 0.5m). Therefore, micromirror 
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optical scanners based on stressed thin film reflectors are generally not suitable for imaging 

applications. Other limitations with thin film based micromirrors include small aperture size and 

small scanning range. Micromirror optical scanners based on Single-crystal Silicon (SCS) or 

Silicon-on-Insulator (SOI) wafer use bulk silicon as the base of the mirror plate which can 

provide wider scanning range, larger aperture size and better mirror flatness and therefore are 

more preferable for imaging applications. 

MEMS micromirror optical scanners have been developed using different actuation 

mechanisms including electrostatic, electromagnetic, piezoelectric and electrothermal. The first 

micromirror optical scanner ever reported is developed by Kurt. E. Peterson in 1980 based on 

electrostatic actuation [63]. It utilizes the electrostatic force between the underlying electrodes 

and the mirror plate to generate the tilt. This design can achieve ±2° optical scan angle at 

resonance and 300V. More recently developed parallel-plate electrostatic micromirrors are able 

to achieve larger scan angle up to ±8° [64-71]. But the pull-in effect still set limitations to the 

achievable rotation range. A more popular electrostatic actuation method is using comb drive 

actuation. Compared to parallel-plate actuators, the comb drive actuators can potentially achieve 

larger force and have less pull-in instability. The larger force can be utilized to reduce the large 

actuation voltage which is one of the drawbacks of the electrostatic actuation. The most 

commonly-used structure for comb drive electrostatic actuators to implement 2-DOF rotation is 

through gimbaled connections [72-77]. Schenk et al. reported a SOI-based staggered vertical 

comb drive (SVCD) driven 2-D gimbaled micromirror that can achieve ±5.5° mechanical scan 

angle with 16V at resonance frequency [77]. To avoid the extra steps of trench filling and 

Chemical Mechanical Polishing (CMP) for electrical isolation, Lee et al. reported a double-

device-layer SOI-based gimbaled micromirror with SVCD that can generate ±7.5° static optical 
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deflection angle at 130V [76]. To further increase the actuation range and eliminate the actuation 

instability caused by lithography misalignment, angular vertical comb drive (AVCD) was 

proposed [78-81]. Patterson et al. reported a SOI-based AVCD driven micromirror using 

photoresist reflow process to form the initial tilting of the moving combs [79]. The device is able 

to generate 18° optical scan angle at resonance with 100V driving voltage. Xie et al. reported a 

Post-CMOS micromirror using stress induced initial tilting of multiple metal-oxide layers on the 

CMOS chip to realize an AVCD and achieved ±4.7° at 20V [78]. Milanovic et al. proposed a 

new gimbal-less SOI-based micromirror with SVCD and orthogonally positioned mechanical 

transformers to realize both tip-tilt and piston motion simultaneously [82, 83]. The static optical 

deflection for both axis are magnified to ±10° with < 150V driving voltage. The same device can 

achieve a piston stroke of ±30μm at 130V DC as well. Recently, Tsai et al. also reported a 

gimbal-less micromirror utilizing radial vertical comb drives and achieved > ±2.3° mechanical 

deflection angle at 61V for both axis. But this device is based on SUMMiT-V surface 

micromachining process [84]. 

High speed operation and low power consumption have been the two most important 

advantages of electrostatic micromirror. However, the high driving voltage and relatively small 

aperture are still the limiting factors for them to be used in in-vivo endoscopic imaging 

applications. In order to achieve considerable scanning range, large area is usually taken by the 

electrostatic actuators, which inevitably leads to low area fill factor. To overcome this drawback, 

effort has been made to hide the actuators underneath the mirror plate using wafer transfer 

techniques, such as anodic bonding and flip chip bonding. But the extra steps make the 

fabrications rather complicated, expensive and low-yield. Another drawback of electrostatic 

micromirror for endoscopic imaging applications is that to generate the scanning angle needed, 
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the device is usually required to operate at resonance frequency. This gives rise to non-linear 

beam transfer characteristic which brings extra difficulty to signal processing and causes image 

distortion. Some effort has been made to linearize the transfer characteristic [85-87]. But the 

problem is not eliminated. 

 

Figure 1-1. Handheld confocal imaging probe reported in [88]. (a) Imaging probe design; (b) 
Dual-axis electrostatic micromirror. 

Imaging catheter designs based on electrostatic micromirrors have been reported. Ra et al. 

reported a hand held confocal microscope using electrostatic micromirror as the scan engine [39, 

88], as shown in Fig. 1-1a. The micrscope has a diameter of 10mm and is adapted to skin 

examination. The micromirror device implemented has a dimension of 3.4mm×2.9mm with a 

mirror plate of 0.6mm×0.65mm, a fill factor of ~4%, as shown in Fig. 1-1b. The device can 

provide 5º optical scan angle for both axes at 180V driving signal. Jung and McCormick reported 

a series of endoscopic OCT imaging probes based on 2-axis electrostatic micromirror device [89, 

90]. The smallest probe reported in this series has a diameter of 3.9mm, as shown in Fig. 1-2a. 

The micromirror device has a dimension of 2.8mm×3.3.mm with a circular mirror plate with a 

diameter of 0.8mm, an area fill factor around ~6.9%. The device can provide 20º optical scan 

angle for both axes at 100V driving signal. The sizes of the reported probes based on 

(a) (b) 
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electrostatic micromirrors are typically limited by the footprint of the micromirror, as shown in 

Fig. 1-2b. Whereas the minimum device footprint required is eventually decided by the 

acceptable minimum optical aperture size and the device area fill factor. Another limiting factor 

of the probe size is the electrical packaging scheme. As shown in Fig. 1-2b, much area is 

assigned to the copper electrical wires and the bonding wires. 

 

Figure 1-2. Endoscopic OCT imaging probe reported in [89]. (a) Imaging probe design; (b) 
Electrostatic micromirrors implemented on the probe 

Electromagnetic is another popular actuation method. Utilizing the Lorentz Force of 

current carrier presented in a magnetic field, electromagnetic micromirror controls the motion of 

the mirror plate by controlling the amplitude and direction of the current [91-96]. The reciprocal 

characteristic of electromagnetic force can effectively increase the scan range by a factor of 2. 

Electromagnetic actuators can generate large force with relatively low driving voltage, which 

allows for large scan range, big aperture size and thick mirror plate. Currently reported 

electromagnetic micromirror usually employs external magnetic field using permalloy or active 

electrical coils. Running current conductors are usually embedded in the mirror plate. Ahn et al. 

reported an electromagnetic micromirror with 2-DOF [93]. The device has a 3.5mm×3.5mm 

aperture size and can achieve 1.5° of optical deflection angle at 2.2K Hz resonance with 20mA. 

(a) (b) 
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To avoid the complex current routing, Yang et al. exploited eddy current to generate the Lorentz 

Force and achieved 20° resonant optical deflection angle on a 2mm×2mm mirror plate with 

9mW power input [92]. Yalcinkaya et al. demonstrated an electromagnetic micromirror with a 

1.5mm×1.5mm aperture size [91]. The device performed up to 60° of optical scan angle at 

resonance with 140mA input. Despite the multiple virtues that electromagnetic micromirror has, 

including large aperture size, high speed operation and large scan angle, it still suffers from a 

relatively low area fill factor due to the need of large amount of electric wirings. Electromagnetic 

mirrors also need external magnet to realize the actuation. Although efforts have been made to 

replace the external magnet with on-chip coil induced magnetic field, the electromagnetic 

performance was much inferior compared with external ones. The need for the external magnets 

greatly complicates the catheter design for endoscopic imaging applications. Fig. 1-3 shows an 

endoscopic OCT imaging probe developed by Draper lab  based on electromagnetic 

micromirror [97]. The probe has an outer diameter of 2.8mm and a length of 12mm. The 

electromagnetic mirror has a dimension of 2.4mm×2.9mm with a 0.6mm×0.8mm mirror plate, a 

fill factor of 6.9%, as shown in Fig. 1-3b. The device can achieve ±30º optical scan angle at 2V 

driving voltage for both axes. The size of this probe is limited by two factors. The first factor is 

the footprint of the micromirror device, which is limited by the acceptable optical aperture and 

the device fill factor. The second factor is the complicated probe design which is caused by the 

need of the external magnet, as shown in Fig. 1-3a.  
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Figure 1-3. Endoscopic OCT imaging probe reported in [97]. (a) Imaging probe design; (b) Dual-
axis electromagnetic micromirrors  

Piezoelectric micromirror did not start to thrive until the development of thin film 

piezoelectric materials, such as Lead-Zirconium-Titanium-Oxide (PZT), reaches an applicable 

state [98-110]. Cantilever PZT structures have been proposed for micromirror actuation, which 

can realize tip-tilt motion as well as piston at lower voltage input than electrostatic method [111-

121]. Kueppers et al. reported a silicon based PZT thin film cantilever prepared by chemical 

solution deposition (CSD) method [113]. The 390μm long cantilever showed tip displacement of 

20μm at only 10V DC actuation. Park et al. reported a 1-DOF piezoelectric micromirror with a 

hinged structure [121]. The PZT film was prepared directly on a stainless steel substrate by 

aerosol deposition method (ADM). 40° of optical scan angle has been achieved at resonance with 

60V driving signal. A 2-DOF piezoelectric micromirror has been demonstrated by Tani et al. 

using Arc Discharge Reactive Ion Plate (ADRIP) method [117]. It cascades cantilever PZT 

morphs in a meandering shape to accumulate angular displacement. The device achieved static 

mechanical rotation angle of ±8° with less than 20V. Fast response, extremely low power 

(a) (b) 
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consumption, and large angular displacement make piezoelectric micromirror a favorable choice 

for endoscopic imaging applications. However, charge leakage, temperature dependence and 

hysteresis characteristic of the material set additional challenges to use this method for scanning. 

Electrothermal micromirror based on electrthermal bimorph actuator is the only type of 

micromirror that has demonstrated TTP actuation capacities with considerably large operation 

ranges and area fill factor [122-134]. Although electrothermal micromirror is typically slow and 

consumes relatively high power, its advantages for endoscopic biomedical imaging applications 

are also obvious. It has large actuation force which allows the actuations of large, thick mirror 

plate. It also has the simplest structure design and fabrication process which allows for greater 

design flexibility and potentially high area fill factor. It allows for thin film and bulk 

micromachining integration without extra bonding process. It also can be integrated with CMOS 

easily. These advantages guarantee the performances for the first eight design aspects listed at 

the beginning of Section 1.2 which make them ideal choice for biomedical imaging applications, 

especially for endoscopic imaging applications in which operating frequency is not very high and 

power consumption is not critical. Electrothermal actuators based on various materials have been 

reported. Ataka et al. reported a bimorph actuator based on dual-layer-polyimide material for 

micromotion systems [133]. Yang et al. reported a precise tracking positioner based on 

SiO2/Doped Silicon bimorph actuator [129]. Singh et al. demonstrated an electrothermal 

micromirror also based on SiO2/Doped Silicon bimorph actuator [127]. The device has 

0.5mm×0.5mm aperture size and can achieve 16° optical deflection at 1.6V DC and close to 

200μm piston stroke at 1V DC. A more favorable electrothermal bimorph material combination 

is Al/SiO2. Bühler et al. first reported a CMOS micromirror based on Al/SiO2 bimorph 

actuator [134]. Jain et al. demonstrated both 1-DOF and 2-DOF micromirror with up to ±30° 
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optical scan angle at less than 15V [123]. Piston stroke of about 0.5mm at 15V was also achieved 

with this device. The devices reported are based on Post-CMOS MEMS process and use the 

Al/SiO2 layer as the bimorph materials with embedded Poly Silicon as the heater material. 

Wu et al. demonstrated an Al/SiO2 bimorph based TTP micromirror on SOI wafer [128]. The 

device has an aperture size of 1mm×1mm aperture size and performed 0.6mm piston stroke at 

5.5V and ±30° static optical scan angle at less than 5V. 

 

Figure 1-4. Endoscopic OCT imaging probe reported in [135]. (a) Schematic of the imaging 
probe; (b) Single and dual-axis electrothermal micromirrors  

Endoscopic imaging probes based on electrothermal micromirror have been reported. 

Pan et al. reported an endoscopic OCT image probe using CMOS-MEMS electrothermal 

micromirror. The probe has an outer diameter of 5.8mm [135], as shown in Fig. 1-4a. The 

micromirror has a dimension of 2.2mm×2.9mm with a mirror plate of 1mm×1mm, an area fill 

factor of 16%, as shown in Fig. 1-4b. This device can achieve a typical optical scan range around 

40º at 5V for both axes. Xu et al. reported an OCT probe also based on electrothermal 

(a) (b) 
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micromirror [136]. The probe has a diameter of about 4mm and a length of 25mm, as shown in 

Fig. 1-5a. The micromirror device is 1.5mm×1.5mm with a circular mirror plate of 0.5mm in 

diameter, an area fill factor of around 10%, as shown in Fig. 1-5b. An optical scan range of 40º 

has been achieved at 1.4V. Morrish et al. reported an endoscopic multi-photon imaging probe, as 

shown in Fig. 1-6a, with a diameter of 5.0mm [137]. The electrothermal micromirror device 

implemented in this probe has a dimension of 2.0mm×2.0mm with a mirror plate of 

1.0mm×1.0mm, an area fill factor of 25%, as shown in Fig. 1-6b. The device achieved an optical 

scan angle of 30º for both axes at less than 6V. 

 

Figure 1-5. Endoscopic OCT imaging probe reported in [136]. (a) Packaging and development of 
the probe; (b) Dual-axis electrothermal micromirrors. 

(a) 

(b) 
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Figure 1-6. Endoscopic Multi-photon imaging probe reported in [137]. (a) Probe after packaging; 
(b) Dual-axis electrothermal micromirrors inside the probe. 

 To summarize the above review of the existing types of micromirrors and their 

applications in biomedical imaging probes, electrostatic micromirrors typically have the lowest 

area fill factor, the smallest scanning range and the highest driving voltage, and thus are least 

suitable for the application of endoscopic biomedical imaging. Electromagnetic micromirrors 

have relatively higher area fill factor, larger scanning range and lower driving voltage. Small 

probe with a diameter of 2.8mm has been reported in [97] based on electromagnetic micromirror. 

However, the still low area fill factor and the need for a complex design and integration prohibit 

further miniaturization and a cost-effective imaging probe. In comparison, electrothermal 

micromirrors have the highest area fill factor, largest scanning range and the lowest driving 

voltage, and thus best meet the requirements for endoscopic imaging applications. 

However, a few factors still prevent further miniaturization of electrothermal micromirrors 

based imaging probes. Firstly, the area fill factor, although higher than that of the other actuation 

mechanisms, still leaves large room for improvement. Secondly, the electrical interconnections 

inside the probe are occupying a large area as well, as shown in Fig. 1-6b. Therefore, one of the 

objectives of this work is to develop micromirror devices with ultra-high area fill factor, simple 

(a) (b) 
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electrical packaging method such that further miniaturization of the probe can be realized. Due to 

the advantages summarized above, electrothermal actuation is the primary choice of solution in 

this dissertation. The design and development of such micromirror devices will be discussed in 

Chapter 3. 

1.3 MEMS Micromirror Arrays 

MEMS micromirror arrays (MMAs) are key enabling devices for applications where 

spatial light modulation and modification is needed such as optical communication network 

management, digital display, adaptive optics systems, free space laser communication, laser 

detection and ranging (LADAR) and maskless lithographies [49-53, 55, 60-62, 138-146]. In 

application such as LADAR and free-space laser communication systems where large, flat 

combined optical aperture, large steering angle, and fast response time are desired, it is necessary 

to divide the large aperture of the scanner to an array of individually addressable scanners with 

smaller aperture size, i.e., an optical phased array (OPA), to reduce the inertia that need to be 

actuated and hence boost the response time [52, 53, 55, 60-62] as well as the achievable steering 

angle. Conventional OPAs are based on liquid crystals [142-144]. But they generally have small 

aperture size, small scan range, phase distortion and material dispersion problems, which can be 

effectively solved by MEMS MMAs.  

MEMS MMAs can be implemented for OPA applications via a variable blaze 

approach [56], for which some requirements must be met. First of all, due to the need of ultra-

high power laser in many OPA applications, the MMA device must provide high reflectivity to 

prevent the device from being drastically heated up, which demands the MMA device to have a 

high area fill factor. It is also important to have HFF in order to achieve high SNR and a compact 

system design. Secondly, the combined optical aperture must be large enough to maintain the 

laser beam coherent in a long distance. Thirdly, the individual mirror element in a MMA device 
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must be uniform in optical and mechanical characteristic to avoid phase discontinuity across the 

entire optical aperture. Other preferable characteristics of MMA device for OPA application 

includes large scan angle for large number of steering states and large individual mirror 

elements, or sub-apertures. Large sub-aperture will help achieve the required combined optical 

aperture with minimum number of elements, which will simplify the driving electronics and ease 

the control the uniformity among sub-apertures. 

So far, HFF MMA device have been developed based on electrostatic and electrothermal 

actuation mechanisms. Both actuation methods achieve HFF by hiding the actuator underneath 

the mirror plate. Electrostatic MMA devices are either based on thin film micromachining 

technology or bulk silicon micromaching technology. With the advanced development of thin 

film micromachining technologies such as Sandia’s SUMMiT-V and MEMSCAP’s MUMPs, 

thin film based MMAs can easily implement hidden actuators and achieve ultra-high fill factor. 

Krishnamoorthy et al. reported a 1×4 MMA device based on MUMPs process. The device 

achieved less than 1º of deflection angle at 25V, 100µm×200µm sub-aperture size. The area fill 

factor is unspecified. Tsai and Wu reported a 1×10 HFF MMA device with TTP scan capability 

based on SUMMiT-V process. The device achieves an area fill factor of 98%, ±13.4º optical 

scan angle at 75V, and a sub-aperture size of 196µm×196µm. Since the mirror plate of 

SUMMiT-V and MUMPs MMA is usually based on stressed thin film, the size of the mirror 

plate, or the sub-aperture size is limited in order to maintain acceptable radius of curvature. The 

achievable scan range in thin film based MMA is also structurally limited.  

Bulk silicon based electrostatic MMAs do not have the above limitations. However, in 

order to hide the actuators under the SCS-supported mirror plate, additional wafer transfer steps 

are needed which greatly complicate the fabrication process, making it low yield and expensive. 
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Jung et al. reported a 5×5 electrostatic MMA based on SOI bulk micromachining [72]. Each 

mirror is 360μm×360μm in size and can tip tilt 1.8°, piston 70nm at 180V, as shown in Fig. 1-7. 

The fill factor of the MMA region is 99%. This device requires a four-wafer fabrication process 

with two chemical mechanical polishing (CMP) steps, two anodic bonding steps, and one flip 

chip bonding step. Milanovic et al. reported a 2×2 MMA with 400µm×400µm sub-aperture size, 

90% area fill factor on MMA region, and 15º of optical deflection at 102V [82]. The device is 

based on a three-wafer fabrication process with one anodic bonding step, one CMP step and one 

manual pick-and-place step to assemble the mirror plate. The device before and after mirror plate 

assembling is shown in Fig. 1-8a and Fig. 1-8b, respectively. Recently, Kim et al. reported an 

8×8 MMA with 340µm×340µm sub-aperture size and an area fill factor of 84% at the MMA 

region, as shown in Fig. 1-9 [146]. Each mirror is capable of less than 5º optical deflection at 

60V. The device fabrication requires totally three wafers, two anodic bonding and CMP steps. 

 

Figure 1-7. 3D schematic and SEM images of the reported MMA device in [72]. 



 

 37 

 

Figure 1-8. MMA device reported in [82]. (a) Before mirror plate assembling; (b) After mirror 
plate assembling 

 

Figure 1-9. SEM images of the MMA device reported in [146] (a) MMA device top view; 
(b) Actuator underneath 

Electrothermal MMAs have also been reported. Wu et al. demonstrated a 4×4 

electrothermal bimorph actuated MMA based on SOI wafer [61]. Each sub-aperture is 

0.5mm×0.5mm in size and can achieve ±30° optical deflection and 215μm piston stroke all at 

less than 5V. This device is based on a single SOI wafer fabrication process. Because this design 

did not implement hidden actuators, the area fill factor on the MMA region is less than 50%, as 

shown in Fig. 1-10. Gilgunn et al. recently presented a 3×3 SOI-CMOS-MEMS electrothermal 

(a) (b) 

(a) (b) 
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MMA with bimorph actuators [145]. The device, shown in Fig. 1-11, achieved an area fill factor 

of 95% with sub-aperture size of 1mm×1mm. It can perform 1-D rotation up to 90° with < 3V 

actuation signal. The fabrication process of this design requires one CMOS-MEMS actuator chip 

and one SOI wafer for fabricating the mirror plate. The two parts are integrated together using a 

flip-chip bonding process. 

 

Figure 1-10. SEM images of the MMA device reported in [61] (a) MMA device; (b) One sub-
aperture. 

 

Figure 1-11. SEM images of the MMA device reported in [145] (a) Top view of the MMA 
device after integration; (b) Zoom-in image of the flip-chip gluing point on the 
actuator. 

(a) (b) 

(a) (b) 
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To summarize the above review on the current development of MMA devices, for 

electrostatic MMAs, thin-film based devices still suffers from limited mirror surface quality, 

limited sub-aperture size, and small steering angle. In order to achieve a considerably large 

combined optical aperture with good surface quality, thin film-based MMAs usually need to 

limit the sub-aperture size to < 100μm and combine a large number of sub-apertures. This will 

require stringent control of process variations and complex electronics to drive the large number 

of sub-apertures. On the other hand, electrostatic MMAs with bulk single-crystal silicon (SCS) 

supported mirror plates can achieve large sub-apertures, but require either multiple 

bonding/polishing processes or manual assembling process which makes the fabrication of the 

device rather expensive yet low-yield. More over, both thin film and bulk SCS-based MMAs 

suffer from small steering angle. 

For eletrothermal MMAs, large aperture size and scanning range are still favorable virtues. 

Yet Wu’s design still suffers from a low area fill factor in order to be implemented for OPA 

applications. For Gilgunn’s device, although it provided an interesting fabrication method, but it 

still need a flip-chip bonding step to transfer the mirror plate to the actuators and the design itself 

suffers from un-stationary rotation axis which will cause conflict between neighboring elements 

during actuation.  

Currently, no simple and scalable solutions have been proposed to resolve MMAs with 

high fill factor, SCS-supported large sub-apertures and TTP actuation capabilities for neither 

electrostatic nor electrothermal actuation methods. This leads to the other objective of this work. 

In this dissertation, one such solution based on electrothermal bimorph actuation method will be 

presented. Detailed discussion of this solution and the experimental result achieved so far will be 

presented in Chapter 4. 
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1.4 Dissertation Outline 

 The organization of this dissertation is as follows. There are seven chapters in this 

dissertation. Chapter 1 gives an introduction and motivation of this work, including background 

introduction and comprehensive literature reviews of MEMS micromirrors and MMAs. 

Chapter 2 will first present in detail the principle of electrothermal bimorph actuation. Then, the 

finite element analysis (FEA) and lumped element method (LEM) modeling modalities will be 

introduced and applied to analyze the characteristics of a cantilevered bimorph actuated 1-D 

micromirror. These two modeling methods will be frequently used in later chapters. Finally, 

previous designs of electrothermal micromirrors will be reviewed. In Chapter 3, a novel Folded 

Dual S-shaped (FDS) eletrothermal actuator design concept will be presented to solve the 

existing problems of the electrothermal micromirror design, followed by the experimental results 

of the 1st- and 2nd-generation of the FDS devices. In Chapter 4, a novel design and fabrication 

method will be implemented for the 3rd-generation FDS micromirror and MMA device to 

achieve ultra-high area fill factor. Chapter 5 will focus on the application efforts based on the 

developed micromirror and MMA devices. Chapter 6 will discuss the operation principle of 

piezoelectric bimorph actuation and the development of the micromirror devices based on 

piezoelectric actuation. Based on Sol-gel PZT fabrication method, a piezoelectric version of the 

FDS micromirror will be discussed. The design, fabrication as well as the experimental result 

achieved so far for the piezoelectric micromirror will be presented and discussed. Finally, 

Chapter 7 will give the summary of this work and future plan. 
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CHAPTER 2 
ELECTROTHERMAL BIMORPH ACTUATION 

As an introduction to electrothermal actuation and a basis for the followed content of this 

dissertation, this chapter will discuss the theory and operation principle of electrothermal 

bimorph actuators. Some modeling modalities will be included later in this chapter. A detailed 

discussion of some earlier electrothermal micromirror designs will be presented at the end of this 

chapter. 

2.1 Stress, Strain and Electrothermal Bimorph Actuator 

A uniformly formed single layer thin film by itself, without any boundary constrains, is 

free of stress because of its natural pursuit of lowest potential energy. But when the thin film is 

grown, deposited or bonded to a substrate or any other thin films, stress arises from the 

contacting surface [147, 148]. This type of stress is called growth stress, or intrinsic stress, which 

is strongly dependent on the materials involved, process temperature and environment 

conditions. The presence of the intrinsic stress implies that if the thin film is freed from 

constrains set by the substrate or the neighboring layer, it would change its in-plane dimensions 

or it would change its radius of curvature. 

 Stress induced after the thin film growth, deposition or bonding is referred to as extrinsic 

stress which can arise from changes in the physical environment of the thin film including 

temperature, force, material phase, etc. Applying extrinsic stress to the thin film would also 

change its dimensions or the radius of curvature. The electrothermal bimorph actuation method 

can be then described as: To use the growth or intrinsic stress to determine the initial rest 

position of the object of interest, and use Joule heating to generate thermally induced extrinsic 

stress and realize the actuation. 
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In terms of physical behavior, stress can be categorized into two types. For stress that 

results in a positive strain, i.e., the thin film has a tendency to contract, it is called tensile stress. 

While for stress that causes a negative strain, i.e., the thin film has a tendency to expand, it is 

called compressive stress. In the following discussion and analysis, we will follow the 

convention such that tensile stress and its strain will have a sign of positive, while compressive 

stress and its strain will have a sign of negative. 

Before the principle of electrothermal bimorph actuation is discussed, some assumptions 

concerning the structure and deformation of the bimorph are invoked and are presented as 

follows: 

1. The films deform within the elastic limit for all materials involved; 

2. The elastic properties of the materials involved are temperature invariant;  

3. Localized edge effects around the boarder of the films are ignored. 

 

2.2 Principle of Electrothermal Bimorph Actuation 

An electrothermal bimorph structure consists of a stack of two layers of thin-film materials 

with different coefficients of thermal expansion (CTEs). The simplest bimorph actuator is a 

single cantilevered bimorph beam, shown in Fig. 2-1. The cantilevered bimorph beams can be 

intelligently connected together to form more complicated bimorph actuators. But the basic 

principle of electrothermal bimorph actuation can be drawn from this basic building block. 

As the thin films in a bimorph undergo internal or external changes, e.g., thermal 

expansion,  phase transformation or other physical effects, the strain generated in each thin film 

is different if the two thin films are freed of the constrain imposed by each other. This difference 

in their strain development is referred to as the strain incompatibility or strain mismatch within 

the bimorph when it is considered as a unity [148]. This strain mismatch is also subjected to both 

intrinsic and extrinsic factors, which can be written as: 
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Figure 2-1. Structural views of a cantilevered bimorph beam 

in exε ε ε∆ = ∆ + ∆          (2-1) 

in which Δεin and Δεex represent the intrinsic and extrinsic stress induced strain mismatch, 

respectively. The quantitative study of intrinsic stress has not been developed as well as that of 

the extrinsic stress. Factors include grain coalescence, vacancy annihilation, impurity 

incorporation and structure damage due to energetic deposition process all contribute to the 

development of intrinsic stress. However, we do understand that an important part of the intrinsic 

stress is thermally induced by the temperature change during and after the growth of the film. 

While the extrinsic stress, for our analysis interest, is purely caused by Joule heating. Therefore, 

we can rewrite Eq. (2-1) as: 

 
' '

_ _ _ _in th p th j in th p th j
Not well understoodExtrinsicIntrinsic Thermally induced

For actuationFor initial rest position

ε ε ε ε ε ε ε∆ = ∆ + ∆ + ∆ = ∆ + ∆ + ∆
    (2-2) 

where Δεth_p represents the strain mismatch induced by temperature change during and after 

growth process of the film, while Δεth_j represents the strain mismatch induced by Joule heating. 

t1 t2 

(a) 3D view of the curvature of a 
cantilevered bimorph beam 

(b) Cross sectional view of the curvature 
of a cantilevered bimorph beam 
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Since Δεth_p and Δεth_j are both thermally induced, we can temporarily set aside the 

difference in terms by assuming Δεth as the strain mismatch between the two thin film layers. 

Given the structure parameters of the bimorph beam, the inverse of radius of curvature caused by 

Δεth has been readily derived as [149, 150]: 

1 2

1 b
th

th t t
β ε

ρ
= ∆

+          (2-3) 

where ρth is the beam radius of curvature, t1 and t2 are the thickness of the top and bottom layers 

respectively. βb is called the curvature coefficient of the bimorph combination, which is given 

by: 

2
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⋅ ⋅   
   

    (2-4) 

where E’
1 and E’

2 are the biaxial elastic modulus for each material and is determined by the 

elastic modulus and Poisson ratio, as Eq. (2-5): 

' 1, 2
1

i
i

i

EE i
ν

= =
−

         (2-5) 

When the top layer is much thinner than the bottom layer, i.e, the case when a thin film is 

deposited on a bulk substrate, plugging Eq. (2-4) into Eq. (2-3) with the assumption of 1

2

0t
t
→  

renders [147]: 

'
1 1

' 2
2 2

1 6 th
th

E t
E t

ε
ρ

= ∆           (2-6) 

which is the well-known Stoney Formula, a special case of Eq. (2-3). 

With the radius of curvature derived as Eq. (2-3), the tangential angle at the tip of the 

bimorph beam θth, can be laid out from geometry: 
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1 2

b b
th th b

th

l l
t t
βθ ε

ρ
= = ∆

+
        (2-7) 

in which lb is the length of the bimorph beam. 

With θth derived as such, we can look back to Eq. (2-2) and consider the strain mismatch 

Δεth_p and Δεth_j separately. 

Extrinsic thermally induced strain Δεth_j is introduced by Joule heating only after the two 

films have been deposited. Therefore, the theoretical value of Δεth_j is only decided by the 

temperature change and the difference between the CTEs of the two materials. Assuming the 

temperature rise after Joule heating is ΔTj, α1 and α2 are the CTEs of the top and bottom material, 

then the thermal-expansion-induced strain mismatch between the top and bottom layer, Δεth_j, 

can be expressed as: 

( )_ 1 2th j jTε α α∆ = − ∆          (2-8) 

Inserting Eq. (2-8) into Eq. (2-7) renders the angular actuation capacity due to the Joule 

heating, as shown in Eq. (2-9): 

( )_ _ 1 2
_ 1 2 1 2

b b b b
th j th j b j

th j

l ll T
t t t t
β βθ ε α α

ρ
= = ∆ = − ∆

+ +
     (2-9) 

Eq. (2-9) also implies that if we swap the layer composition bottom to top, the same Joule 

heating will result in reversed angular actuation with the same magnitude. 

An assumption that holds the above analysis true is that the temperature rise due to Joule 

heating is uniformly distributed along the bimorph beam and results in constant radius of 

curvature. However, this assumption is in most cases invalid. The radius of curvature varies 

along the bimorph beam and the bimorph tip tangential tilting angle is actually an accumulation 

of curvature changing, i.e., 
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( ) ( ) ( ) ( )_ 1 2 1 2
_ 1 2 1 20 0

1b bl l
b b b b

th j j j
th j b

l ld x T x d x T
x t t l t t

β βθ α α α α
ρ

 
= = − ∆ = − ∆ 

+ +  
∫ ∫   (2-10) 

in which ( )
0

1 bl

j j
b

T T x d x
l

∆ = ∆∫  is the average temperature rise above the ambient temperature 

along the bimorph beam. Eq. (2-10) provides the guiding equation for angular actuation of the 

cantilevered bimorph due to Joule heating. One can have the conclusion that the actuation angle 

is linearly proportional to the average temperature rise on the bimorph. 

The analysis of intrinsic thermally induced strain Δεth_p is more complicated than that of 

Δεth_j since it is developed from accumulative processes. Initially, the bottom layer thin film is 

grown or deposited on the substrate material at temperature T2 other than ambient temperature or 

room temperature T0, producing a thermal residual strain on the bottom layer thin film εth_p_2: 

( )( ) ( )_ _ 2 2 2 0 2 2th p s sT T Tε α α α α= − − − = − − ∆      (2-11) 

in which αs is the CTE of the substrate material. 

Then, the top layer thin film is grown or deposited on the bottom layer thin film at a 

different temperature T1 other than ambient temperature. However, because the substrate 

dominates the change in dimensions, the thermal strain developed in the top layer thin film is 

still imposed by the substrate, which is expressed as: 

( )( ) ( )_ _1 1 1 0 1 1th p s sT T Tε α α α α= − − − = − − ∆      (2-12) 

Therefore, as the substrate constrain is removed, the top and bottom layer thin film will 

develop a strain mismatch equals to the difference between Eq. (2-11) and Eq. (2-12): 

( )_ _ _1 _ _ 2 1 1 2 2 1 2( )th p th p th p sT T T Tε ε ε α α α∆ = − = − ∆ − ∆ + ∆ −∆    (2-13) 

Inserting Eq. (2-13) into Eq. (2-7) renders the initial tilting angle of the bimorph beam, 

caused by the intrinsic thermally induced strain mismatch: 
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( )_ _ 1 1 2 2 1 2
_ 1 2 1 2

( )b b b b
th p th p b s

th p

l ll T T T T
t t t t
β βθ ε α α α

ρ
= = ∆ = − ∆ − ∆ − ∆ −∆  + +

  (2-14) 

Eq. (2-14) also implies that if we swap the layer deposition sequence bottom on top, the 

bimorph will obtain a reversed initial tilting angle with the same magnitude. 

With θth_p and θth_j derived as in Eq. (2-14) and Eq. (2-10), the final tilting angle of the 

bimorph beam θth_final due to thermal effects can be derived as: 

 
( ) ( )_ _ _ 1 2 1 2 1 1 2 2

1 2

( )b b
th final th p th j j s

Initial Actuation

l T T T T T
t t
βθ θ θ α α α α α = + = − ∆ + ∆ −∆ − ∆ − ∆ +

  (2-15) 

To be precise, the complete expression of the final tilting angle still needs to take into 

consideration Δε’
in, the not-well-understood factor as appeared in Eq. (2-2). But Eq. (2-15) has 

adequately explained the bimorph actuation principle in the thermal domain. 

2.3 Physical Characteristics of Cantilevered Bimorphs 

As explained in Section 2.1, thermal bimorph actuation uses intrinsic stress to determine 

the initial rest position of the object of interest and use Joule-heating induced extrinsic stress to 

realize the actuation. Therefore, the physical characteristics of the cantilevered bimorph actuator, 

both thermal and mechanical, are determined by the dimensions and material selection of the 

bimorph, and the implementation of the resistive heater. This section is dedicated to discussing 

the impact of these design parameters on the characteristics of the bimorph actuator. Finite 

Element Analysis (FEA) modeling and Lumped Element Method (LEM) modeling as the two 

most frequently used modeling methods will be introduced and applied to the discussion. These 

two modeling methods will be frequently used in later chapters. The result of this section will 

provide guidance and support to the actuator design in later chapters. 
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2.3.1 Mechanical Characteristics of a Cantilevered Bimorph Actuator 

2.3.1.1 Angular responsivity 

The most direct analytical expression of any rotational actuator design is the angular 

responsivity of the actuator, i.e. the unit rotation angle under certain stimulus input. The angular 

actuation capacity of the cantilevered bimorph actuator has been derived in Eq. (2-10). The input 

stimulus in this equation is jT∆ , which is the average temperature rise as a result of the Joule 

heating. Therefore, the angular repsonsivity of this actuator ST upon Joule heating actuation can 

be obtained by moving jT∆  to the left side of the equation: 

( )_
1 2

1 2

th j b b
T

j

lS
t tT

θ β α α= = −
+∆

        (2-16) 

 In order to achieve the desired scan angle with the lowest possible input, or to achieve the 

largest scan angle with a given input, ST must be optimized to its maximum. An examination of 

Eq. (2-16) provides the following information: 

1. ST is proportional to the difference between the two CTEs. ( )1 2TS α α∝ − ; 
2. ST is proportional to the curvature coefficient of the bimorph. T bS β∝  
3. ST is proportional to the bimorph beam length. T bS l∝  

4. ST is inversely proportional to the total film thickness. ( ) 1
1 2TS t t −∝ +  

 
From item (3) and item (4) listed above, one can see that increasing the bimorph length to 

thickness ratio, lb/(t1+t2), can enhance ST significantly. However, the ratio of these two 

dimensions is also the key parameter for the mechanical characteristics of the bimorph actuator 

such as beam stiffness and therefore subjected to other constraints. 

Item (1) and item (2) provide ways to maximize ST without sacrificing the mechanical 

performances. From item (1), we know that by choosing materials with large CTE difference will 
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increase the responsivity of the actuator. Table 2-1 summarizes the thermal-mechanical 

properties of commonly used MEMS materials. 

Table 2-1. Thermal-Mechanical Properties of Commonly Used MEMS Materials [147-153]. 
Materials CTE 

(10-6/K) 
Young’s Modulus 

(GPa) 
Poisson Ratio Thermal Conductivity 

(W/m·K) 
Si 3.0 179 0.27 150.0 

SiO2 0.4 70 0.17 1.4 
Si3N4 3.3 310 0.24 30.0 
Poly-Si 1.6 160 0.22 - 

Al 23.6 70 0.35 237.0 
Au 14.5 78 0.44 318.0 
Cu 16.9 120 0.34 401.0 
Cr 5.0 279 0.21 93.9 
Pt 8.9 168 0.38 71.6 
Ti 8.6 116 0.32 21.9 
Ni 12.8 200 0.31 90.9 

SU8 52 4 0.22 0.2 
PDMS 310 0.00075 0.5 0.15 

 

From Table 2-1 we find that polymer materials have very large coefficients of thermal 

expansion. However, they generally have very low Young’s modulus and their mechanical 

properties are highly dependent on temperature, which limit their applications in electrothermal 

bimorph actuation. Among the other materials listed, the two materials with the largest CTE 

mismatch are Al and SiO2, two most commonly used MEMS materials. Therefore, besides the 

high actuation responsivity it can offer, the Al/SiO2 combination also provides several other 

advantages. Both materials can be fabricated by well-developed and cost-effective deposition 

techniques. Al proves to be a very good reflective material for a wide band of wavelengths and 

therefore can be used as the coating material for the optical apertures and potentially simplify the 

fabrication process. One potential drawback of this combination is that both materials have 

relatively low Young’s moduli. But with the other advantages, this drawback can be simply 
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compensated by structural design. As a result, this combination is selected for the bimorph 

materials in this dissertation. 

From item (2), we know that ST can also be optimized by maximizing βb, the curvature 

coefficient. As described in Eq. (2-4), βb reflects the impact of the bimorph thickness ratio on the 

beam radius of curvature. The optimization of βb has been developed by S. Todd [150]. 

Assuming constant total thickness (t1+t2), the optimal ratio that yields maximum βb has been 

calculated to be: 

'
1 2

'
2 1

t E
t E
=           (2-17) 

In this condition, βb has a maximum value of 1.5 for all material combinations. For 

Al/SiO2 combination, the optimal tAl/t SiO2 ratio to achieve maximum ST is 0.91. 

In cases when the bottom thin-film layer maintains a constant thickness with the top layer 

thickness varying, or the top thin-film layer maintains a constant thickness with bottom layer 

thickness varying, S. Todd provides a complete, yet complicated analytical result for the former 

case [150]. Since in this dissertation we have chosen Al/SiO2 as bimorph materials, we can use 

numerical methods to find out the optimal ratio for both cases. Notice that when the total 

thickness of the two layers is not constant, the optimization process needs to take into 

consideration the (t1+t2) factor in the denominator in Eq. (2-17). In the case where we have a 

fixed thickness for the bottom layer, by substituting ζ for t1/t2 and χ for E’
1/E’

2, we have: 
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    (2-18) 



 

 51 

By arbitrarily setting E’
1=E’

Al and E’
2=E’

Ox, we can plot Eq. (2-16) as a function of ζ. The 

normalized result of ST is shown in Fig. 2-2 (a). Similarly, we can have the corresponding plot 

for the case where the top layer thin film thickness is fixed, as shown in Fig. 2-2 (b). 

 

Figure 2-2. Numerical calculation of optimal thickness ratio tAl/tSiO2: (a) Fixed SiO2 thickness 
with varying Al thickness; (b) Fixed Al thickness with varying SiO2 thickness 

As Fig. 2-2 shows, for fixed SiO2 thickness, the optimal tAl/tSiO2 ratio to achieve maximum 

ST is 0.55, while for fixed Al thickness, the optimal tAl/tSiO2 ratio is 2.2. 

(b) Case#2: Fixed Al thickness with varying SiO2 thickness 
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The mechanical characteristic of the bimorph actuator is more determined by the total 

thickness of the bimorph layers rather than the thickness of either layer, therefore in the actual 

bimorph design we usually choose a fixed total bimorph thickness and use Eq. (2-17) to find the 

optimal thickness ratio.  

2.3.1.2 Bimorph stiffness 

An important design aspect of any actuator is the actuator stiffness, or the equivalent 

spring constant in the working mode. This parameter will eventually determine the actuation 

capacity of the bimorph actuator, the mechanical bandwidth of the micromirror device, as well as 

the device resistance to shock-vibration breakdown. For a single cantilevered bimorph actuator, 

the primary working mode is the out-of-plane rotation mode, for which the spring constant is 

readily available as: 

( )3
1 2

3
eq b

eff
b

E w t t
k

l
⋅ ⋅ +

=         (2-19) 

in which wb is the width of the bimorph and Eeq is the equivalent Young’s modulus of the 

bimorph actuator, which can be calculated as: 

1 1 2 2

1 1
eq

E t E tE
t t
+

=
+

         (2-20) 

Plugging Eq. (2-25) into Eq. (2-16) renders: 

( ) 31 2
eq b

T b
eff

E w
S

k
β α α

⋅
= ⋅ − ⋅         (2-21) 

Eq. (2-21) states that the angular responsivity of the cantilevered bimorph is inversely 

proportional to the cubic root of the spring constant of the bimorph actuator in the rotation mode, 

which means that, with a given bimorph width wb, increasing the stiffness of the bimorph 

actuator will decrease the responsivity. However, it is also implied in Eq. (2-21) that one way to 
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increase the bimorph stiffness without sacrificing responsivity is to increase the width of the 

bimorph wb. Thus, in performance-specific bimorph actuator design with selected materials, it is 

possible for designer to try and meet both the responsivity and stiffness specifications by tuning 

the structure dimensions of the bimorph.  

2.3.1.3 Mechanical impact of the resistive heater 

In the Section 2.2 we have derived the equations that govern the electrothermal bimorph 

actuation. Although it is obvious from the discussion that the actuation angle is linearly 

proportional to the average temperature rise, jT∆ , on the bimorph beam, in practicality this 

temperature rise needs a physical source. The most effective and straight forward way to 

implement this physical source is through the Joule heating of an embedded resistor. However, 

whether or not this resistor would affect the mechanical characteristic of the bimorph actuator, 

and whether or not this resistor could achieve the temperature rise as expected all raise concerns. 

Building complete analytical models for the microsystem to solve these concerns is rather 

challenging and, in most cases, unnecessary. In this section, we will use the FEA modeling 

method to solve the concern on the mechanical impact of the resistive heater.  

Previously reported electrothermal CMOS-MEMS micromirrors use poly-silicon as the 

heater material. However, it exhibits hysteresis problems and self-annealing effects which limit 

their applicable scanning ranges [154, 155]. Compared to poly-silicon, platinum (Pt) is a better 

choice due to its long term mechanical and electrical reliability even at high temperatures. In this 

dissertation, Pt is chosen as the heater material. As we embed a Pt heater along the bimorph, the 

bimorph actuator structure changes. Fig. 2-3 shows the cross sectional views of the bimorph with 

a heater embedded, in which the Pt heater is chosen to have half the width of the bimorph. 

Analytical calculation of the impact of the Pt heater on the mechanical properties of the actuator 
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can be rather complicated. In contrast, FEA simulation provides a simple and relatively accurate 

solution to this issue. 

 

 

Figure 2-3. Cross sectional views of a cantilevered bimorph actuator with embedded Pt heater 

The FEA is a computation method for obtaining approximate solutions to the partial 

differential equations (PDEs) that govern the microsystem. It divides the microsystem domain 

into a mesh of discrete subdomains called the finite elements and creates approximate 

polynomial solutions of the PDEs for each element. Then, the approximate polynomial solutions 

of each element are pieced together to provide a total solution with an appropriate degree of 

smoothness over the entire microsystem domain. Using FEA, the deformation characteristics of a 

cantilevered bimorph with embedded Pt heater can be obtained. Although the absolute result of 

the FEA simulation is subjected to approximation errors, certain accuracy can still be achieved 

with appropriate meshing of the structure. Moreover, using the same FEA meshing and 

simulation procedures on different bimorph structures will provide useful comparative 

information that is needed to understand the mechanical impact of the embedded Pt heater.  
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The mechanical characteristics of a cantilevered bimorph can be represented by its change 

in radius of curvature under certain temperature input. For bimorphs without the Pt embedded 

heater, the radius of curvature change can be derived from Eq. (2-3) and Eq. (2-10) as: 

( )1 2
1 2

1 b
j

th

T
t t
β α α

ρ
= − ∆

+
        (2-22) 

Choosing Al and SiO2 as the bimorph material, for each temperature input, the radius of 

curvature (ROC) of the bimorph can be calculated as a function of the total thickness, (t1+t2), as 

shown in Fig. 2-4a. In this calculation, we assume that the thickness of the bimorph layers is 

optimized such that βb=1.5, as explained in Eq. (2-17). FEA models of bimorphs without the Pt 

embedded heater are built, meshed and analyzed for the same purpose with the simulation result 

also shown in Fig. 2-4a, from which one can see that the analytical calculation and the FEA 

simulation results agree well with each other. Then, the FEA models of the bimorphs with Pt 

heater embedded were analyzed for their change in the ROC and compared with the FEA 

simulation results shown in Fig. 2-4a. The discrepancies between the FEA simulation results are 

extracted as a function of the percentage thickness of the Pt heater with respect to (t1+t2) and is 

plotted in Fig. 2-4b, from which one can see that when the thickness of the Pt heater is within 

15% of (t1+t2), the impact of the heater on the mechanical characteristics of the bimorph is still 

less than 10%. In other words, if we do not consider the impact of the Pt layer, we can still 

achieve 90% modeling accuracy as long as the thickness of the Pt layer is chosen under 15% of 

the bimorph thickness (t1+t2). 

In this section, we discussed the mechanical characteristics of a cantilevered bimorph 

actuator including its angular responsivity, mechanical stiffness and the mechanical impact of the 

embedded resistor. Theoretical calculation and FEA modeling methods were used in the 
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discussion. So far, all of our previous discussions and derivations use temperature rise jT∆  as the 

input, which is provided by the embedded Pt heater. But as mentioned before, whether or not this 

embedded heater could achieve the temperature rise on the bimorph as expected and how fast 

can the temperature be stabilized all need verification. The next section will discuss this issue 

using LEM method.    

 

Figure 2-4. Analytical and FEA simulation results of the bimorph ROC under temperature input: 
(a) Comparison of theoretical calculation and FEA simulation result of bimorph 
without Pt heater; (b) Impact of the Pt heater on bimorph ROC. 

2.3.2 Thermal Characteristics of a Cantilevered Bimorph Actuator 

MEMS devices, either sensors or actuators, utilize the energy couplings among different 

energy domains, such as thermal, mechanical, fluidics and electronics, to realize their functions. 

LEM in general is a means to resemble such energy couplings for a spatially distributed 

microsystem using a simplified topology consisting of several discrete elements. Due to the 

advanced development in the electronics circuit analysis tools such as Cadence Spectre and 

PSPICE, it is very convenient for MEMS designers to convert the LEM model in other domains 

into an equivalent LEM model in the electrical domain and analyze, either qualitatively or 
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quantitatively, the performance of the microsystems. In this section, we will use LEM to study 

the steady-state temperature distribution and transient thermal response of a bimorph actuator. 

2.3.2.1 Steady-state temperature distribution 

When analyzing the steady-state temperature distribution on a bimorph actuator, such as 

the one shown in Fig. 2-3, not only the actuator beam is the target of analysis, but also are the 

substrate, mirror plate and their connections to the actuator and the ambient environment. 

Electrical-thermal (E-T) transduction needs to be taken into account since the input stimulus in 

the actual device is in the electrical domain. Steady-state LEM model of a 1-D micromirror have 

been developed by S. Todd and H. Xie [150, 156-158]. This method lumps the entire bimorph 

actuator into a single current source at the point with the highest temperature and split the 

bimorph into two sections each associated with one end of the bimorph. However, the steady-

state temperature distribution along the bimorph was derived from the PDE. In fact, the 

temperature distribution along the bimorph can be obtained just using LEM method.   

 

Figure 2-5. Heat paths of a typical 1-D electrothermal bimorph micromirror 

 

The heat paths of a typical 1-D electrothermal bimorph micromirror are illustrated in 

Fig. 2-5. The resistor components in Fig. 2-5 are described in Table 2-2. 
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Table 2-2. Description of the resistor components in Fig. 2-5 
RT_B Conduction thermal resistance of the bimorph  

RT_B-A Convection thermal resistance from the bimorph to the ambient 

RT_B-S Conduction thermal resistance from the bimorph to the substrate 

RT_S-A Equivalent thermal resistance from the substrate to the ambient 

RT_B-M Conduction thermal resistance from the bimorph to the mirror plate 

RT_M-A Equivalent thermal resistance from the mirror plate to the ambient 

 

In the electrical domain, the effort and flow variables are voltage (Volt) and electrical 

current (Ampere), respectively. While in the thermal domain, the effort and flow variables are 

temperature (Kelvin) and heat flow (Watt). This correlation is important for building an E-T 

LEM model. The heat flow in the thermal domain is generated by the resistive heating of the Pt 

heater, which has an electrical resistance of: 

( )

( )
0 0

0 0

0

11 ( )

1

b bl l
e

b R j R j
b

R j

R T x d x R R T x d x
w t l

R T

ρ γ γ

γ

 = + ∆ = + ⋅ ⋅ ∆ ⋅

= + ⋅∆

∫ ∫
    (2-23) 

in which ρe represents the resistivity of Pt at room temperature. w, t represents heater width and 

thickness respectively. γR represents the thermal coefficient of resistivity and R0 represents the 

heater resistance at ambient temperature. jT∆ , is the averaged temperature rise along the 

bimorph. In electrical domain, as a voltage signal V is applied on this resistor, Joule heating takes 

place and the resistor outputs a thermal heat flux of: 
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It is obvious that if we lump the whole bimorph beam into one element we will not obtain 

information on temperature distribution. Instead, we can further dissect the bimorph into multiple 

segments and create equivalent LEM models for each of the segments. Thus, a transmission line 

of electrical components will be formed, from which the temperature information can be 

extracted from the nodal voltages of each element. Assuming we divide the bimorph along its 

axial direction into N segments. Each segment can be represented by a current source of 1/N of 

the total heat flow, a conduction resistance from segment to segment, and a convection resistance 

to the ambient. The conduction resistance between two adjacent segments is equal to 1/N of the 

total bimorph thermal resistance along the axial direction. On the other hand, the convection 

resistance from each segment to ambient is N times the convection resistance of the whole 

bimorph. Fig. 2-6 shows such a steady-state equivalent LEM circuit for a 1-D micromirror 

actuated by a cantilevered bimorph. 

By choosing a large number of N, the steady state temperature distribution on the bimorph 

beam can be analyzed with very small error. The circuit shown in Fig. 2-6 also provides a simple 

way of finding the balancing factor used in [150], which is an important parameter of 

electrothermal bimorph actuator in that it determines the point with the maximum temperature 

and also the heat flux at both ends of the bimorph. Looking from each current source into the 

node, the resistances to the left side and to the right side can be calculated if the convection 

resistances are not considered. Then, from Kirchhoff’s Law of Current, we can calculate the heat 

flux that exits the actuator from the substrate or the left side as: 
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Figure 2-6. Steady-state LEM equivalent circuit of 1-D micromirror with partitioned bimorph 
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in which _ _ _T B M A T B M T M AR R R− − − −= +  is the equivalent thermal resistance seen from the right 

side, or the mirror plate side, of the bimorph to the ambient. Similarly, we can also calculate the 

heat flux that exits from the mirror plate or the right side as: 
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in which _ _ _T B S A T B S T S AR R R− − − −= +  is the equivalent thermal resistance seen from the left side, 

or the substrate side, of the bimorph to the ambient. The coefficient on the right side of 

Eq. (2-25) is the balancing factor: 

_ _

_ _ _

1
2 T B T B M A

T B T B S A T B M A

R R
f

R R R

− −

− − − −

+
=

+ +
       (2-27) 

with which the Eq. (2-25) and Eq. (2-26) can be rewritten as: 

( ) ( )B S j jP T f P T− ∆ = ⋅ ∆         (2-28) 

( ) ( ) ( )1B M j jP T f P T− ∆ = − ⋅ ∆         (2-29) 

The balancing factor f has a value between 0 and 1. Assuming the length of the bimorph is 

lb, then Eq. (2-28) and Eq. (2-29) can be interpreted as that the power generated from the first 

bf l⋅ part of the heater will all flow to the substrate side and the rest part of the heater, ( )1 bf l− ⋅  

will flow to the mirror plate side. At the point where bx f l= ⋅ , the temperature is the highest. It 

can be concluded from Eq. (2-27)~(2-29) that when _ _T B M A T B S AR R− − − −= , f=0.5 and the power 

generated by the heater splits equally towards both sides. The maximum temperature is at the 

middle of the bimorph. Whereas, when either _T B M AR − −  or _T B S AR − −  is significantly larger than 

the other resistor components, the heat flux would flow to the side with the smaller thermal 

resistance and the point with the highest temperature moves to either end of the bimorph. 

From Eq. (2-27), Eq. (2-28) and Eq. (2-29), the temperature at both ends of the bimorph 

can be calculated: 
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A direct interpretation of Eq. (2-30) shows that in order to achieve uniform and even 

temperature distribution along the bimorph actuator, the thermal resistances looking from either 

end of the bimorph to the substrate and mirror plate, RT_B-S-A and RT_B-M-A, should be adjusted 

close to each other and be much larger than the thermal resistance of the bimorph itself RT_B.  

The above discussion from Eq. (2-25) to Eq. (2-30) does not consider the convection 

thermal resistance from the bimorph to the ambient. But following the modeling concept 

described above, one can build such equivalent circuit considering all factors and perform 

simulations with Cadence Spectre or PSPICE. The steady-state temperature distribution is 

directly reflected by the voltage distribution long the segmented bimorph LEM models. 

2.3.2.2 Transient response of the temperature rise 

In the previous section we have used the distributed LEM modeling to study the steady-

state temperature distribution of the cantilevered bimorph. This section will focus on the E-T 

transient response of the actuator.  

In the thermal domain, the mass of the structure stores thermal energy which is analogous 

to a capacitor in the electrical domain. When analyzing the steady-state thermal characteristic of 

the bimorph actuator, the mass of the bimorph does not need to be considered. But to analyze the 

E-T transient response of the actuator, the mass factor must be added to the equivalent electrical 

LEM circuit in the form of capacitor components. 

Fig. 2-7 shows the equivalent transient response circuit of the same 1-D micromirror as 

shown in Fig. 2-6. A capacitor is added to each bimorph segment equivalent LEM circuit in 

shunt to represent the mass of that bimorph segment. The descriptions of the added capacitor 

components are shown in Table 2-3. 
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Table 2-3. Description of the capacitance components in Fig. 2-7 
CT_B Thermal capacitance of the bimorph segment  

CT_S Thermal capacitance of the substrate 

CT_M Thermal capacitance of the mirror plate 

 

Figure 2-7. Transient response equivalent circuit of 1-D micromirror with partitioned bimorph 

With the circuit shown in Fig. 2-7 built, one can study the transient response of the 

actuator by choosing pulse signal for all the current sources and examining the transient response 

of the voltages on the node of each bimorph segment. 

2.3.2.3 E-T characteristics of a 1-D mircromirror 

This section will provide a case study of the E-T characteristics of a 1-D micromirror 

actuated by cantilevered bimorphs using the LEM modeling described in Section 2.3.2.1 and 

Section 2.3.2.2. 
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Figure 2-8. Top and side views of the 1-D micromirror device schematic 

The cross sectional view and top view of the 1-D micromirror is shown in Fig. 2-8. The 

structure parameters of the 1-D micromirror are given in Table 2-4. The micromirror is actuated 

by 10 cantilevered bimorph connected in parallel. For simplicity we only regard the embedded Pt 

heater as the power source and do not consider its thermal resistance and capacitance into the 

LEM model. Thermal isolation regions consisting of only SiO2 are added between the actuator 

and the mirror plate and the substrate. The width of the isolation is the same as the width of each 

bimorph. We can take one bimorph actuator and its associated portion of the mirror plate and the 

substrate as the object of study, as dash circumscribed in Fig. 2-8a. But the E-T characteristics of 

the 10 bimorph actuators are very similar due to the repeated structure design. 

We can choose the segment length of 10µm and dissect the bimorph into 12 segments. 

Based on the parameters given in Table 2-4, the values of the resistance and capacitance 

components as shown in Fig. 2-7 can be calculated, as shown in Table 2-5. The equivalent 

thermal resistances from the substrate to the ambient are difficult to calculate due to the lack of 

boundary conditions. Assuming the bottom surface of the substrate has good thermal contact 

with a heat sink, this thermal resistance can be estimated to be around 100 W×K-1. The thermal 

(a) Top view of the 1-D micromirror (b) Cross sectional view of the 1-D micromirror 
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resistance of the isolation region can be calculated based on their dimensions. The convective 

thermal resistance from the bimorph segment and mirror plate to the ambient can be expressed 

using the convection coefficient h (W×m-2×K-1). We choose h to be a variable and will study its 

impact. The thermal conduction coefficients of Al and SiO2 used in the calculation are 

237W×m-1×K-1 and 1.1W×m-1×K-1 respectively. 

Table 2-4. Structure parameters of the 1-D micromirror 

Structure Parameters Value (µm) Structure Parameters Value (µm) 

Bimorph length 120 Substrate thickness 500 

Bimorph width 12 Mirror plate length 400 

SiO2 thickness 1.3 Mirror plate width 192 

Al thickness 1.2 Mirror plate thickness 40 

Gap between bimorphs 8 Isolation region length 20 

Substrate length 200 Isolation region width 12 

Substrate width 192 Bimorph segment length 10 

 

Table 2-5. Calculated values of the electrical components for the LEM equivalent circuit 

Resistive components Value (W×K-1) Capacitive components Value (J×K-1) 

RT_B / N 3×103  CT_B / N 600×10-12 

RT_B-A ×N 3×109/h CT_S 30×10-6 

RT_B-S 1.2×106 CT_M 2.5×10-6 

RT_S-A ×N 1200 Segment number N 12 

RT_B-M  1.2×106   

RT_M-A ×N 9.6×107/h   
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First, we assume the Pt embedded heater in each segment provides a dc electrical power of 

20µW, the steady-state temperature distribution along the cantilevered bimorph can be obtained 

by using Cadence Spectre to simulate the circuit shown in Fig. 2-6 with the component values 

listed in Table 2-5. Fig. 2-9 shows the simulation result with different values of h.  Based on 

Eq. (2-32), the balancing factor corresponds to each h value is calculated as well. 

 

Figure 2-9. Steady-state simulation results using the LEM equivalent circuit. 

It is evident from Fig. 2-9 that as the convection coefficient h changes from 50 W×m-2×K-1 

to 400 W×m-2×K-1, the point with the highest temperature moves toward the center of the 

bimorph, which closely match with what Eq. (2-32) predicts. At the same time, the average 

temperature along the bimorph decreases. This is because as h become larger, more power is 
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passivated into the ambient through the convection.  One can also arbitrarily choose the value for 

the other components listed in Table 2-5, such as the isolation resistances, and obtain the steady-

state temperature distribution information by following the same procedure. 

 

Figure 2-10. Transient simulation results on the bimorph using the LEM equivalent circuit. 

Then, the dc current sources in the equivalent circuit are replaced by pulse current sources 

and a transient simulation is performed also using Cadence Spectre. The simulated transient 

response of the temperature rise on the bimorph is shown in Fig. 2-10. The 0~90% response time 

are also estimated from the plots. As shown in Fig. 2-10, as the convection coefficient increases 

from 50 to 400, the local initial thermal response time on the bimorph decreases from 9.9ms to 
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5.7ms. This is due to the decrease of the equivalent thermal resistance seen by the capacitance of 

the bimorph. The reason this response time is called the local initial response time is because the 

overall response time of this microsystem is decided by the substrate and the mirror plate due to 

their large thermal capacitance. Fig. 2-11 shows the simulated thermal response on the mirror 

plate and the substrate when h=200. It can be seen from the plots that based on the parameters 

given in Table 2-5, the thermal response time on the substrate and the mirror plate are 85ms and 

2.3s, respectively. The bimorph would first reach a local high temperature within its own 

response time. Then the temperature will keep changing slowly until the overall steady state is 

achieved. In this particular case, the overall response time is decided by the mirror plate. 

Following the same procedures, one can also study the impact of other parameters on the 

transient response of the bimorph, such as the thermal resistances of the isolation regions. 

 

Figure 2-11. Transient simulation results on the mirror plate and the substrate. 

It has been shown from the above analysis that, for any given bimorph structure, decided 

by how much accuracy is expected, one can build such LEM equivalent model by choosing 

appropriate element size for the modeling procedures. This is in some sense similar to the FEA 

method we discussed in the previous section. This method is sometimes referred to as the 
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distributed element method (DEM). It can provide much higher accuracy than the single-element 

LEM modeling and is much simpler than solving the PDEs. Although Todd’s work has resulted 

in analytical solutions of the cantilevered bimorph PDE under different boundary conditions, it 

needs to solve the PDE using a case by case scenario and the solutions are different each time a 

different boundary condition is applied. Moreover, the PDE assumes the structure under analysis 

is spatially uniform, which is usually not the case in bimorph designs with a certain complexity. 

In this case, the DEM modeling is easier to implement and provides more flexibility. The above 

case study provides a description of the capability of DEM modeling. In Chapter 3, we will use 

the DEM method to build an equivalent circuit model for the proposed bimorph and analyze the 

E-T steady-state and transient response of the actuator.  

2.4 Previous Electrothermal Micromirror Designs and Discussion 

Section 2.3 have demonstrated the actuation principles of electrothermal bimorph actuators 

and introduced modeling modalities for system-level analysis. In this section, we will further 

discuss electrothermal bimorph based micromirrors with existing design examples. Design 

concepts and device performances will be presented. Drawbacks and limitations will also be 

discussed and summarized. 

Various electrothermal bimorph based micromirrors have been successfully developed by 

Xie and Jain [122-126]. These designs use CMOS processes to define Al/SiO2 bimorph 

structures and a post-CMOS DRIE process for mirror plate formation and structure release. 

Fig. 2-12 shows the schematic and SEM images of typical such 1-D and 2-D micromirror 

designs [125, 126]. 



 

 70 

 

Figure 2-12. Design schematic and device SEM images of typical (a).1-D and (b).2-D 
electrothermal bimorph actuated micromirrors 

As we can see from Fig. 2-12, both designs are based on cantilevered bimorph beams. An 

array of cantilevered bimorph beams is connected in parallel to increase the actuation capacity. 

The 1-D micromirror uses one set of bimorphs to generate one dimensional scan while the 2-D 

micromirror uses two orthogonally positioned bimorph sets for two dimensional scanning. The 

bimorph set that actuates the mirror plate is gimbaled on a bulk-silicon-based frame that is 

actuated by the other set of bimorphs anchored to the substrate. Both designs chose Al as the 

material on the top, as we analyzed earlier in Section 2.3, therefore the mirror plate has initial 

tilting angles above the substrate/frame level. As a voltage signal is applied to the embedded 

Poly-Si heater, Joule heating raises the bimorph temperature and the mirror plate is actuated 

downward. The 1-D micromirror has a resonant frequency of 165Hz and is able to generate 

mechanical rotation up to 25° at 17V DC [125]. The 2-D micromirror has resonant frequencies of 

445Hz and 259Hz for mirror and frame actuators respectively. The device can achieve 

mechanical rotation of 40° at 15V DC for both axes [126]. 

(a) 

(b) 
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Although the scan angles are large for the two devices, there are a few drawbacks that limit 

their applications. First of all, the rotation axes of the two devices shift dramatically as the mirror 

plate rotates. Any cantilevered bimorph actuator with a mirror plate connected at the free end 

will generate rotation axis shifting during rotational scanning. While in many applications such 

as medical imaging endoscopes, a stationary rotation axis is highly desired for high image 

quality and fidelity. Fig 2-13a illustrates the cause of this shifting and Fig. 2-13b shows the 

schematic of a desired mirror plate with a stationary rotation axis. 

 

Figure 2-13. (a). Micromirror with shifting rotation axis (Undesired); (b). Micromirror with 
stationary rotation axis (Desired). 

Another drawback of these two designs is the large initial angle which not only 

complicates the optical design, but also makes the assembling process difficult. The inability of 

achieving piston motion also limits their applications.  

To resolve the above listed drawbacks, large-vertical-displacement (LVD) electrothermal 

bimorph actuators were proposed in which two sets of bimorphs are positioned in complimentary 

orientations to compensate the initial tilting. Fig. 2-14a and Fig. 2-14b illustrate the design 

schematics and SEM images of a 1-D LVD and a 2-D LVD micromirror, respectively [122, 123]. 

(b) (a) 
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Figure 2-14. (a). Structure schematic and SEM image of 1-D LVD micromirror device; (b). 
Structure schematic and SEM image of 2-D LVD micromirror device. 

In the 1-D LVD device, the complimentary bimorph sets must be designed with the same 

length so that the initial tilting of the mirror can be compensated by the initial tilting of the 

frame, resulting in a mirror plate parallel to the substrate. The 2-D LVD device is a cascade of 

two 1-D LVD devices but with orthogonally oriented bimorph sets to realize 2-D scanning. Both 

LVD devices have negligible initial tilting of the mirror plate. The 1-D LVD device has achieved 

over ±15° mechanical rotation angle and 200μm piston stroke all at less than 6V DC. The 

resonant frequencies of the mirror and frame actuator are 2.62 kHz and 1.18 kHz, 

respectively. [122]. The 2-D LVD device has achieved over ±20° mechanical rotation angle and 

(a) 

(b) 
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0.5mm piston stroke at less than 15V DC. The resonant frequencies for the four actuators shown 

in Fig. 2-9(b), (Act1-Act4), are 870Hz, 452Hz, 312Hz, 170Hz, respectively [123]. 

Compared with the devices shown in Fig. 2-12, the LVD micromirror designs in Fig. 2-14 

have resolved the initial mirror plate tilting problem. It also enables vertical piston actuation. 

However, the rotation axes of LVD devices are still non-stationary. Several other issues of the 

LVD devices also arise as the structures become more complicated. For instance, the gimbaled 

structure in the 1-D LVD design has made the area efficiency low. This becomes even worse for 

2-D LVD devices. The aperture size of the 2.7mm by 1.9mm 2-D LVD device, shown in 

Fig. 2-14b, is only 0.5mm by 0.5mm due to this effect. In order to generate tilting-free vertical 

actuation, the frame and mirror actuators must generate equal but opposite rotation angles. 

However, the gimbaled LVD structure can not avoid thermal coupling issue which greatly 

complicates the signal control, especially for dynamic actuation. 

 

Figure 2-15. Cross sectional view of a 1-D LVD device showing the lateral shift. 

The LVD devices also suffer from large lateral shift during piston actuation. The cause of 

the lateral shift is shown in Fig. 2-15. As it is shown, the lateral shift Ls becomes larger with 

increased actuation angle θ. Moreover, it causes a fundamental trade-off to LVD designs since 

larger aperture size requires larger frame length, but larger frame length inevitably leads to larger 

lateral shift. This drawback significantly reduces the available aperture size when used for 



 

 74 

imaging applications where optical alignment is crucial. To solve the remaining problems that 

LVD devices have, gimbal-less clamped-clamped micromirror designs have been proposed. 

Singh et al. reported an electrothermal TTP micromirror using Al/Si as the bimorph material 

pair [127, 159]. The schematic and SEM of this design is shown in Fig. 2-16. The mirror plate is 

supported by four cantilevered bimorphs and serpentine springs. The device is able to achieve 

17° of mechanical deflection and 200μm vertical displacement at less than 2V DC. 

 

Figure 2-16. Design concept and SEMs of the devices developed by Singh et al. 

Although this device can achieve fairly large angular and vertical displacement at low 

voltage, its simple cantilevered bimorph structure will inevitably generate lateral shift on the tip 

of the bimorph actuator. This lateral shift is attenuated by the long serpentine silicon spring that 

connects the actuator to the mirror plate, but it is still conceivable that the rotation-axis shift still 

exits as the mirror plate is being actuated. The mirror plate will also bear an in-plane spinning 

mode which is not desirable. This design also suffers from small radius of curvature due to the 

thin-film based mirror plate. It is questionable whether the overly attenuated silicon spring would 
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bear a bulk-silicon based mirror plate for dynamic actuation. The resonance frequency of either 

mode for this device is not provided. 

Wu et al. developed a three-segment-bimorph actuator design that can achieve near lateral- 

shift-free (LSF) large vertical actuation by length control of the segments [61, 128]. The design 

schematic and SEM of the device is shown in Fig. 2-17. 

 

Figure 2-17. Design concept and SEMs of the LSF devices developed by Wu et al. 

The LSF design has achieved up to 0.6mm vertical displacement with ~10μm lateral shift 

at less than 5V DC. It also demonstrated a tip-tilt deflection of ±30° at 5V DC. However, due to 

the structural asymmetry, the device suffers from a slightly skewed scan pattern. The rotation-

axis shifting, although small, still exists. Area efficiency of the LSF device is not high due to the 

large area taken by the bimorphs and frames. An aperture size of 0.8mm by 0.8mm has been 

achieved on a 2.5mm footprint. Lastly, the bulk silicon underneath the long frames also limits the 

fast response of the LSF device. 

2.5 Summary 

From the reviews in Chapter 1, we know that in order to be used in applications such as 

endoscopic imaging and OPAs, it is essential for electorthermal micromirrors to achieve TTP 

actuation capabilities with large aperture, small footprint, negligible lateral shift and stationary 
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rotation axis. However, based on the above discussion of the existing designs of electrothermal 

micromirrors, we have the understanding that although all the designs have their own unique 

features, there is still a lack of micromirror designs that can meet these requirements all at the 

same time. It is based on this pursuit that we extended our work to new actuator designs which 

will be discussed in the next chapter. 
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CHAPTER 3 
DEVELOPMENT OF THE FOLDED DUAL S-SHAPED ELECTROTHERMAL BIMORPH 

ACTUATORS AND ASSOCIATED MICROMIRROR DEVICES 

To resolve the remaining problems as described in Section 2.4, a novel folded dual-S 

shaped (FDS) electrothermal bimorph actuator is presented in this chapter. The FDS actuator is 

able to achieve near-zero lateral shift in piston actuation and structurally fixed rotation axis for 

tip-tilt actuation. To verify the design concept of the FDS actuator, the 1st-generation FDS 

micromirror has been designed, fabricated, and tested (see Section 3.2). The 2nd-generation FDS 

micromirror with optimized structure parameters achieved increased operating range. The 

optimization process and the experimental results of the 2nd-generation FDS micromirror are 

presented in Section 3.3.  

3.1 FDS Electrothermal Bimorph Actuator Design Concept 

From the discussion in Section 2.5 we know that the origin of the lateral shift during 

vertical actuation is the cantilevered bimorph tilting, as shown in Fig. 2-15. Todd et al. proposed 

an S-Shaped, invert-series-connected (ISC) bimorph actuator based on post-CMOS MEMS 

process to realize TTP actuation capability [160]. The ISC concept is illustrated in Fig. 3-1. With 

a single bimorph, shown in Fig. 3-1a, there exists a lateral shift and a tangential tilt angle at the 

tip of the bimorph. If two bimorphs with inverted layer compositions are connected in series to 

form an S-shaped beam, as shown in Fig. 3-1b, the tilt angle at the tip of the second bimorph is 

compensated. However, the lateral shift still remains. If two S-shaped beams are connected in 

series with the second one folded, as in Fig. 3-1c, both the lateral shift and the tilt angle will be 

compensated. 
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Figure 3-1. ISC concept. (a) Single bimorph with lateral shift and tangential tip tilt. (b) ISC 
bimorph with zero tip tilt but nonzero lateral shift.  (c) Folded ISC bimorphs with 
zero tip tilt and zero lateral shift. 

The device based on this ISC bimorph actuator suffers from the following problems. First, 

the mechanical robustness of the actuator is compromised by the weak connection between the 

bimorph segments, as indicated by the circled part in Fig. 3-1. Second, instead of embedding the 

heater along the bimorph path, the device design has the heater placed at one end of the bimorph 

actuator, thus resulting in non-uniform temperature distribution and very slow thermal response 

time. Third, the early ISC design implemented in a foundry CMOS process had pin holes in the 

SiO2 layer which resulted in unwanted etch to the poly-Si heater and caused open circuit [160]. 

To solve these problems, an improved ISC design, i.e., the FDS actuator design is 

proposed based on conventional MEMS processes. The side view of a FDS bimorph actuator 

design is illustrated in Fig. 3-2a. An overlap portion is added at the middle of each S-shaped 

bimorph beam to increase the mechanical robustness. Pt instead of Poly-Si is employed as the 

heater material and is embedded along the bimorph. The overlap portion is a sandwiched layer 

stack which consists of a bottom SiO2 layer, middle Al layer and top SiO2 layer. The bottom 

SiO2 layer of the overlap portion connects to the bimorph segment that has Al on top and the top 

SiO2 layer of the overlap portion connects to the bimorph segment that has SiO2 on top; while 

(a) 

(b) (c) 

SiO2 Al Si 
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only a single Al layer goes along the entire FDS bimorph. The width of the overlap is increased 

to strengthen the connection as well as to increase the stiffness of the actuator. The temperature 

of the beams can be changed by applying a voltage to the Pt resistors embedded along the 

bimorph beams. By connecting four pairs of FDS bimorph actuators to the four sides of a square 

or circular mirror plate, TTP operation can be realized by controlling the voltages applied to the 

resistors. The top view of a FDS micromirror design is sketched in Fig. 3-2b, where four pairs of 

FDS actuators are located symmetrically on four sides of a mirror plate. Each pair of FDS 

actuators is connected to the mirror plate via a pure SiO2 joint which ensures good thermal 

isolation between actuators and mirror plate and keep the mirror plate from being heated up and 

deforms. A Pt heater is embedded between the bottom SiO2 and Al layer and shares the same 

path as the Al beam for uniformity. Each pair of FDS actuators shares a single Pt resistor. 

When a same voltage is simultaneously applied to all four pairs of actuators the mirror 

plate moves vertically without any lateral shift. When different voltages are applied to the 

actuators, the mirror plate performs tip-tilt scanning. As shown in Fig. 3-2a, point B, which 

connects a bimorph actuator to the mirror plate, moves pure vertically if the bimorph beam is 

heated evenly. This condition is ensured by the embedded heater along the entire bimorph path. 

When a same dc bias is applied to all four actuators and a pair of differential ac voltage signals is 

applied to one pair of opposing actuators, i.e., Act-1 and Act-3, the mirror plate will rotate about 

the y-axis and the rotation axis is structurally fixed by the other two opposing actuators, i.e., 

Act-2 and Act-4. Thereby, both piston motion, decoupled from rotation, and tip-tilt scanning 

with a fixed rotation axis can be obtained. 
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Figure 3-2. (a) Side view of FDS bimorph actuator. (b) Device topology of the tip-tilt- piston 
mirror based on FDS with centered rotation axes. 
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Figure 3-3. Simulation results by Comsol: (a) Initial elevation of the mirror plate due to higher-
than-room- temperature thin film deposition temperatures; (b) Downward piston 
actuation by same temperature rise on all four actuators; (c) Tip/tilt actuation by 
superimposing differential temperature change on one of the two actuator pairs and 
maintain constant bias temperature on the other pair. (d) Structural parameters of one 
S-Shaped bimorph series used in the FEM simulations. 

FEM model has been built to demonstrate the tip/tilt and piston thermal actuation of the 

proposed FDS device. For simplicity and conceptual demonstration, the model shown in Fig. 3-3 

does not include the Pt resistor and the thin insulation SiO2 layer. The mirror plate is 

1 mm×1 mm in size with a 40 µm-thick silicon layer as mechanical support. The structural 

parameters of each S-shaped bimorph series is shown in Fig. 3-3d, and the widths of the 

bimorphs and the overlap regions are 16 µm and 24 µm, respectively. As shown in Fig. 3-3a, the 

mirror plate will be elevated out of plane at room temperature (300 K) due to the initial curling 

of the bimorphs which is caused by the deposition temperatures that are typically much higher 

than room temperature. For the purpose of understanding the operation principle of this device, 
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the deposition temperature is assumed at 600 K for all thin film layers. Thus, without actuation, 

the mirror plate, at 300 K, will be elevated above the substrate level by 528.6 μm upon structure 

release, as shown in Fig. 3-3a, resembling the initial elevation of the mirror plate shown in 

Fig. 3-2a. Increasing the temperature on all four actuator pairs will result in a downward piston 

actuation of the mirror plate. For instance, at 450 K, the mirror plate moves down by 265.3 μm, 

as shown in Fig. 3-3b. Tip/tilt actuation can be realized by superimposing differential 

temperature changes to one of the two opposing actuators, while the other two opposing 

actuators are maintained at a bias temperature. As shown in Fig. 3-3c, a mechanical rotation 

angle of 12.1° is obtained when all the actuators in one opposing pair are set at 450 K while the 

actuators of the other pair are set at 300 K and 600 K, respectively. It is also noticed that the 

weight of the mirror plate causes about 2 µm vertical displacement when the mirror device is 

placed horizontally. This is equivalent to a small DC offset which is typically negligible 

compared to the device’s piston range of hundreds of microns. The primary resonance mode for 

the device shown in Fig. 3-3 was found to be the piston mode at 388 Hz. Interestingly, by 

swapping the top layers with the bottom layers in all bimorphs, the mirror plate can be initially 

below the substrate. A fabricated device with such a design will be presented in Section 3.2. 

Piston actuation of this device will cause the mirror plate to move upward. 

3.2 1st-Generation FDS Micromirror 

Jia et al. demonstrated the first working TTP micromirror design based on FDS actuators. 

The device showed an initial vertical displacement above the substrate plane and can be actuated 

downward for 141μm at 5V DC. Further actuation was not executed for protection of the device. 

The measured lateral shift during the entire vertical actuation range is only 2μm. An optical tip-

tilt scanning range of ±12° was also achieved at less than 5V DC for both axes. A device with the 

initial mirror plate position below the substrate was also achieved by simply swapping Al/SiO2 
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layer arrangement in all bimorph segments. This design helps protect the fragile mirror plate for 

easy handling and packaging and has a similar piston stroke and tip-tilt scanning angle compared 

with the device with mirror plate above the substrate plane. The design parameters of the device 

are summarized in Table 3-1. SEM images of the two devices are shown in Fig. 3-4a and 

Fig. 3-4b, respectively. 

 

 

Figure 3-4. SEM images of 1st-generation FDS micromirror devices: (a) device with mirror plate 
above the substrate plane, and (b) device with mirror plate below the substrate plane. 
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Table 3-1. Design Parameters Summary of 1st-Generation FDS Device 
Structural Parameters Value 

Mirror plate size 1.0mm×1.0mm 

Device footprint 2.5mm×2.5mm 

Area fill factor 16% 

Length of S-shaped bimorph actuator 360μm 

Length of NI bimorph segment 120 μm 

Length of IV bimorph segment 120 μm 

Length of over lap 120 μm 

Width of bimorph 12μm 

Width of overlap 24μm 

Width of Pt heater 6μm 

Thickness of bottom oxide 1.2μm 

Thickness of Al 1.1μm 

Thickness of top oxide 1.2μm 

Thickness of Pt heater 0.25μm 

 

The device was fabricated based on a regular silicon wafer. The process flow starts with an 

oxide deposition and patterning to define the bimorph beams that require oxide at the bottom 

(Fig. 3-5a). Then a Ti/Pt/Ti lift-off process is performed to form Pt heaters along the bimorphs to 

reduce thermal response time (Fig. 3-5b). Next, an oxide insulation layer is deposited, followed 

by an aluminum lift-off process to form the bimorphs and the mirror surface (Fig. 3-5c). Another 

oxide layer is then deposited and etched to complete the bimorph beams that require oxide on the 

top (Fig. 3-5d). Finally, a backside silicon etch is performed (Fig. 3-5e), followed by a front-side 

silicon etch for release (Fig. 3-5f). 
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Figure 3-5. Fabrication process flow of 1st-generation FDS device: (a) Bottom oxide pattern. (b) 
Ti-Pt-Ti heater lift-off. (c) Insulation oxide deposition and Al lift-off. (d) Top oxide 
pattern. (e) Backside silicon etch. (f) Front side silicon etch through and release. 

The mirror surface quality was measured using a Wyko-Vision32 optical profilometer. The 

measured radius of curvature changes between ~0.15m to ~0.30m from device to device due to 

non-uniform silicon thickness remaining after the backside silicon etching. The profile of the 

mirror plate surface was found to be convex which suggested that the main cause of the 

curvature is the compressively-stressed SiO2 layer on top of the mirror plate. The problem of the 

small and varying mirror plate radius of curvature is addressed in the 2nd-generation FDS 

actuator based devices. 

Static piston actuation of the mirror plate is characterized using an Olympus BX51 optical 

microscope equipped with a Quadra-Chek 200 micro-position recorder which has a reading 

resolution of 0.5μm for all three axes. After each increase of the supply voltage, the image was 
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refocused and the z-position reading of the mirror plate was recorded. Data points for multiple 

locations on the mirror plate were taken to verify its piston motion. The mirror plate has an initial 

tilting angle of approximately 0.2°. The resistances of the four Pt heaters were measured to be 

256±2Ω. The measurement result is shown in Fig. 3-6. 

 

Figure 3-6. Static test result of piston mode actuation for 1st-Generation FDS device 

The static rotation measurement was taken by applying a same dc voltage of 2.5V to all 

four actuators and at the same time superimposing two differentially varying voltages to one 

opposing actuator pair. A laser beam and a screen were used for this experiment. Fig. 3-7 shows 

the static measurement result for the rotation actuation. An optical scan angle of ±12° was 

achieved for both x- and y-axis at a pair of 2.5V differential voltages. 

The 2-D scanning using this device was demonstrated by simultaneously exciting one or 

two pairs of actuators shown in Fig. 3-4a. Act1 and Act3, and Act2 and Act4 respectively have 

the same DC offset and differential AC signals. The frequency and phase of the AC signals were 

varied in order to generate the Lissajous patterns shown in Fig. 3-8. 
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Figure 3-7. Static test result for tip-tilt mode actuation of 1st-Generation FDS device 

 

 

Figure 3-8. Various Lissajous patterns generated by varying AC signal frequency ratio and phase 
difference between the two orthogonal actuator pairs. 
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FDS device, the 2nd-generation FDS device focuses on solving the observed drawbacks and 

further improving device performance. 

3.3 2nd-Generation FDS Micromirror: Optimization and Experimental Result 

From previous section we know that although the 1st-generation FDS device has 

demonstrated TTP actuation capability successfully; it suffers from several other drawbacks. The 

non-uniform thickness of the remaining silicon under the mirror plate resulted in varying radius 

of curvature. The stressed thin film layers caused a convex profile of the top mirror surface and 

reduced radius of curvature. Moreover, the operation range is small compared with previously 

reported electrothermal bimorph based micromirrors. The 2nd-generation FDS micromirror is 

proposed to address these issues. Structural optimization has been conducted to increase the 

operation range by enhancing the initial displacement of the mirror plate and to relieve the stress 

level at the actuator-mirror joint, while the radius of curvature problem is addressed by 

modifying the process flow. 

3.3.1 Structural Parameters Optimization 

From Fig. 3-2 we know that each FDS actuator consists of a non-inverted (NI) bimorph, an 

overlap (OL), and an inverted (IV) bimorph. This is due to the fabrication process, as shown in 

Fig. 3-5, in which a layer of oxide is introduced between Al and Pt for electrical insulation 

(Fig. 3-5c). This structural asymmetry is further illustrated in Fig. 3-9. In the 1st-generation FDS 

device the impact of this thin layer was not taken into consideration due to its small thickness. 

However, it was found that this structural asymmetry will indeed cause significant mismatch 

between the actuation characteristics of IV and NI bimorphs. Due to the symmetric locations of 

the FDS actuators around the micromirror, the mirror plate will still be parallel to the substrate 

surface even with a non-optimal LIV/LNI ratio. But non-optimal length ratios will cause torques 

acting on the mirror-actuator joints during the actuation, reducing the actuation range and the 
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device operating stability and reliability. To obtain the optimal length ratio, the changes of the 

radii of curvature of both IV and NI bimorphs upon the same temperature rise must be found. 

 

Figure 3-9. Cross sectional view of a realistic S-Shaped half-FDS bimorph actuator 

FEM simulations based on the actual layer dimensions of the IV and NI bimorphs have 

been carried out to obtain the optimal length ratio. Fig. 3-10 shows the simulated inverse of 

radius of curvature versus temperature change for both IV and NI bimorphs. The ratio of the two 

plots in Fig. 3-10 gives a constant of ~2.1 which means that under the same temperature change, 

the radius of curvature of the NI bimorph will change ~2.1 times as much as that for the IV 

bimorph. From Eq. (2-7) we have: 

2.1NI IV IV VI
NI IV

NI IV NI NI

L L L
L

ρθ θ
ρ ρ ρ

= ⇒ = ⇒ = ≈       (9) 

from which we can conclude that in order to realize the full tip tilt compensation during the 

entire actuation range, the length of the IV bimorph must be ~2.1 times of the length of the NI 

bimorph. 

(b) Cross sectional view based on realistic NI and IV bimorph 
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Figure 3-10. FEM simulation result of change in bimorph radii of curvature upon temperature 
variation. 

 

 

Figure 3-11. Beam deflection parameters of half an FDS bimorph actuator 

 

The side view of an S-shaped half FDS actuator is shown in Fig. 3-11. The tip 

displacement of a cantilevered bimorph actuator has been readily derived as in Eq. (2-25). 
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Hence, we can derive the total tip displacement of an S-shaped half FDS actuator using the 

deflection parameters shown in Fig. 3-11 as: 

(1 cos ) (1 cos ) sin
FDS NI IV OL

NI NI IV IV OL NIL
d d d d

ρ θ ρ θ θ
+ +

= − + − +
=

     (3-2) 

where ρNI and ρIV are the radius of curvature of NI and IV bimorph respectively. LOL is the length 

of the overlap structure. Under the condition that the tilt at a FDS bimorph tip is fully 

compensated, i.e., θNI= θIV= θ, we have: 

NI IV

NI IV

L Lθ
ρ ρ

= =           (3-3) 

Plugging Eq. (3-1) into Eq. (3-3) yields: 

2.1IV

NI

ρ
ρ

=           (3-4) 

Plugging Eq. (3-4) into Eq. (3-2), we have: 

( )
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× − +

−
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=

=

     (3-5) 

in which ηOL is the normalized length of the overlap to the length of one S-shaped actuator, L. 

The tip displacement of the NI bimorph, dNI, and the radius of curvature of the NI bimorph Based 

on Eq. (3-5), we can analyze the effects of the overlap length on the initial tip displacement. 

Normalized dFDS as a function of ηOL is plotted in Fig. 3-12, where the Al and oxide deposition 

temperatures are assumed as 600K and 400K, respectively. 
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Figure 3-12. Plot of the normalized tip displacement of a half FDS actuator versus the 
normalized overlap length.  

As Fig. 3-12 shows, the vertical displacement of the tip of the S-shaped half-FDS actuator 

decreases with the normalized length of overlap portion. However, considering the robustness of 

the actuator, we require the overlap portion to strengthen the connection between the NI and IV 

bimorphs. From the aspect of the device rigidity, we also need the overlap portion to increase 

vertical stiffness. Thereby, a reasonable proportion of ηOL=0.25 is chosen to meet the above said 

requirements while still maintaining approximately 95% of the maximum displacement.  

With the overlap occupying 25% of the beam length, L, the normalized lengths of the NI 

and IV bimorph portions are 24% and 51%, respectively, according to Eq. (3-1). 

Following the above optimization result, the structural parameters of the 2nd-generation 

FDS micromirror is summarized in Table 3-2. 
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Table 3-2. Design Parameters Summary of the 2nd-Generation FDS Device 
Structural Parameters Value 

Mirror plate size 1.08mm×1.08

 Device footprint 2.0mm×2.0m

 Area fill factor 30% 

Length of S-shaped bimorph 

 

500μm 

Length of NI bimorph segment 120 μm 

Length of IV bimorph segment 250 μm 

Length of over lap 130 μm 

Width of bimorph 16μm 

Width of overlap 32μm 

Width of Pt heater 6μm 

Thickness of bottom oxide 1.2μm 

Thickness of Al 1.1μm 

Thickness of top oxide 1.2μm 

Thickness of Pt heater 0.25μm 

 

3.3.2 Fabrication Process Optimization 

The main cause of the non-uniform silicon thickness under the mirror plate is the non-

uniform etching rate across the wafer during backside DRIE silicon etching. Although the wafer 

was later dissected and processed on die level, it is still difficult and time consuming to etch each 

die to the same thickness. An effective solution to this issue is to use SOI wafer instead of bare 

silicon wafer. The device layer of the SOI wafer can be used as mechanical support for the 

mirror plate, while the buried SiO2 layer can be used as an etch-stop barrier for the backside 

silicon etching step. Fig. 3-13 shows the revised process flow for the 2nd-generation FDS 

micromirror based on SOI wafer. In this fabrication process, the SiO2 layer on the mirror plate 

top surface is also removed for the benefit of mirror plate flatness. 
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Figure 3-13. Cross-sectional view of the process flow: (a) Bottom oxide patterning. (b) Cr-Pt-Cr 
heater lift-off. (c) Insulation oxide deposition and Al lift-off. (d) Top oxide 
patterning. (e) Backside silicon and silicon dioxide etch. (f) Front side silicon etch-
through. (g) Release. 

3.3.3 Experimental Result of 2nd-Generation FDS Micromirror 

3.3.3.1 Static test result 

A fabricated 2nd-generation FDS micromirror is shown in Fig. 3-14. The initial elevation of 

the mirror plate was greatly increased from the 1st-generation FDS device, thereby giving it 

much larger piston actuation stroke of 480μm. Part of the reason for this increase is due to the 

increase in bimorph length. However, the half FDS bimorph beam length was only increased 

from 330μm to 500μm, which can not offer the more than tripled increase for the initial elevation 

of the mirror plate (1st-generation ~141μm, 2nd-generation ~480μm). Therefore, we can conclude 

that the large increase of the initial elevation is indeed a direct result of the optimization. 
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Figure 3-14. SEM images of the 2nd-generation FDS micromirror device showing 480μm initial 
mirror plate elevation 

 

 

Figure 3-15. Static measurement result of piston mode actuation for the 2nd-generation FDS 
micromirror. 
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Figure 3-16. Static measurement result of rotation mode actuation for the 2nd-generation FDS 
micromirror. All actuators had a dc voltage of 4V. 

The static testing procedures of the 2nd-generation FDS mircormirror follow what has been 

done for the 1st-generation FDS device. Fig. 3-15 presents the static test result of piston 

actuation. A small lateral shift of 2μm was observed during the entire 480μm actuation range at 

7V DC. The mirror plate showed similar initial tilting of ~0.2° but was increased to ~0.5° at the 

end of the actuation. This deterioration is mainly due to the variation in the resistances which 

were measured to be 550±20Ω. 

Tip-tilt actuation of the 2nd-generation FDS micromirror was also measured using a laser 

beam and a screen. Fig. 3-16 shows the static measurement result for the rotation actuation. An 

optical scan angle of ±30° was achieved for both x- and y-axis at a pair of 4V differential 

voltages. 

Notice that the highest voltage applied in the above measurements was 8V dc. The 

maximum static power consumption for each actuator was estimated to be ~60mW. 
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3.3.3.2 Dynamic test result 

The electromechanical response time of the actuator was measured by monitoring the light 

spot reflected by the mirror plate with a photosensitive device (PSD). A 2 Hz square-wave 

voltage (0-3.5 V) was applied to a single actuator. The voltage output from the PSD shows that 

the 10% to 90% response time is less than 10 ms, as shown in Fig. 3-17. 

 

Figure 3-17. Transient response measurement. (a) Step response; (b) Rise edge; (c) Fall edge. 

A Polytech Laser Vibrometer (LV) MSV 300 was used to obtain the frequency response of 

the piston mode. All four actuators were applied with a same driving signal from the LV to 

generate the piston actuation. The LV can calculate for the mirror plate vertical displacements 
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from the recorded interferogram data. The measured frequency response for the piston mode is 

shown in Fig. 3-18. The piston resonance frequency is 336 Hz with a Q-factor of 18. 

 

Figure 3-18. 2nd-generation FDS micromirror frequency response of piston actuation. 

The frequency response of the tip-tilt mode was measured by applying a same DC voltage 

to all actuators and a pair of differential AC signals to one opposing actuator pair. Rotation 

angles at different frequencies of the AC signal were calculated using a laser and a screen. The 

frequency response for the rotation mode is shown in Fig. 3-19, indicating the resonance 

frequency of 488 Hz with a Q factor of 8. The small peak at 640 Hz corresponds to an unwanted 

resonance mode where the straight line-mode scanning deteriorates to an ecliptic scan pattern. 

1-D and 2-D scans using this device were demonstrated by simultaneously exciting two 

pairs of the actuators. By varying the frequency and phase of the AC signals, different Lissajous 

patterns were generated and shown in Fig. 3-20 (a)-(d). It was noticed that when the device was 

driven at its resonance frequency of the rotation mode, the optical scan angle can go up to ±60° 

with 4V differential voltages. 
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Figure 3-19. 2nd-generation FDS micromirror frequency response of rotation actuation. 

 

Figure 3-20. Various Lissajous patterns generated by varying AC signal frequency ratio and 
phase difference between the two orthogonal actuator pairs. (a) 1D scan; (b) Lissajous 
patterns with frequency ratio of 5:6; (c) Lissajous patterns with frequency ratio of 5:6 
and a phase difference of 30 degrees; (d) Band pattern with one axis at resonance; (e) 
Raster scan with 40 lines (frequencies for two axes: 480Hz and 12Hz) 

3.3.3.3 Test of device repeatability 

A differential voltage pair swinging from 2 V to 6 V were applied to one opposing actuator 

pair of a fabricated device. The mirror scanned mechanically ±10° (equivalent optical scan 

(a) 

(c) (d) (e) (b) 

R
ot

at
io

n 
A

ng
le

 (D
eg

re
e)

 

 

 

 

Frequency (Hz) 

50 

40 

30 

20 

10 

0 

0 200 400 600 800 1000 

488 Hz 



 

 100 

range: 40°) at 100 Hz for two weeks. The device initially experienced some scan range 

fluctuations, partially due to the self thermal annealing effect, but maintained stable scanning 12 

hours later until the end of the test. Fig. 3-21 shows the reliability test result during the 336 

hours. The device still operates normally after 120 million full-range scan cycles. More 

reliability study of similar devices has been reported in 

 

Figure 3-21. 2nd-generation FDS micromirror reliability test. 

3.3.3.4 Quality of the mirror surface 

The quality of the mirror plate was measured using a Wyko-Vision32 white light optical 

profilometer. Due to the 40 μm-thick bulk silicon mechanical support, the measured radius of 

curvature over the 1mm by 1mm mirror plate surface is about 0.5 m with the peak-to-valley 

deformation of 0.3 μm. The standard deviation surface roughness is about 30 nm. Fig. 3-22 

shows the measured 2-D mirror surface contour plot and the surface profile along the center line. 

Surface reflection loss was estimated by measuring the optical power before and after reflected 

by the mirror, and a roughly 0.5 dB loss was measured. 
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Figure 3-22. Mirror surface measurement result: (a) Contour plot of the 2-D surface; (b) Line 
scan mirror surface profile 

3.4 Summary 

From the experimental results summarized above, we see the performance of the 2nd- 

generation FDS micromirror device has been improved dramatically after being optimized from 

the 1st-generation FDS device. Compared with previously reported other electrothermal 

micromirrors, the 2nd-generation FDS micromirror has shown comparable operating range but 

much smaller lateral shift during piston actuation. The 2nd-generation FDS device also has 

structurally fixed rotation axes for both in-plane dimensions. The area fill factor has improved 

from 16% to 30%. The 30% area fill factor is among the highest ever reported and the device 

footprint of 2.0mm×2.0mm is also among the smallest. Biomedical imaging application based on 

the 2nd-generation FDS micromirror will be discussed in Chapter 5. Although the 2nd-generation 

FDS micromirror has achieved superior HFF and smaller footprint than other reported 

electrothermal micromirror, the design still need further improvement in order to achieve the 

projective of this work, which is a micromirror with ultra-high area fill factor and simple 
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packaging that would enable further miniaturization of the imaging probe. Micromirror device 

developed from the 2nd-generation FDS micromirror will be demonstrated to achieve ultra-high 

fill factor. An array of this design will also achieve HFF MMA. The development of the 3rd-

generation FDS micromirror device and the HFF MMA device will be discussed in Chapter 4.  
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CHAPTER 4 
DEVELOPMENT OF MICROMIRROR AND MICROMIRROR ARRAY DEVICES WITH 

ULTRA-HIGH AREA FILL FACTOR 

As mentioned in Chapter 2, in order to achieve high area fill factor, the actuator must be 

hidden under the mirror plate. The 1st- and 2nd-generation micromirror devices developed in 

Chapter 3 do not have the hidden actuator implemented and thus only achieve a fill factor of 

30%. Moreover, if the 1st- and 2nd-generation micromirror devices were to be used in an imaging 

probe, they still need room for wire bonding and thus do not meet the objective of this work. In 

this chapter, based on the micromirror devices developed in Chapter 3, we will demonstrate the 

micromirror and MMA devices with ultra-high fill factor that meet the two objectives of this 

work as stated in Section 2.2 and Section 2.3. 

4.1 Development of the 3rd-Generation FDS Micromirror Device 

4.1.1 Design Concept of the 3rd-Generation FDS Micromirror 

The area usage of 2nd-generation FDS micromirror is illustrated in Fig. 4-1. The outer area 

covered in dashed grey is the substrate silicon to support the actuator. The area in the middle 

covered in gradient yellow is taken by actuators. In the center is the mirror plate which is the 

effective optical aperture. 

 

Figure 4-1. Area usage of 2nd-generation FDS micromirror 
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Calculated from the dimensions of the 1st- and 2nd- generations of the FDS micromirror, 

the area taken by the actuators is even more than the area of the mirror plate, which suggests that 

if the actuator area can be hidden, the fill factor could be doubled. We want to avoid the need of 

manually assembling or using a bonding-transfer technique to realize the hidden actuators. 

However, with the current designs in which the mirror plate rises above the substrate level, it is 

impossible to hide the actuators underneath the mirror plate based on this single wafer process. 

In Section 3.2 we have presented a FDS micromirror with mirror plate initial position below the 

substrate, as shown in Fig. 3-4. In Section 3.3 we also demonstrated a FDS micromirror based on 

SOI substrate with 480μm initial elevation. Combining the two designs provides a way to hide 

the FDS actuators underneath the mirror plate without extra bonding process. Fig. 4-2 illustrates 

the actuation concept of the hidden FDS actuators, i.e. the actuator of the 3rd-generation FDS 

micromirror. A 3-D model of the proposed 3rd-generation FDS micromirror is built and shown in 

Fig. 4-3 which can illustrate the device structure more clearly. For drawing conveniences, the 

bond pads and silicon support is not included in the model in Fig. 4-3. 

 

Figure 4-2. Structural demonstration of 2nd- and 3rd-generation FDS actuators 

 

(a) 2nd-generation FDS actuator (b) 3rd-generation FDS actuator 
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Figure 4-3. 3D illustration of the 3rd-generation FDS micromirror: (a) Bird view from mirror 
plate; (b) Bird view from the hidden actuators 

This design can further increase the fill factor of the individual micromirror device. 

Meanwhile, because the bonding pads and the optical aperture are on opposite sides of the chip 

substrate, this design does not need wire bonding to realize the electrical connection. Instead, it 

can be implemented to an imaging probe by using surface mounting technique or flip-chip 

bonding technique, which can reduce the area consumption and further miniaturize the size of 

the imaging probe.  

4.1.2 Fabrication Process of the 3rd-Generation FDS Micromirror 

The fabrication process for the 3rd-generation FDS micromirror is illustrated in Fig. 4-4. 

The process steps on the actuator side is similar to the fabrication process of the 2nd-generation 

FDS micromirror, where SiO2, Pt, SiO2, Al, and SiO2 thin films are sequentially deposited and 

patterned (Fig. 4-4a ~Fig. 4-4e). Then a front-side silicon etch is performed to define the mirror 

plates (Fig. 4-4f). Next, backside silicon etching and SiO2 etching steps are performed to form 

the mirror plates, followed by Al deposition (0.2 μm) for reflective mirror surface (Fig. 4-4g). 

Finally, the silicon under the bimorph actuators is undercut to release the mirror plates (Fig. 4-

4h). During the final release step, the isotropic Si etching will reduce the thickness of the 

(a) (b) 
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extended mirror plate where open gaps between the actuator beams are present. This requires the 

thickness of the device layer Si to be larger than what is required for previous designs. To 

maintain the flatness of the entire mirror plate, the device layer Si thickness is chosen to be 

90~100 μm, which leaves ~30 μm Si on the edge even after the final isotropic Si etching. 

 

Figure 4-4. Cross-sectional view of the proposed process flow for 3rd generation FDS 
micromirror: (a) Start with SOI wafer; (b) Double side SiO2 deposition and front side 
SiO2 patterning; (c) Heater lift-off, insulation SiO2 deposition and Al lift-off; (d) Top 
layer SiO2 deposition and patterning; (e) Backside SiO2 etch; (f) Front side Si etch; 
(g) Backside Si etch and buried SiO2 etch; (h) Structure release and Al coating for 
reflective mirror surface. 

Si SiO2 Al Pt 
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From Fig. 4-2 and Fig. 4-4h, we can see that one challenge the proposed 3rd-generation 

FDS device will face is the structure release step in which the silicon underneath the actuator is 

removed while enough silicon should be kept un-etched underneath the mirror plate as 

mechanical support. This requires a time-controlled silicon etching. Meanwhile, the increase in 

Si thickness and mirror plate size will cause the 3rd-generation FDS device to have a heavier 

mirror plate than that of the 2nd-generation. Despite the fact that the weight of the mirror plate 

has negligible effect on the FDS actuator, the designs of the 3rd-generation FDS micromirror 

intentionally strengthen the actuator stiffness by either reducing bimorph length or connecting 

multiple bimorphs in parallel. 

Other than the above addressed concerns, the 3rd-generation FDS actuator shares the same 

properties with the 2nd-generation FDS actuator. The optimization result presented in Section 

3.3.1 can thus be used in the design of the 3rd-generation FDS actuator. The width and thickness 

of the bimorphs are chosen to be the same as the 2nd-generation devices. But due to the smaller 

footprint of the device, the lengths of the bimorph segments are shorter in the 3rd-generation 

device. The design parameters of the 3rd-generation FDS micromirror device are summarized in 

Table 4-1. The SEMs images of the fabricated device are shown in Fig. 4-5 

Table 4-1. Summary of design parameters of the 3rd-generation FDS device 
Structural Parameters Value 

Mirror plate size 1.0mm×1.0mm 

Device footprint 1.45mm×1.55mm 

Area fill factor 45% 

Length of S-shaped bimorph actuator 320μm 

Length of NI bimorph segment 75 μm 

Length of IV bimorph segment 165 μm 

Length of overlap region 80μm 
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Figure 4-5. SEM images of the fabricated 3rd-generation FDS micromirror: (a) Bird view from 
the actuator side; (b) Bird view from the optical aperture side 

4.1.3 Experimental Result of the 3rd-Generation FDS Micromirror 

The characterization of the 3rd-generation FDS micromirror follows the testing procedures 

applied to the 2nd-generation devices. Due to the similar bimorph structure implemented, the 

device showed similar performance as the 2nd-generation FDS devices. The characterization 

result is summarized below. 

 

Figure 4-6. Static piston characterization of the 3rd-generation FDS micromirror 
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Figure 4-7. Static rotation characterization of the 3rd-generation FDS micromirror 

 

Figure 4-8. Surface quality characterization of the 3rd-generation FDS micromirror. 

Static piston characterization of the 3rd-generation FDS micromirror is shown in Fig. 4-6. 

A vertical displacement of 178m is achieved at 8.5V dc. Static rotation characterization is shown 

in Fig. 4-7 where an optical deflection angle of ±20º is achieved at a pair of ±4V dc differential 

driving voltage. Transient test indicates a <10ms response time for the 3rd-generation FDS 
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micromirror. The resonance frequency of the rotation mode is found at 620Hz. Finally, the 

surface quality of the device is also characterized using a Wyko optical profilometer, as shown in 

Fig. 4-8, which indicates a radius of curvature of ~11m with a surface roughness of 20nm. The 

large ROC of the device is the result of the thick device silicon layer in the chosen SOI substrate. 

The ±20º of dual-axes optical scan capability of the 3rd-generation FDS micromirror is 

more than sufficient for biomedical imaging applications. The 45% of area fill factor of the 3rd-

generation FDS micromirror is the highest among devices reported. The footprint of 

1.45mm×1.55mm is also among the smallest. In fact, in order to increase the successful rate in 

the first round fabrication of the 3rd-generation FDS micromirror, the footprint chosen leaves 

approximately 200µm wide silicon support for the three bimorph actuators away from the 

bonding pads. But it has been found from the first round fabrication that 100µm wide silicon is 

already sufficient for providing the mechanical support for the actuators. Hence, we can further 

decrease the footprint to 1.25mm×1.35mm and boost the fill factor to even 60%. In this 

dissertation we only did one round of fabrication of the 3rd-generation FDS device, from which 

the concept of achieving individual micromirror with ultra-high fill factor without bonding-

transfer technique is proved. In future work, we can further push the design parameters to 

achieve even higher fill factor. With the surface mounting capability of this device, even the first 

batch 3rd-generation device presented above is capable of achieving imaging probe smaller than 

1.5mm. Hence, the first objective of this work has been met. 

4.2 Development of the HFF MMA Devices 

Section 4.1 presented the 3rd-generation FDS micromirror with hidden actuators that can 

achieve HFF. While single 3rd-generation FDS devices have great potential in endoscopic 

imaging applications, an array of such designs can form an HFF MMA that is suitable for OPA 
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applications. This section will present the development of the HFF MMAs based on the 3rd-

generation FDS micromirrors. 

4.2.1 Design Concept of the HFF MMA Devices 

 

Figure 4-9. Portioned view of the proposed HFF MMA based on 3rd-generation FDS micromirror 
and its fill-factor estimation. 

By placing two 3rd-generation FDS micromirrors adjacent to each other, a portion of the 

proposed HFF MMA can be schematically illustrated in Fig. 4-9. In this top view from the 

actuator side, the dashed lines represent the actual mirror plates, with a size a, that are being 

actuated toward the bottom of the substrate, as shown in Fig. 4-2b. The space between the two 

micromirrors, with a size b, is used for actuator mechanical support and sub-aperture separation. 

Electrical connections of each actuator also need to be wired out through the paths on this 

spacing. In order to provide strong enough mechanical support for the actuators, this spacing 

must be wide enough. Hence from geometry, we can calculate the fill factor at the MMA region 

to be 
2a

a b
 
 + 

. From previous experience, we choose this spacing to be 100μm. Assuming we 
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choose an optical aperture size of 1.5mm, the estimated fill factor on the MMA region is 

approximately 88%. Due to the larger mass of the extended mirror plate, the actuator of the 

MMA device need to be strengthened accordingly in order to maintain the mechanical 

performance of each sub-aperture. A 3D more realistic representation of the MMA design is 

shown in Fig. 4-9, in which the FDS bimorph actuator is doubly strengthened by parallel 

connecting two single-beam FDS actuators.  

 

Figure 4-10. 3D realistic representation of the MMA device. (a) Actuator side; (b) Optical 
aperture side. 

4.2.2 Structural Design of the HFF MMA Devices 

The structural design of the HFF MMA is based on the combined consideration of the 

following factors. First of all, the mass of the mirror plate in the proposed MMA device is larger 

due to the increased aperture size and silicon thickness. Hence, the FDS actuator needs to be 

strengthened accordingly to maintain reasonable robustness of the device. The actuator design in 

this dissertation, as shown in Fig. 4-10a, employs parallel-doubled FDS structure. Secondly, as 

shown in Fig. 4-4h, we want the initial displacement of the mirror plate to be within the 

thickness of the SOI substrate layer to avoid possible collision between the mirror plate and the 

handling wafer during this step. It is also important to keep the mirror plate within the height of 

the surrounding Si walls in order to have full mechanical protection. However, we also hope that 
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the mirror plate to be as close to the surface as possible in order to maintain the large effective 

optical aperture. In the actual experiment, this issue can be eventually solved by choosing the 

right thickness of the SOI substrate for a specific design. But in the design phase, we assume a 

typical thickness of 400 µm. Considering and balancing all factors, the parameters of the 

proposed HFF MMA design are determined and summarized in Table 4-2. Compared with the 

design of the 2nd-generation FDS micromirror, it can be estimated from Table 4-2 that the mass 

of the whole mirror plate is increased by a factor of 3.3, while the stiffness of the FDS actuator is 

increased approximately by a factor of 2.6. The initial displacement of the mirror plate can also 

be extrapolated from previous experience to be ~390 μm. 

 

Figure 4-11. Static simulation result of an individual MMA pixel following the structural 
parameters in Table 4-2: (a) Initial downward displacement of the mirror plate due to 
the residual thermal stress; (b) Upward displacement of the mirror plate due to the 
same temperature rise on the four actuators. 

An FEM model following the exact parameter settings in Table 4-2 has been built and 

shown in Fig. 4-11. Assuming all thin film layers are deposited at 600 K, the mirror plate is 

initially actuated downward by 376 μm due to the residual thermal stress, as shown in Fig. 4-11a. 

Increasing the temperature on the four actuators from 300 K to 450 K will give the mirror plate 

an upward displacement of 188 μm, as shown in Fig. 4-11b. The weight of the mirror plate will 

cause a vertical displacement of ~3 μm when the device lies horizontally. Modal analysis of this 

(a) (b) 
-376 µm 
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model shows that the first resonance mode is the piston resonance mode at 280Hz, while the 

rotation resonance mode occurs at 363Hz. The FEA simulation result is also listed in Table 4-2. 

Table 4-2. Structural parameters of the HFF MMA 
Structural Parameters Value Structural Parameters Value 

Mirror plate size 1.5mm×1.5mm Length of Overlap 194μm 

Mirror plate spacing 100µm Width of NI bimorph 16μm 

Area fill factor of MMA region 88% Width of IV bimorph 16μm 

Center mirror plate size 1.0mm×1.0mm Width of Overlap 24μm 

Outer mirror plate thickness 30μm Width of Pt heater 6μm 

Center mirror plate thickness 100μm Thickness of bottom SiO2 1.3μm 

Length of S-shape bimorph 506μm Thickness of top SiO2  1.3μm 

Length of IV bimorph 96μm Thickness of Al 1.2μm 

Length of IV bimorph 216μm Thickness of Pt heater 0.3μm 

Initial Displacement Resonance Frequencies 

Extrapolated Simulated Piston Rotation 

390 μm  376 μm 280Hz 363Hz 

 

Another concern in the MMA device design is the crosstalk between adjacent mirror 

pixels. The FEA model shown in Fig. 4-12 is the close resemblance of the two actuators of 

adjacent mirror pixels with the most physical proximity. The actuators are connected to the 

60μm-wide, 400μm-deep Si separation wall by five SiO2 beams. We set 300K as the initial 

temperature of all the structure and apply a power density of 3×1012 W/m3 to the embedded Pt 

heater, which equates to a 30mW power source for the given heater structure. We set 

200W/m2-K convection coefficient to the bimorphs and the Si wall which is a common value for 

structures in the atmosphere. To imitate the worst case scenario, we also set the boundaries at the 
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end of the FDS actuators to be insulated which means that there is no power flowing into the 

mirror plate so that all the dissipated power is either into the ambient or into the adjacent inactive 

FDS actuator. The simulation result is shown in Fig. 4-12a, from which it can be seen that the Si 

separation wall also works as a heat dissipation plate and maintains the adjacent inactive actuator 

almost at room temperature. The extracted average temperature profile on the FDS actuator pair 

along x direction is shown in Fig. 4-12b in which we find that the average temperature rise on 

the active actuator is 214.2K and the average temperature rise on the inactive actuator is 4.4K, 

which can be translated to an equivalent displacement of ~3.7μm at the free end of the inactive 

FDS actuator or an equivalent rotation angle of ~0.15° if connected to a mirror plate. This small 

influence is negligible compared with the large operating range of the actuators and can be easily 

compensated. The estimated crosstalk under this worst case scenario is -17dB. Considering other 

power dissipation factors, i.e. the mirror plate convection and radiation, in the actual case, this 

crosstalk could be reduced to below -20dB. 

 

Figure 4-12. Worst case scenario simulation of the crosstalk between adjacent FDS actuators: (a) 
Static temperature distribution of two adjacent FDS actuator pairs; (b) Plots of 
averaged temperature rise on the active and inactive actuators. 
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4.2.3 Fabrication and Packaging of the HFF MMA Devices 

The fabrication process flow of the single device described in Section 3.4 can be applied to 

the fabrication of the HFF MMA as well. For clear illustration, the cross sectional views of the 

fabrication process are redrawn to display the MMA device in Fig. 4-13. 

 

Figure 4-13. Cross-sectional view of the proposed process flow for HFF MMA: (a) Start with 
SOI wafer; (b) Front side SiO2 patterning; (c) Pt lift-off and insulation SiO2 
deposition; (d) Al lift-off; (e) Second front side SiO2 deposition and patterning; (f) 
Front side Si etch; (g)-(h) Backside Si etch and buried SiO2 etch; (i) Al coating for 
reflective mirror surface; (j) Final structure release. 
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In OPA applications, sophisticated dynamic control of the MMA sub-apertures is of vital 

importance for the device functionality. Just like the 3rd-generation FDS micromirror devices, the 

HFF MMA developed also have the surface mounting capability to be integrated with IC or PCB 

driving electronics. This integration approach can be illustrated by Fig. 4-14. 

 

Figure 4-14. Surface mounting integration scheme of the HFF MMA devices with IC/PCB 
driving electronics. 

 

Figure 4-15. SEM images of the 2×2 HFF MMA devices from the 1st batch of fabrication: (a) 
Actuator side; (b) Optical aperture side. 
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Figure 4-16. SEM images of the 4×4 HFF MMA devices from the 2nd batch of fabrication: (a) 
Top side of the MMA device showing mirror pixels and separation walls; (b) Close-
up view of one mirror pixel; (c) Bottom side of the MMA device showing actuators 
and bond pads; (d) Close-up view of the FDS bimorph actuators of one mirror pixel. 

The SEM images of the first batch 2×2 HFF MMA devices is shown in Fig. 4-15. The 

hidden bimorph actuator can be seen from Fig. 4-15b. It is also evident from Fig. 4-15 that the 

first batch HFF MMA devices suffer from poor process control and the separation/support walls 

are mostly gone due to the over etch on silicon. The devices from the second batch have much 

superior structure integrity. The SEM images of a 4×4 MMA device from the second batch 

fabrication are shown in Fig. 4-16. The aperture side of the MMA device is shown in Fig. 4-16a 

and Fig. 4-16b. Each mirror pixel is separated by 60 μm-thick SCS walls. The gap between the 
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mirror pixel and the SCS separation wall is ~35μm which leaves enough room for the operation 

of the mirror plate. The actuator side of the MMA device is shown in Fig. 4-16c and Fig. 4-16d. 

Each mirror pixel is actuated by four FDS actuator pair with downward initial displacement. It 

can be seen from Fig. 4-16d that the present mirror plate has been extended under the actuators, 

in comparison with the original mirror plate of the 2nd-genertaiton FDS micromirror. The optical 

images of the 8×8 HFF MMA device is shown in Fig. 4-17. With ultra- large sub-aperture size of 

1.5mm×1.5mm, the 4×4 MMA and the 8×8 MMA achieve combined aperture size of 

6.4mm×6.4mm and 1.34cm×1.34cm with only 16 and 64 sub-apertures, respectively. The second 

batch fabrication also achieved a high overall yield of 85%. 

Following the packaging scheme in Fig. 4-14, the surface-mount packaging of the 4×4 

MMA device and the PCB is done using the Semiconductor Equipment Corporation’s Model 

850 Flip Chip Placement System. We first dispense Epo-Tek-H20E silver epoxy on to the PCB 

which is designed to have rectangular Au-based pad correspond to the pads on the MMA 

device (Fig. 4-16c). Then, we use the Flip Chip Placement System to align and position the PCB 

onto the device and immediately cure the silver epoxy with a custom made thin film heater 

underneath. Fig. 4-18 shows the optical images of a surface mounted 4×4 MMA device wire-

bonded on to a DIP ceramic package, with one pixel chosen to demonstrate the TTP capabilities. 

Due to the difference in the electrical wirings as well as the process variation, the electrical 

resistances of the heaters are measured to be 280±90Ω directly after device fabrication and 

320±120Ω after surface mounting on to the PCB. 

 In our experiment, we only use a simple PCB to demonstrate the surface mounting and 

flip chip bonding capability of the MMA device. However, with the Al pads readily formed on 

the SOI substrate of the MMA device, as shown in Fig. 4-16c, it is conceivable that the direct 
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surface mounting or flip chip bonding integration of the device with more complex IC or board 

level driving electronics can be realized. 

 

Figure 4-17. Optical images of the 8×8 HFF MMA devices from the second batch of fabrication: 
(a) Actuator side; (b) Optical aperture side. 

 

Figure 4-18. Optical images of a DIP-packaged surface-mounted 4×4 MMA device: (a) Without 
actuation; (b) Piston actuation of a single mirror pixel; (c) Rotation actuation of a 
single mirror pixel in four directions 

(a) Without actuation 

(b) Piston actuation (c) Tip/tilt actuation in four directions  
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4.2.4 Characterization of the HFF MMA Devices 

A series of tests have been carried out to characterize the MMA device. Items of 

characterization include the initial position of the sub-apertures, static piston and rotation 

responses, the frequency responses of piston and rotation resonance modes, and finally the 

mirror surface quality. 

4.2.4.1 Mirror plate initial position 

 

Figure 4-19. Device topological profiles measured by Wyko-Vision optical profilometer: (a) 3-D 
image of the measured device topological profile; (b) Topological profile data along 
A-A’; (c) Topological profile data along B-B’ 

The SOI wafer used in the experiment has a handle wafer thickness of 400±5μm. By 

measuring the positional differences of the reflective mirror apertures and the top surface of the 

Si separation walls in the vertical direction, the initial displacement of the mirror plate can be 
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determined. The topological profile of the 4×4 MMA device is characterized by a Wyko-Vision 

white light optical profilometer and is shown in Fig. 4-19. The extracted 2-D profile data shown 

in Fig. 4-19b and Fig. 4-19c indicates that the mirror plates are 75±10μm below the top surface 

of the Si separation walls, which indicates the initial displacement of the mirror plates to be 

325±15μm. It can also be estimated from Fig. 4-19b and Fig. 4-19c that the initial tilting of the 

mirror plates is < 0.4°, resulting mainly from the process variation during the fabrication. 

4.2.4.2 Static piston characterization 

 

Figure 4-20. Characterization of static actuations: (a) Static piston actuation; (b) Change of 
mirror plate tilting angle during piston actuation. 

The ideal piston displacement of each mirror pixel can be realized by driving the four 

actuators with the same electrical power input. In our experiment, we apply same dc voltage to 

the four actuators. As a result, piston displacement can be realized with some degree of 

degradation in the mirror plate tilting angle due to the difference in the electrical resistances of 

the four actuators. As the applied voltage increase, the mirror plate recedes towards the bottom 
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measurement result of the piston actuation of one selected mirror pixel. The tilting angle of the 

mirror plate during the entire actuation range is shown in Fig. 4-20b. It is measured that a piston 

stroke of ~310μm can be realized at 8V dc. Meanwhile, the tilting angle of the mirror plate is 

initially 0.4° and degrades to <1.0° at the end of the actuation. Due to the resistance variance 

among difference mirror pixels, the static measurement results shown in Fig. 4-20 apply only to 

the mirror pixel that is under test. 

4.2.4.3 Static rotation characterization 

 

Figure 4-21. Characterization of static rotation actuation 

The static rotation actuation of one mirror pixel is characterized using a laser beam and a 

screen. A same dc voltage of 4V is applied to all four actuators while one pair of differentially 

varying voltages is superimposed on one opposing actuator pair. As shown in Fig. 4-21, optical 

deflection angles of ~±30° are achieved for both axes at a pair of 4V differential voltages. The 

asymmetric performances between the two axes could be caused by several reasons including the 

relatively large difference in the electrical resistances and the difference in the thermal paths of 

each actuator. 
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4.2.4.4 Frequency responses measurement 

 
Figure 4-22. Frequency response of rotation resonance mode 

The frequency response of the rotation resonance mode is characterized also using a laser 

beam and a screen. 4V of dc bias voltages are applied to all actuators while a differential pair of 

ac triangular driving signals of 0.8V are applied to opposing actuator pair. The scanning angle as 

a function of the changing frequency is recorded and plotted in Fig. 4-22. At 319Hz the device 

exhibits a line mode resonance. During this measurement, some degree of mode coupling 

between the two axes is observed sporadically in the form of slightly curved or narrow elliptical 

scanning patterns due to the frameless structure design of the device. 

The frequency response of the piston resonance mode is characterized using a Polytech 

Laser Vibrometer. In this experiment, in order to suppress other resonance modes (e.g., rotation 

resonance mode) and excite mainly the piston resonance mode, one mirror pixel with closely 

matched resistance measurement is chosen. One opposing actuator pair of this mirror pixel has 

resistance measurement of 391Ω and 392Ω. We apply a periodic chirp driving signal of 6V dc + 

0.2V ac simultaneously to this opposing actuator pair, while scanning a 12×12 points array 

covering a square-shaped area of approximately 1mm×1mm at the center of the mirror 
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plate (Fig. 4-23a). The measured displacement data is shown in Fig. 4-23b, in which the peak at 

247Hz represents the pure piston resonance mode. It is also noticed that a resonance mode at 

324Hz is excited during this experiment, which matches closely with the rotation resonance 

mode observed in Fig. 4-22. To further verify the piston resonance mode at 247Hz, 3-D images 

of the scanned area in motion is obtained at different driving phases. Fig. 4-23c and Fig. 4-23d 

shows the images when the phase of the driving signal equals 80° and -80°, respectively. The 

uniform color distribution across the scanned area indicates uniform vertical displacement during 

the entire resonance. A correlative examination of the displacement data of the 144 scanned 

points shows near-zero non-uniformity. 

 
Figure 4-23. Piston resonance mode measurement result by Scanning Laser Vibrometer: (a) The 

array of scan points on mirror pixel surface; (b) Frequency response of piston 
excitation; (c), (d) In-motion images of the scanned mirror pixel at 247 Hz: (c) 80°, 
(d)-80°. 
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4.2.4.5 Mirror surface quality measurement 

The mirror surface quality is characterized using Wyko Vision optical profilometer. Due to 

the 90μm-thick device layer silicon, the mirror plate achieves a radius of curvature as large 

as -9 m (convex) at the center area. It is noticed that the radius of curvature deteriorates to about 

0.6 m (concave) at ~0.2 mm to the edge, which is still sufficiently large for most applications. 

The maximum peak to valley deformation across the 1.5 mm mirror plate is 0.2 μm with a 

standard deviation surface roughness of < 10 nm. Fig. 4-24 shows the 3-D contour plot of the 

measurement result and the surface profile data extracted along the center line. 

 
Figure 4-24. Measurement results of mirror surface quality: (a) 3-D contour plot of mirror 

surface profile; (b) Surface profile data along A-A’. 

4.3 Summary 

This chapter presents the development of the 3rd-generation HFF FDS micromirror and the 

HFF MMA devices based on the same design concept. The individual 3rd-generation FDS 

micromirror has achieved a rare small footprint of 1.45mm×1.55mm with an unprecedented high 

area fill factor of 45%, which can be further enhanced to even 60%. This design also provides 

surface-mount integration capability that can avoid the use of wire bonding during image probe 
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assembling which can further miniaturize the design of the probe. The MMA design and 

fabrication method based on the 3rd-generation FDS micromirror is the only method capable of 

achieving HFF, SCS-backed mirror plate without any bonding transfer techniques. The 

fabrication process also achieved a high overall yield of 85%. With the superior actuation 

capability of the electrothermal bimorph actuator, large sub-aperture size of 1.5mm×1.5mm has 

been implemented to realize centimeter-scale combined optical aperture with less than 100 

elements. With the simple and high yield fabrication process, further scale-up of the combined 

optical aperture can be realized simply by repeating more sub-apertures in the MMA design. The 

surface-mount packaging of the HFF MMA has been completed using a flip chip placement 

system. Tip-tilt-piston scan capability of the MMA sub-aperture has also been demonstrated. 

The two primary objectives of this work have been summarized in Chapter 1: 1) To 

develop HFF individual micromirror devices with simple packaging method to enable further 

miniaturization of the imaging probe design; 2) To provide simple and scalable solution to 

design and fabricating MMA devices with HFF, SCS-backed sub-apertures and TTP scan 

capability. With the 3rd-generation FDS micromirror device and the HFF MMA devices 

demonstrated in this chapter, these two objectives have been met.  
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CHAPTER 5 
APPLICATIONS OF DEVELOPED MEMS MICROMIRRORS AND MMAS 

The initial goal of this work is to develop biomedical imaging probes based on MEMS 

micromirrors. Before working on the FDS micromirror (discussed in Chapter 3 and Chapter 4), 

the author was also involved in the design and fabrication of cantilever-bimorph based 1-D 

micromirror device. This device has been integrated to miniaturized probes for endoscopic OCT 

imaging by our collaborators in State University of New York at Stony Brook (SUNY-SB). With 

the collaboration with Lantis Laser, Inc., an imaging probe based on the 2nd-generation FDS 

micromirrors has been designed and integrated for dental OCT imaging application. Probe 

designs based on the 3rd-generation FDS micromirror has also started but not yet complete. 

Preliminary experiment to demonstrate the OPA applications potential of the developed HFF 

MMA devices has also been completed. In this chapter, the experimental result of these 

application attempts will be presented and discussed. 

5.1 Endoscopic OCT Imaging Application Using 1-D Micromirror 

Optical Coherence Tomography (OCT), first proposed by Prof. Fujimoto in 1990 [22], is a 

low coherence interferometry based imaging technique with micrometer to even sub-micrometer 

resolution and cross-sectional imaging capabilities. An OCT system collects the information-

carried backscattered light beam from a sample the same way as ultrasonic imaging. This light 

beam is combined with a reference light beam so that only the light reflected from a certain 

depth at which the optical path difference is within the coherence length of the light source is 

detected. By axially scanning the reference light beam over a certain range, cross-sectional view 

of the corresponding range in the sample is obtained. Further implementing a 2-D transverse 

scanning mechanism on the sampling arm, a full 3-D image of the sample can be obtained. With 

its micron resolution, millimeter penetration depth, minimal invasiveness, instant imaging and 
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low cost, OCT is very suitable for early stage precancerous lesion detection. However, for the 

imaging of internal organs such as cardiovascular, gastrointestinal and pulmonary ducts, 

conventional transverse scanning units, usually based on galvanometric mirrors, are simply too 

big to be inserted in human body. Miniaturized imaging probes (several millimeters in diameter) 

with scanning units integrated with optic fibers and lenses need to be developed for this purpose. 

MEMS electrothermal micromirrors, with their small size, large-range and fast 2-D scanning 

capability, and safe driving voltage, fit naturally to the task. 

Fig. 5-1 illustrates the schematic of the spectral-domain OCT imaging system built in 

SUNY-SB [135, 161, 162]. The endoscopic probe has a diameter of 5.6mm and is equipped with 

a rod lens, a fiber and an MEMS scanner. The schematic of the scanner unit and a SEM image of 

the 1-D micromirror are also shown in Fig. 5-1. The 1-D micromirror is glued on a half-circle 

shaped PCB board with ball-bonded signal wires conducted from the back of the PCB to the 

external control. The detailed design of this probe is not presented due to the non-disclosure 

agreement between University of Florida and SUNY-SB. 

 

Figure 5-1. Schematic of the OCT imaging setup in SUNY-SB and the scan unit by UF. Courtesy 
to Hugang Ren of SUNY-SB for the images. 

Driving 
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Using the system shown in Fig. 5-1, OCT images of precancerous (Fig. 5-2A) and 

cancerous (Fig. 5-2B) mouse bladder tissues were taken and further verified by histological 

images, as shown in Fig. 5-2.  

 

Figure 5-2. OCT images of precancerous and cancerous mouse bladder tissue compared with 
histology results. (U: Normal urothelia; U’: Hyperplastic urothelia (precancerous); 
U”: Cancerous urothelia; F: Fat; M: Muscle; LP: Lamina Propria.). Courtesy to 
Hugang Ren of SUNY-SB for the image. 

As mentioned early in Section 2.5, cantilevered bimorph actuators with a mirror plate 

connected at the free end will generate rotation axis shifting during actuation. When integrated in 

an OCT system, this shifting will bring extra path length difference between the sampling arm 

and reference arms. Therefore, for each transverse scan, instead of extracting information from 

the same depth in the tissue, the system actually collects images from a slanted or even curved 

axial layer, which will result in degraded image fidelity. With the improved micromirror and 

probe design, it is conceivable that the imaging capacity and fidelity could be enhanced. 
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5.2 Dental OCT Imaging Application Using the 2nd-Generation FDS Micromirror 

The mainstream of the diagnostic imaging techniques used in dental practice today is X-

ray. It has served dentistry so well that it remained the sole imaging method for 124 years since 

its first use in dental practice in 1885. Although its imaging capability has been gradually 

improved during the past century, it still has severe limitations in providing adequate information 

for dental diagnosis. Firstly, it provide on spatial reference of the tissue. Secondly, it can only 

image the hard tissue (teeth), but not the soft tissue (gums), with only limited resolution. 

Additionally, X-ray is potentially harmful for human body. Numerous dental literatures and 

researches show that dentistry needs a chair-side oral imaging system that can provide real-time 

qualitative and quantitative information of the dental microstructures for more accurate diagnosis 

of oral diseases including decay and periodontal disease. 

OCT, however, provide precise spatial reference of the tissue, has 10 times better 

resolution than that of the x-ray and it is the only imaging modality that is able to image both soft 

and hard tissue. OCT uses a light source instead of harmful radiation. With up to several 

millimeters penetration depths and fast image processing, OCT can offer much more extensive, 

accurate and real-time information display on a chair-side monitor to provides higher level of 

professional service and patient care. Fig. 5-3 presents examples of OCT images showing dental 

microstructures that are not available through X-ray. Fig. 5-3a shows an OCT image of 

superimposed facial views of an incisor tooth compared with an X-ray image. The 

microstructures shown in this OCT image, namely, the dentin-enamel junction (DEJ), the cross 

striations of enamel (μm scale), the cross striation in dentin (μm scale), and the demineralization 

of the incisor edge, all pronounce clear advantages over conventional X-ray images. Fig. 5-3b 

shows an OCT cross sectional image of a molar tooth with a failing occlusal composite filling. 
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The voids and fractures are clearly shown in this OCT image, which usually would not be 

available through X-ray imaging. 

 

Figure 5-3. OCT images showing dental microstructures: (a) OCT cross sectional image of 
superimposed facial views of incisor tooth compared with X-ray image; (b) OCT 
cross sectional image of a molar tooth with failing occlusal composite filling. Image 
courtesy to Doug Hamilton of Lantis Laser, Inc. 

University of Florida (UF) has been collaborating with Lantis Laser, Inc. for the 

development of the hand-held imaging probe for the OCT Dental Imaging SystemTM (OCT-DIS). 

In this project, the 2nd-generation FDS micromirror has been adopted as the scanning unit for the 

imaging probe. Fig. 5-4a schematically shows the imaging concept. Side-view instead of front 

view is chosen for the ease of manipulation and imaging flexibility. Lantis Laser, Inc. found that 

dentistry practitioners can handle the probe comfortably 1mm away from the tooth. Considering 

the size of the tooth, a ±20 º optical scan angle is required, which can be easily achieved using 

the 2nd-generation FDS micromirror. The two-part probe design is shown in Fig. 5-4b. The 

MEMS micromirror is mounted on the MEMS based mount with a 45° slope, steering the light 

beam between the sample and the GRIN lens, while the fiber and GRIN lens are fixed on the 

(a) (b) 
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optics holder. The two parts are glued together and placed in stainless steel housing with a glass 

cover. A complementary mechanical seat in the two parts ensures proper optical alignment and 

mechanical integrity during assembly. The optical image of an assembled 2nd-generation FDS 

micromirror with the MEMS base-mount is shown in Fig. 5-5a.  

 

Figure 5-4. Concept and design schematic of the probe: (a) Imaging probe concept; (b) 
Schematic design of the probe. 1. MEMS base-mount; 2. MEMS device; 3. Optics 
holder; 4. GRIN lens; 5. Optic fiber; 6. Bond wire; 7. Driving signals. 
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Figure 5-5. Prototype imaging probe developed based on 2nd-generation FDS micromirror: (a) 
An assembled 2nd-generation micromirror device on MEMS base-mount; (b) Optical 
image of the prototype image probe.  

A prototype MEMS-based probe (Fig. 5-5b) has been developed for real-time dental OCT 

imaging at chair side. The probe, which is 4.2mm in diameter, consists of an optic fiber, a GRIN 

lens, and an electrothermally driven micromirror that can achieve dual-axis side-view optical 

transverse scanning of ±20° at less than 8V. The frequency domain OCT system uses a 

wavelength-swept laser source that scans over a 100nm bandwidth (1260nm ~1360nm) at 20kHz 

rate, providing an axial resolution of 10μm and 10 frame s-1 for 2-D imaging with 1024 

transverse pixels per image. The lateral resolution over the 6mm×6mm filed of view is 35μm. 

Imaging result of human teeth sample shows evident microstructure details that are not available 

through traditional X-ray imaging technique.  

Using the 2nd-generation FDS micromirror, human dental OCT images have been obtained, 

as shown in Fig. 5-6. Fig. 5-6a shows the OCT image of the cross sectional view of clear erosion 

to Enamel layer. Dentin Enamel Junction (DEJ), Ebner striations are clearly shown in this image. 

Fig. 5-6b shows the OCT image of an adult incisor. DEJ is also clearly shown in this image with 

Ebner striations. In the middle of this image, it is also clearly evident that the tooth surface has 
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eroded. The Cementium-Dentin boundary layer is also evident at the bottom part of this image. 

The bench top OCT imaging system setup is shown in Fig. 5-7a, which is now packaged into the 

chair side operation station shown in Fig. 5-7b. 

 

Figure 5-6. Dental OCT images taken by the 2nd-generation FDS micromiror: (a) Erosion of 
DEJ; (b) Adult incisor with erosion. 

 

Figure 5-7. OCT imaging system setup: (a) Original bench top imaging system setup; (b) 
Packaged prototype imaging system product. 
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Hence, the prototype dental OCT imaging product has been demonstrated. Lantis Laser, 

Inc. has located a MEMS foundry for the second round mass production of the 2nd-generation 

FDS micromirror. Effort is being done to increase the device long term stability and resistance to 

shock vibration in order to be able to survive practical working environment. 

5.3 Optical Phased Array Application Using the HFF MMA Devices  

HFF MMA devices based on the 3rd-generation micromirror has been developed in 

Chapter 4. This device is particularly suitable for OPA application in that it can achieve large 

optical steering angle and SCS-backed large combined optical aperture with a small number of 

sub-apertures. A packaged MMA device showing the TTP scanning capability has been shown in 

Fig. 4-18. This section will focus on the experiment using the same device to demonstrate its 

capability for OPA applications. 

 

Figure 5-8. Demonstration of the motion capabilities of the mirror pixels: (a) Schematic of the 
experiment setup; (b) Letters achieved using the reflected light spots from the sub-
apertures 
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To be implemented for OPA applications, the sub-apertures of the MMA device must have 

individual accessibility and provide accurate dual-axis steering angle. To demonstrate the 

individual accessibility of the sub-apertures of the surface-mounted 4×4 MMA device, a PCB 

driving circuit is built to avoid using multiple power supplies. We expand and collimate the 

beam of a He-Ne laser using two lenses and incident on the 4×4 MMA device. Using each 

reflected light spot as an image pixel, different letters are formed by controlling the actuators. 

Fig. 5-8 shows the schematic of this experiment setup and the achieved result. 

The purpose of OPA is to use the array of sub-apertures to imitate a large combined optical 

aperture. This requires that the sub-apertures to have accurate angular steering capability such 

that as the laser beam is being steered, it should  maintain continuous far field wave front as if it 

is reflected from an optical aperture in the same plane. Therefore, to demonstrate the accurate 

angle steering capability, we can study the far field pattern of adjacent sub-apertures. The far 

field Fraunhoffer diffraction profile of the two adjacent sub-apertures can be expressed as: 

2
2 2

0 2

sin4 cos ( )uI I a v
u

= ⋅ ⋅ ⋅ +Φ        (5-1) 

in which I0 is a constant, a is the size of each sub-aperture, u is the phase difference between the two 

edges of the same sub-aperture, and v is the phase difference between the centers of adjacent sub-

apertures when they are in the same plane. Φ is the additional phase different between the adjacent sub-

apertures when they are not in the same plane. u and v can be expressed as: 
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in which b is the spacing between the adjacent sub-apertures, k=2π/λ is the wave number of the 

laser beam, y is the distance between the point on the screen to the point that correspond to the 

center of the two sub-apertures. L is the distance between the sub-apertures to the screen. In this 

experiment, a=1.5mm, b=100µm, L=5m, λ=630nm. When the two sub-apertures are in the same 

plane, Φ=0. In fact, as long as the additional phase difference Φ=nπ, the far field wave front is 

the same as when Φ=0. The calculated intensity profiles based on Eq. 5-1 are shown in Fig. 5-9a 

and Fig. 5-9b for different cases of Φ. 

 

 Figure 5-9. Theoretical and experimental far-field Fraunhofer diffraction profile of two adjacent 
sub-apertures: (a) When Φ=nπ; (b) When Φ=nπ+π/2 
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(a) Calculated intensity profile when Φ=nπ 

(a) Φ=nπ (b) Φ=nπ+π/2 

(b) Calculated intensity profile when Φ=nπ+π/2 
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By adjusting the actuators of the adjacent sub-apertures, corresponding diffraction patterns 

to the calculated results shown in Fig. 5-9a and Fig. 5-9b have been achieved, as shown in 

Fig. 5-9c and Fig. 5-9d, which proves that the accurate control of the steering angle can be 

realized.  

 

Figure 5-10. Comparative diffraction patterns of single and two adjacent sub-apertures: (a) 
Single mirror pixel. (b), (c) Two consecutive sub-apertures nπ-in-phase with 0º and 
30º optical deflection angles. 

The comparative diffraction patterns of a single sub-aperture and a rectangular aperture 

consisting of two consecutive sub-apertures are shown in Fig. 5-10a and Fig. 5-10b, respectively. 

It is clearly seen that the 2×1 rectangular aperture reduces the spot size in the longer-edge 

direction as the phase difference between the two sub-apertures was adjusted to be exactly 2nπ. 

If a 2×2 square aperture is used, the spot size will be reduced in both directions. The reduced 

spot can be steered to as much as 30° with little size change, as shown in Fig. 5-10c. Effort is 

being done to steer the laser beam with larger array sizes. 

 

(a)  

(b)  (b)  (c)  (a)  
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5.4 Summary 

This chapter presented the application attempts using the electrothermal micromirrors and 

MMMA developed. First, the 1-D micromirror has been integrated with the miniaturized catheter 

designed by SUNY-SB for endoscopic OCT imaging. Diagnostic images of precancerous and 

cancerous mouse bladder tissue have been obtained and verified by histology. Then, the 2nd-

generation FDS micromirror has been implemented as the scan engine for the OCT Dental 

Imaging System of Lantis Lasers, Inc. Using the 2nd-generation FDS micromirror and the 

designed probe, DEJ erosion image of human tooth has been obtained which shows clear dental 

microstructures including DEJ, dentin and enamel striations that can not be offered by traditional 

X-ray imaging. Finally, experiments based on the HFF MMA device developed have been done 

to prove that the MMA devices have both individual accessibility as well as precise steering 

angle control, which demonstrates its potential and capability for OPA application.  
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CHAPTER 6 
DEVELOPMENT OF THE PIEZOELECTRIC FDS MICROMIRROR 

Piezoelectric actuation is another actuation mechanism that can potentially achieve large 

scanning range with relatively low driving voltage. Other advantages of piezoelectric actuation 

include wide operation bandwidth and extremely low power consumption. The deposition of thin 

film piezoelectric material has been a challenge. But with the recent development in various 

deposition techniques including sputtering [99, 100], Pulse Laser Deposition (PLD) [98], 

Metalorganic Chemical Vapor Deposition (MOCVD) [101-103], and Chemical Solution 

Deposition (Sol-gel, Aerogel) [105-109], mature preparation of high quality thin film 

piezoelectric material has become feasible. In this chapter, the theory of piezoelectric actuation 

will first be presented and compared with electrothermal actuation. Then, a piezoelectric actuator 

design, which has similar structure setting as the proposed FDS bimorph actuator in Chapter 3, 

will be presented and analyzed. This design demonstrates the same actuation concept and works 

as the piezoelectric counterpart of the electrothermal FDS bimorph actuator. 

6.1 Principle of Piezoelectric Bimorph Actuation 

Some materials experience mechanical deformation at the presence of an electric field. 

Conversely, mechanical deformation can also cause electric charge to gather on their surfaces. 

This phenomenon is known as the piezoelectric effect, first discovered by Pierre and Jacques 

Curie in 1880 [6]. While the later effect can be used for sensing, the former effect can be used 

for actuation. As sensors piezoelectric materials have been widely used in Micro-Ultrasonic- 

Transducers (MUTs) and microphones. As actuators, they are widely used in scanning 

micromirrors and deformable micromirror devices for beam steering and adaptive optics 

applications. Many of the piezoelectric materials need a poling process to activate their 

piezoelectric effect. For a well grown and activated piezoelectric layer under the presence of an 
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applied electric field, the strain-stress relationship that is used for describing the actuation can be 

modified as [163]: 

11 12 13 14 15 16 11 211 1

21 22 23 24 25 262 2

3 331 32 33 34 35 36
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in which εI, σJ (I, J=1, 2, 3, 4, 5, 6) are strain and stress, respectively. Here 1, 2, 3, represents the 

x, y z directions, respectively, while 4, 5, 6 represents y-z diagonal, x-z diagonal and x-y diagonal 

directions, respectively. Ei (i=1, 2, 3) is the applied electric field, i denotes the x, y, z directions, 

respectively. sIJ is the elastic compliance of the material in different directions. diI is the 

piezoelectric constant. Under the condition that no other physical effect is involved in the 

analysis, the first item on the right side of Eq. (6-1) describes the residual or intrinsic stress 

induced strain, while the second item denotes the extrinsic strain induced by piezoelectric 

effect [163]. 

For hexagonal (Class 6) crystallized piezoelectric materials such as Lead-Zirconate-

Titanate (PZT), Eq. (6-1) can be simplified to: 
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Two most commonly used piezoelectric multi-morphs-based actuator structures are shown 

in Fig. 6-1. Similar to electrothermal bimorph actuation, piezoelectric actuation also makes use 
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of the extrinsic stress/strain to realize the actuation. As shown in Fig. 6-1a, a single layer of a 

piezoelectric material with the top and bottom electrodes is supported by a layer of a dielectric 

material, usually SiO2. As an electric field is applied across the electrodes, piezoelectric effect 

causes the piezoelectric layer to generate a strain while the dielectric layer does not. This creates 

a one-sided strain mismatch. Whereas in Fig. 6-1b, two layers of a piezoelectric material are 

separated by three electrodes with the center one being the ground. As voltage signals with 

reversed polarity are applied to the top and bottom electrodes, the top and bottom piezoelectric 

layer undergo opposite strains. This creates a differential strain. Except for the difference in their 

strain mismatch, the analysis of the two structures shown in Fig. 6-1 is essentially the same. But 

due to the easier fabrication and poling process required for the structure in Fig. 6-1a, we will 

use it in the following analysis. 

 

Figure 6-1. Common piezoelectric multi-morph actuator: (a) Single layer piezoelectric layer with 
general dielectric layer as support; (b) Double layer piezoelectric layers. 

SiO2 Pt PZT

 (a) 
 

 (b) 
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The difference between electrothermal and piezoelectric actuation methods is that 

electrothermal actuation uses Joule heating to generate the extrinsic stress/strain while 

piezoelectric actuation uses piezoelectric effect. If we assume that the electric field applied 

through the electrodes is uniformly distributed along the bimorph beam and therefore generates a 

constant radius of curvature along the bimorph beam, then the assumptions listed at the end of 

Section 2.1 are satisfied which means that the equations developed in Section 2.2 can be directly 

applied to piezoelectric actuation except for the strain mismatch Δε between the top piezoelectric 

layer and the bottom general dielectric layer. 

Following the direction convention set in Fig 6-1, the length of the beam lb is along x 

direction, the width w is along y direction and thicknesses, t1 for piezoelectric layer and t2 for 

general dielectric layer, is along z direction. Assume that w and t1+t2 are much smaller than lb, 

and the mechanical impact of the electrodes is negligible, the strain-stress relationship described 

in Eq. (6-2) can be simplified to: 

1 11 1 12 2 13 3 31 3s s s d Eε σ σ σ= + + +        (6-3) 

The general dielectric layer at the bottom does not have strain change under the applied 

electric field; therefore we can obtain the piezoelectric effect induced strain mismatch Δεpz as: 

31 3pz d Eε∆ =           (6-4) 

Inserting Eq. (6-4) into Eq. (2-7), we can express the tip-tilt angle caused by the 

piezoelectric actuation as: 

31 3
1 2 1 2

b b b b b
pz pz

pz

l l l d E
t t t t
β βθ ε

ρ
= = ∆ =

+ +
      (6-5) 
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in which βb is the curvature coefficient of the bimorph as described in Eq. (2-4). t1 and t2 

represent the thicknesses of the PZT and general dielectric layer, respectively. lb is the length of 

the bimorph. With an input voltage of V, the electric field in the z direction can be expressed as: 

3
1

VE
t

=            (6-6) 

Inserting Eq. (5-6) into Eq. (5-5) renders the angular actuation capacity by piezoelectric 

effect, as shown in Eq. (5-7): 

( ) 31
1 2 1 1 2

b b b b b
pz pz

pz

l l l d V
t t t t t
β βθ ε

ρ
= = ∆ =

+ +
      (6-7) 

Eq. (6-7) shows that the angle of the piezoelectric bimorph is linearly dependent on the 

driving voltage. This provides a better control of the actuation angle than electrothermal bimorph 

actuation because the later, as described in Eq. (2-9), is linearly dependent on the temperature, 

which has a square relation with the driving voltage. Moving V to the left side of Eq. (6-7) gives 

the responsivity of this bimorph actuator upon piezoelectric actuation as: 

( ) 31
1 1 2

pz b b
pz

lS d
V t t t
θ β

= =
+

        (6-8) 

Eq. (6-8) clearly states that in order to increase the actuation range of a piezoelectric 

bimorph actuator, we need longer beam lb, thinner layer t1 and t2, and higher piezoelectric 

coefficient d31. The most direct and effective optimization of Spz is to choose a large d31. Some 

important properties of several piezoelectric materials are summarized in Table 6-1. 

From Table 6-1 one can see that PZT has much superior performance in its high 

piezoelectric coefficient. Its d31 coefficient is hundreds to thousands of times higher than the 

other piezoelectric materials. This has made PZT a very popular material for piezoelectric 

actuator designs. We will also use PZT as the material of interest in the following analysis.
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Table 6-1. Coefficients and mechanical properties of some piezoelectric materials [6, 163, 164] 

Materials d33 (Å/V) d31 (Å/V) d15 (Å/V) Young’s Modulus (GPa) Density (g/cm3) 
PZT 152 -60.2 440 135 (c11) 7.6 

PVdF -0.35 0.28 -0.04 2×10-4 1.78 

Quartz 0.02 --- --- 76-97 --- 

ZnO 0.12 -0.05 -0.08 --- --- 

LiNbO3 0.06 -0.01 0.68 --- --- 

LiTaO3 0.08 -0.02 0.26 --- --- 

 

Besides choosing a large d31 coefficient, Spz can also be increased through the optimization 

of βb/t1(t1+t2) by adjusting thickness ratio t1/t2. Recall Eq. (2-18) we have: 

( ) ( )
2

3 2 1 1
1 1 2 1 1 2

6(1 )
4 6 4

1b

t t t t t t
β ζ

χ ζ ζ ζ χ ζ− −

+
=

+ + + +
⋅

+ + ⋅ ⋅
    (6-9) 

in which ζ is the thickness ratio between PZT and general dielectric layer ζ=t1/t2, and χ is the 

ratio of their bi-axial Young’s Modulus χ=E’
1/E’

2. 

In practical design, the thickness of PZT layer is always constrained by dielectric 

breakdown and process achievability. Therefore, it is more realistic and practical to choose a 

fixed thickness of the PZT layer and optimized the thickness of the general dielectric layer to 

achieve maximal Spz. If we choose constant PZT thickness as t1=tpz, then Eq. (6-9) becomes: 

( ) 2 3 2 1 1
1 1 2

6 (1 )
4 6 4

1b

pzt t t t
β ζ ζ

χ ζ ζ ζ χ ζ− −

+
=

+ + + +
⋅

+ ⋅ ⋅
     (6-10) 

Assume the dielectric layer that supports the PZT layer is SiO2, plugging in the mechanical 

properties of PZT and SiO2 into Eq. (6-10), the optimal ratio ζ can be obtained numerically from 

the normalized plot of Eq. (6-10) and Eq. (6-8). As shown in Fig. 6-2, this optimal thickness ratio 

is found to be 1.55 for PZT and SiO2. 
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Figure 6-2. Numerical calculation of the optimal thickness ratio with fixed PZT thickness. 

Hence, the actuation principle of single piezoelectric layer cantilevered bimorph actuator 

shown in Fig. 6-1a has been demonstrated. The voltage responsivity of this actuator has been 

obtained and optimized from material selection and structural parameters perspectives. In the 

next section, the analytical calculation shown in Section 6.1 will be examined and verified by 

FEM simulation result. 

6.2 FEA Modeling of Single PZT Layer Cantilevered Bimorph Actuator 

FEM model of single PZT layer cantilevered bimorph has been built and simulated to 

verify the analytical calculation result in Section 6.1. The general dielectric layer is SiO2. 

Table 6-2 lists the material properties and structural dimensions used in this simulation. 
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Table 6-2. Material properties and structural dimensions used in FEM simulation and theoretical 
calculation 

Materials Material Properties 

Young’s Modulus (GPa) Poisson Ratio Relative 
Permissivity 

Piezo-Constants 
(1012C/N) 

PZT c11 c12 c13 c33 c44 0.3 540 d31 

135 67 68 113 22 -60.2 

SiO2 70 0.17 3.9 --- 

Materials Structural Dimensions 
Length (μm) Width (μm) Thickness (μm) 

PZT 120 12 1.2 

SiO2 120 12 0.3-9.6 

 

First, the bimorph tilting angle as a function of actuation voltage is simulated and 

compared to the analytical calculation result using Eq. (6-7) with same parameters. In this FEM 

simulation and theoretical calculation, the thickness of SiO2 layer is set to 1.2μm. The FEM 

simulation results provide the beam deflection which is used to calculate the bimorph tilting 

angle. The simulation and calculation result is presented in Fig. 6-3, which shows a clear linear 

relation between bimorph tilting angle and actuation voltage. The theoretical calculation result 

using Eq. (6-7) also shows close match to the FEM simulation result. Fig. 6-4a shows the 3-D 

image of the deformed bimorph beam upon piezoelectric actuation. Fig. 6-4b shows a plot of 

points on beam and the corresponding vertical displacement. As shown in Fig. 6-4, the 120μm 

long, 2.4μm thick (PZT: 1.2μm; SiO2: 1.2μm) bimorph beam showed ~4μm tip vertical 

displacement with 20V actuation voltage. 
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Figure 6-3. FEM simulation result showing close match to theoretical calculation result using 
Eq. (6-7). Linear relation between bimorph tilting angle and actuation voltage is 
verified. 

 

Figure 6-4. PZT-SiO2 bimorph deflection upon voltage input: (a) 3D image of deformed 
bimorph; (b) Vertical displacement on bimorph beam. 

A series of FEM simulations also has been conducted to find out the optimal thickness 

ratio. In these simulations, the thickness of the PZT layer is fixed to 1.2μm, while the thickness 
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simulated bimorph tilting angles as a function of the layer thickness ratio is presented in Fig. 6-5. 

The corresponding calculated result is also shown in Fig. 6-5. Both results are normalized with 

reference to the simulation result. It is shown from Fig. 6-5 that the simulated optimal thickness 

ratio is a close match to what has been predicted in Fig. 6-2. The predicted optimal ratio is 1.55, 

while the simulated optimal ratio is 1.6. 

 

Figure 6-5. FEM simulations and theoretical calculations of optimal thickness ratio to achieve 
maximal bimorph deflection. Simulation: ζ=1.60; Calculation: ζ =1.55. 

The discrepancy between the FEM simulation result and the theoretical calculation result 

shown in Fig. 6-3 and Fig. 6-4 is mainly caused by the discrepancy in the use of Young’s 

Modulus. Eq. (6-7) assumes that the materials involved have isotropic mechanical properties, 

whereas PZT has slightly larger in-plane (135GPa for x and y axes) Young’s modulus than out-

of-plane (113GPa for z axis) Young’s modulus. The function in Eq. (6-10) is also moderately 

influenced by χ=E’
PZT/E’

SiO2, therefore resulting in increased discrepancy as ζ increases in 
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and optimal thickness ratio is very small (less than 3%). Hence, the theoretical calculation in 

Section 6.1 is solidified by the FEM simulation result shown in this section. 

6.3 Folded Dual S-Shaped Bimorph Actuator based on Piezoelectric Actuation 

From the analysis and calculation shown in the previous sections, we can have the 

conclusion that the deformed shape and deflection formula of a cantilevered piezoelectric 

bimorph actuator is analogous to that of the cantilevered electrothermal bimorph actuator. The 

only difference between the two actuators is the mechanisms that induce the strain mismatch, i.e. 

electrothermal bimorph actuator relies on Joule heating, while piezoelectric bimorph actuator 

uses piezoelectric effect. This analogy suggests that the Folded Dual S-Shaped (FDS) 

electrothermal bimorph actuation, presented in Chapter 3, can be realized in a piezoelectric way. 

Fig. 6-6a shows the schematic of an S-shaped design that can realize the tilt-compensating 

piezoelectric actuation, analogous to that has been shown in Fig. 3-1b. The ground electrode and 

the piezoelectric layer are supported by a general dielectric layer, the same as in Fig. 6-1, but the 

top electrode layer is separated to two sections. Assume that the piezoelectric layer has been 

poled uniformly along its length, when voltages with reversed polarities are applied to the two 

top electrodes, the two bimorph segments will bend in opposite directions due to the opposite 

strain mismatches generated, as shown in Fig. 6-6b, resulting in compensated tilting angle at the 

tip of the bimorph. Ideally, if the two bimorph segments have the same length, complete tip 

tilting compensation, i.e., zero tilting, can be achieved. In this design, the first bimorph segment 

acts as the non-inverted bimorph segment in electrothermal FDS bimorph actuator, while the 

second bimorph segment acts as the inverted segment. The piezoelectric S-shaped bimorph series 

do not need the overlap portion for increasing the robustness. 
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Figure 6-6. S-Shaped tilt-compensating piezoelectric bimorph actuator design. Voltages with 
reversed polarities are applied to two top electrodes: (a) Before actuation; (b) After 
actuation. 

Hence, it is conceivable that by connecting two S-shaped piezoelectric bimorph actuators 

in series with the second one folded, a piezoelectric version of FDS bimorph actuator can be 

realized to achieve TTP actuation with zero lateral shift and fixed rotation axes. FEM models 

have been built to verify this actuation concept. First, the S-shaped bimorph actuator shown in 

Fig. 6-6b was built and simulated. The bimorph beam is 300μm in length with the first segment 

120μm, 60μm in the middle and the second segment also 120μm. It was fixed at one end with 

reversed polarity voltages applied to the two top electrodes. The deformed S-shaped bimorph 

upon actuation is shown in Fig. 6-7a. A cross-section plot of the beam deflection along the 

bimorph was taken to verify the tilting compensation and is shown in Fig. 6-7c. It is clear that the 
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tilting angle at the tip of the bimorph has been compensated to be parallel to the substrate. With a 

pair of ±30V actuation voltage, a tip vertical displacement of 12.5μm is achieved. 

 

Figure 6-7. Deflection of piezoelectric FDS bimorph actuators. (a) FEM 3D image of one S- 
shaped bimorph actuator; (b) FEM 3D image of full FDS bimorph actuator; (c) 
Vertical deflection along single S-shaped bimorph beam showing compensated 
tilting; (d) Vertical deflection along whole FDS bimorph beam showing compensated 
tilting and zero lateral shift. 

Then, two S-shaped bimorph beams were connected in series with the second one folded. 

Each S-shaped bimorph has the same structure and dimensions as the one shown in Fig. 6-7a. 

Again, one end of the bimorph is fixed and one pair of reversed polarity voltages is applied on 

the two top electrodes for both S-shaped bimorphs. The 3D image of this deformed FDS bimorph 

beam is shown in Fig. 6-7b. Cross section plot of the beam deflection along the bimorph was 
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also taken to verify the compensated tilting and lateral shift, as shown in Fig. 6-7d. With a pair of 

±30V actuation voltage, a tip vertical displacement of 25μm is achieved. It is also clear from the 

plot that the tip of the FDS bimorph beam has fully compensated tilting angle and near-zero 

lateral shift. The FDS bimorph actuator shown in Fig. 6-7c composes the piezoelectric version of 

half the actuator that has been shown in Fig. 3-2b.  

6.4 Development of Piezoelectric FDS Micromirrors 

From Section 6.3, it is conceivable that micromirror devices based on the piezoelectric 

version of the FDS bimorph actuator can be realized that is capable of achieving TTP scanning 

the same as the electrothermal FDS micromirrors proposed in Chapter 3. This section will focus 

on the development of this micromirror device. 

6.4.1 Design of the Piezoelectric FDS Micromirror 

 

Figure 6-8. FEA simulation result of the piezoelectric FDS micromirror: (a) Piston upward; (b) 
Piston downward; (c) Orthogonal axis rotation; (d) Diagonal axis rotation. 
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Figure 6-9. Electrical connections of the top electrodes on one FDS bimorph actuator. 

FEA models have been built to verify the actuation of the piezoelectric FDS micromirror. 

Fig 6-8 shows the FEA simulation result of one such mirror. The mirror plate has a dimension of 

1mm×1mm with 40µm of silicon as support. All FDS bimorph actuators share the same bottom 

electrode as the ground potential. Each FDS bimorph actuator has four patterned top electrodes, 

two for each S-shaped bimorph series. The length and width of each S-shaped bimorph series is 

500µm and 60µm, respectively. Each electrode is 36µm wide and 240µm in length. The 

separation between the two electrodes on the same S-shaped bimorph series is 20µm. Electrodes 

that ought to have the same electrical potentials are interconnected within the actuator by a 6µm 

wide serial bus. The electrical connections of the top electrodes of each FDS actuator are shown 

in Fig. 6-9. When all the “P” top electrodes are applied +30V and all the “N” electrodes are 

applied -30V, the mirror plate pistons upward by 146µm, as shown in Fig. 6-8a. In reverse, when 

all the “N” top electrodes are applied +30V and all the “P” electrodes are applied -30V, the 

mirror plate pistons downward by 146µm, as shown in Fig. 6-8b. When voltages of ±30V are 
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applied to “N”/“P” and “P”/“N” top electrodes of one opposing actuator pair, the mirror plate 

performs a rotation of 6.5º along the direction orthogonal to the edge of the mirror plate, as 

shown in Fig. 6-8c. Similarly, when adjacent actuator pairs are applied the same voltage 

arrangement, while the other adjacent actuator pairs are applied reversed voltage arrangement, 

the mirror plate performs a rotation of 8.2º along the diagonal direction of the mirror plate, as 

shown in Fig. 6-8d. 

Compared with the electrothermal FDS bimorph actuators, the piezoelectric FDS bimorph 

actuator is simpler in structure. The width of the piezoelectric bimorph is much larger than that 

of the electrothermal bimorph due to the need of electrical wirings. FEA simulations of the 

piezoelectric version of the FDS micromirror show similar behavior as the electrothermal FDS 

micromirror but with smaller displacement and deflection per unit voltage. 

 6.4.2 Fabrication of the Piezoelectric FDS Micromirror 

The cross sectional view of the fabrication process of the piezoelectric FDS micromirror is 

shown in Fig. 6-10. The process starts with a SOI wafer with 1µm thermal SiO2 already grown 

on the top device side (Fig. 6-10a). The good quality of the thermal SiO2 is essential to the 

successful growth of the PZT layers. Then, 200nm of Ti (20nm) / Pt (180nm) layer is deposited 

using sputtering to form the bottom electrode (Fig. 6-10b). Next step is the sol-gel growth of the 

PZT layer (Fig. 6-10c). The detailed steps of the PZT solution preparation and the film growth 

can be found in [163]. Then, the top electrode is deposited and pattern using a lift-off 

process (Fig. 6-10d) followed by an Al lift-off process (Fig. 6-10e) to form the mirror plate and 

bonding pads. Next, the PZT layer, the bottom electrode layer and the thermal SiO2 layer is 

sequentially etched to expose the Si (Fig. 6-10f~g). Then, the backside Si/ SiO2 is etched to form 

the mirror plate (Fig. 6-10h). Finally, the structure is released from the front side by 

anisotropic (Fig. 6-10i) and isotropic (Fig. 6-10j) Si etching.  
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Figure 6-10. Cross sectional view of the fabrication process of the piezoelectric FDS 
micromirror. 
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Figure 6-11. SEM images of the fabricated piezoelectric FDS micromirrors: (a) The design with 
square-shaped holes on the bimorph; (b) and (c) PZT pealing off at the end of the 
actuators; (d) The design without the holes on the bimorph; (e) Close up image of the 
FDS actuator; (f) Remaining Si on the back of the bimorph actuator. 

The SEM images of the fabricated PZT mirror are shown in Fig. 6-11. Square-shaped 

holes are applied to some of the devices to facilitate the final release step of the micromirror, 

shown in Fig. 6-11a. But this has caused the PZT layer at the bimorph of the FDS actuator to 

peel off from the SiO2 layer, as shown in Fig. 6-11b and Fig. 6-11c. Hence, only the designs 

without the holes on the bimorphs, as shown in Fig. 6-11d, remain functional after fabrication. 
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The large thermal stress of the PZT layer caused the SiO2/PZT bimorph to have an initial curling 

after the structure release (step Fig. 6-10j), as shown in Fig. 6-11a. The designs with the square 

holes on the bimorph have larger initial curling than the designs that without the holes. This is 

because the large width of the bimorph without the holes provides better protection to the Si 

underneath and the actuator after release still has a thin line of silicon remaining on the back, as 

shown in Fig 6-11f. This behavior was not anticipated in our previous projection, shown in 

Fig. 6-6a, of the piezoelectric FDS bimorph without actuation. This initial curling prevents the 

successful formation of the S-shaped bimorph series and hence the actuation of the micromirror 

can not be executed as efficient as anticipated. However, by actuating one set of either “P” or 

“N” electrodes, the mirror plate can still generate detectable displacement and tilting. The testing 

result shown in the next section is from the design without the holes on the bimorph. 

6.4.3 Characterization of the Piezoelectric FDS Micromirror 

 

Figure 6-12. Static piston characterization of the piezoelectric FDS micromirror. 

The piezoelectric FDS micromirror developed has been characterized following the testing 
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result is shown in Fig. 6-12, where only ~4µm vertical displacement was observed when 20V dc 

voltage is applied to one set of “N” electrodes on all FDS actuator. Static rotation 

characterization is unavailable due to the unperceivable static deflection.  However, the rotation 

angle became detectable when the micromirror was driven at its resonance frequency. It has been 

found that the resonance frequencies for both orthogonal rotation modes are around 1.58k Hz. 

When driven at resonance, the rotation angle as a function of the driving voltage on the set of 

“N” electrodes on one FDS actuator has been recorded and plotted in Fig. 6-13.  

 

Figure 6-13. Rotation characterization of the piezoelectric FDS micromirror at resonance. 
Voltages are applied to the “N” electrodes on one FDS actuator. 

Some Lissajous patterns achieved by the piezoelectric FDS micromirror at resonance are 

shown in Fig. 6-14, which demonstrate the dual axis scanning capability of the device. However, 

the testing result shown in Fig. 6-12, Fig. 6-13 and Fig. 6-14 do not prove that the actuation is 

the result of the piezoelectric effect. In fact, it is highly possible that the actuation is the result of 

the electrothermal effect induced by the leakage current. Currently, further testing is being 

conducted to determine which effect is responsible for the actuation.  
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Figure 6-14. Lissajous scanning patterns achieved by the piezoelectric FDS micromirror at 
resonance frequency. 

 

Figure 6-15. Surface quality characterization using Wyko optical profiloemeter. 
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Finally, the mirror surface quality of the device was characterized by Wyko optical 

profilometer with the result shown in Fig. 6-15. The device shows a radius of curvature of ~0.5m 

with a surface roughness of ~30nm. 

6.5 Summary 

This chapter first discussed the principle of piezoelectric actuation. Two designs of piezo- 

electric bimorph actuators were revealed in Section 6.1. The theoretical calculation of the first 

piezoelectric bimorph design has been carried out to understand the actuation capability 

including beam deflection angle and actuator responsivity. Based on the calculation results, 

optimizations in terms of material selection and structural dimensions were discussed to 

maximize the actuator responsivity. FEM modeling of the discussed actuator has been done to 

verify the theoretical calculation result in Section 6.2. FEM simulation result of the beam 

deflection angle matched closely with the theoretical calculation result. The calculation of the 

optimal thickness ratio with a fixed piezoelectric layer thickness has resulted in close match with 

the FEM simulation result. A piezoelectric version of FDS bimorph actuator, as proposed in 

Section 3.1, was proposed in Section 6.3. FEM modeling of half and full FDS actuator has been 

performed to verify the actuation concept. It can be concluded from the theoretical analysis 

and FEM simulation that the piezoelectric FDS bimorph actuator has the potential to achieve the 

same TTP actuation capability just as the electrothermal FDS bimorph actuator proposed in 

Chapter 3. Section 6.4 presents the design, fabrication and characterization of the piezoelectric 

FDS micromirror. The large thermal stress of the PZT layer caused the bimorph beam to curl 

initially after release, which limits the actuation efficiency of the actuator. Although static piston 

actuation and rotation actuation at resonance have been realized, it is inconclusive that the 

actuations are the result of the piezoelectric effect. It is suspected that the actuations are caused 

by the bimorph structure due to the leakage current. Currently, more testing is being conducted. 
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Piezoelectric bimorph actuator has linear transduction between actuation voltage and 

deflection angle, offering easier dynamic device control. It has comparatively large operation 

range and low driving voltage. It also has extremely low power consumption and wide operation 

bandwidth. This gives piezoelectric FDS micromirrors advantages over electrothermal FDS 

micromirrors especially MMA devices in applications such as OPAs where a large number of 

devices are required and low power consumption is desired. 
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CHAPTER 7 
CONCLUSION AND FUTURE PLAN 

This research work has developed the folded dual S-shaped (FDS) bimorph actuator which 

can achieve piston displacement without any lateral shifting and rotation scanning with 

stationery rotation axis. Based on this actuator design, a novel design and fabrication method for 

high fill-factor, small footprint, and tip-tilt-piston micromirrors and MMAs with SCS-supported 

mirror plat have been developed. The 2nd-generation FDS micromirror achieves a fill factor of 

30% with a footprint of 2mm×2mm and dual-axis optical scanning range of ±30º at less than 8V. 

The 2nd-generation FDS micromirror has been successfully implemented as the scan engine for 

prototype commercial Dental OCT imaging applications. The 3rd-generation FDS micromirror 

achieves a record high fill factor of 45%, a record small footprint of 1.45mm×1.55mm and ±20º 

dual-axis optical scanning range. The MMAs developed achieve a fill factor of 88% in the mirror 

array region. The fabrication method of the HFF MMAs is the only design with SCS-backed 

mirror plate while does not need any bonding-transfer techniques. The MMAs achieve a record 

high sub-aperture size of 1.5mm×1.5mm and centimeter-scale combined optical aperture size 

with less than 100 elements. Each sub-aperture has a radius of curvature of several meters and is 

capable of 320µm vertical piston and 30º optical tip/tilting at less than 8V. The MMAs 

developed has also demonstrated the capability for optical phased array applications. The high 

fill factor micromirrors and MMAs also have surface-mount integration capability that can 

further reduce the space consumption in imaging probe and OPA systems. 

Based on the same design concept, a piezoelectric version of the FDS micromirror has 

been proposed and experimentally demonstrated. Although the initial curling of the bimorph 

actuator caused by the thermal stress of the PZT layer limits the actuation efficiency of the 

actuator, detectable static piston actuation and rotation scanning at resonance have been realized. 
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7.1 Research Accomplishment 

The following tasks have been accomplished for this work: 

1. A 1-D micromirror has been designed, fabricated and implemented for the application of 
endoscopic OCT imaging to detect early cancer. The device is capable of achieving 30º of 
1-D optical deflection with a dimension of 1.9mm×2.4mm. Clinical result using the 
implemented imaging probe has been obtained and verified by histology result. 

2. A novel FDS electrothermal bimorph actuator design has been proposed and designed that 
solves the lateral shifting problem and the mirror plate initial tilting problem in previous 
electrothermal micromirror devices. 

3. Two generations of micromirror devices have been designed and developed based on this 
FDS electeothermal bimorph actuator. The devices can achieve a piston stroke of up to 
480µm with near-zero lateral shifting and ±30º dual axis rotation scanning with fixed 
rotation axes at small driving voltage of less than 8V. The device shows 10ms response 
time and a 3dB cut-off frequency of up to 200Hz. 

4. A prototype imaging probe has been designed and implemented using the 2nd-generation 
FDS micromirror as the scanning engine. Dental OCT imaging using this probe has been 
successfully demonstrated. The team is currently working on the technology transfer for the 
commercial mass production of this probe. 

5. A novel design and fabrication method of micromirror with ultra-high fill factor and ultra-
small footprint has been proposed and implemented for the 3rd-generation FDS 
micromirror. The device has a unprecedented small footprint of 1.45mm×1.55mm with a 
fill factor of 45% and is capable of achieving piston stroke of up to 180µm and ±30º dual 
axis optical deflection at small driving voltage of less than 8V. 

6. High fill factor micromirror array devices have been developed based on the 3rd-generation 
FDS micromirror. The obtained 4×4 and 8×8 micromirror array device achieve a fill factor 
of 88% and combined optical aperture of 6.4mm×6.4mm and 1.34cm×1.34cm, 
respectively. Each sub-aperture is capable of piston stroke of 320µm and ±30º dual axis 
optical deflection all at less than 8V. Preliminary optical phased array capability has been 
demonstrated using the 4×4 micromirror array device. 

7. The Sol-gel PZT growth and fabrication process has been co-developed. A PZT version of 
the FDS micromirror has been designed, fabricated and characterized. The device shows 
~4µm static piston stroke and ~7º optical deflection at the resonance frequency of 1.58K 
Hz. However, whether the actuation is based on piezoelectric effect of electrothermal effect 
is still under investigation. 
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7.2 Future Work 

The micromirror and MMA devices developed in this work have shown great potential in 

the applications of biomedical imaging and optical phased array. However, to realize the end 

goals, additional work need to be done. 

For biomedical imaging applications, although the 2nd-generation FDS micromirror has 

been implemented for prototype dental OCT imaging application, it has been found during the 

prototype probe assembling process that the current micromirror devices are susceptible to 

improper handling. The long term reliability and the resistance to shock vibration need to be 

improved in order to survive the practical working environment.  

To achieve ultra-small imaging probe with less than 2mm diameter, the 3rd-generation FDS 

micromirror need to be implemented. Currently, the design of the probe based on the 3rd-

generation FDS micromirror is on going. One drawback with the 3rd-generation FDS 

micromirror is the recessed mirror plate, as shown in Fig. 4-5b, which limit the effective optical 

aperture size. This can be solved by either choosing a SOI with thinner substrate, or increase the 

length of the bimorph actuator to enlarge the initial vertical displacement. At this point it is very 

promising that we would be able to achieve the smallest imaging probe ever. 

For OPA applications of the HFF MMA devices, although optical experiment has 

demonstrate its capability of arbitrary and precise angular steering of the sub-apertures, more 

work need to be done to demonstrate its full OPA capability. In order to develop MMA devices 

with larger combined optical aperture, flip chip integration of the MMA device and the 

electronics is eventually needed. Dedicated driving electronics also need to be developed to drive 

all the actuators simultaneously. Dynamic laser beam steering experiment need to be carried out 

using larger MMAs. The design and fabrication concept of the HFF MMA can be applied to 
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other designs, e.g. the lateral shift free (LSF) micromirrors developed by L.Wu and other driving 

method, e.g. piezoelectric bimorph actuation. 

The development of the piezoelectric FDS micromirror is not accomplished as well as 

anticipated. Further improvement on both design and fabrication process are needed. Eventually, 

a large MMA array based on piezoelectric bimorph actuation could be realized. 
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