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摘要 

    在光學系統的應用與整合上，微機電致動器扮演著相當重要的角色。由於對光學品

質的要求，在致動器的設計上常常被賦予需要更平坦的鏡面以及能與系統做整合的要

求。本論文分別針對結構鏡面平坦度以及高系統整合能力兩項需求分別設計且製作了全

像 DVD 讀取時使用到的 phase shifter 及手機相機防手振時所需使用到的 image stabilizer

兩組元件。在 phase shifter 的設計製作中,利用 TSMC 0.35 μm CMOS MEMS 製程製作

surface micomachining 元件,經由後製程保留 40 μm厚的質量塊達到鏡面平坦的要求,並

經由光罩設計以及 HF vapor 的後製程製作出 high filter factor(95%)之 phase shifter 元

件。元件本身是利用 CMOS MEMS 製程所完成，相當適合進行元件與後續電路做整合

規劃。在 image stabilizer 部分，利用 silicon on glass 以及 flip chip bonding 的技術分

別設計出兩款不同的 MEMS image stabilizer，其高深寬比結構造就高驅動力與承載能

力。由於其高深寬比結構可提供較強的結構剛性,元件能夠與市售的 image sensor 做封裝

整合。其作動規格符合 300~500 萬畫素之手機相機拍攝時進行防手振補償,再者,利用特

殊的封裝技術將 image sensor 封裝在懸空的高深寬比微機電結構上並且進行打線作

業。設計完成之 MEMS image stabilizer 僅有 500 μm 厚相當適合組裝於手機中,進行手機

防手振作業。 
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Abstract 

 

MEMS actuators play very important rule in recent optical systems. Because of 

the requests of excellent optical quality and easy packaging function, optical MEMS 

actuators are usually designed with flatness reflection or diffraction mirrors, high 

suspended capability, and higher output force. In this dissertation, two kinds of optical 

devices, phase shifters and image stabilizers, are designed and fabricated and 

implemented. In the design of MEMS phase shifter, we utilize the TSMC O.35 μm 

CMOS MEMS foundry process to manufacture the micromirror array. CMOS foundry 

process offers the probability of easy integration of MEMS devices and circuits. To 

eliminate the warped phenomenon of micromirror array, a 40 μm reserved proof mass 

is designed and fabricated by the self-design post process. Furthermore, by the design 

of hidden net electrode, this device achieves a high fill factor of more than 90% 

without an additional flip-chip bonding process and is suitable to attach in holographic 

DVD pickup head for reading application. In the design of image stabilizer, the 

proposed stabilizers are designed as a two axis decoupling XY stages. By the design of 

high aspect ratio structure, this device is with large force output, and adequately strong 

to suspend an image sensor for anti-shaking photographic function. Furthermore, 

based on the design of the special wire bonding assisted holder, the image sensor can 

be successfully bonded to the image stabilizer. Additionally, electrical signals of the 

image sensor can be connected and integrated with the output circuits based on the 

signal spring design. 
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CHAPTER Ⅰ 

Introduction 

1.1  MICRO-SYSTEMS BACKGROUND 
 

 “Micro-Electro-Mechanical Systems” (MEMS) refers to a comprehensive integration 

technique for realizing various micro elements, including micro actuators, sensors, micro 

structures and others. In 1959, the Nobel Prize Winner, Dr. Richard P. Fenyman claimed, “There 

is plenty of room at the bottom,” in an Annual Meeting of American Applied Physical Society [1], 

and said that he expected the vigorous development of MEMS in the future. In the past several 

decades, the small world has been an area of constant research in physics, biology, and 

engineering [2]. As the development of semiconductor fabrication approaches reaches maturity, 

various miniature MEMS devices are now designed, fabricated and realized to replace traditional 

elements. There are numerous advantages, including power saving, saving, shorter response times 

and others. MEMS devices can also be fabricated simultaneously with their driving or sensing 

circuits in a compatible IC manufacture process, such as a CMOS MEMS process. Recently, 

familiar MEMS devices not only in the consumer 3C market but also in medical treatment and 

disease detection. In the consumer 3C market, the MEMS technique is utilized to design and 

fabricate devices, such as micromirrors [3,4], accelerometers [5], inject printer heads [6], pressure 

sensors [7] and others.  Figure 1 presents the well-known DMD (digital micromirror device), 

developed by Texas Instruments (TI), which is employed in projector lights, providing 

high-brightness, high-contrast, and high-reliability [8]. Accelerometers are typically embedded 

into airbags to detect and protect the drivers from serious damage when a car accident occurs [9]. 
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The MEMS-based inkjet nozzle arrays provide a higher dpi resolution in printing pictures [10]. 

The MEMS-based pressure sensor can be attached to notebook computers for fingerprint 

identification [11]. In the medical field, the MEMS technique is employed to detect physiological 

signal , such as in EEG, EOG and EMG. Figure 1.2 presents Michigan Probe micro needle arrays, 

which are utilized as microscale neural sensors for recording chronic cortical signals [12]. 

    

 

Figure 1.1 DMD (The Digital Micromirror) device [8] 

 

 

Figure 1.2 3D Michigan Probe array [12] 
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The fabrication of fundamental MEMS is based on the Si manufacturing process, which 

includes bulk micro machining and surface machining. In the future, to integrate devices and 

circuits, Si-based machining will still play the most important role in the fabrication of MEMS 

and the realization of the system-on-a-chip concept. However, in the bio-MEMS field, the most 

important issue is the safety of the materials used in MEMS devices. Accordingly, alternative 

fabrication processes that use more biocompatible materials and protect human health, such as 

PDMS hot embossing, are applied developed. With a diversity of design functions and 

manufacturing processes, the MEMS approach provides various means of overcoming design 

limits and of increasing the output of the IC and medical industries. 

 

1.2  REVIEW OF OPTICAL MEMS DEVICES  

 

The fabrication of fundamental MEMS is based on the Si manufacturing process, which 

includes bulk micro machining and surface machining. In the future, to integrate devices and 

circuits, Si-based machining will still play the most important role in the fabrication of MEMS 

and the realization of the system-on-a-chip concept. However, in the bio-MEMS field, the most 

important issue is the safety of the materials used in MEMS devices. Accordingly, alternative 

fabrication processes that use more biocompatible materials and protect human health, such as 

PDMS hot embossing, are applied developed. With a diversity of design functions and 

manufacturing processes, the MEMS approach provides various means of overcoming design 

limits and of increasing the output of the IC and medical industries. 

 

The use of the MEMS technique for fabricating optical systems can be traced back to the early 

1960s. Today, it has an more important role in the manufacture of optical devices. Various key 



 4

components in the optical system have been replaced by MEMS devices. Typical MEMS 

actuators, including micro-mirrors, shutters or structures integrated with optical systems and 

related circuits, are abundantly available in the consumer electrical market. The MEMS technique 

is mostly employed to fabricate optical components for optical displays and telecommunication 

systems. In a projector display system, the DMD (digital micromirror device) is critical [8]. In a 

telecommunications system, dynamic optical add–drop multiplexers (OADM) [13], 

two-dimensional (2-D) optical crossconnects (OXC) [14]–[15], three-dimensional (3-D) OXC 

[16], [17], wavelength-selective switches [18]–[21], variable optical attenuators (VOA) [22], 

tunable wavelength filters [23], and wavelength tunable vertical-cavity surface-emitting lasers 

(VCSEL) [24], [25] are adopted as domain devices [26,27]. 

 

    Regarding the optical system, when considering the needing of higher mirror flat accuracy, 

smooth structures and larger device size, characteristics of surface machining MEMS devices 

usually can not to satisfy those issues. Surface-machined MEMS devices generally cannot deliver 

to meet the requirements of high mirror flatness, smooth structures and larger devices, because 

the residual stress created in the fabrication process seriously deforms the large thin film structure 

and inhibits its application in optical domain. High-aspect-ratio structures (HARS) are utilized in 

optical MEMS systems because they support greater flatness of reflection or diffraction mirrors, 

high suspension capacity, and higher driving force. The residual stress induces less warping in 

bulk micromachined MEMS devices than in surface micromachined MEMS devices, because the 

form have high-aspect-ratio structures and higher structural stiffness. When in high-frequency 

operating mode, dynamic structural deformation always occurs in surface-micromachined MEMS 

devices, limiting the designed optical resolution [28,29]. In 2002, Robert A. Conant et al. 

presented a Staggered Torsional Electrostatic Combdrive (STEC) fabrication process for 
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fabricating mirrors with high aspect ratios with high-torque actuators, allowing high-speed 

optical scanning with large angular deflections [30]. Figure 1.3 presents a 550 mm-diameter 

mirror that can be used to scan through an optical angle of 24.9° at a 34 kHz resonant frequency 

with a static and dynamic deformation of less than 30 nm.  

 

 

Figure 1.3 SEM of two STEC micromirrors [30] 

 

Devices with bulk structures are commonly adopted in optical fiber switches because of 

their high stiffness and high actuation force. Peter Kopka et al. presented thermally-driven 

coupled cantilever actuators in micromechanical 1 × 4 and 2 × 2 optical fiber switches for 

multi-stable switching. Figure 1.4 presents the design of coupled U-shaped cantilevers that allow 

a lateral movement of optical fibers to eliminate angular displacements [31]. To trap optical fiber 

and enable to move through a large distance, this actuator is designed with high aspect ratio and a 

height of 85um. Another design fixes the optical fiber and exchanges the transmission of light 

using an optical switch. W. C. Chen et al. presented an H-beam actuator, a reflective micro-mirror, 
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and an arched buckle spring to demonstrate a new compact latched 2 × 2 optical switching 

device. The measured optical switching characteristics include a switching time of 5 ms under a 

25 V dc pulse back reflection loss of −52 dB, a cross-talk of −60 dB, an insertion loss of 0.8 

dB, a polarization-dependent loss of 0.03 dB, and a wavelength-dependent loss of 0.11 dB [32]. 

 

 

Figure 1.4 Photograph of a micromechanical 2 × 2 optical fiber switch [31] 
 

 

Figure 1.5 The illustration of the H-beam optical switch device [32] 
 

 



 7

Most of the MEMS actuators applied in optical system are designed as electrostatic actuator 

because of its integration feasibility with driving circuits, scalability for a large mirror array of 

devices and low power consumption characteristics. When considering with designing an 

electrostatic actuator with large driving force, it always involves high aspect ratio structure 

because the HARS can offer more parallel plates area and result in more electrostatic actuation 

force. Cornel Marxer et al. reported on vertical mirrors fabricated by deep reactive ion etching of 

silicon. The mirror height is 75 μm, covering the fiber core of a single-mode fiber when the latter 

is placed into a groove of equal depth and etched simultaneously with the mirror [33]. Figure 1.6 

presents the Sutter-type vertical mirror for characterization of the mirror’s reflectivity. The 

similar design also can be found in multi-direction mirror array. W. H. Juan et al. presented the 

design of High-Aspect-Ratio Si Vertical Micromirror Arrays for optical fiber switching [34]. 

Figure 1.7 presents the design optical switch with 800 μm -long, 3 μm -wide, and 50 μm -thick 

folded suspension beams. High-aspect-ratio Si dry etching technology allows tall and narrow 

fingers to be fabricated, which provide a large electrostatic force at low voltage to reduce power 

consumption. Accordingly, a switching array that can a lateral mirror movement of 34 μm at a 

low driving voltage of 30 V was realized . 

 

 

Figure 1.6 Vertical mirror and fiber grooves for tapered fibers fabricated by DRIE [33] 
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Figure 1.7 Optical switch with a movable mirror driven by electrostatic comb structures [34] 

 

Some hybrid fabrications are applied to improve mirror flatness and integrate the micro 

actuator and circuits. In 2002, Huikai Xie et al. proposed the post-CMOS process integrated the 

CMOS thin film mirror and bulk structure to yield a flat structure, higher sensitivity, and lower 

driving voltage [35]. As shown in Figure 1.8, a deep RIE process is utilized to form high aspect 

ratio structure after the SiO2 layer is released by RIE etching. Comparing to the traditional post 

release process, a high aspect ratio structure was saved under the thin film device and induced 

less   

 

 

Figure 1.8 The post-flow for DRIE CMOS process for flat device and circuit integration [35] 
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1.3  DISSERTATION WORK 

1.3.1 Objective 

     

In various optical systems in the field of optical MEMS, not only the characteristic of 

flatness mirror surface, but also the large loading and actuation force play important roles in 

different type optical system. The main purpose of this dissertation is to elucidate various devices 

with bulk structures and various specifications applied in optical MEMS systems. The objectives 

of this investigation are as follows. 

   

a. To develop a composite fabrication method for optical MEMS devices manufacturing and 

integration.  

b. To design and fabricate CMOS MEMS phase shifter with very flat and high fill factor 

mirror arrays; and 

c. To design and fabricate MEMS base image stabilizer with structures with high aspect ratio 

for a high structural loading and a large output force; and 

    

In the first part of this dissertation, various fabrication processes for forming structures in 

this dissertation are introduced, including the ICP (Inductively Coupled Plasma) etching, CMOS 

MEMS process, and HF vapor etching process.  

 

In the second part of the dissertation, we demonstrate two kinds of CMOS MEMS phase 

shifters with the characteristic of flat micromirror array. Two kinds of phase shifter micro-mirror 
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array are designed, fabricated and measured. The two phase shifters are fabricated by using the 

TSMC 2P4M CMOS MEMS foundry process and self-design post processes. By the special high 

aspect ratio back side proof mass design, the curved surfaces of micro mirrors are suitable 

eliminated, and the roughness of those two phase shifter will be reduced to the allowable range 

for blue ray DVD reading application. By special HF vapor fabrication and net electrode design, 

this phase shifter can achieve the characteristic of high fill factor and low actuation voltage. 

 

In the third part of this dissertation, we demonstrate the MEMS base image stabilizer with 

aspect ratio structure applied in high loading capacity and large actuation force. Two kinds of 

image stabilizer are designed, fabricated, and measured. Owing to the designed structure with the 

high aspect ratio, those devices can load a 3 million pixel image sensor and move by controlled 

voltage. Meanwhile, the special self-design package function allows the MEMS-based image 

stabilizer to be fabricated with a small device thickness, making it is suitable for cell phones 

anti-shaking function.    

    

1.3.2 Outline 

 

The dissertation is organized as follows. Chapter 2 introduces the fabrication process 

relative to this dissertation, includes the CMOS MEMS process, bulk micromachining, the ICP 

anisotropic etching process, the CMOS-MEMS process and the HF vapor process. Devices are 

fabricated using these procedures. 

 

Chapter 3 and Chapter 4 describe two kinds of phase shifter array. These two phase shifters 

are designed and fabricated by the CMOS MEMS surface micromachining and self-design post 
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process. Under the CMOS MEMS surface foundry process, the phase shifter mirror is curved by 

residual stress. By the design of backside high aspect ratio proof mass reservation, the flatness of 

micro mirror array will be saved and suitable for blue ray DVD application. 

 

Chapter 5 and Chapter 6 describe the large output and high loading ability of 

high-aspect-ratio device by two kinds of MEMS based image stabilizers. These two image 

stabilizers are design and fabricated by the silicon on glass process and flip-chip bonding 

technique, respectively.  These two image stabilizers are capable of loading a 3 million pixel 

image stabilizer and can be driven with 25 μm displacement and excellent decoupling effect to be 

suitable for anti-shaping function applied in cell phone camera. 

 

Finally, Chapter 7 draws conclusions and provides directions for future research. 
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CHAPTER Ⅱ 

FABRICATION AND MANUFACTURE PROCESS 

2.1 INTRODUCTION  

 

In this dissertation, two phase shifters and image stabilizers are designed, fabricated, and 

packaged using several manufacture procedures. Besides the ICP etching process that is utilized 

to form a structure with a high aspect ratio, various fabrication processes are employed, including 

CMOS MEMS foundry and HF vapor etching process, to manufacture phase shifters, and a 

flip-chip bonding process is employed to package the image stabilizer. Section 2.2 presents a 

simple overview of the bulk micromachiningetching process used to form devices with high 

aspect ratios. Section 2.3 comprehensively discusses ICP etching process and its applications. 

Section 2.4 introduces the TSMC 2P4M CMOS MEMS foundry utilized in this dissertation. 

Section 2.4 introduces the HF vapor etching process.       

 

2.2 BULK-MICROMACHINING 

 

In MEMS development, Si MEMS fabrication plays the most important role so far because 

of its mature well-known technique and easy integrated with semiconductor fabrication process. 

In usual, Si MEMS process can be classified with surface micromachining and bulk 

micromachining. Bulk micromachining is commonly used to manufacture structures with high 

aspect ratios by etching Si substrates. According to the etch function, bulk micromachining can 
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be classified into wet etching and dry etching. 

 

2.2.1 Si wet etching 

              

Wet etching normally involves chemical etching using a liquid, such as HNA (HNO3+HF), 

KOH, EDP and TMAH. Since the etching rate can vary with direction, wet etching is divided into 

isotropic etching and anisotropic etching. In isotropic etching, the etching rates are the same in all 

directions. For this method, the most common etchant is HNA [35]. Controlling the ratio of 

HNO3 to HF enables  Si etching at high etching speed or to produce a smooth surface. 

Anisotropic etching has different rates on different crystal planes. For this method, the most 

commonly used etching liquid is EDP [36], KOH [37], and TMAH. Generally, Si etching in the 

<111> direction is much slower than in the <110> or <100> directions. Si anisotropic etching can 

be utilized to shape various special structures, OR such as V-grooves, bridges, nozzles, and others, 

as presented in Fig. 2.1 [38,39]. 
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Figure 2.1 MEMS applications using Si bulk micromachining [39] 

 

2.2.2 Si dry etching 

 

    In wet etching, the etch reactants are liquid and shape isotropic or anisotropic structures, but 

in dry etching, the etch reactants come form a gas or vapor phase source and are typically ionized. 

The difference between Si wet and dry etching is that the etchants of isotropic and anisotropic 

etching in dry etching are the same. Gaseous fluorine-based atoms or ions are generally utilized 

as the reactive species to etch the exposed Si film. This etching mechanism involves chemical 

and physical etching process. Si dry etching can also be classified into isotropic and anisotropic 

etching. This reaction of Si etching is isotropic and even provides less etching selectivity than 

wet etching. When the sidewall passivation function is introduced into the reactive process, Si 
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dry etching becomes anisotropic. Figures 2.2 and 2.3 show the Si dry etching mechanism. In the 

chemical mechanism, RF power generates fluorine-containing etching species, ionized species 

interact with the surface of Si, to yield volatile products, which are finally pumped away by a 

vacuum pump. In physical mechanism, gas ions are accelerated and strike Si substrate with high 

kinetic energy, some energy is then transferred to surface atoms, leading to Si removal. Chemical 

etching mechanism offers isotropic and high selectivity. On the contrary, physical etching 

mechanism offers highly anisotropic and low selectivity. In Si dry etching, the chemical and 

physical reactions occur simultaneously.  

 

 

Figure 2.2 illustration of RF-plasma dry etching [40]  
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Figure 2.3 Plasma etching mechanism [41] 

 

 

2.3 INDUCTIVELY COUPLED PLASMA (ICP) ETCHING PROCESS 

   

As mentioned above, dry Si etching process can yield a structure with higher aspect ratio 

than wet Si etching. Many kinds of dry etching procedures can shape high aspect ratio structures, 

such as ICP (Inductively Coupled Plasma) etching electron cyclotron resonance (ECR), helicon, 

reactive ion etching (RIE), and others. Among those techniques, ICP etching provides the highest 

aspect ratio etching capability because of its greater scalability and wider operating window [42]. 
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Figure 2.4 Schematic diagram of an STS inductively coupled etching system [42] 

 

2.3.1 ICP etching mechanism 

 

The ICP etching process is characterized by high etching rate and good sidewall angle 

control, based on the power control of high dense plasma. Figure 2.4 schematically depicts an 

STS inductively coupled etching system. Figure 2.5 displays the plasma generation system, 

which is established with an RF coupling electromagnetic field energy unit [43]. The ICP etching 

system has another helical coil RF matching unit, as well as the plated RF matching unit, to 

enhance the etching mechanism.  In Si etching, the fluorine-based containing plasma can be 

obtained form various sources, such as SF6 and CF4. Then, more reactive ions are produced and 

accelerated by a helical coil RF matching unit, to bombard the Si wafer and increase the etching 

rate. 
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Figure 2.5 illustration of helical coil chamber [43] 

 

  2.3.2 Bosch etching process 

 

The Bosh Company invented the Bosch etching process with alternate etching and 

passivation operation mechanisms. Besides the etching process, they introduced  a passivation 

process into the reaction to protect the sidewall of the etching trench. By the protection 

mechanism, the Bosch etching process yields a structure with a higher aspect ratio than other 

etching mechanism. Figure 2.6 presents the reaction mechanism [44]. In Bosch processing with 

the etching step, SF6 is utilized as the etchant source to provide fluorine-based etching species. In 

passivation processing, C4F8 is introduced to induce polymerization and form a polymer film to 

cover the Si surface.  The fluorine-based etching species to bombard Si and the polymer film 

only in the vertical direction, leaving the sidewall. By this protection mechanism, the Bosch 

process can yield a structure with a high aspect ratio of more than 30:1 [45]. Figure 2.7 shows the 

high aspect ratio structure obtained by etching by the Bosch process.        
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Figure 2.6 illustration of Bosch process  

 

 

Figure 2.7 high aspect ratio structure shaped by Bosch process  
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2.4 TSMC 0.35 μm CMOS MEMS  

 

In this dissertation, we utilized the TSMC 0.35 μm CMOS MEMS process to manufacturing 

phase shifter device in chapter 3. TSMC 0.35 CMOS MEMS is a foundry process developed by 

TSMC Ltd. Company (Taiwan Semiconductor Manufacturing Company). This foundry process is 

a two-layer polysilicon and four-layer metal surface micromachining technology. The difference 

from the standard CMOS process is an additional post ICP etching process is included into the 

CMOS MEMS process. As shown in Figure 2.8, TSMC 0.35 CMOS MEMS process provides 

two patterned layers of polysilicon for development of microstructure and four patterned layers of 

metal for circuit routing. If necessary, the metal layers also can be utilized as the device layers. 

The manufacturing process is shown as figure 2.9 [46]. After finishing the surface manufacturing 

step, user can open the desired windows of etching area by the RLS mask. An anisotropic RIE 

etching process is utilized to etch SiO2 layer and form the device structure. Finally, the designed 

device is released by an isotropic Si etching process.        
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Figure 2.8 Cross-section view of the TSMC CMOS MEMS process [46]. 

 

 

Figure 2.9 Post process of the TSMC CMOS MEMS process[46] . 
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2.5 HF VAPOR ETCHING PROCESS 

 

In this dissertation, in chapter 3, the HF vapor was utilized to dry-etch SiO2 to design a phase 

shifter with a high fill factor.  The HF vapor etching process is a dry etching approach for 

releasing MEMS surface micromachined devices with SiO2 as a sacrificial layer.  In HF wet 

etching process, drying of released wet etched structures however causes problems of stiction 

[47]. The normal solution to the problem of stiction is to use a CO2 dryer to replace the liquid 

solution with CO2 gas and to save the device by evaporating CO2. This replacement process takes 

much time and money.  HF vapor etching is a convenient and cheap method for releasing the 

device while avoiding stiction. In particular, when the wafer temperature during the release is 

increased above 40 °C, a high yield of surface micro-machined structures can be obtained. 

Figure 2.10 presents the experimental setup for HF vapor etching. This process only requires 

that the HF liquid be heated above 40 °C to vaporize it. The processed chip and HF liquid are 

placed  into a sealed space for safety and a light source is employed to heat the HF liquid. The 

etching rate at 40 °C is approximately 220 nm/min [48]. 
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Figure 2.10 HF vapor etching process 

 

2.6 CONCLUSION REMARK 

 

In this chapter, basic discussions of ICP fabrication technologies of are introduced. ICP 

etching process is the main technique to shape high aspect ratio structure and utilized in our 

whole devices. Another fabrication process such as TSMC 0.35 μm CMOS MEMS and HF dry 

etching process are also simple stated in the chapter. These two processes will be applied in the 

phase shifter manufacturing processes.        
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CHAPTER Ⅲ 

CMOS-MEMS ELECTROSTATIC MICROMIRROR ARRAY 
PHASE SHIFTER 
 

3.1 INTRODUCTION 

 

In this chapter, we demonstrate the CMOS-MEMS electrostatic phase shifter array with 

flatness characteristic by high aspect ratio structure design, including design, fabrication, and 

measurement of two kinds of novel phase shifter. By suitable proof mass design, the flatness of 

micromirror of phase shifter can be effectively achieved.  

    Optical MEMS experienced a flourishing development in the past decade by leverage the IC 

micro-fabrication technology [49]. Its application includes projection displays [50], optical 

scanners [51] and imaging [52]. Among these devices, optical phase shifter plays an important 

role in light diffraction interference. As illustration in Figure 3.1, supposing a phase shifter can be 

operated at in-phase mode (0 degree phase difference) and out-of-phase mode (180 degree phase 

difference) respectively, the capacity of holographic data storage system will increase to 2 times. 

Further, the capacity will increase to 2N times if N phase shifters are placed in the system [53, 

54]. 
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Figure 3.1 Illustration of holographic optical system 

 

Among the existing actuation methods for MEMS mirrors that were previously proposed 

include thermal, piezoelectric and electrostatic. Thermal actuation is based on the difference 

between the thermal expansions of different materials in a bimorph actuation structure. This 

excitation principle is easy to implement, but requires high power consumption [55]. It is usually 

utilized in large displacement applications [51]. Piezoelectricity is often utilized phenomenon to 

excite a micromirror. However, piezoelectric material may cause hysteresis and is not compatible 

with CMOS process [56-57]. Electrostatic actuation is the most widely used in micromachined 

mirrors [58-61]. The main benefit of the electrostatic actuation is its characteristic in low power 

consumption and the capability of sub-micrometer displacement in optical device. The 

interferometry using electrostatic driven microactuator can precisely control displacements in 

nanometer range and the required actuation force is usually low [62]. Recently, many electrostatic 

actuation methods have been developed, such as the parallel plate, lateral comb drive and vertical 

comb drive structures. For vertical out-of-plane motion micromirrors with parallel plate 

electrostatic actuator exhibit a nonlinear phenomenon, called pull-in, which severely constrains 

the stable region at one-third the length of the gap [63, 64]. Electrostatic comb drive actuators 

were developed to avoid pull-in. Numbers of optical applications using electrostatic comb drive 
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micromirror have been demonstrated, such as optical scanners [65, 66], phase-shifting 

interferometer [67] and laser display [68]. 

 

Besides actuation methods, flatness of micromirror is also an important issue in designing 

MEMS mirrors. Micromirrors made of thin film materials usually suffer from surface curvature 

due to residual stress after the structure is released [69, 70]. Stress-induced out-of-plane 

deformation must be controlled small in comparison to the optical wavelength to avoid 

compromising device performance. Thus a number of methods have been proposed to eliminate 

curvature or reduce residual stress of the micromirrors. For example, a thick bulk-silicon 

micromirror fabricated via DRIE process can overcome the nonplanarity of thin film CMOS 

microstructures [71]. Moreover, ions bombard the surface of microstructure is also a way to 

modify the residue stress gradient [72-74]. 

 

In this chapter, the investigation develops an optical phase shifting micromirror array that 

can achieve λ/4 vertical displacement and make the mirror peak-to-valley deformation within 

λ/10. Electrostatic comb actuators are employed to drive each individual mirror pixel. The 

standard CMOS process and in-house post-CMOS process are utilized to fabricate the device. In 

the following sections, the design, theoretical analysis and simulation, and fabrication are given. 

Experimental results indicated that the micromirror demonstrated a vertical displacement of λ/4 at 

38 V and the resonant frequency is 14.5 kHz. 
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3.2 DESIGN CONCEPT OF MEMS BASE PHASE SHIFTER  

 

The optical phase shifting micromirror array is fabricated through TSMC (Taiwan 

Semiconductor Manufacturing Company) standard 0.35 μm 2P4M (double polysilicon quadruple 

metal) CMOS process [27]. The micromirror is designed to achieve λ/4 vertical displacement of 

514 nm wavelength light source. Figure 3.2(a) shows the schematic drawing of individual mirror 

pixel. It consists of a 200 μm× 200 μm micromirror structure and four sets of comb fingers. The 

micromirror is supported by four flexures and the comb fingers are designed along the flexure, 

acted as the movable and fixed comb fingers. One end of the flexures is fixed to the anchor, and 

the other end is attached to the micromirror. The mirror reflective surface is made of aluminum 

metal layer with a high optical reflectivity better than 90%. A part of silicon substrate under 

micromirror is reserved for decreasing the mirror deformation due to residual stress after the 

structure is released, as shown in figure 3.2(b). Figure 3.2(c) shows cross-section view of the 

vertical comb drive actuator. The fixed comb fingers comprise M1, M3 and silicon dioxide, and 

the movable comb fingers comprise M2 and silicon dioxide. When a voltage is applied between 

the movable comb (M2) and fixed comb (M3), the micromirror can be pulled upward by the 

electrostatic force induced by the fringe effect. On the other hand, the micromirror can be pulled 

downward if the driving voltage applied to fixed comb is changed from M3 to M1. The 

multilayer structure enables the micromirror to have the vertical motion capability.  

 



 28

 

(a)                        (b)                         (c) 

Figure 3.2 The schematic of the individual mirror pixel: (a) top view, (b) cross-section, (c) 

cross-section of the comb fingers. 

 

A bulk-silicon under the micromirror is reserved for reducing mirror deformation due to 

residual stress after the structure is released, as illustrated in figure 3.2(c). The thickness of 

bulk-silicon is estimated according to the design specification that mirror peak-to-valley 

deformation is within λ/10 (51nm). In order to design the thickness of bulk-silicon, the curvature 

model is used for calculation. The curvature of a micromirror can be defined as [75]. 

d2

2
=ρ

                                   (3.1) 

where ρ is the radius of curvature,  is the half length of micromirror, and d is the mirror 

peak-to-valley deformation. Thus, the ρ must be larger than 100 mm to satisfy the d within λ/10. 

On the other hand, a beam curvature model also can be used in this design. Due to the 

micromirror deformation after release is bowl-shape, the center point can be regarded as an 

anchor. It is similar to the case that composite beam is bent by residual stress. Therefore, the 

curvature of the micromirror also can be expressed as [76]. 
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where σA and σB are the residual stresses of materials A and B. EA and EB are the Young’s 
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where tA and tB are the thicknesses of materials A and B. K is a material coefficient of materials A 

and B. The material A in the micromirror structure denotes silicon substrate and material B is all 

used layers in CMOS process besides silicon. The material properties are taken from the National 

Chip Implementation Center [77]. Notably, silicon residual stress (σA) is neglected due to the 

bulk-silicon which reserved for reducing mirror deformation is treated as rigid body. Therefore, 

using equation (3.1) and (3.2), the thickness of bulk-silicon (tA) can be calculated. The calculation 

result indicates that tA have to be larger than 35 μm for satisfying the mirror peak-to-valley 

deformation within λ/10. To consider post-CMOS process variations, a 40 μm thick bulk-silicon 

will be reserved in the design. 

 

3.3 THEORETICAL ANALYSIS AND FEM SIMULATION OF MEMS BASE PHASE 

SHIFTER 

 

3.3.1 Static behavior 

 

The vertical motion of an electrostatic comb drive actuator occurs when a driving voltage is 

applied between the fixed comb fingers and the movable comb fingers. The electrostatic force is 
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given by 

2

2
1 V

dz
dCNF =                               (3.4) 

where N is the number of comb fingers, C is the capacitance of comb fingers, z is the 

displacement of movable fingers, and V is the applied dc bias voltage. For a comb finger pair, 

dzdC /  can be expressed as 

g
L

dz
dC ε

=                                  (3.5) 

where ε is the dielectric constant in air, L is the finger length, and g is the finger gap. Using this in 

equation (3.4), the electrostatic force can be rewritten as a function of applied voltage. 

 

To understand the static behaviors of the device, a FEM simulator, IntelliSuite®, is utilized 

to simulate the deformation and displacement of the micromirror. Figure 3.3 shows the simulation 

result of a simplified model of quarter micromirror with 70 V driving voltage. It is clearly that the 

displacement of the micromirror is the same with the free end of flexure beams. In other words, 

the deformation of the flexures induced by electrostatic force can fully pass to the micromirror 

and lead to a vertical levitation of the micromirror. Figure 3.4 illustrates the displacement of the 

micromirror versus driving voltage. The result indicates that the micromirror can achieve a 128 

nm (λ/4) vertical displacement while applying voltage is about 42 V. 
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Figure 3.3 The deformation of the simplified micromirror model with 70 V dc bias voltage. 

 

Voltage (V)

0 10 20 30 40 50

Z 
ax

is
 d

is
pl

ac
em

en
t (

nm
)

0

50

100

150

200

 

Figure 3.4 The simulation result of Z-axis displacement versus voltage. 

 

3.3.2 Resonant frequency 

 

A simplified theoretical model is used to calculate the resonant frequency of the proposed 
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micromirror device. The deformation of the flexure beams which induced by electrostatic force 

lead to a vertical levitation of the micromirror. Thus the device model is similar to the case that a 

clamped-clamped beam with a center mass, as shown in figure 3.5. Four flexures can be regarded 

as two sets of equivalent beams which act as a clamped-clamped beam. The fundamental 

resonant frequency of the equivalent model is expressed as [78] 
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∑
                         (3.6) 

 

where n is the number of layers in the flexure beam, iE  and iI  are the Young’s modulus and 

the moment of inertia of each layer, AL  and Am  are the length and the mass of the equivalent 

clamped-clamped beam, and AM  is the mass of the micromirror. The theoretical resonant 

frequency is calculated at 4.08 kHz by using equation (3.6). On the other hand, the resonant 

frequency is also simulated by using IntelliSuite®. Note that in the present FEM simulations, we 

solely require movable comb, flexure beams and micromirror to calculate the resonant frequency. 

The simulation result indicates that the fundamental resonant frequency is about 4.45 kHz and the 

mode shape is vertical motion. These results can be used as the reference data in the actual 

experimental measurements. 

 

Figure 3.5 The diagram of clamped-clamped beam with a center mass. 
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3.4 FABRICATION PROCESS OF MEMS BASE PHASE SHIFTER 

  

The proposed phase shifter device was fabricated by TSMC 0.35 μm 2p4m CMOS process 

which was provided by the National Chip Implementation Center (CIC) and a self-designed 

post-CMOS process. The CMOS process consists of two polysilicon layers, four metal layers, 

three via layers, and several dielectric layers. All metal layers are made of aluminum and the 

contact/via holes are filled with tungsten plugs. The dielectric layers are silicon dioxide and the 

passivation layer includes silicon dioxide and silicon nitride. The etched holes are filled with 

silicon dioxide. In order to fabricate a flat plane surface, chemical mechanical polishing (CMP) is 

employed after each deposition layer was completed.   

 

After CMOS foundry process, all MEMS structures are bonded with the silicon substrate. 

Notably for device releasing issue, the passivation window of MEMS structure must be opened in 

advance of post-process. The self-designed post-CMOS process is applied to reserve a bulk 

silicon mass for reducing micromirror deformation and release the suspended structures. The 

post-process includes one grinding process, one backside alignment photography, a 2-step 

backside inductively coupled plasma (ICP) etching process, and a front-side reactive ion etch 

(RIE) step. Figure 5 illustrates the post-process flow. Figure 3.6(a) shows the device fabricated 

after the CMOS foundry process with the passivation window already open. A backside grinding 

process is then utilized to grind down silicon substrate thickness, reversing only 100 μm for 

economic considerations, as shown in figure 3.6(b). After that, a backside lithography process is 

applied to define the proof mass area, and then the first anisotropic ICP etching step is utilized to 
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etch the silicon substrate for proof mass reservation, in which PR is used as the hard mask, as 

illustrated in Figure 3.6(c) to 3.6(d). Figure 3.6(e) displays the second step in the ICP etching 

process. The PI tape is applied as the mask instead of PR. Although the ICP process will etch the 

PI tape, it will extend the etching time to form the proof mass. In this etching step, silicon dioxide 

is utilized as the etching stop layer due to the etching selectivity of silicon dioxide is significantly 

higher than that of PI tape. Finally, a front-side anisotropic RIE etching process is used to release 

the micromirror device, as shown in Figure 3.6(f). Figure 7 displays SEM images of the device 

fabricated using the CMOS process and post-CMOS processes. The suspended beams are slightly 

bent due to residual stress, as shown in Figure 7(c). However, this bending does not influence 

device actuation. 
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Figure 3.6 Post-CMOS fabrication process flow: (a) completion of CMOS process, (b) reserving 

only 100μm of silicon by grinding process, (c) defining proof mass area by backside lithography 

process, (d) first backside ICP etching step, (e) second backside ICP etching step, (f) front-side 

anisotropic RIE etching process to release suspended microstructures. 
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Figure 3.7 SEM picture of phase shifter   

 

3.5 EXPERMENTAL AND MEASUREMENT RESULTS OF MEMS BASE PHASE 

SHIFTER 

 

3.5.1 Flatness of the micromirror 

 

In order to examine micromirror flatness, WYKO interferometer is used for the preliminary 

measurement, as shown in figure 3.8. Micromirror flatness is an important issue in phase shifter 
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applications. The X- and Y-directions of the micromirror surface are scanned. Figure 3.9 shows 

the X-direction roughness scanned at 200 μm distance from one side, passing through the mirror 

center to the other side. The measurement result demonstrates that roughness only about 60 nm 

and no mirror deformation occurred in this device. Deformation induced by residual stress from 

CMOS process is totally eliminated due to the curve is distributed uniformly and does not gather 

on any side of the mirror. A similar scanning result is obtained for the Y-direction. Thus, mirror 

peak-to-valley deformation conforms to the optical specification. 

 

 

Figure 3.8 WYKO interferometer. 
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Figure 3.9 Surface flatness of the micromirror device. 

 

3.5.2 Static characteristic measurement 

 

The WYKO interferometer is also used for static characteristic measurement. Figure 3.10 

shows the experimental setup. A dc bias voltage provided by the power amplifier is utilized to 

actuate the phase shifter micromirror. Figure 3.11 compares simulation and measurement results 

for vertical displacement versus driving voltage. The experimental result demonstrates that 

vertical motion of the micromirror can achieve a 128 nm displacement (λ/4 of the 514 nm light 

source) when 38 V are applied to the comb actuator. The vertical displacement of micromirror of 

0~128 nm is obtained by increasing the driving voltage from 0 to 38 V; thus, the requirement of 

λ/4 displacement can easily be reached less than 40 V.   
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Figure 3.10 The experimental diagram of static characteristic measurement. 
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Figure 3.11 The static characteristic of the micromirror. 
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3.5.3 Frequency response measurement 

 

Figure 3.12 shows the frequency response of the micromirror device that is measured by using an 

MEMS Motion Analyzer (MMA). The micromirror is biased by a sinusoidal wave with voltages 

offset of 30 V and amplitude of 5 V, and the frequency ranges between 2 and 5 kHz. The first 

resonant frequency mode is measured at 3.71 kHz, and it closely matches the calculation (3.98 

kHz) and simulation result (4.15 kHz). The error is due to variations of the CMOS fabrication 

process and post-process. The quality factor is calculated at 41. 
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Figure 3.12 The frequency response of the micromirror. 
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3.6 Summary 

 

This work presents a 3 × 3 electrostatic phase shifter micromirror array fabricated by TSMC 

0.35 μm 2p4m CMOS process and the self-designed post-CMOS process. The individual mirror 

pixel is 200 μm× 200 μm. Mirror deformation resulting from residual stress of the CMOS process 

is eliminated via proof mass reservation design. The design, modeling, simulation and 

measurement are presented. Preliminary measurement results demonstrate that the micromirror 

can achieve a 128 nm (λ/4) vertical displacement with a driving voltage of 38 V and the resonant 

frequency is 3.71 kHz. This phase-shifting micromirror array has potential as a spatial light 

modulator (SLM) in holographic data storage systems in the future. 

 

3.7 CONCLUSION REMARK  
 

In this chapter, MEMS based phase shifter are designed, fabricated, and measured. By the 

design of high aspect ratio proof mass reserved under the micromirror fabricated by surface 

micromachining, warped phenomenon caused by residual stress can be effectively eliminated. 

Furthermore, it is very easy to integrate MEMS devices and circuits by utilizing the CMOS 

MEMS foundry process and easy post process.  
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CHAPTER Ⅳ 

CMOS-MEMS HIGH FILL FACTOR MICROMIRROR 
PHASESHIFTER 
 

4.1 INTRODUCTION 
 

In chapter 3, we have successfully design and fabricate the phase shifter with flat mirror 

arrays. In this section, we will introduce another important issue in phase shifter design. In 

addition to mirror flatness, fill factor also plays an important role in optical applications. 

Previously reported micromirror arrays with a low fill factor resulted in low optical efficiency 

[79]–[80]. In order to achieve an effectively high fill factor, driving and suspension mechanisms 

usually must be placed under the mirror plate. The most famous example is the Texas Instruments 

Digital Light Processor (TI DLPTM) mirror system we mention in chapter 1 that has a 

complicated superstructure to obtain a high fill factor in projection display application [8]. 

Besides, additional assembly process such as flip-chip bonding technique is also utilized to place 

the mirror plate on top of the actuator stage [81]–[84].  

 

In this chapter, we develop an optical phase shifting micromirror array with the same 

specification, can achieve a λ/4 vertical displacement and a mirror peak-to-valley deformation 

within λ/10 that. Furthermore, the fill factor is about 90% without additional flip-chip bonding 

process. Electrostatic actuators are employed to drive each individual mirror pixel. The standard 

CMOS process and in-house post-CMOS process are utilized to fabricate the device and offer the 

probability of the integration of mirror array and driving circuits. The following sections describe 
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device design, present theoretical analysis and simulation results, and provide fabrication details. 

Experimental results demonstrate that the micromirror had a vertical displacement of λ/4 at only 

3 V and resonant frequency of 3.6 kHz. 

 

4.2 DESIGN CONCEPT 

 

This phase-shifting micromirror array is also fabricated by TSMC standard 0.35 μm 2p4m 

CMOS MEMS process. The micromirror is designed as the same specification to achieve a λ/4 

vertical displacement for a 514 nm wavelength light source. Figure 4.1 illustrates the schematic 

drawings of an individual electrostatic driven mirror pixel. It consists of a 200 μm× 200 μm 

micromirror surface structure, suspension beams, net electrode, pillar-shape joiners, and proof 

mass. The micromirror is supported by two suspension beams and formed by metal 4 (M4), as 

shown in Figure 4.1(a). The mirror reflective surface is an aluminum metal layer with high 

optical reflectivity exceeding 90%. The suspended beams are designed to be under the mirror 

plate. One end of the beam is fixed to an anchor and the other end is attached to the micromirror.  

 

An electrostatic parallel plate actuator drives the mirror. The top electrode is the mirror plate 

and the bottom electrode is a net electrode. The net electrode is a clamped-clamped suspension 

structure, which acts as a stator. It is composed of M2, M3, and a tungsten layer between M2 and 

M3. The gap between mirror plate and net electrode is 1μm, and one-third of the gap is larger 

than the desired micromirror motion displacement (128 nm). Therefore, the pull-in phenomenon 

can be avoided by applying a proper driving voltage. The same 40 μm-thick bulk-silicon under 

the micromirror is reserved for reducing mirror deformation due to residual stress after the 
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structure is released. In order to connect the mirror plate and silicon proof mass, pillar-shape 

structures are designed for connectors, as shown in Figure 4.1(b). The pillar-shape structure 

comprises all metal layers and tungsten via layers besides M4. The mirror and pillars act as a 

rotor. Figure 4.1(c) shows stereo drawing of the whole micromirror structure. The pillars pass 

through the net electrode; thus, the rotor does not touch the stator. When voltage is applied 

between the stator and rotor, the electrostatic force pulls the micromirror downward. Thus, the 

multilayer structure provides vertical motion capability. The micromirror array achieves a high 

fill factor of more than 90% without an additional flip-chip bonding process because of the 

parallel plate actuator and the hidden suspension beams. 
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                                (a) 

 

(b) 

 

(c) 

Figure 4.1 The schematic of an individual mirror pixel: (a) top view, (b) cross-section view, (c) 

stereopicture of the micromirror. 
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4.3 THEORETICAL ANALYSIS AND FEM SIMULATION 

 

4.3.1  Static Behavior 

 

Vertical motion of an electrostatic parallel plate actuator occurs when a driving voltage is 

applied between the top and bottom electrodes. The electrostatic force is given by 

 

2

2
1 V

dz
dCF =                               (4.1) 

 

where C is the capacitance between the electrodes, z is the vertical displacement along the 

actuation direction, and V is the applied DC bias voltage. For a parallel plate actuator, the 

capacitance varies with vertical displacement. Thus C can be expressed as 

)( zd
AC
−

=
ε                                (4.2) 

 

where ε is the dielectric constant in the air, A is the overlap area of top and bottom electrodes, and 

d is the gap between electrodes. By summarizing equation (4.1) and equation (4.2), electrostatic 

force can be rewritten as a function of applied voltage and shown in equation (4.3).  

2
21 1

2 2
dC VF V A
dz d z

ε ⎛ ⎞= = ⎜ ⎟−⎝ ⎠
                  (4.3) 

 

According to spring design of the proposed device, the micromirror is considered to follow 

Hooke’s law. While assuming the micromorror is driven by an electrostatic force F along the 
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driving direction, the relationship between displacement and the reaction force F in the driving 

direction x can be expressed as 

   F kx=                                       (4.4) 

 

where k represents the equivalent spring stiffness of the micromirror in the driving direction and x 

represents the displacement caused by the electrostatic force. In our case, the displacement x is 

equal to z, and the equivalent stiffness k is the summary of stiffness of two cantilever springs. 

Since equation (4.3) equals to equation (4.4) which yields equation (4.5) that specifies the 

relationship between moved displacement z and driving voltage V in the z direction.  

( ) 2zkV d z
Aε

= −                                (4.5) 

 

In the present case, d is a constant value of 1 μm (distance between M3 and M4), A is square 

measure of net electrodes, k is spring constant of cantilever springs, and ε is the dielectric 

constant in the air. Based on equation (4.5), when the displacement is achieved 128 nm (λ/4), the 

relative driving voltage is about 2.6 V. 

 

To understand the static behaviors of the device, a FEM simulator, IntelliSuite, is utilized to 

simulate micromirror deformation and displacement. Figure 4.2 displays the simulation result of 

the actual dimension micromirror model with a driving voltage of 3 V. Micromirror displacement 

is clearly of the same with the free end of the suspension beams. That is, deformation of the 

suspension beams induced by the electrostatic force can fully pass to the micromirror and lead to 

a vertical levitation of the micromirror. Figure 4.3 plots micromirror displacement versus driving 
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voltage. The simulation result demonstrates that the micromirror can achieve a 128 nm (λ/4) 

vertical displacement when applied voltage is about 2.7 V. Moreover, the pull-in voltage is about 

4.5 V according to the simulation result. 

 

 

 

 

 Figure 4.2  The deformation of the actual micromirror model with 3 V DC bias voltage. 
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Figure 4.3 The simulation result of Z-axis displacement versus driving voltage. 

 

4.3.2 Resonant Frequency 

 

A simplified theoretical model is utilized to calculate the resonant frequency of the proposed 

micromirror device. Deformation of the suspension beams which induced by an electrostatic 

force lead to a vertical levitation of the micromirror. Thus, the device model is similar to that of a 

clamped-clamped beam with a center mass, as illustrated in Figure 3.5. The fundamental resonant 

frequency of the equivalent model is also expressed as 
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where n is the number of layers in the suspension beam; Ei and Ii are the Young’s modulus and the 

moment of inertia of each layer, respectively; LB and mB are the length and the mass of the 

equivalent clamped-clamped beam, respectively; and MB is micromirror mass. The theoretical 

resonant frequency derived by equation (3.12) is 3.94 kHz. Moreover, resonant frequency is also 

simulated using IntelliSuite. Notably the FEM simulations only require suspension beams and 

micromirror to calculate the resonant frequency. The simulation result indicates that the 

fundamental resonant frequency is about 4.14 kHz and the mode shape is vertical motion. These 

results can be used as the reference data in actual experimental measurements. 

 

 

4.4 FABRICATION PROCESS 

 

The designed phase shifter device was also manufactured using the TSMC 0.35 μm 2p4m 

CMOS process and a self-designed post-CMOS process. The CMOS process consists of two 

polysilicon layers, four metal layers, three via layers, and several dielectric layers. All metal 

layers are made of aluminum and the contact/via holes are filled with tungsten plugs. The 

dielectric layers are silicon dioxide and the passivation layer includes silicon dioxide and silicon 

nitride. The etched holes are filled with silicon dioxide. In order to fabricate a flat plane surface, 

chemical mechanical polishing (CMP) is employed after each deposition layer is completed.  

A notable device releasing issue is that the passivation window of the MEMS structure must be 
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opened in advance of the post-process. The self-designed post-CMOS process is applied to 

reserve a bulk silicon mass for reducing micromirror deformation and release the suspended 

structures. The post-process includes one grinding process, one backside alignment lithography 

process, a 2-step backside inductively coupled plasma (ICP) etching process, and an HF vapor 

releasing process. Figure 4.4 illustrates the post-process flow. The post-process is implemented 

using the following steps:    

 

(a) The post-process starts with the device fabricated after the CMOS foundry process with the 

passivation window already open as shown in Figure 4.4(a). The open-window step is 

implemented during the foundry process. 

 

(b) A backside grinding process is utilized to grind down the silicon substrate thickness, 

reserving only 100 μm for economic considerations to save expense and time for the ICP 

etching process, as shown in Figure 4.4(b).  

 

(c) After that, a backside lithography process is applied to define the proof mass area, and then 

PI tape is used to protect the peripheral area of the chip from ICP etching, as illustrated in 

Figure 4.4(c). 

 

(d) Then the first anisotropic ICP etching step is conducted to etch the silicon substrate for proof 

mass reservation, in which PR and PI tape are used as the hard mask, as illustrated in Figure 

4.4(d).  

 

(e) Figure 4.4(e) depicts the second step of the ICP etching process. In this step, PR is removed 
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by PR stripper but the PI tape is reserved for the second mask instead of PR. Although the 

ICP process etches the PI tape, the tape extends the etching time to form the proof mass. In 

this etching step, silicon dioxide is utilized as the etching stop layer since the etching 

selectivity of silicon dioxide is significantly higher than that of PI tape. 

 

(f) To prevent the micromirror from sticking problem during wet etching release process, as 

shown in Figure 4.4(f), an HF vapor etching process is used to release the micromirror 

structure in the final step. The dry etching process is performed by heating 49 % HF liquid to 

produce HF vapor which is utilized to etch SiO2. Since the device was fabricated by CMOS 

process, the compositions of the four metal layers are not pure Al, but the alloy of Al, Cu, and 

Si. The etching selectivity between SiO2 and Al is very large that we can use HF vapor 

process to release our device. At first, the device chip is placed in a sealed limpid space. In 

the space there is a vessel with 49 % HF liquid. A tungsten lamp is placed upon the sealed 

limpid space with 10 cm height. When the HF liquid is heated to 45 ℃ by tungsten lamp 

irradiation, the sealed space is full of HF vapor. Finally, the silicon dioxide is etched by HF 

vapor and device structures are released. The experimental release time in this case is about 

12 minutes. 
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Figure 4.4. Post-CMOS fabrication process flow: (a) completion of the CMOS process, 

(b) reserving only 100μm of silicon by grinding process, (c) defining proof mass area by 

backside lithography process, (d) first backside ICP etching step, (e) second backside ICP 

etching step, (f) HF vapor etching process to release suspended microstructures. 
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Figure 4.5 SEM pictures of the proposed micromirror phase shifter: (a) 4×4 mirror array, (b) an individual mirror pixel, (c) 

the silicon proof mass under the mirror plate, (d) the etching holes and hollows on the mirror, (e) the pillar structure, (f) the 

net electrode under the mirror plate. 
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Figure 4.5 displays SEM images of the device fabricated using the CMOS process and 

post-CMOS processes. Figure 4.5(a) shows the 4 × 4 mirror array combined phase shifter 

device and an individual pixel is shown in Figure 4.5(b). The proof mass design is clearly 

displayed in Figure 4.5(c) and it can effectively reduce the residual stress from the CMOS 

surface process. The etching holes, pillars and net electrode of the micromirror are shown in 

Figure 4.5(d) to 4.5(f), respectively. The hollows in Figure 4.5(d) are due to violations of the 

CMOS design rule. 

 

4.5 EXPERMENTAL RESULTS  

 

4.5.1 Flatness of the micromirror     

 

Micromirror phase shifter flatness is a very important decisive factor for diffraction 

quality and its applications. In the surface MEMS fabrication process, the bending 

phenomenon of mirror is common seen due to the residual stress. In this experiment, the 

micromirror surface is scanned at a 200 μm range in the X- and Y-directions, respectively. 

Figure 8 shows the X-direction roughness scanned at a 200 μm distance from one side, 

passing through the mirror center to the other side. The regular cavity profiles shown in 

Figure 4.6 are due to the pillar structures which are formed by stacks of four metal layers and 

three via structures. The measurement shows that only slight deformation occurs in the edge 

of micromirror because there are no pillar connections in the edge of micromirror. Excepting 

the pillar cavities, the mirror deformation is only about 48 nm and within λ/10 (51 nm). 

Deformation induced by the residual stress from the CMOS process is effectively decreased 

due to reserving proper silicon proof mass. A similar scanning result is obtained for the 

Y-direction. Thus, mirror peak-to-valley deformation totally fits design specifications. Note 
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that after completed the released process, each mirror pixel is positioned at different elevation 

due to the different stiffness of the suspension beams. Considering with whole flatness of the 

micromirror array, each micromirror is designed to be driven by individual driving voltage so 

that we can balance each mirror elevation to achieve flatness purpose by individual offset 

voltage.   

 

 

Figure 4.6. X-direction surface flatness of the micromirror device 
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4.5.2 Static characteristic measurement 

 

The experiment setup for static characteristic measurements is the same as Figure 4.7. In 

this experiment, the WYKO interferometer is used again to measure the vertical distance 

moved by corresponding driving voltage. A DC bias voltage provided by the power amplifier 

is utilized to actuate the micromirror. Figure 4.7 compares simulation and measurement 

results of a single mirror for vertical displacement versus driving voltage. The experimental 

results demonstrate that vertical motion of the micromirror can achieve a 128 nm 

displacement (λ/4 of the 514 nm light source) when a 3 V driving voltage is applied to the 

actuator. The vertical displacement of the micromirror of 0~128 nm is obtained by increasing 

the driving voltage from 0 to 3V. Thus, the requirement of λ/4 displacement can be easily 

reached with less than 5 V driving voltage. The low driving voltage characteristic gives the 

device potential to integrate with a CMOS circuit on one chip. 

 

Figure 4.7. The static characteristic of the micromirror. 
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4.5.3 Frequency response measurement 

 

Figure 4.8 shows the frequency response of the micromirror device measured using a 

MEMS Motion Analyzer (MMA). The micromirror is biased by a sinusoidal wave with 

voltage amplitude of 0.5 V, and the frequency ranges between 1.5 and 5.5 kHz. The first 

resonant frequency mode is measured at 3.60 kHz, which closely matches the calculation 

(3.94 kHz) and simulation (4.14 kHz) results. The error is due to variations in the CMOS 

fabrication process and post-process. The quality factor of the mirrors is calculated at 24 in 

air. 

 

 

Figure 4.8. The frequency response of the micromirror. 
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4.6 SUMMARY 

 

This study presents a 4×4 electrostatic phase shifter micromirror array fabricated by 

TSMC 0.35 μm 2p4m CMOS process and the self-designed post-CMOS process. By means of 

the special net electrode design under the mirror, the micromirror array has a fill factor of 

more than 90％. Individual mirror pixels are 200 μm× 200 μm. Mirror deformation resulting 

from residual stress of the CMOS process is effectively decreased via a proof mass 

reservation design. To prevent the device from the side sticking phenomenon in a wet etching 

release process, this device is released by HF vapor etching technique. The design, modeling, 

simulation and measurements are presented. Preliminary measurement results demonstrate 

that the micromirror can achieve a 128 nm (λ/4) vertical displacement with a driving voltage 

of 3 V and the resonant frequency is 3.6 kHz. With the advantages of a high fill factor and low 

driving voltage, the phase-shifting micromirror array has potential as a spatial light modulator 

(SLM) in holographic data storage systems in the future. 

 

4.7 CONCLUSION REMARK  
 

In this chapter, MEMS based phase shifter are designed, fabricated, and measured. By 

the design of high aspect ratio proof mass reserved under the micromirror fabricated by 

surface micromachining, warped phenomenon caused by residual stress can be effectively 

eliminated. Furthermore, by utilizing the HF dry etching process, we can design micromirror 

array with high fill factor and low driving voltage without additional flip-chip bonding 

technology. Besides, it is very easy to integrate MEMS devices and circuits by utilizing the 

CMOS MEMS foundry process and easy post process.  
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CHAPTER Ⅴ 

DECOUPLING XY STAGE APPLICED IN CELLPHONE 
CAMERA IMAGE STABILIZER 

 
5.1 INTRODUCTION 
     

In this chapter, we introduce the high aspect ratio structure in MEMS device integration.  

Due to the characteristic of high structure stiffness, high aspect ratio structure is with the 

capability of large output and high device loading. Therefore, it offers the probability that 

integrate the MEMS devices and the other sensing devices by flip chip bonding. We 

demonstrate those characteristics by designing, fabricating, and measuring of MEMS based 

image stabilizer. 

 
5.1.1 Introduction of MEMS image stabilizer 

As the photographic cell phone in all instances is gaining popularity all over the world, 

new digital single lens reflex (DSLR) photography functions for mobile phones are being 

developed. Anti-shake technology is one of the most important new technologies. Since the 

number of pixels in a camera has been continuously increasing, undesirable image blurring, 

caused by hand shake is becoming increasingly serious. The image stabilization function is 

one of the most popular solutions to this problem [85]. The familiar elements of image 

stabilization are lens shifting [86], CCD shifting [87], and signal processing [88] among 

others. Up to now, the most common anti shaking technique used in mobile phones has been 

signal processing. It requires no additional hardware and does not disrupt the miniaturization 

of the system module. However, its performance depends strongly on the algorithm used. 
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Because of the need for miniaturization, the lens shifting anti-shaking approach is not suitable, 

since adding a movable lens causes nonlinearity in control that needs to be compensated for 

using a complex control algorithm. Image sensor shifting also requires an actuating system 

associated with the image sensor, but is less disrupting of miniaturization and enable better 

slimming of the system than the lens shifting method [85]. In this investigation, a 

MEMS-based two dimensional (2D) decoupling actuator is designed to act as an image 

stabilizer. 

Micro-electro-mechanical systems (MEMS) enable suspended microstructures to be 

precisely moved and integrated with microelectronic circuits monolithically on a chip [89]. 

Various actuation mechanisms, such as thermal/bimetallic bimorph[90-91], electromagnetic 

[92] piezoelectric [93,94] and electrostatic actuations[95,96] have been proposed and adopted 

in MEMS-based devices in which mechanical actuation is required[97]. To summarize all of 

the driving functions applied in MEMS-based devices, the electrostatic actuator has numerous 

advantages, such as low power consumption, ease of control, and suitability for use as an 

image stabilizer designed for a cell phone. 

 

In this investigation, we propose a two-dimensional decoupling comb-driving actuator, 

which is manufactured by a special SOG process. This actuator is designed as an image 

stabilizer that bears the weight of a 6.36 × 6.24 mm2 image sensor with 3 megapixels. 
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5.2 DESIGN CONCEPT OF MEMS IMAGE STABILIZER 

5.2.1 Principles of operation of electrostatic comb-drive actuator  

 

The XY stage designed herein is driven by an electrostatic force [98]. Figure 5.1 shows a 

simple schematic diagram of the comb-driven model. When a potential difference is applied 

between fixed and movable comb fingers, an electrostatic force is generated, causing the 

relative displacement of the movable comb fingers (Figure 5.1). The driving force F; can be 

expressed as  

          
2

21
2

o rU C Ntε ε VF V
L L d

∂ ∂
= = =
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,                                     (5.1) 

 

where U is the energy associated with the applied electric potential V, d is the gap between the 

fixed and movable comb fingers, t is the thickness of the electrodes, N is the number of pairs 

of comb fingers, rε  is the relative permittivity of the dielectric material between the comb 

fingers, and oε  is the permittivity in air. For simplicity, the XY stage is considered to follow 

Hooke’s law. The relationship between displacement and the reaction force Fs in the 

x-direction can be expressed as, 

 

xkFs systemx−= ,                                            (5.2) 

 

where kx-system is the equivalent spring stiffness of the system in the X direction and x is the 

displacement caused by the electrostatic force. Equation (5.3) is the sum of equation (5.1) and 

(5.2) and specifies the relationship between the displacement x and the driving voltage V: 
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Figure 5.1 Illustration of comb-finger pair driving principle. 

 

 

5.2.2 Design of decoupling structure  

 

Figure 5.2 schematically depicts the decoupling XY stage. It includes the decoupling and 

driving parts of the device. The main decoupling structure is similar to the SYMDC micro 

gyroscope structure [99]. Given the instability caused by the lateral force, perfect mechanical 

isolation between the two orthogonal driving directions is important. To achieve this purpose, 

fixed and movable folded-beam springs are installed in each direction of the XY stage. The 

driving pair is attached around the decoupling part. Comb-driver finger pairs are chosen as the 
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driving sources to ensure low power consumption and ease of control. 

 

 

Figure 5.2 Schematic illustration of decoupling XY stage. 

  

When a force is applied in the X-direction only, the XY stage motion and spring flexible 

situation are as shown in Figure 5.3(a). Figure 5.3(b) shows a simplified mechanism of the 

operation of the proposed decoupling XY stage when different forces are applied in the X- 

and Y-directions. On the basic of the assumption that the stiffness of the fixed folded-beam 

spring is kfixed and the stiffness of the movable folded-beam spring is kmovable, the stiffness of 

the system in the X-direction, kx-system, and that in the Y-direction, ky-system , can be represented 

respectively; as  
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In this case, the sizes of the folded beam spring and movable beam springs are equal; thus 

the stiffness components; kx-system and ky-system ; can be  expressed as; 
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                   (a)                                       (b) 

Figure 5.3 Illustration of driving modes of decoupling XY stage: (a) in only X-direction, and 

(b) in both X- and Y-directions. 

 

Figure 5.4 shows the spring design of the structure, based on the energy method [100]. E is 

Young’s modulus, Ia and Ib are the moments of inertia of the different beams, and La and Lb are 

the lengths of the different beams. When the driven force is parallel to the x-direction, the 

stiffness of a single folded-flexure spring under elastic deformation in the x-direction and the 
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coupled stiffness in the y-direction are calculated as; 
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In this case, the stiffnesses of all decoupling structures in the x- and y-directions are given by 
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Therefore, when a single direction force is driven parallel to the x-direction, the decoupling 

ratio of x displacement to y displacement in the spring system is defined as 
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Figure 5. 4.  Illustration of folded-flexure spring. 

 

Based on the formula calculations, the decoupling ratio of mechanical stiffness must 

conform to the system requirement of being larger than 11.1. Table 5.1. shows the design 

specifications of the decoupling XY stage and the image sensor size. 

 

Table 5.1 Specifications of the image stabilizer 
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5.2.3 Design and calculation of range of motion of decoupling XY stage                  

 

Most commercial cell phones have a camera with 2 or 3 megapixels but no anti-shaking 

function. People are always moving and are unable to take a picture without moving at all. 

Any vibration during taking picture causes blurring. Figure 5.5 shows the relationship 

between the number of blurring pixel and the angle of hand shaking. When the camera moves 

through an angle dθ in the horizontal plane, the blur pixel number can be represented as; 

 

H
L

PdBP
θ
θ

=
                              (5.11) 

 

Where θL is the horizontal angle, and PH denotes the total numbers of horizontal blur 

pixel. Typical low-cost camera systems have an angular field of view within 35º to 45º. For a 

3 megapixel image sensor with a field of view of 45º, experimental data [101] indicate that a 

0.08º horizontal drift occurs in 2 second recording time of hand shaking, as recorded by an 

IDG-1000, a dual-axis gyroscope from InvenSense [108].  

 

Figure 5.5 Illustration of relationship between number of blur pixels and hand shake angle. 
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In this study, an image sensor Micron MT9T012 with 3 megapixels (2056 ×1544 pixels) 

is employed as the image sensor that is bonded to the designed device. From equation (5.11), 

each pixel corresponds to a horizontal angle of 0.022º. Therefore, the number of horizontal 

blur pixels is approximately 3.7. Since each pixel of MT9T012 is 2.2  × 2.2 μm2, the XY 

stage must have a range of motion of at least 8.14 μm for adjustment of the blur image. Given 

that many commercial cameras have × 3 zoom-in and zoom-out functions, the range of 

motion must be three times this value; or 24.42 μm. In order to achieve the anti-shaking 

purpose, the moving range in the vertical direction of driven force must be less than 2.2 μm (1 

pixel size). This means that the decoupling ratio of x- displacement to y-displacement should 

be designed to be larger than 11.1. 

 

5.3 FEA MODELING STRUCTURE  

 

5.3.1 Static simulation 

 

To elucidate the decoupling effect, stiffness, and natural frequency of the designed XY 

stage, the proposed decoupling actuator is developed using IntelliSuite 8.2. This software is 

utilized to simulate displacements in plane and the coupled mechanical interference of the 

XY-stage in each orthogonal direction. The actual boundary conditions are as follows. 1. The 

anchors and stators are not displaced because these are in contact with the substrate. 2. The 

shuttle, rotors, and flexure beams are suspended above the substrate, making the parts free. 

For simplicity, the shapes of the spring and anchor structures are kept and the other structures 

are calculated of the mass, being equal to the cube of the same weight as the real device: 

When simple moldings of the designed moving spring and a frame-loaded spring as the same 

size as the image stabilizer are fabricated, distinct decoupling occurs, as presented in Figure 
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5.6(a) and 5.6(b) respectively. In this simulation, a 0.02 MPa pressure in the X-direction 

results in a 1.33 μm displacement in that direction, but only a 0.01 μm displacement in the 

Y-direction. The simulation decoupling ratio of x-displacement to y-displacement is 133 and 

shows excellent decoupling effect in the design of movable springs. 

 

 

               (a)                                        (b) 

Figure 5.6  Decoupling simulation of the XY stage in: (a) X-direction, and (b) Y-direction 

when driving force in X-direction only. 

 

 To estimate the above stiffness of this designed structure, a simple simulation is performed: 

a force in a single direction is applied to one side of the XY stage. The resulting displacement 

of the XY stage in the static simulation demonstrates that when the force is 1000 μN in both 

the X- and the Y-directions, the displacement in the x-direction is 4.86 μm and the simulated 

system stiffness of simulation in the X- direction is 205.42 μN/μm, as calculated by using 

Equation (5.2).   
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5.3.2 Dynamic simulation 

 

To verify the vibration characteristics when the XY stage is under dynamic loading, an 

instantaneous analysis using the FEM software; Intellisuite 8.2; is performed to determine the 

resonant frequency and modal shape of the designed structure. In this simulation, the weights 

of the XY stage and image sensor are calculated and found to be equivalent to a proof mass 

shown in Figure 5. 7. The simulated resonant frequency of the first mode is 1280.1 Hz, that of 

the second mode is 1280.2 Hz, and that of the third mode is 1353.52 Hz. Since the stabilizer is 

a symmetrical device, the resonant frequencies of the first and second modes are almost the 

same but they operate in the X- and Y- directions, respectively. The third mode involves 

rotation in the XY plane, and its resonant frequency is given by   

 

M
kFresonant π2

1
=

,                                       (5.12) 

 

where Fresonant is the resonant frequency, stiffness of the device structure in X direction and Y 

direction k = 205.42 μN/μm, obtained by simulation, and M is the mass of the XY stage. 

These parameters yield a calculated Fresonant of 1.248 kHz. 
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Figure 5.7 Dynamic model shapes of XY-stage in (a) first mode, (b) second mode, and (c) 

third mode. 

 

5.4 FABRICATION PROCESS 

 

5.4.1 Fabrication of image stabilizer 

 

The decoupling XY actuator has an area of 8 × 8 mm2, exploits anodic bonding, and is 

produced by double-side alignment photography and ICP etching. Figure 5.8 shows the 

fabrication process, which begins with a 200 μm-thick 100 silicon wafer. In basic RCA 

cleaning, a thin 8000 Å-thick layer of Al is deposited by DC sputtering [ Figure 5. 8(a) ] as 

the first hard mask for the anchor structure during the second ICP etching process [ Figure 

5.8(b) ]. Then, the pre-etching layer (for the uniformity of etching rate of ICP process 
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consideration) is patterned using the photoresister AZ4620 as the second hard mask in the 

second lithographic process [ Figure 5.8(b) ]. Notably, the pre-etching layer (in the second 

lithographic process) is required to balance the Si etching rate in the ICP process. Because the 

etching rate over a large area exceeds that over a smaller area, that at the edges of the Si wafer 

exceeds that in its center. The design of the pre-etching layer can ensure etching uniformity 

and prevent the notching effect from happening. The photoresist AZ4620 was removed 

[ Figure 5. 8(c) ] after the first ICP etching process to define the pre-etching area with a depth 

of 50 μm [ Figure 5.8(d) ]. The second ICP process used Al as the hard mask to form the 

anchor structure with a depth of 100 μm [ Figure 5.8(e) – 8(f) ]. After these processes had 

been completed and Al had been removed, RCA cleaning was necessary because the Si and 

glass surface must be very clean. Anodic bonding was then employed to combine the Si wafer 

with pyrex ＃7740 glass [ Figure 5.8(g) ]. An 8000 Å –thick layer of Al was deposited on Si 

as the conductive layer and a hard mask was used to define the device structures in the third 

lithographic process [ Figure 5.8(h) ]. A double-sided aligner was used to define layer of the 

structure before Al was etched and the photoresister was restricted. Then, a 1um-thick layer of 

SiO2 was deposited as the isolation layer by plasma enhance chemical vapor deposition 

(PECVD) [ Figure 5.8(i) ]. The fourth lithographic process was used to pattern the same mask 

as that the third lithographic process to cover the Al layer completely and prevent shorting 

between the structure layer and the ball-bond layer that is designed to bond image sensor. 

Finally, a third Al deposition process and the fifth photolithographic process are applied to 

define the ball-bond area of the image sensor. Finally, a third ICP etching process is utilized to 

etch Si to a depth of 150 μm until the structure is released [ Figure 5.8(j) ]. Notably, the ICP 

etching parameters had to be controlled very strictly to ensure that all of the device structures 

were released simultaneously. 
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Figure 5.8 Fabrication process flow of image stabilizer: 

 

5.4.1 ICP Etching uniformity 

 

In general, there exists the problem of less etching uniformity in plasma etching system 

because of the unbalanced ion and neutral transport [102]. The design of gas transport and the 

location of the coil in the etching chamber strongly affect the uniformity of the etching speed. 

In real experiments, the etching rate close to the fringe of a wafer always exceeds that (close 

to the center of a wafer. As well as the design of the equipment, the mask design seriously 

influences the etching uniformity. This problem of gas transport makes the etching rate in the: 

small etching window area is much lower than in the large etching window area. Figure 5.9 
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presents a way of testing the etching rates in different etching areas. Clearly, the etching rate 

varies with the etching window. This problem arose in the experiment herein. Figure 5.10 

shows that when the large area has been completely etched, the small etching areas still retain 

Si residue. 

                      

 
 

Figure 5.9 Etching testing in different etching areas [102] 
 

              

Figure 5.10 Illustration of bad etching uniform 
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5.4.2 Design of ICP uniformity improvement by mask layout design  

 

The deviation of the etching profile shape is a very important consideration in the design 

of the proposed device. A change in the shape of the etching profile will significantly affect 

driving voltage, system stiffness, and loading capability. In ICP etching, as the aspect ratio of 

the etched trench increases, the effective removal of the passivation layer becomes more 

important, mainly because of ion flux decays toward the bottom of the trench, producing 

variations in the etching rate between the narrow and the wide etching areas. Since the 

developed structures are released by the ICP process, the variation in the etching rate results 

in different releasing times in different areas. Figure 5.11 shows a plot of the etching results of 

the ICP releasing process without mask design compensation. Overetching occurs in spacious 

etching areas when all device structures have been released.  To solve this problem, a 

pre-etching layer and a dummy anchor are designed on the basis of the experimental results 

and adopted to fill spacious etching areas and ensure that the release process is completed in 

the entire structure simultaneously. The pre-etching layer in narrow spaces in the device, such 

as the space between comb fingers, is designed to reduce the etching time in the final 

releasing process. Dummy anchors are designed to extend the etching time in large etching 

areas. Figure 5.12 shows the optical microscopic image and SEM images of the device. This 

indicates that dummy anchors fill the large etching area to balance the release time. 
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Figure 5.11 Phenomenon of overetching in ICP releasing process without compensation 

design. 

 

Figure 5.12.  Optical image and SEM images of MEMS-based XY decoupling stage. 

 

5.5 PACKAGING OF IMAGE STABILIZER 
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In this section, the flip-chip technique is used to combine an image sensor and an image 

stabilizer in a wire bonding task. Since the image stabilizer is entirely suspended in midair, 

bonding the sensor directly to the actuator is very difficult. Suspended springs of the 

decoupling XY stage may break. To solve this problem, dummy anchors are designed to carry 

the weight of the device and resist pressure during the flip-chip bonding process and wire 

bonding processes. Figure 5.13 shows the design of the dummy anchor and the flip-chip 

bonding process. A flip-chip bonder is applied to bond the image sensor onto the image 

stabilizer. Firstly, a 2 μm-thick layer of Al is sputtered onto the back of an image sensor to 

ensure the adhesion between the solder balls and the image sensor. Then, four solder balls of 

100 μm radius are positioned in the bonding area and heated to 236 ℃ to soften them. The 

connection positions are designed to form a grid of structure for tracking the solder balls.    

 

Figure 5.13 Flip-chip bonding process 



 79

 

Finally, the image sensor is pressed onto the solders such that they form contact with the 

image stabilizer. Since the dummy anchors and image stabilizer are in the same plane before 

bonding, the dummy anchors support the image sensor and prevent the suspended beam from 

snapping. Even though a small gap exists between the flattened solder balls during bonding, 

150 μm-thick suspended springs are sufficiently strong to tolerate this defect. Figure 5.14 

shows the actuator bonded on an image sensor. Consequently, dummy anchors also support 

the image sensor during wire bonding. In fact, the design of a dummy anchor not only solves 

the problem of the breaking of a spring when the sensor is connected to the actuator in the 

wire bonding process, but also ensures the uniformity of etching in the ICP process.  

 

 

 

                       (a)                                 (b) 

Figure 5.14 Pictures of XY stage bonded to image sensor. 

 

5.6 EXPERMENTAL RESULTS AND DISCUSSION 

 

To demonstrate the performance of the fabricated device, a 2D decouple image stabilizer 
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was statically characterized. During the static driving test, the actuator was driven by a DC 

voltage. The displacement of the actuator was measured by using the WYKO measurement 

system. In the experiments, the displacement was 25 μm when a 84 V driving voltage was 

applied and with only a 0.2 μm displacement along the vertical axis. The experimental 

decoupling ratio of x-displacement to y-displacement is 125 and conforms to the system 

requirement (larger than 11.1). Figure 5.15 shows the variation in the displacement with 

corresponding driving voltage. Notably, when the driving voltage exceeds 84 V, the 

displacement of the image stabilizer is limited to 25 μm because stoppers prevents pull-in. 

The difference between the simulation and experimental results in static measurement which 

is mainly caused by the undercutting of comb fingers during the fabrication process. An 

undercutting phenomenon of comb fingers causes a larger gap between a pairs of fingers and 

reduced the electrostatic force when the device is driven at a specific voltage.  

 

Figure 5.15 Static measurement of XY stage in X- and Y-directions when driven in 

X-direction only. 
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In dynamic characterization, an MMA(MEMS motion analyzer)  system is set up to 

measure the resonant frequency of this image stabilizer. Figure 5.16 shows the measurements 

and the resonance frequency that reached 1.01 kHz. The experimental results were 21.1% 

lower than the simulated first natural frequency, 1280 Hz. The discrepancy is caused by the 

inaccuracy of the fabrication process. Further, the simulation model does not take into account 

the weight of solder balls; this factor may cause some diversity in the purposed desired.  

 

 

Figure 5.16 Measurement result of dynamic nature frequency. 
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5.7 SUMMARY  

An integrated micro-decoupling XY-stage is designed, simulated, and fabricated. The 

integrated XY stage is designed to load a 3 megapixel image sensor fabricated by a 

through-silicon via technique. It can be applied in commercial cell phone cameras as an 

anti-shaking system. This proposed device is mainly composed of a silicon-based XY-stage, 

and a comb actuator, which is fabricated by a silicon-on-glass procedure with three ICP 

etching processes, and the flip-chip bonding technique. Precise calculation of ICP etching rate 

and a favorable pre-etching layer design can increased the yield of the fabrication process. 

Experimental results indicate that a driving voltage of 84 V can cause a displacement of 25 

μm in the driving direction and a displacement of 0.2 μm in the vertical direction, consistent 

with the anti-shaking purpose. The variation between the simulation and the experimental 

results is caused by the undercutting of comb fingers resulted during the ICP etching process. 

A stopper effectively prevents the pull-in phenomenon. In dynamic characterization, the 

natural frequency of the designed XY stage is measured using an MMA system and found to 

be 1.01k Hz. 
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CHAPTER Ⅵ 

DESIGN, FABRICATION, AND PACKAGING OF MEMS 

IMAGE STABILIZER 

 

6.1 INTRODUCTION 

 

   In the previous chapter, we have designed, fabricated and demonstrated the decoupling 

XY stage applied in cell phone camera anti-shaking function. But it still exists some 

drawbacks in real application, such as signal transmitting, device packaging, and higher 

driving voltage. in this section, we will improve the above problems by utilizing the same 

decoupling concept but different fabrication and packaging process.  

 

6.2 CONCEPT AND STRUCTURE DESIGN 

 

The proposed MEMS-based image stabilizer has the same design specification with device 

introduced in the previous section. It focuses on designing a 2D decoupling actuator which 

can carry an image stabilizer with three mega pixels that can compensate for the blur image 

caused by human hand shaking when taking a photograph. The design concept is as follows: 

 

6.2.1 Structure design of XY stage 

 

Design of the proposed image stabilizer focuses on an excellent decoupling effect, 

suitable device size for suspending the image sensor and considering the signal output. To 
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achieve the anti-shaking function, this device must be designed as a decoupling structure to 

compensate for blur pixels distance caused by hand shaking motion without an additional 

moving deviation in another direction. Figure 6.1(a) shows a simple schematic diagram of the 

proposed decoupling main structure. When a single direction force Fx is added to the 

decoupling structure, only a displacement △x parallel to the driving force occurs and is 

almost without an additional displacement in another direction. Figure 6.1(b) illustrates a 

simplified mechanism of the operation of the proposed decoupling XY stage when different 

forces are applied in x- and y-directions. According to the decoupling design, displacements 

in x-and y-directions are △x and △y, respectively, and with perfect mechanical isolation 

between the two orthogonal driving directions. The proposed design differs from the familiar 

SYMDC micro gyroscope structure in terms of anchor location. Inner anchor design can 

conceal the device driving part under the image sensor and effectively save the device size to 

be appropriate for packing into cell phones.  

 

 

Figure 6.1 Illustration of driving modes of decoupling XY stage: (a) in only X-direction, and 

(b) in both X- and Y-directions. 
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To suspend a 6.36 × 6.24 × 0.1 mm3 image sensor, this actuator is designed and 

fabricated with a device thickness of 100 μm, accompanied with a large stiffness effect 

between the z-direction and x or y direction separately. For the signal outputs of an image 

sensor, circuit routing must be patterned upon the device layer. The design of signal routing 

springs and pads ensures that the electrical connection is working. The routing springs and 

intermediary pad design can make an electrical connection with cell phone circuits by two 

times of wire bonding, from the image sensor pad to the electrical routing pad in the device 

structure and from the electrical routing pad in the device structure to the output PCB pad. 

Figure 6.2 schematically depicts the entire device design. According to this kinematic design 

shown in Figure 6.1, one main decoupling beam and three pairs of folded springs of various 

sizes are designed separately in each direction to satisfy decoupling requirements. Designs of 

inner comb-finger pairs and anchors can miniaturize the device size to comply with 

requirements for embedding in a photographic cell phone. Outer comb-driven finger pairs are 

designed as assisted-driving components to reduce the driving voltage for circuit integration 

in a cell phone module. The outer comb-driven assisted finger pairs are connected with the 

main structure by four folded springs. All of the comb-driven actuators are designed in a 

pull-only driving manner and are located in X+, X-, Y+, and Y- directions individually. For 

the symmetrical spring constants design, the electrical routings have a balanced layout as well 

as eight signal output springs and pads in each direction. The signal output springs are 

designed as thin as possible to ensure its small stiffness value with slight impact on the entire 

spring constant system. Because of the isolation layers and contact windows design, the 

electric potentials between the structure and the signal output are separated.  
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Figure 6.2 Structure design of XY stage. 

6.2.2 Design and estimation of spring stiffness 

 

Several suspension beams are designed in the proposed XY stage (Figure 6.3(a)). Based 

on consideration of the main actuating device, the decoupling beams and the suspension 

beams are designed as flexure beams and folded beams. Figure 6.3(a) schematically depicts 

the decoupling and suspended structures. The suspension beams are composed of outside 

folded beams, inside folded beams, and inside assisted folded beams. Figure 6.3 schematically 

depicts the suspended structures.  By considering the decoupling flexure beams (figure 

6.3(b)), the stiffness in the lateral and axis direction can be expressed as  
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Where kx decoupling beam and ky decoupling beam are the stiffness of the decoupling beam in the lateral 

direction and axis direction, respectively. Ed denotes the young’ modulus of the decoupling 

flexure beam, Ld, bd, and hd denote the length, width, and thickness of the decoupling flexure 

beam, respectively. The stiffness ratio of the decoupling beams can be expressed as 

 

2
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x  

decoupling beam d
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decoupling beam d
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k b
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                        (6.2) 

 

Figure 6.3(c) schematically depicts the folded flexure beam. The stiffness of a folded beam in 

the lateral direction, kx-folded beam and its axial direction ky-folded beam can be obtained by 

Legtenberg et al [107]. 
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Where kx folded beam and ky folded beam denote the stiffness of the folded flexure beam in the lateral 

direction and axis direction, respectively. Ef denotes the young’ modulus of the decoupling 

flexure beam, Lf, bf, and hf are the length, width, and thickness of the decoupling flexure beam, 

respectively. The stiffness ratio of the folded beams can be expressed as 
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                        (6.4) 

 

The total stiffness of the main suspension beam of XY stage in x- and y- direction can be 

expressed as   
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    (6.5) 

  Additionally, the stiffness ratio of the proposed image stabilizer ksystem can be expressed as 

 

xsystem x-decoupling beam x-outside folded beam x inside folded beam x-inside assisted folded beam
system

y system y-decoupling beam y-outside folded beam y inside folded beam y-in

k  2k +2k + 2k +2k
K

k  2k +2k + 2k +2k
= =

side assisted folded beam

   (6.6) 

 

According to the specifications of the proposed image stabilizer, as shown in Table 6.1, 

the system stiffness ratio of the proposed image stabilizer can be evaluated and simulated as 

2.12 x 106. 

 

 

Figure 6.3 Illustrations of (a) decoupling structures, (b) decoupling flexure beams and (c) 

folded flexure beams. 
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Table 6.1 Specifications of the image stabilizer. 

 

 

6.3 SYSTEM MODELING AND FEA SIMULATION 

 

This work elucidates and models the decoupling effect, stiffness and the natural 

frequency of the designed image stabilizer by developing and simulating a decoupling 

actuator based on use of IntelliSuite 8.2. During static simulation, this software simulates the 

moving distance in plane and the coupled mechanical interference of the image stabilizer in 

each orthogonal direction. In dynamic simulation, this software simulates the resonant 

frequency. 
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6.3.1 Simulation of the main structure decoupling of the proposed image stabilizer 

 

This section describes the design and simulation of the decoupling structure. Owing to the 

complexity of simulating the entire device, the decoupling effect is simulated using the 

simplified decoupling composition, we do mechanical mesh (the mesh size is 10 μm) at each 

decoupling and folded beams in XY plane, but not meshing in z-axis because the ratio of 

thickness and width is high and our major concern is the decoupling effect in XY plane, and 

the totally element node number is 225032, the simulation results are shown in Figure 6. 4.  

 

Notably, non-decoupling relative structures are excluded. Four major decoupling 

springs are designed inside the main structure to combine with the hidden driving comb finger 

pairs. The decoupling effect of the main structure is simulated based on the following actual 

boundary conditions: 1. The anchors and stators are ignored since those two parts are bonded 

with a substrate and do not influence the simulation results. 2. The shuttle, decoupling and 

flexure beams are suspended above the substrate, subsequently making the parts free. When 

simple modeling of the designed moving spring and a frame-loaded spring as the same size as 

the image stabilizer are made, an obvious decoupling effect occurs in x and y directions 

(Figure 6.4(a) and (b)), individually. During the simulation, a specific force Fy is set up in the 

Y-direction, resulting in a 30 μm displacement in the Y-direction. Simulation results indicate 

that only 0.55 μm moving displacement occurs in the X-direction. The simulation decoupling 

ratio of y displacement to x displacement displays an excellent decoupling effect in the design 

of the movable springs, which is significantly greater than the decoupling requirement. 
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Figure 6.4 Schematic of decoupling simulation in (a) the Y-direction and (b) the X-direction 

when the main structure of image stabilizer is driven with outside force in the Y- direction. 

 

6.3.2 Simulation of the resonant frequency for the proposed image stabilizer 

 

The vibration characteristics are verified when the XY-stage is under dynamic loading by 

performing instantaneous analysis using the FEM software, Intellisuite 8.2, in order to 

determine the resonant frequency and modal shapes of the designed structure. In this 

simulation, the spring structures are completely reserved, and the weights of the XY stage and 
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the image sensor are calculated and equivalent to the other structures. Equation (6.7) shows 

the resonant frequency.   

M
kFresonant π2

1
=

                                (6.7) 

 

Where k is the system stiffness of the image stabilizer, M is the overall weight of the image 

stabilizer, and Fresonant  refers to the resonant frequency of the image stabilizer. 

 

The simulated resonant frequency of the first mode is 1130.1 Hz and with movement in 

X-direction; that of the second mode is 1213.1 Hz moving and with movement in Y-direction, 

while that of the third mode is 1353.52 Hz,  which rotates in the XY plane. Although the 

device structure is symmetrical, the first model and second model resonant frequencies are not 

the same since the share of the image sensor attached on the image stabilizer is not 

symmetrical. The commonly frequency of human hand jitter is in range of 10~20 Hz, and it is 

necessary to avoid operating frequency close to resonant frequency for stability. 

 

6.4 FABRICATION PROCESS 

 

6.4.1 Fabrication processes of structure layer and substrate holder  

Fabrication consists of structure formation, substrate holder formation, and the final 

combination of the said previous parts. Figure 6.5 depicts the structure formation fabrication 

process. In the part of structure formation, the structure definition, contact window opening, 

circuit routing and electric characterization isolation are completed in this segment. 

Fabrication begins with a 250 μm-thick 100 silicon wafer. The following step illustrates all of 

the fabrication processes: 
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a. In basic RCA cleaning, a thin 1μm-thick layer of Al is deposited on the front side and 

back side of Si wafer by DC sputtering (Figure 6.5(a)); 

b. During photolithography, the device structure and anchor shape are patterned in the front 

side and back side of the Si wafer. In the front side of Si wafer, photoresister layer as the 

device structure layer in Al etching process. In the back side of Si wafer, photoresister is 

patterned as the anchor shape layer for the anchor hard mask formation during Al etching 

process (Figure 6.5(b)); 

c. By Al wet etching, Al in the front side of Si wafer is patterned as the hard mask for device 

structure formation during the second ICP etching process. Al in the backside of Si wafer 

functions as the ICP hard mask during the first ICP etching process (Figure 6.5(c)). 

Notably, this Al layer in the front side is reserved to be the conductive layer after ICP 

etching process; 

d. 1μm SiO2 is deposited in the front side of Si wafer to identify the isolation layer between 

the structure layer and circuit routing layer (Figure 6.5(d));  

e. After opening the contact windows by RIE etching, Al sputtering is executed again to be 

patterned as the circuit routing layer (Figure 6.5(e)~(f));  

f. The first ICP etching process is performed to form the anchor shape in the backside of Si 

wafer with a depth of 130 μm  (Figure 6.5(g));  

g. 1μm SiO2 is finally deposited again upon the back side of Si wafer as the etching stop 

layer (Figure 6.5(h)).    
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Figure 6.5 Fabrication process of device layer of the image stabilizer.  

 

In substrate holder formation, based on consideration of wire bonding, the substrate 

holder is designed to be hollow under the device structure except for the anchor bonding area. 

The hollow shapes are utilized to be passed through by a wire bonding holder and support the 

suspended device during wire bonding process. Figure 6.6 shows the substrate holder 

formation and bonding process. Initially, SiB is prepared for substrate holder formation and 

starts with the same RCA cleaning (Figure 6.6(a)). A thin 8000 Å-thick layer of Al is then 

deposited by DC sputtering (Figure 4.20(b)), and is patterned by a lithographic process as the 

hard mask for the substrate structure formation during ICP etching (Figure 6.6 (c)). Next, this 

Si wafer is treated with ICP etching until it is completely punched through (Figure 6.6 (d)) 

and Al is stripped by wet etching. Based on consideration of the etching uniformity of ICP 
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etching, 1 μm Cu is sputtered on the front and back sides of SiB to benefit heat release during 

ICP etching process) (Figure 6.6 (e)).  

The final step is combining of the device structure and substrate holder. This step is 

performed by flip- chip bonding, third ICP etching and HF vapor methods. Figure 6.6 (f)~(i) 

illustrates the process of the final task. Initially, 20 μm thick PDMS is spanned upon SiB by a 

spinning coater (Figure 6.6 (f)). Next, SiA and SiB are combined by the flip-chip bonder and 

heated with 120 ℃ for 2 minutes (Figure 6.6 (g)). After completing the bonding process, the 

third ICP etching process is operated to form the device structure, and is completed at the 

etching stop layer (Figure 6.6 (h)). HF vapor etching is finally performed to release the device 

structure without any solution treatment. Device structures are released when the SiO2 layer is 

etched by the HF vapor method; in addition, the sticking problem in the device is prevented 

during wet etching (Figure 6.6 (i)). Figure 6.7 and 6.8 show the photographs and SEM 

pictures of the fabricated image stabilizer, respectively. Figure 6.7 shows the proposed image 

stabilizer attached with a image sensor (without the wire bonding process), while Figure 6.7 

(b) displays the entire image stabilizer. Figure 6.8 shows the SEM pictures of the proposed 

suspended devices. 
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Figure 6.6 Fabrication process of image stabilizer 

 

 

Figure 6.7 Photographs of image stabilizer 
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Figure 6.8 SEM pictures of part of image stabilizer: (a) suspended structure (b) signal springs 

(c) folded beams, and (d) comb flingers and anchors. 

 

6.4.2 Wire bonding and device packaging 

 

An image sensor is combined with the proposed image stabilizer in a wire bonding task 

by using the flip-chip approach. Since the proposed image stabilizer is entirely suspended in 

midair, attaching the image sensor directly to the actuator is extremely difficult. Suspension 

springs of the decoupling XY stage are extremely fragile, possibly breaking during wire 

bonding. To resolve this problem, wire bonding assisted holder (WBAH) is designed to carry 

the weight of the device and resist the bonding pressure during flip-chip bonding and wire 

bonding. Figure 4.23 displays the flip chip process of image sensor bonding and wire bonding 

packaging. The image sensor is bonded onto the proposed image stabilizer using a flip-chip 



 98

bonder. First, WBAH is attached under the proposed image stabilizer by a flip-chip bonder. 

Owing to the hollow design of the handle layer of the proposed image stabilizer, the 

suspended structures are fully propped up by WBAH (Figure 6.9(a)~(b)). Next, PDMS is 

utilized as an adhesive and dropped upon the special place of image stabilizer. By using the 

flip-chip bonder, the image sensor is attached upon the image stabilizer and treated with heat 

to 120 ℃ for 10 minutes to ensure that the sensor and stabilizer are fully bonded together 

(Figure 6.9 (c)). Following the wire bonding process and removal of WBAH, the electric 

connection between the image sensor and suspended device are completed by the special 

package. Figure 6.10 depicts the package process captured from the flip-chip bonder monitor. 

Figure 6.10(a)~(c) show the combination of the image stabilizer and WNAH, while Figure 

6.10 (d)~(f) show the combination and wire bonding processes of the image stabilizer and 

image sensor. Figure 13 shows the photographs and SEM pictures of the packaged image 

stabilizer. The image stabilizer carries the image sensor (Figure 6.11 (a) and (b)); in addition, 

wire bonding is performed to achieve electrical connection of image sensor (Figure 4.11(c) 

and(d)).  
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Figure 6.9 Package and wire bonding process of the image stabilizer. 

 

Figure 6.10 Photographs of package and wire bonding process of the image stabilizer. 
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Figure 6.11 Photographs of image stabilizer with wire bonding package. 

 

6.5 RESULTS AND DISCUSSIONS 

 

Effectiveness of the 2-D decouple image stabilizer was examined to evaluate the 

performance of the fabricated device,. During the static driving test, the actuator was driven 

by a DC voltage. Displacement of the actuator was measured by White Light Interferometer 

WYKO measurement system. When a 51 V driving voltage was applied on the proposed 

device in the x-direction, moving displacement in the x-direction was 25 μm and with only 

0.42 μm displacement along vertical axis y. When a 54 V driving voltage was applied on the 

purposed device in the y-direction, the moving displacement in the y direction was 25 μm and 
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with only 0.34 μm displacement along the vertical axis x. In the x-direction, experimental 

decoupling ratio of x displacement to y displacement is 59.52, which conforms to the system 

requirement that is larger than or exceeds 11.1. In the y-direction, experimental decoupling 

ratio of y displacement to x displacement is approximately 73.53 and conforms to the system 

requirement that is larger than 11.1 as well. Figure 6.12 presents the variation of the 

displacement with the driving voltage.  

 

 

                (a)                                 (b) 

Figure 6.12  Static measurement of XY stage in X- and Y-directions when driven in (a) 

X-direction only and (b) Y-direction. 

 

In the dynamic characterization, an MMA system is set up to evaluate the resonant 

frequency of the proposed image stabilizer. Figure 6.13 plots the measurements, while the 

resonance frequency reaches 1.123 kHz. Experimental results indicate is 2.1% lower than the 

simulated first natural frequency, 1.123 kHz. The discrepancy is caused by the inaccuracy of 

the fabrication process and the weight variation of the image sensor. Furthermore, the 

simulation model does not consider the weight of PDMS, possibly causing some diversity in 
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the proposed subject.  

 

 

Figure 6.13 Measurement result of resonant frequency. 

 

6.6 SUMMARY  

This work describes the feasibility of designing, simulating and fabricating an integrated 

micro decoupling XY-stage. The integrated XY-stage is designed to load a three megapixel 

image sensor. Based on the design of a wire bonding holder, the image sensor can be 

successfully bonded upon the image sensor.  Additionally, the electrical signals of the image 

sensor can be connected and integrated with the output circuits according to the signal spring 

design. It can be applied in commercially available cell phone cameras owing to its 

anti-shaking function. The proposed device is mainly composed of a silicon-based XY-stage, 

a comb actuator, which is fabricated and packaged with three ICP etching processes, flip-chip 

bonding technique and a unique wire bonding method. Experimental results indicate that a 
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driving voltage of 51 V can cause a displacement of 25μm in the driving direction and a 

displacement of 0.42 μm in the vertical direction, which are consistent with the anti-shaking 

purpose. Similar results are measured and shown in the perpendicular direction because of the 

symmetry structure design. The variation between the simulation and the experimental results 

is caused by the undercutting of comb fingers that occur during ICP etching process and the 

disregard of the weight of a slight amount of PDMS., The natural frequency of the designed 

XY stage is measured using an MMA system and is 1.123k Hz.   

 

6.7 CONCLUSION REMARK  

 

In this chapter, the MEMS based image stabilizer are designed, fabricated, and 

measured. By the design of high aspect ratio structure, this image stabilizer is strong enough 

to load a 8 × 8 × 0.75 mm3 image sensor, and with large output force to move with 25 μm. 

This image stabilizer is demonstrated that is suitable for anti-shaking function in cell phone 

camera application. Furthermore, by utilizing the flip-chip bonding process, we can design 

and package image stabilizer with small size and easy to package device into cell phone with 

thinner size. 

 

   

 

 

 

 

 

 



 104

CHAPTER Ⅶ 

CONCLUSIONS 

 

7.1 INTRODUCTION  

In this dissertation, design, implementation and integration of Novel Micro Actuators for 

optical MEMS Applications have been explored. In the characteristic of CMOS MEMS phase 

shifter, by utilizing the high aspect ratio proof mass design, MEMS based phase shifter mirror 

are designed and fabricated with flatness mirror surface. Furthermore, vapor HF etching 

process offers the feasibility to manufacture phase shifter device with high fill factor and low 

driving voltage. In the characteristic of MEMS base image stabilizer, anti-shaking image 

stabilizers have been designed and actuated. As the measurement results, it offers the 

feasibility of new type anti-shaking function applied in cellphone camera. The contributions 

of this dissertation are summarized in the following section.  

 

7.2 CONTRIBUTIONS 

 

7.2.1 Post process was developed to improve CMOS MEMS structure flatness and reach 

high fill factor of micromirror. 

 

In this dissertation, a self-design design post process was presented. By backside mask 

definition and backside ICP etching, suitable proof mass reservation can be kept under thin 

film structure. This proof mass reservation is multipurpose not only in flatness control in 

surface micromachining device but also in the frequency control of resonator.                

 



 105

7.2.2 MEMS Phase shifter and Image stabilizer were designed, fabricated and verified 

 

     In this dissertation, a novel type image stabilizer has been prevented. By utilizing the 

HF vapor etching process, high fill factor micromirror can be easy manufactured with 

additional packaging process, such as flip chip bonding. Furthermore, this device is fabricated 

in CMOS MEMS foundry process. It is simple to integrate the device part and circuit part in 

the same platform. 

 

7.2.3 Novel type image stabilizer applied in cellphone camera for anti-shaking function 

 

     A novel type image stabilizer has been prevented in this dissertation. This image 

stabilizer is different from other anti-shaking function that is fabricated by MEMS fabrication 

process and with much smaller device size then others. Duce to the 0.5 mm thin device size, it 

is very suitable for packaging upon cell hone camera for physical anti-shaking compensation.    

  

7.2.4 Novel packaging and wire bonding function assembled by flip-chip bonding 

technology.  

 

In this dissertation, a novel packaging function was presented to combine image sensor 

and image stabilizer. By utilizing the backside wire bonding holder, we can package image 

sensor upon the suspension structures and without any structure damaging. Two successful 

samples were shown in this dissertation with sensor bonding and signal wire routing. The 

concept of the packaging holder can be applied in any suspension structure packaging such as 

proof mass change in resonator or accelerometer.           
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7.3 SUGGESSTIONS AND FUTURE WORKS 

 

In this dissertation, the feasibility of MEMS devices integration applied in optical relative 

system had been demonstrated preliminarily. Two phase shifters and two MEMS based image 

stabilizer had been designed, fabricated. The relative actuation and measurement had been 

done for demonstration of excellent characteristics in the integration of optical MEMS 

devices. There are some suggestions for the future research.    

 

In the part of micro phase shifter array: 

a. More accurately ICP etching recipe control for accurate proof mass reserved 

b. Mirror metal protection in HF vapor etching process for easy wire bonding. 

c. Mirror device, driving, and control circuit integration in CMOS MEMS process for 

commercial application  

 

In the part of MEMS based image stabilizer: 

a. More accurately ICP etching recipe control for undercutting prevention. 

b. Real testing for anti-shaking function 

c. Yield arising in ICP etching and wire bonding packaging. 
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