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Advanced imaging techniques including optical coherence tomography/microscopy 

(OCT/OCM), nonlinear optical (NLO) imaging and confocal microscopy demonstrate powerful 

resolution and optical-sectioning capabilities; therefore can potentially replace conventional 

biopsy diagnosis procedures for early cancer detections. To realize in vivo, noninvasive clinical 

endoscopic imaging, miniature endoscopes integrated with small, versatile and large range 

optical scanners including 1-D, 2-D transverse and full-circumferential scan micromirrors, as 

well as large-axial-scan microlens scanners must be developed. The objective of this research is 

to develop miniature optical scanners by Microelectromechacnial Systems (MEMS) technology 

and the MEMS-based in vivo biomedical imaging endoscopes.  

Several novel actuators based on electrothermal bimorph actuation are developed in this 

work that solve problems in previous generations including large mirror center shift, large initial 

tilting and elevation, complicated mirror control, and low fill factor. The lateral-shift-free (LSF) 

large-vertical-displacement (LVD) actuator realizes versatile optical scanners including tip-tilt-

piston (TTP) mirrors, lens scanners and large-aperture mirrors with large axial scan. The TTP 

mirror demonstrates 2-D tip-tilt scan >60º and piston scan >0.6 mm at <5 Vdc with an improved 

fill-factor of 25 %. Over 0.9 mm large axial scan mirrors and lens scanners with small tilting 
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below 0.4º are also presented. The dual-folded-bimorph (DFB) actuator realizes over 90º 

mechanical rotation up to 60 Hz with a stationary center rotation axis and a flat, un-elevated 

initial mirror position, full-circumferential scan at real time imaging speed is achieved by the 

DFB-based dual-reflective micromirror. A novel self-aligned deep-trench process is also 

developed to fabricate the dual-reflective miromirror and light-weight large-aperture mirrors. 

MEMS imaging endoscopes for both OCT and NLO are developed; 3-D in vivo imaging 

results are successfully demonstrated. Other potential applications are also investigated. A 4×4 

TTP mirror array with sub-aperture size of 0.9 mm and a fill-factor of 65% is presented for 

optical phased array application. MEMS mirror with large aperture up to 10 mm, tip-tilt scan of 

~10º and resonance in the order of 100 Hz are demonstrated for free-space optical 

communications. The prototypes of miniature Fourier transform spectrometer (FTS) are 

demonstrated, the large-axial-scan MEMS mirror combined with a novel mirror-tilt-insensitive 

FTS system has achieved a high spectral resolution of 8.1 cm-1. 
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CHAPTER 1 
INTRODUCTION 

Cancer continues to be one of the top killer diseases worldwide and accounts for one of 

every four deaths in U.S. The estimated new cancer cases and deaths in US alone for the year 

2008 are about 1,437,180 and 565, 650 respectively [1]. The death rate of cancer has declined 

averagely 1.1 percent per year from 1993 to 2002, and 2.1 percent per year from 2002 to 2004 

thanks to the efforts on prevention, treatment, and especially, early detections [2]. The American 

Cancer Society estimates that relative survival for most cancers such as breast, tongue, mouth, 

colon, rectum, cervix, prostate, testis and melanoma cancers would drastically increase if they 

were detected at their early stages [1].  

Recently developed imaging techniques such as optical coherence tomography (OCT) [3-

5], nonlinear optical imaging (such as two-photon excitation fluorescence and second harmaonic 

generation) [6-9], and confocal microscopy [10-12] demonstrated superior performances 

including ultra-high resolutions up to micrometers or even sub-micrometer and millimeters range 

of penetration depth into biological tissues. Therefore, they have emerged as powerful diagnostic 

medical imaging techniques for in vivo and non-invasive detection of precancerous lesions. 

Besides the advancement of photonics and fiber optics, system miniaturization, especially the 

miniaturization of the optical scanning mechanisms is the prerequisite for their development of 

clinical endsocopic applications [13-15]. While in the seeking of technical support, Micro-

Electro-Mechanical System (MEMS), a technology that enables the small devices and systems 

with the integration of electrical, mechanical and optical components, and has significantly 

influenced many other areas,  turns out to be the natural choice  [16, 17]. 

The primary objective of this project is to develop MEMS based transverse and translatory 

optical scanners on demand of the system miniaturization of the new biomedical imaging 
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techniques, and thus the miniaturized imaging endoscopes for detecting and diagnosing in vivo 

precancerous lesions. This chapter discusses the new imaging technologies together with other 

potential application of the proposed MEMS optical scanners, and then the research objectives 

and plan of this project. 

1.1 Conventional Cancer Detection Methods and Their Limitations 

A wide variety of cancer detection and medical test methods has been well-developed. The 

conventional non-invasive imaging techniques used for most cancer screening exam include 

ultrasound, magnetic resonance imaging (MRI), positron emission tomography (PET) scan, 

computer tomography (CT) scan, and some other techniques used for specific cancer types such 

as mammography and colonoscopy [18]. The majority of cancers (>85%) are associated with 

morphological and functional alterations of cells inside epithelium layers of human body [19],  

therefore, after the suspicious lesions being discovered and located, an incisional or excisional 

biopsy is usually needed for ex vivo histological and pathological study of the tumor cells, to 

help determine the optimum treatment protocol for an individual patient.  

However, the conventional imaging techniques are largely limited by their spatial 

resolutions, which are generally restricted to several millimeters range. This makes them 

extremely difficult to detect and diagnose many precancerous lesions at curable stage, whose 

dimensions are even down to microns and far beyond the resolution capability of these 

conventional imaging modalities [18]. Furthermore, for the inspection of internal organs, the 

currently used biopsy endoscopes are equipped with white-light cameras which can only 

visualize the surface morphological characters but not detect the precancerous lesions under 

tissue surface. There are also some popular in vivo diagnosis techniques being investigated, such 

as fine needle aspiration (FNA) and core needle biopsy (CNB), which have greatly facilitated the 

diagnosis process [20, 21]. However, they are limited by the diagnosis ability, still invasive with 
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discomfort and bleeding side-effects, expensive and time-consuming. Most importantly, they 

share the common disadvantage of the conventional random biopsy, lack of an accurate and 

high-resolution imaging guide for biopsy sites identification.  

 Therefore, for cancer detection in the early and curable stage, imaging technologies 

capable of much higher resolution (less than 20μm) and imaging depth (in millimeter ranges) are 

highly desirable. Also, the detection methods should be simple, efficient, inexpensive and non-

invasive for increasing the extent of prevalence and frequency of cancer screening exams among 

large populations. 

1.2 New Biomedical Imaging Techniques 

1.2.1 Optical Coherence Tomography 

Optical coherence tomography is a low coherence interferometry based, non-invasive 

imaging technology with micrometer resolution and cross-sectional imaging capabilities [3]. 

Sub-micrometer resolution has been achieved due to the introduction of wide bandwidth light 

source such as superluminescent diodes and femtosecond lasers [22]. OCT obtains the sub-

surface information by imaging reflections from within tissue, thus is effectively an ‘optical 

ultrasound’. It uses an optical interferometer with one optical beam delivered to a reference 

mirror and the other into the sample subject. The light penetrated into the subject will be 

scattered and absorbed; only the light reflected or scattered from one depth is coherent with the 

reference light, and thus can be detected by the interferometer and enables cross-sectional 

imaging. Figure1-1 shows a simplified schematic of a time-domain OCT setup. 

OCT attracts a great deal of interest in biomedical community mainly due to its crucial 

advantage of micrometer or even sub-micrometer high resolution ability with millimeter range 

imaging depth. This high resolution is far beyond conventional imaging modalities such as MRI 

or ultrasound. In addition, OCT is non-invasive or minimally invasive and it can provide in vivo, 
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instant and direct imaging. Furthermore, no sample preparation is required, enabling convenient, 

low-cost and safe use in office or clinic. Therefore OCT is very suitable to detect precancerous 

lesions under epithelium layer at their very early stage, and has the potential to substitute the 

risky, costly and time-consuming biopsy procedures. 
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Figure 1-1. Simplified schematic of time-domain OCT setup 

One of the key components in the OCT system is the scanning mechanism in the sampling 

arm for transversely scanning the light beam over the sample surface to obtain the cross-sectional 

image (1-D scan) or a 3-D reconstruction of the tissue (2-D scan). Some efforts on alternative 

imaging method of OCT have also been investigated. For example, instead of transversely 

scanning a single point of the light, a new method known as full-field OCT (or parallel OCT) 

uses commercially available CCD camera to generate en face image over an illuminated area of 

the tissue [23, 24]. However, the bulky microscope objective required in the sample arm limits 

the in vivo and endoscopic application of OCT. For the internal organs such as cardiovascular, 



 

23 

gastrointestinal and pulmonary imaging application, miniaturized OCT endoscopes (in a few 

millimeters diameter) with scanning mechanisms and optical components including fiber optics 

and collimating lens must be developed. The scanning mechanism must be small enough to be 

fitted into the endoscope, has decent scanning range and speed required by the imaging, and the 

multi-functionality of both 2-D transverse and axial scan is also desired. The detailed endoscope 

and scanner requirements will be discussed further in section 1.3.  

1.2.2 Nonlinear Optical Microscopy   

Nonlinear optical microscopy (NLO or NLOM) is another family of new rapidly-growing 

imaging techniques. It is based on the effects of higher order light-matter interactions, and thus 

fundamentally differs from the linear light-matter interaction of traditional microscopy [6-9]. The 

major nonlinear optical effects involved in NLO include multiphoton absorption (two-photon 

excitation fluoresecence-TPEF), higher harmonic generation (second harmonic generation-SHG 

and third harmonic generation-THG) and coherent anti-Stoke Raman scattering (CARS) [25].  

All these nonlinear optical effects have demonstrated the capability of high resolution 3-D 

visualization of tissue structure and thus have great potential for non-invasive, in vivo biomedical 

imaging applications. Particularly, TPEF and SHG are currently the most popular since 

femtosecond pulsed lasers in the near infrared wavelength range are used for excitation which 

can be greatly localized in time and space to maximize the fluorescence output [26-29]. The 

major advantages of TPEF include 3-D localization of the excitation volume thus providing 

inherently high resolution without the need of confocal detection optics; relatively deep 

penetration depth of the near infrared light excitation source into turbid biological tissue; and 

great spectral flexibility due to the simultaneous excitation of different fluorophores with a single 

wavelength. In addition, SHG as a coherent (phase-preserving) process can produce highly 

polarized and predominantly forward-directed radiation instead of isotropic emission, which 
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further enables the visualization of intrinsic structures without using exogenous labeling and 

orienting the protein structures [14]. Research efforts on the combination of TPEF and SHG have 

stimulated new insights on cancer research [30-32].  
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Figure 1-2. Simplified schematic for TPEF and SHG imaging setup 

Figure1-2 illustrates a simplified nonlinear optical imaging setup that can be 

simultaneously used for TPEF and SHG. There are two major challenges for endoscopic imaging 

application of NLO. The first is to efficiently deliver the excitation light as well as collect the 

fluorescence signal which relies in the advancement of fiber optics. The second is still the 

miniaturization of the laser scanning mechanism for sample scanning and eventually the compact 

endoscope as in OCT. To obtain the real-time 3-D visualization of tissue structure, the scanner 

must be capable of 2-D scan, and the aperture size has to be large enough (~1mm) for efficiently 

collecting fluorescence signal, but the device should be small enough (<2 mm) to be integrated in 

the endoscope. 

1.2.3 Confocal Laser Scanning Microscopy 

Confocal laser scanning microscopy (CLSM) is an imaging technique that has been 

widely-used in numerous biological science disciplines and also clinically used in the evaluation 
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of various eye diseases due to its ultra high resolution and the ability to collect serial optical 

sections from thick specimens [10-12]. The principle of confocal microscopy is based on the 

optical rejection of out of focus information by pinhole apertures [11]. As illustrated in Figure1-

3, the laser source passes through the light source pinhole aperture and is focused into the 

specimen in a confined volumetric field; the returning fluorescent light from the specimen 

detection point is recollected by the lens and then reflected by the beam splitter, passes through 

the other pinhole aperture to the photo detector. The light source pinhole aperture can confine the 

detection point in the specimen to be less than one micrometer in size, and the detector aperture 

suppresses the out-of-focus light that is not coming from the focal point, thus images with much 

higher resolution than conventional fluorescence microscopy can be obtained. By displacing the 

focal plane in various axial positions below the tissue surface, the intact tissue can be optically 

sectioned, and 3-D visualized based on this pixel-by-pixel reconstruction. CLSM can provide a 

typical axial resolution of 3-5um, lateral resolution of 0.3-1um, and up to half millimeter 

imaging depth, thus is promising for detection and clinical diagnosis of sub-cellular morphologic 

changes and functional alterations associated with the earliest cancerous stage [33, 34]. 

In addition to the miniaturization of optics, the major hurdle for the translation of CLSM to 

the in vivo endoscopic application is the scanning mechanism for fast image acquisition. CLSM 

is based on the pixel-by-pixel signal collection imaging method, which requires fast scanning 

mechanism for scanning the light beam over the specimen volume. There are two commonly 

used methods for capturing image at high speed, the acousto-optic deflector (AOD) method [35] 

and the spinning Nipkow disk method [36, 37] .The first method has the disadvantage of 

wavelength dependence thus is limited for most fluorescence confocal imaging, while the bulky 

disk spinning mechanism of the latter method makes it not applicable for the in vivo endoscopic 
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application. Thus miniaturized beam scanning mechanisms must be developed. Furthermore, 

besides the transverse scanning, for imaging depth in the specimen, a miniaturized axial scanning 

method to mechanically move the lens elements for displacing the focal plane into the specimen 

is also desired for integration and miniaturization of the endoscope system [15, 33].  
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Figure 1-3. Simplified schematic of a fluorescence confocal microscopy 

1.3 MEMS-based Endoscope  

Recently various miniaturized scanning mechanisms have been explored following the 

rapidly-growing research popularity of endoscopic applications of the above mentioned new 

imaging technologies. The current scanning mechanisms can be divided into two groups, the 

proximal and the distal scanning, based on the distance of the scanner to the light source. The 

proximal scanner is at the source end of the light delivery fiber and doesn’t need to be capsulated 

into the small endoscope catheter. This type of scanners usually employs bulky galvanometer 

mirrors and requires fiber bundle technology [38-40]. For example, G¨obel demonstrated a two-

photon microscope with a 3-mm diameter fiber bundle consisting of 100,000 individual fibers 
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closely packaged, and a galvanometer mirror for raster scanning the proximal end of the bundle 

to translate the scan to the distal end then onto the specimen [40] . However, the spacing and the 

thin cladding layer between the individual fibers limit the lateral resolution, cause leakage of 

excitation beam, and reduce the imaging contrast [14] . The distal scanning is usually realized by 

scanning mechanisms inside the endoscope to either scan the fiber tip or the light coupled from 

the fiber, for example, rotating the entire cable that carries the optical fiber [41], or using 

piezoelectric or electromagnetic actuators to swing the distal fiber tip [42-46] . In addition, to 

image some hollow internal organs, circumferential scanning endoscopes employing rotating 

micromotors have also been developed [47-50]. The other distal scanning method is based on 

miniature scanners built by MEMS technology [51-63].  

MEMS is a new technology developed from the microfabrication processes of 

conventional Integrated Circuits (IC) technology, enabling the fabrication and system integration 

of actuators and sensors in micrometer scale. Micromirrors based on this technology are 

provided with the merits of miniature size, low power, fast speed, and potentially low cost, and 

thus they are very suitable for endoscopic imaging applications. Electrostatic micromirrors 

developed by several research groups have demonstrated applications of in vivo endoscopic 

imaging in OCT [56-58], NLO [59] , and CLSM [60] . Electrostatic actuation can typically 

provide operating frequency above 10 kHz and is preferable for fast imaging acquisition. 

However, it usually requires high driving voltages from tens of volts up to hundreds of volts and 

thus prompts safety issue for in vivo internal organ imaging. Moreover, both the deflection 

angles in the angular scanning mode and the vertical displacements in the piston mode are small, 

only up to about 10 degree and tens of micrometers respectively [55-63] , which further limits 

electrostatic actuation to be impractical in large motion applications.  
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The other popular actuation method, electothermal actuation, usually provides large 

actuation ranges (tens of degree rotation angles and hundreds of micrometers piston 

displacement) at much lower driving voltages (less than 20 V), and acceptable operating 

frequencies up to a few kHz. Xie et al. reported a 5-mm diameter OCT endoscope using a 1-D 

electrothermal MEMS mirror where high-resolution cross-sectional OCT images were 

demonstrated in 2002 [64] . 2-D electrothermal mirrors developed by Jain et al. was then 

successfully used in a bench-top nonlinear optical imaging system to obtain 3-D visualization of 

intact tissue [53]. An endoscope prototype integrated with an electrothermal large vertical 

displacement lens scanner as a focusing mechanism, for optical coherence microscopy and 

confocal microscopy has also been demonstrated [54]. There are still some drawbacks in the 

above mentioned electrothermal micro scanner designs including the significant lateral shifts of 

the aperture center both in scanning mode and piston mode of large vertical displacement 

scanners, the low fill-factor, i.e., relatively small effective aperture size compared to the device 

footprint. Furthermore, a tip-tilt-piston (TTP) micromirrors with centroidal rotation motion is 

desired in compact endoscope for larger effective aperture size and efficient beam collection, and 

new designs capable of full-circumferential scanning (FCS) is highly desired for endoscopic 

imaging of hollow internal organs.  

1.4 Research Goal and Tasks  

The main research goal of this dissertation is to develop electrothermal based MEMS 

optical scanners and miniaturized imaging endoscopes with the optical scanners integrated for in 

vivo detection and diagnosis of precancerous lesions. To reach this goal, the following research 

tasks will be completed.  

First, to develop a new electrothermal actuator capable of large vertical displacement with 

zero lateral shift and tilting, namely lateral-shift-free large-vertical-displacement (LSF-LVD) 
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electrothermal actuators, and to extend the vertical scanning range of the new actuator to be 

above 1 millimeter range. This task is an improvement of the LVD electrothermal actuator 

developed by Jain et al. [65]. Both LSF-LVD micromirror and microlens scanners will be 

fabricated. Other potential applications of LSF-LVD micromirrors such as miniature Fourier 

transform infrared spectrum (FTIR) analyzer will be investigated. 

Secondly, to design and fabricate TTP micromirrors with higher fill factors and a 

centroidal rotation mode based on the new LSF-LVD microactuator; and to develop OCT and 

NLO imaging endoscopes for in vivo biomedical imaging applications. The scanning mirror 

should be capable of tip-tilt optical angles above ±30° and piston scanning range above half 

millimeter and driving voltages less than 10 V. The aperture size should be at least 1 mm by 1 

mm with a device footprint less than 2 mm by 2 mm to be fitted into the miniature endoscope 

with a diameter less than 5 mm. 

Lastly, to develop a new micromirror for a new full-circumferential scanning endoscope 

design. The new FCS micromirror should be able to mechanically rotate ±45º at real-time 

imaging speed and is dual-reflective with each mirror side enabling half circumferential scan 

range. A novel actuator will be designed to achieve the large scan range, and a new self-aligned 

deep trench etching process will be developed to fabricate the dual-reflective micromirror. A 

similar fabrication process will be investigated to develop light-weight structure of the single 

crystal silicon (SCS) mirror plate for micromirrors with large aperture size (>3 mm).  

1.5 Dissertation Overview 

There are six chapters comprised in this dissertation. The first chapter introduces the 

background and motivation of this project, including the new biomedical imaging technologies 
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for early cancer detections, the corresponding miniature endoscopes currently developed, and the 

proposed research objectives and tasks.  

In Chapter 2, a comprehensive literature review of currently developed MEMS 

micromirrors is firstly presented, and then the design, principle of operation and modeling 

methods of electrothermal actuation is discussed in detail, followed by the review of the prior 

work on electrothermal micromirror design and a summary of remaining problems.  

Chapter 3 presents a novel LSF-LVD electrothermal actuator design which is capable of 

generating lateral-shift and tilting free, large vertical displacements, and the LSF-LVD actuator 

based micromirrors and microlens scanners. The actuator design issues are analyzed by lumped 

element models and an improved LSF-LVD design with faster scanning speed is also presented. 

In Chapter 4, a novel full-circumferential scanning endoscope design and a dual-reflective 

micromirror based on a novel dual-folded bimorph (DFB) design for the full-circumferential 

scanning are presented. A novel fabrication process for the dual-reflective mirror and light-

weight SCS micromirrors is also presented.  

Chapter 5 presents the applications of the developed optical scanners. First, the imaging 

endoscope development, including 2-D scanning endoscopes using TTP scanning micromirrors 

for OCT and NLO imaging, and a microlens scanner based on a modified, more robust LSF-

LVD actuator design capable of scanning glass lenses, are presented. Other potential applications 

of the developed MEMS optical scanners are also investigated, such as, TTP mirror arrays are 

demonstrated for optical phased array applications, and large-aperture mirrors by cascaded LSF-

LVD actuators for free-space optical communications is also presented. Lastly, as another 

important application of the LSF-LVD micromirrors, miniature Fourier transform spectrometers 

based on translatory scanning mirrors by modified LSF-LVD actuator is demonstrated. 
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Finally, the entire research efforts and a list of accomplishments will be summarized in 

Chapter 6, together with suggestions for future work and potential research opportunities of the 

project.  
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CHAPTER 2 
MEMS ELECTROTHERMAL OPTICAL SCANNERS  

As already discussed in the first chapter, for the clinical use of OCT, NLO and CLSM 

imaging techniques in early cancer detections and diagnosis, system miniaturization of the 

imaging endoscopes is one of the key obstacles. The rapidly-developing MEMS technology, as a 

great breakthrough enabling the micro-scale devices and systems, has shown its great impact in 

almost all the disciplines [16, 17], and thus is naturally the first choice for realizing miniature 

optical scanning mechanisms. This chapter first reviews the current MEMS optical scanners 

based on different actuation methods and introduces the preferable selection of electrothermal 

actuation for in vivo biomedical imaging applications. It then presents the design, principle of the 

electrothermal bimorph actuation followed by an introduction of the prior actuator designs and a 

summary of their remaining problems. 

2.1 MEMS Optical Scanners  

MEMS optical scanners can be divided into two categories, reflective and refractive 

scanners. MEMS reflective optical scanners, also referred as MEMS scanning micromirrors, 

have been widely investigated in a variety of applications such as optical communication [66], 

optical switching [67-70], optical display [71, 72], beam steering [73, 74], and endoscopic 

imaging [51-63]. For biomedical imaging applications, the high spatial resolution requires a flat 

mirror surface (radius curvature > 0.3m) and a large aperture size (>0.5mm). Micromirrors based 

on stressed thin film reflectors as some commercially available products, such as Texas 

Instruments’ DMDs (Digital Micromirror Devices) [75] and Lucent Technologies’ optical switch 

[67], are not practical for biomedical imaging due to their small aperture sizes (~0.1 mm). Single 

crystal silicon (SCS) micromirrors based on bulk-micromachining processes provide improved 

mirror flatness with relatively large aperture sizes and thus have been preferably developed via 
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various actuations including electrostatic, electromagnetic, piezoelectric and electrothermal 

methods.  

The early research on electrostatic-driven SCS micromirrors can be traced to almost three 

decades ago when Peterson et al. demonstrated the parallel-plate electrostatic torsional SCS 

micromirror in the year of 1980, with a maximum rotational angle of ±2º at resonance and 300 V 

driving voltage [76]. It utilizes the electrostatic force between two electrodes which are located 

under the suspended mirror plate and on the bottom parallel plate, respectively, to generate the 

rotation. More recently developed micromirrors using this approach have yielded larger 

rotational angels up to ±8º with smaller driving voltages ranging from 40 V to 200 V [67, 77-81]. 

However, the achievable rotational angles of the parallel-plate method are greatly limited due to 

the inherent trade-offs between the mirror size, gap distance and driving voltage. Another new 

design employing vertical comb drives (VCD) was then developed to improve the rotational 

angles and mirror aperture size as well [82-85] . The most common structure used is a gimbaled 

structure in which torsional beams are used to suspend the mirror plate and transform the rotation 

generated by vertical comb drives. For example, a resonantly excited 2-D micromirror based on 

SOI wafers and Si wet etch bulk micromachining process was demonstrated by Schenk et al. in 

2000, where rotational angles of ±5.5º were obtained with resonance excitation at 16 V [82]. 

Conant et al. developed staggered comb drivers for a 1-D mirror through wafer bonding and 

achieved ±6.25º rotational angle at resonance [83]. To further improve the actuation range of the 

comb drives, angular comb drive designs have been demonstrated [86-88]. For example, 

Patterson et al. used photoresist reflow to form the hinge and an initial tilted angle of the moving 

combs [86], and later photoresist was replaced by polysilicon latches [87], with rotational angles 

of ±2º at 120 V and ±6.2º at 55 V, respectively. Xie et al. also demonstrated a curled-hinge comb 
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drives utilizing the initial curling of the stressed thin films and achieved ±4.7º at 20 V [88]. 

These comb-drive gimbaled designs allow larger mirror size and comparable actuation range 

with the parallel-plate designs. However, the rotational angles are still less than ±10º due to the 

comb drive’s stroke-limited rotation. Also for the electrically isolated mechanical decoupling in 

2-D micromirrors, the trench filling and polishing process complicated the fabrication [89]. A 

new laterally-actuated gimballess structure was demonstrated by Milanovic at al. with the 

angular rotation being magnified to >±12º at resonance with < 150 V driving voltage [90]. The 

same design can achieve a piston motion as well. More recently, Tsia et al. reported a radial 

vertical comb driver actuator design to eliminate the need of gimbals and obtained ±5.6º 

rotational angle at 61 V [91]. A pre-stressed comb drive design by Chiou et al. also demonstrated 

rotational angle up to ±6.5º and piston displacement of 45 μm at 200 V  [92]. High resonant 

frequencies of these electrostatic actuators make them ideal in the applications where fast 

scanning is desired. However, the small scanning range and high driving voltages that will 

prompt safety concerns still confine their applications for in vivo endoscopic imaging. Also, most 

electrostatic mirrors have small fill factors due to the large area taken by the electrostatic 

actuators and the mirror aperture size is usually limited to 0.5 mm.  

Electromagnetic micromirrors uses the Lorenz force for mirror actuation, which has the 

advantages of relatively large actuation forces (on the order of millinewtons) at low driving 

voltages and long effective range (up to millimeters). Also electromagnetic force can be either 

attractive or repulsive [93] . Currently developed electromagnetic micromirrors usually employ 

an external magnetic field with a magnetic material such as permalloy [93-96] or electrical coils 

with flowing current [93, 94, 97, 98] integrated in the mirror plate for actuation. Although larger 

rotational angles up to 80º were obtained for1-D micromirrors [96], and some 2-D micromirrors 
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demonstrated ±15.7º [97] , ±18º [98], and ±22º [95] actuation ranges, the bulky components 

required for external magnetic field stringently restrict the device miniaturization and the 

packaging compactness required for endoscopic imaging applications. On-chip coil design to 

eliminate the need of external magnetic field was also reported [94], but it is difficult to realize 

2-D scan through this method and it involves high power consumption for generating the driving 

magnetic field.  

Recently piezoelectric-actuated micromirrors have also attracted some research interests 

especially after thin film deposition technology of piezoelectric PZT (lead zirconium titanate) 

films reached an advanced state [99]. The piezoelectric actuation is based on the bending of the 

metal/PZT/metal sandwiched unimorph beam [100-103] or double layered PZT [104] 

corresponding to applied electric voltages across the PZT material. Considerable tilting angles 

have been demonstrated with better linearity and much lower driving voltages than electrostatic 

micromirrors, and high bandwidth is also achievable due to the fast response [105]. However, the 

scanning ranges of currently developed piezoelectric micromirrors are still limited, with typical 

rotational angles ranging from 2º to13º [100-102, 104], and piston displacement only a few 

micrometers [106]. Also, charge leakage and hysteresis problems are also the remaining 

obstacles for practical application of this actuation method. 

Electrothermal bimorph actuation provides greater actuation force and larger deflection 

range than similarly-sized actuators by other methods such as electrostatic and piezoelectric 

actuation. Other advantages include almost linear deflection versus power relationship, relatively 

simple fabrication processes and structure designs that are easy for system integration. A 

bimorph beam consists of two materials with different coefficient of thermal expansions (CTE), 

The actuation principle is based on the bending motion of bimorph beams in response of 

http://en.wikipedia.org/wiki/Lead_zirconium_titanate�
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temperature change that is usually introduced by Joule heating. Researches on bimorph actuators 

based on different materials have been reported [107-114]. Buser et al. reported a biaxial 

scanning mirror that uses Aluminum (Al) and Silicon (Si) for bimorph materials and doped Si as 

the guided electrical current path for Joule heating [107]. Bühler et al. demonstrated Al/SiO2 

bimorph beams based on a CMOS fabrication process [108]. Other materials such as metal oxide 

[109] and polyimide [110, 111] were also used for bimorph actuation. Large rotation angles up to 

40º for both 1-D and 2-D scanning mirrors at driving voltages less than 20 V have been 

demonstrated by Jain et al. [52, 115]. These devices are fabricated by a post-CMOS MEMS 

process and use Al/SiO2 bimorph beams with embedded Poly-Si as the heating material. 

Actuators using thermal expansion of single material such as Si were also reported [116, 117]. 

The main drawbacks in electrothermal actuation include relatively high power consumption and 

low bandwidth due to the slow thermal response and poor temperature stability. However, for 

applications that require large scan range with low driving voltages such as endoscopic imaging, 

electrothermal actuation turns out to be a very suitable approach. The simple structure allows 

large aperture size on small device footprint and ease of system integration. Also, the power 

consumption is sufficiently low compared to conventional macro-devices, and, as shown later, 

the devices can be operated at reasonable high resonant frequencies ranging from hundreds of Hz 

to a few kHz.  

As mentioned in section1.2.3, in addition to reflective scanning mirrors, refractive optical 

scanners are also desired for the axial focusing mechanism of endoscopic imaging systems. The 

depth scanning in CLSM and optical coherence microscopy (OCM) usually requires millimeter 

range axial displacement of the imaging focal plane. There are currently two approaches that can 

displace the focal plane of the focusing lens. One method is to use tunable lenses of which the 
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focal lengths can be varied axially [118-126]. The reported tunable lenses are mostly liquid or 

polymer lenses with deformable shape based on electrowetting principle [121, 122], pneumatic 

actuation [123], microfluidic actuation [119, 126], or a new hydrogel material [124, 125]. But 

these tunable lenses are not practical to use for endoscopic imaging due to the required large 

actuation voltages, slow response, or the bulky sizes. The other method used for the focusing 

mechanism is to mechanically displace the focusing lens along the optical axis by microactuators 

to obtain the axial scan of the focal plane inside the tissue [15, 33, 127]. Microactuators capable 

of vertical displacement based on electrostatic [61, 128], pneumatic [129, 130] and 

electrocapillary [131] actuation methods have been reported but their achievable scanning ranges 

are too small to meet the requirement for in-depth imaging applications. The electrothermal 

actuation on the other hand is very promising for generating large vertical displacement. For 

example, electrothermal LVD actuators developed by Jain et al. already demonstrated over half 

millimeter vertical displacement range [132]. 

As a conclusion of the above reviews, electrothermal actuation meets all the requirements 

for endoscopic imaging applications, including large actuation ranges, low driving voltages, 

relatively large aperture size with small device footprint, and reasonable scanning speed. The 

principle of electrothermal bimorph actuation will be presented in the next section, followed by 

an introduction of the prior designs and their remaining problems.  

2.2 Principle of Electrothermal Bimorph Actuation  

The electrothermal optical scanners in this proposal are all based on electrothermal 

bimorph actuation. The bimorph structure is a stack of two layers of different materials with 

different CTEs. The cantilevered bimorph beam can convert the small strain difference between 

the two layers to a large displacement perpendicular to the strain plane. The actuation principle 

of electrothermal bimorph beams can be simply explained as following: with the temperature 
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change induced by Joule heating of an electrical current, the difference of thermal stresses 

between the two layers due to different CTEs leads to the bending of the cantilevered structure.  

2.2.1 Stress and Curvature in Bimorph Cantilever   

The stresses in the thin films include extrinsic stress and residual internal stress. The 

extrinsic stress is from the external factors such as packing, and the thermal stress due to the 

different CTE between the thin film and substrate or other thin film material. There are two types 

of residual internal stresses, compressive and tensile stress. The compressive stress leads the thin 

film to have an in plane expansion tendency, while the tensile stress tends to contract the thin 

film parallel to the substrate. The residual stress mainly consists of the thermal stress, resulting 

from deposition temperature conditions and the intrinsic stress formed during the film nucleation 

[133, 134]. Through the measurement of surface curvature by a wafer curvature (disk) method, 

the stress of thin films can be derived from the Stoney equation [135] as: 
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sE and sν are the Youngs Modulus and Poisson’s ratio of the substrate material, st and ft are the 

thickness of the substrate and thin film, respectively, and sr and sfr  are the radius of curvature 

before and after the thin film deposition, respectively.  

Bimorph cantilever beams usually have an initial curling after being released from the 

substrate. This curling is beneficial for generating a large out-of-plane initial rest position to 

achieve large scan range for optical scanners. Due to the fact that the tensile stressed material 

tends to contract while the compressive stressed one tends to elongate, the bimorph beam with 

the tensile material on top curls upward while the bimorph beam with the compressive material 
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on top curls downward, as illustrated in Figure 2-1. This initial curvature or  as related to the 

residual stresses can be expressed by [136]: 
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1t  and 2t  are the thickness of two layers, respectively, 1oε  and 2oε  are the linear stains due to their 

residual stresses, and 1
'E  and 2

'E  are the biaxial elastic modulus which is related to Young’s 

modulus and Poisson ratio: 

)1/(' ν−= EE                                                                                                                             (2-3) 
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and oε∆ as the difference of linear strain due to residual stress, the initial radius can be simplified 

as: 

 o
bo tr

εβ
∆⋅=

1                                                                                                                               (2-5) 

The above analysis applies to thermally induced curvature as well. The thermally induced 

strain for each material can be expressed: 

Tt ∆⋅= αε                                                                                                                                  (2-6) 

α  is the temperature coefficient of expansion. The different strain resulting from CTE difference 

leads to the thermally induced curvature: 

 T
ttr b

t
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The initial curvature and the thermally induced curvature are additive and result in the final 

bending radius: 

 

 

Figure 2-1. A side view of the bimorph beams with initial upward curling 

to rrr
111

+=                                                                                                                                   (2-8) 

Thus the final tilting angle at the bimorph tip which is approximate to the arc angle of the 

curved beam can be expressed as Equation 2-9. Note that thermally induced curvature is negative 

if the tensile stressed material has larger CTE than the compressive one because the heated 

bimorph will unfold and bend backward to the substrate. 

toob
b

b TL
tr

L
θθαεβθ −=∆⋅∆−∆⋅⋅== )(                                                                                 (2-9) 

oθ  is the initial tilting angle and tθ  is the actuation angle by temperature change. The 

temperature change along the bimorph beam is not ideally uniform thus the actuation angle is 

usually expressed by the average temperature change on the bimorph beam [137]. 
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TL
t b

b
t ∆⋅∆⋅⋅= αβθ                                                                                                                  (2-10) 

An equivalent force generated at the tip of the bimorph beam that is induced by the 

temperature change can also be defined [138]. The deflection of the bimorph beam due to 

temperature change can be counteracted by an assumed external force eqF applied at the tip to 

keep the beam at a fixed position. This external force can be related to the tip deflection bδ of the 

cantilever beam by: 

bbeq KF δ=                                                                                                                                (2-11) 

bK  is the spring constant of the cantilever beam, as being well known, is given by:  

3

3

4l
EwtKb =                                                                                                                               (2-12) 

E is the equivalent Young’s Modulus of the bimorph beam, w, t and L are the beam width, 

thickness and the length. As for small deflection, it can be approximately related to the thermally 

induced bending radius tr , and eventually to the temperature change by plugging in the 

thermally induced curvature (Equation 2-7) as: 
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This yields the external force (Equation 2-11) to be:  

T
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2.2.2 Bimorph Sensitivity and Material Selection    

From the linear relationship between temperature change and actuation angle as shown in 

Equation 2-10, the bimorph actuation sensitivity can be simply defined as the achievable 

actuation angle per degree Kelvin: 
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which is linearly dependent on the bimorph beam length and CTE difference of the bimorph 

materials. Other affecting parameters include beam thickness of each layer and mechanical 

properties involved in the curvature coefficient. As expressed by Equation 2-4, the curvature 

coefficient is strongly dependent on the thickness ratio for given materials. By defining thickness 

ratio 21 / tt=ζ  and the ratio of the biaxial elastic modulus of each layer '
2

'
1 / EE=χ , the unit-less 

curvature coefficient can be expressed as: 
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For a given total thickness, the condition to meet the maximum value of curvature 

coefficient can be easily found, by setting the partial derivative of β  with respect to the biaxial 

modulus ratio equal to zero [136], as to be: 
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Under this condition, the curvature coefficient β  becomes a constant value of 1.5 for all 

material. This simplifies the material selection and steady-state mechanical optimization, the 

materials should be selected based on a high CTE difference.  

Table 2-1 summaries the commonly used bimorph material with their properties. As can be 

seen from Table 2-1, Al and SiO2 has the relatively large CTE difference thus can provide high 

actuation sensitivity. Both Al and SiO2 are among the most common materials used in MEMS 

micromachining and are cost efficient. Also, Al is a good reflective coating material for a wide 

band of light sources. Therefore, Al and SiO2 are selected for the bimorph actuator material in 
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this proposal. As for the heater, Poly-Si is a convenient material. However, the embedded 

polysilicon heater exhibits hysteresis problems and self-annealing effects which limit their stable 

scanning ranges. For instance, a hystersis problem was observed in [64] and self-annealing 

effects of Poly-Si embedded bimorph beams causes an unstable scan at high voltages in [52]. 

Instead of polysilicon, platinum (Pt) is another good choice that has been widely used in MEMS 

gas sensors and anemometers due to its long term stability of mechanical and electrical 

properties at high temperatures [139, 140], it also has relatively large temperature coefficient of 

resistivity (TCR) compared to polysilicon thus has potentially better sensitivity to be used as a 

temperature monitor on electrothermal actuators. 

Table 2-1. Thermomechanical properties (at room temperature) of materials possible for bimorph 
actuation 

Material Coefficient of 
Thermal 

Expansion 
（10-6/K） 

Young’s 
Modulus 
（GPa） 

Thermal 
Conductivity 
（W/mK） 

Specific Heat 
（103J/KgK） 

Density 
（103 Kg/m） 

Si 2.6 162 170 0.691 2.42 
SiO2 0.4 740 1.1 0.84 2.66 
Si3N4 2.8 155 18.5 0.711 3.19 
SiC 3.5 457 86.5 - 3.2 
Poly-Si 2.3 160 - 0.754 2.33 
Al 23.0 690 235 0.9 2.692 
Au 14.3 800 318 0.129 19.4 
Cr 5 140 90.3 0.447 7.19 
Cu 16.7 120 401 0.387 8.95 
Ni 12.8 210 91 0.444 9.04 
Pt 8..9 147 73 0.133 21.5 
Pb 28.7 160 35 0.128 11.48 
Ti 8.6 116 21.9 0.523 4.51 

Material properties obtained from [116] and material database of memsnet.org 

 
2.2.3 Electrothermal Analysis  

An electrothermal model for a 1-D micromirror design has been developed by Todd and 

Xie [137]. The 1-D electrothermal micromirror is illustrated in Figure 2-2, where the Al coated 
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mirror plate is connected by a series of Al/SiO2 bimorph beams anchored to the substrate at the 

other end. The bimorph beams have a thin layer of Poly-Si in between for Joule heating.  

As the heat transfer on the bimorph beams in y and z direction is only convection though 

air if the radiation is neglected, the problem can be simplified to 1-D and the temperature is only 

a function of x along the bimorph beam. The heat transfer equation on the bimorph beams can be 

expressed as: 
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Figure 2-2. Schematic of 1-D micromirror design illustrating electrothermal model 
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with the steady-state equation reduced to: 
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bk  and κ are the thermal conductivity and thermal diffusivity of the bimorph beam,  h  is the 

convection coefficient, and g  denotes the heat generation, i.e., the electric power generated by 

Joule heating per unit volume, expressed as: 

)],(1[),( 0
2 txTJtxg RE ∆+= γρ                                                                                                 (2-20) 
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in which J  is the electric current density through the heater, 0Eρ  and Rγ are the electrical 

resistivity of the heater at the initial temperature and its temperature coefficient of resistivity.  

The boundary conditions applied for solving the differential equations involve the 

equivalent thermal resistances seen by the bimorph beams at both ends denoted by TLR  and TRR , 

and the thermal resistance of the bimorph beam, TbR , i.e., 
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A steady-state lumped element model based on the determination of the maximum 

temperature point on the bimorph beams by an analytic analysis was also developed to simplify 

the derivation of average temperature on bimorph beams [137]. 

2.3 Prior Electrothermal Actuator Designs 

Various MEMS optical scanners based on electrothermal bimorph actuation have been 

successfully developed by Xie and Jain [52, 65, 115, 132, 141], and demonstrated great potential 

for endoscopic imaging applications [51, 53, 54]. These devices are fabricated by a DRIE Post-

CMOS MEMS process, using Al and SiO2 as the bimorph materials and Poly-Si for Joule 

heating. To maintain the flatness of the micromirror with relatively large aperture size, single-

crystal silicon (SCS) is used to form the mirror plate. 

As shown in Figure 2-3 A), the 1-D electrothermal micromirror design consists of a series 

of Al/SiO2 bimorph beams and a bulk Si supported mirror plate connected to the tip of the 

beams. The small width of the thin film beams allows fast and complete undercut of Si 

underneath in an isotropic Si dry etch process and leaves the majority of bulk Si under the mirror 

plate. The mirror plate is coated by Al for high reflectivity. The Al–on-top bimorph beams has an 
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upward initial curling due to the residual stress and unfolds downward once being heated by 

applying a voltage to the embedded Poly-Si heater, and thus a rotation motion of the mirror plate 

around the bimorph beams then the scanning of the mirror surface can be obtained. A 2-D 

micromirror design as the extension of this 1-D design is illustrated in Figure 2-3 B), in which 

two sets of bimorph beams are orthogonally oriented and connected by a bulk Si supported frame 

with the mirror plate connected inside the frame. The two sets of bimorph beams are actuated by 

separate Poly-Si heaters, so two perpendicular axes of mirror rotation can be achieved. The 

fabricated devices demonstrated static rotation angles of 31º at 18 V or 9 mA for the 1-D 

micromirror and 40º at 15 V, 25º at 17 V for the 2-D scanning micromirror [52, 141]. 

 

Figure 2-3. Electrothermal micromirror design and SEM pictures of fabricated devices. A)1-D  
and B) 2-D  [52, 141].  

Although large rotation angles can be obtained, the above micromirror designs still have 

the drawbacks such as the unidirectional scan, non-stationary center of rotation and large initial 

tilt angle that complicates the device packaging and optical design of the imaging endoscope. A 

new large-vertical-displacement (LVD) electrothermal actuator design was then proposed to 

resolve the above issues [65]. Figure 2-4 A) shows the schematic of the LVD actuator design. It 
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uses two sets of complementarily-oriented bimorph beams in a folded structure that allows the 

mirror plate to remain parallel to the substrate after being released, with an initial elevation 

resulting from the large stroke lengths of the actuators. The same design can also achieve 

bidirectional 1-D scan with the two sets of bimorph beams being actuated independently. A 

fabricated LVD micromirror demonstrated vertical displacement of 200 μm at less than 6 V, and 

bidirectional rotation angles from -16.5 º to 26.5 º at less than 5.5 V. Based on this LVD actuator 

design, a lens scanner with a polymer micolens integrated was also developed and up to 710 μm 

large vertical displacement was achieved. As an extension of this LVD actuator concept, a 2-D 

LVD micromirror design was also developed. As shown in Figure 2-4 B), by replacing the 

mirror plate in Figure 2-4 A) with another set of LVD actuator in an orthogonal orientation to the 

first set, the scan of the mirror plate can be actuated in both perpendicular directions, and a 

piston motion can be obtained as well by properly actuating the four bimorphs simultaneously. 

Optical scan angles of ±40º and ±30º in both directions are obtained at less than 12 V [65, 115]. 

 

Figure 2-4. LVD electrothermal micromirror design and SEM pictures of fabricated devices. A) 
1-D and B) 2-D [65, 115]. 
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2.4 Summary of Remaining Problems 

The prior bimorph actuator designs as discussed in the previous section have achieved both 

large scanning angles and large vertical displacement as required for the most endoscopic 

imaging techniques. But there still remain some problems in these designs.  
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Figure 2-5. Cross-sectional view of LVD actuator showing the lateral shift 

Although the LVD actuator designs solve the unidirectional scan and large initial tilt 

problems in those preliminary 1-D and 2-D micromirror designs, they bring in a new lateral shift 

problem.  

As shown in Figure 2-5, in the piston motion of the micromirror, the mirror center shifts 

laterally as well. If the bimorph beams are actuated from the initial tilt position back to flat and 

parallel to the substrate surface, i.e., the actuation angle is equal to the intial tilt angle, the 

vertical displacement Z and the lateral shift of the mirror center Ls related to the effective frame 

length Lf can be simply expressed as: 

θsin⋅= fLZ                                                                                                                            (2-23) 

)cos1( θ−⋅= fs LL                                                                                                                   (2-24) 
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Thus the lateral shift is proportional to the actuated vertical displacement for a given 

actuation angle of the bimorph beam. For example, the LVD microlens in [142] can generate a 

maximum 0.71mm vertical displacement, but the lateral shift is as large as 0.42mm, which will 

greatly distort the microscopic image. The lateral shift in LVD micromirrors also significantly 

reduces the effective optical aperture size. 

Another disadvantage of the previous LVD designs is that a certain ratio of the driving 

voltages for the two complementary actuators needs to be maintained in order to obtain an equal 

but opposite rotation angles of the two actuators thus a pure piston motion of the mirror plate 

without tilting, and this experimentally-determined ratio is not constant but increases with the 

applied voltages [65]. This greatly complicates the driving of the device especially for the 

dynamic vertical scan.  

Also, the fill-factor of the LVD micromirror is relatively low due to the large area taken by 

the frames and the bimorph beams. Especially in the 2-D LVD micromirror design, the effective 

aperture size is only 0.5 mm by 0.5 mm for a given device footprint of 2.7 mm by 1.9 mm with a 

fill-factor (the effective mirror area to the total area with its surrounding actuators) of only about 

4.8%. This limits the further device miniaturization without sacrificing the aperture size of the 

mirror. In addition, the problem of non-stationary mirror center during actuation remains 

unsolved. With the hinged rotation motion of the mirror plate, the lateral shift of the mirror 

center still exists and can easily cause the optical misalignment in miniature endoscopes thus 

further decreases the effective aperture size. A novel actuator design as a solution of all these 

remaining problems in current LVD actuators will be presented in Chapter 3.  

Furthermore, as mentioned in Chapter 1, a full-circumferential scanning (FCS) mechanism 

is highly desired for fast and efficiently imaging some hollow internal organs. However, in 
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current devices there is still a lack of a micromirror design capable of full-circumferential 

scanning. Also, the prior micromirrors are all based on the SCS supported structure to maintain 

the flatness of the mirror surface. But the mass of the bulk silicon will significantly increase with 

the mirror size, which may engender significant decay of the device’s agility or may even 

surpass the actuation force limit of the bimorph beams. A fabrication method to make flat and 

large-aperture mirrors but with light-weight structures needs to be investigated. Chapter 4 will be 

focusing on the FCS micromirror and light-weight, large-aperture micromirror design. 

Lastly, the previous devices are all fabricated by DRIE Post-CMOS process at die-level. 

For the eventual commercial volume mass production, the feasibility of a wafer-level fabrication 

process must be investigated. The non-CMOS fabrication process also eliminates the constraints 

on material selection and structure parameters by CMOS foundry.  
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CHAPTER 3 
LATERAL-SHIFT-FREE LARE-VERTICAL-DISPLACEMENT ELECTROTHERMAL 

ACTUATOR AND MICROSCANNERS 

As a solution to the remaining problems of the electrothermal LVD actuator described in 

Chapter 2, a novel LVD electrothermal actuator design with negligible lateral shift and tilting 

will be presented in this chapter. The innovation of this novel lateral-shift-free (LSF) LVD 

electrothermal actuator design is to use series-connected rigid frames and curled beams for self-

compensation of the lateral shift and tilt from each component but still take the advantage of 

large vertical displacement at the tip of the tilted frames, resulting in a lateral-shift-free and tilt-

free piston motion at the tip of the actuator. By employing multiple LSF-LVD actuators 

symmetrically oriented at the four edges of a mirror plate, this novel actuator design can achieve 

centroidal tip-tilt scanning motion. Therefore it is also preferable as the transverse scanning 

mechanism for endoscopic imaging.   

Various vertical actuators based on different actuation mechanisms have been developed 

[61, 92, 130, 143-148]. For example, Kwon et al. used an electrostatic vertical comb drive design 

to generate a maximum 55 μm vertical displacement of a microlens for confocal imaging [61]. 

Chiou et al. demonstrated an electrostatic micromirror capable of a maximum 45 μm vertical 

displacement [92]. Yeh et al. presented a thermal actuator based on a single layer step bridge that 

can move upward by about 13 μm [147]. These above-mentioned actuators are limited in the 

endoscopic imaging applications due to their small actuation range (tens of microns) and high 

driving voltages (usually tens or even hundreds of volts). Some actuator designs with larger 

vertical displacements have also been reported. For instance, Werber et al. demonstrated a 

thermo-pneumatic microactuator, with a maximum vertical displacement of about 385 μm [130, 

148]. However, this thermo-pneumatic device is very slow (time constant of about 6 seconds in 

[148]), and its configuration is complex. 
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In this chapter, the LSF-LVD electrothermal actuator design is first presented, followed by 

demonstrating various fabricated devices including TTP micromirrors and LVD microlens 

scanners. And then a transient thermal analysis based on a lumped element model (LEM) and an 

improved actuator design with faster thermal response is also demonstrated. 

3.1 LSF-LVD Electrothermal Actuator Design 

The three-dimensional (3-D) model of the LSF actuator design is shown in Figure 3-1. The 

actuator is composed of three sets of Al/SiO2 bimorph beams with two frames connected in 

between. A platform (a mirror plate or a lens holder) is connected to the last set of the bimorph 

beams. The frames and the platform have single-crystal silicon underneath to provide structural 

rigidity and flatness. Pt heaters are embedded in all the bimorph beams for a uniform and 

efficient heating. SiO2 meshes are used to provide good thermal isolation. The bimorph beams 

curl up after being released to result in an initially-elevated platform, and will bend downward 

with all three bimorph actuators being actuated. By using three bimorph actuators and two 

frames connected in series and properly choosing their lengths, a purely vertical piston motion of 

the platform with nearly zero lateral shift and tilting can be obtained. 
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Figure 3-1. 3-D model of LSF-LVD actuator design with nomenclatures 
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Figure 3-2. Cross-sectional view schematics. A) two-bimorph LVD actuator design with large 
lateral shift and B) three-bimorph LVD actuator design with no lateral shift. 

Figure 3-2 shows the comparison between the two-bimorph LVD actuator design and the 

three-bimorph LSF-LVD actuator design. In the two-bimorph LVD actuator design (Figure 3-2 

A)), the large vertical displacement is achieved by the angular amplification provided by the long 

arm length of the frame. The tilting of the platform can be compensated by the equal angular 

rotations of the two bimorph beams in the opposite directions. However, the rotation of the 

single frame will cause a significant lateral shift on the platform center, which is proportional to 

the vertical displacement as discussed in section 2.4. 

The new LSF-LVD actuator design (Figure 3-2 B)) still takes the advantage of the large 

vertical displacement at the tip of the frames, but it uses three bimorph beams to cancel the 

angular motion and two frames connected in between that rotate in the opposite directions to 

compensate the lateral shift on the platform. Moreover, the previous LVD actuator has two 

separate heaters for the two bimorph beams. Thus a certain ratio of the driving voltages is needed 

to cancel the angular motion. The new design uses one uniform heater embedded along all 

actuators, so the driving is simplified and only one voltage is needed.  
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Figure 3-3. Schematic showing geometry design of the LSF-LVD actuator 

The details of the LSF-LVD actuator design is shown in Figure 3-3, in which L1 and L2 

denote the lengths of the two frames, l1, l2 and l3 are the lengths of the three bimorph beams, and 

θ1, θ2 and θ3 are the arc angles of the three bimorph beams denoting the sums of the initial tilt 

angles and thermally-actuated angles. In order to keep the platform parallel to the substrate 

surface during the actuation, the arc angles of the three bimorph beams should satisfy the 

following relation: 

312 θθθ +=                                                                                    (3-1) 

According to Equation 2-10, the thermally-induced angle change is proportional to the 

bimorph length and temperature change. Assuming a uniform temperature is obtained on all the 

bimorph beams, the arc angles will be directly proportional to the bimorph lengths. Thus 

Equation 3-1 becomes 312 lll += . For simplicity, l1 and l3 are chosen as half of l2 to maintain a 

flat platform, i.e., 

2/231 lll ==                                                                                                          (3-2) 

This also yields  

2/231 θθθ ==                                                                                                                  (3-3) 
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The lateral shift of a leveled platform comes from five components: Actuator1, Frame1, 

Actuator2, Frame2 and Actuator3 as shown in Figure 3-3. Assuming each bimorph beam has a 

uniform curvature, the lateral shift of each component can be expressed as 

11111 /)(sin θθllLSactuator −=                                                                                                      (3-4) 

1111 cosθLLLS frame −=                                                                                                         (3-5) 

21222 /)(sin2 θθllLSactuator −=                                                                                          (3-6) 

1222 cosθLLLS frame −=                                                                                                      (3-7) 

33333 /)(sin θθllLSactuator −=                                                                                                      (3-8) 

By plugging Equation 3-2 and Equation 3-3 into Equation 3-4~3-8, and noting that the 

lateral shifts from the Actuator1, Actuator3 and Frame1 are opposite to the lateral shifts from the 

Actuator2 and Frame2, the total lateral shift of the platform can be expressed by: 

)cos1)(( 12132211 θ−−=+−−+= LLLSLSLSLSLSLS actuatorframeactuatorframeactuator                    (3-9) 

Thus the lateral shift and the tilting of the platform can be eliminated by simply choosing 

the same length for the two frames and the lengths of the bimorph beams to satisfy Equation 3-2. 

To maintain a uniform temperature over the three actuators, the embedded Pt heater is patterned 

all along the beams and the frames, so that a uniform heating can be obtained simultaneously by 

using a single driving voltage.  

To verify the LSF-LVD design, thermomechanical simulations of the micromirror were 

conducted using the MemMech-MemEtherm FEM co-solver in Coventorware [149]. In order to 

simulate the initial reset position due to the residual stresses, the ambient temperature of the 

simulation was set to 150 K which gave the approximate residual stresses expected in the 

material layers. This does not affect the thermally induced actuation which is dependent on the 
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temperature change. It is not a problem to electrothermalmechanical simulation either because 

the major heat dissipation mechanisms (convection and conduction) are not ambient temperature 

dependent [150].  

Figure 3-4 shows the simulation results of the vertical displacements at temperatures of 

150 K (represents the initial reset position due to residual stresses), 240 K and 340K, 

respectively. The maximum lateral shift is only about 15 µm for the entire vertical displacement 

range of 1116 µm, with the maximum tilting angle of about 0.73º.  

 

Figure 3-4. FEM simulation results of a LSF-LVD actuator’s vertical displacements at different 
temperature by Coventorware. A) 150K, B) 240K and C) 340K.  

3.2 LSF-LVD based Tip-Tilt-Piston Micromirror  

3.2.1 Device Design 

The LSF-LVD electrothermal actuator design solves the lateral shift problem in the two-

bimorph LVD design and also inspires new designs for transverse scanning devices as well. This 

section presents a new TTP micromirror design that is capable of not only large vertical 

displacement scan but also a center-stationary 2-D scan. 

Figure 3-5 shows the layout of the design, where a squared mirror plate is connected by 

four sets of identical LSF-LVD actuators at each side in a symmetric configuration. Each set of 

the actuator consists of two rigid frames and three bimorphs connected in series. Slightly 

different from the design shown in Figure 3-1, each actuator set is folded in a meandered shape. 

A  B C    
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By actuating the four identical actuators to maintain equal vertical displacements simultaneously, 

a lateral-shift-free and tilt-free piston motion can be generated at each side of the mirror plate 

and the whole mirror plate as well. This symmetric structure also helps to further compensate the 

residual tilting caused by the temperature difference and fluctuation on the bimorph beams. Tip-

tilt motions can be obtained by simply driving one or two actuators to pull down one side or two 

neighboring sides of the mirror plate. Therefore, by differentially driving the two pairs of 

opposite actuators, a center-stationary 2-D dynamic scan in the two orthogonal directions can be 

achieved.  

 

Figure 3-5. Top view layout of LSF-LVD based TTP micromirror. A) micromirror with four 
LSF-LVD actuator, and B) meandered LSF-LVD actuator. 

Both the piston and the tip-tilt motions have been verified by electrothermomechanical 

simulations using Coventorware. The mirror size of the 3-D model is 0.5 mm by 0.5 mm, the 

bimorph lengths of each LSF-LVD actuator are respectively 100 μm, 200 μm and 100 μm, and 

the two frames are 200 μm long. Figures 3-6 A) and B) show the mirror plate moved downward 

from its initial elevation at an ambient temperature of 150K with all four actuators being applied 

Mirror plate 

Bimorph beams 

Pt heater 

 

Frames 
B  A    
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by equal voltages of 1 V. Figures 3-6 C) and D) give the tip-tilt motion results with a 1 V voltage 

applied to only one actuator and two adjacent actuators, respectively.  

 

Figure 3-6. FEM simulation results of LSF-LVD TTP micromirror by Coventorware. A) 
Displacement contour at 150 K to mimic the initial elevation B) with 4 actuators 
excited with equal voltages, C) 1 actuator excited and D) 2 adjacent actuators excited. 

Table 3-1. FEM simulation results of TTP micromirror design by Coventorware 
Driving mode Displacement on mirror plate from initial 

elevated position (μm) 
Tilt angle of the 

mirror plate 
(degree) X Y Z 

Piston mode by 
1 V on four actuators 

 -0.384 
~ 0.384 

 -0.395 
~ 0.395 

  -128.39 
~ -128.40 

1.146E-3 

Tip-Tilt mode by 
1 V on one actuator 

 -0.62 
~ 3.21 

 -1.33 
~ 0.49 

   -62.22 
~ -10.63 

5.92 

Tip-Tilt mode by 
1 V on two adjacent actuators 

-3.4 
~ 3.17 

  -2.27 
~ -2.21 

-113.1 
~ -22.5 

7.36 
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The simulation results of the X, Y and Z displacements on the mirror plate are listed in 

Table 3-1, from which the tilt angle of the mirror can be estimated from the maximum difference 

of the Z displacement over the entire mirror plate. One can see that in the piston mode, the lateral 

shift in X and Y directions and the tilt angle of the mirror plate are further minimized by the 

symmetric four-actuator structure compared to the single actuator results in Figure 3-4.  

3.2.2 Device Fabrication 

A wafer-level, combined surface/bulk-micromachining batch process has been developed 

for the device fabrication. Al and SiO2 are selected for the bimorph materials, and Pt is used for 

the heater material.  

The process flow is outlined in Figure 3-7, it starts from patterning the Pt heater (0.2 μm) 

by a sputtering and lift-off process on a 1 μm thick thermal SiO2 coated wafer A). An isolation 

PECVD SiO2 layer (~0.1 μm) is then deposited B), followed by an Al e-beam  deposition 

(~1 μm) and lift-off for Al/SiO2 bimorph beams and the mirror surface C). A SiO2 plasma 

etching is performed to define the bimorph beams D). Next, a backside SiO2 etch followed by a 

DRIE (deep-reactive-ion-etching) silicon etch is used to form a 20-40 μm thick SCS (single 

crystal silicon) membrane for supporting the frames and the platform E). After that, the wafer is 

diced and the separated dies are ready for front-side release. From the front side, a deep silicon 

trench etch is performed to etch through the SCS membrane F), and then the silicon underneath 

the bimorph beams is undercut by a Si isotropic etch, which releases the entire microstructure 

G).  

Figure 3-8 shows SEM pictures of some fabricated devices. Two types of devices with 

different sizes have been designed and successfully fabricated. A 4×4 mirror array of type I 

device was fabricated as shown in Figure 3-8 C). The structure parameters of the devices are 

listed in Table 3-2. 
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Figure 3-7. Cross-sectional view of fabrication process flow for a TTP micromirror 

Table 3-2. Structure parameters of fabricated TTP micromirrors 
Device Type Structure Parameters (all in μm) 

Beam length Frame length Platform Initial elevation 
I 100, 200, 100 200 500 187 

II 150, 300, 150 500 800 646 

B): PECVD dielectric SiO2 

C): Mirror SiO2 etch 

D): Al evaporation & lift-off 

F): Backside SiO2 & Si etch 

E): Front-side SiO2 etch A): Pt sputtering & lift-off 

G): Front-side Si anisotropic etch 

H): Front-side Si isotropic etch 

Si    SiO2 Pt Al 
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Figure 3-8. SEM pictures of fabricated TTP micromirrors. A) Device Type I, inset showing 
details of the actuator, B) device Type II and C) a 4×4 array of Type I device.  

3.2.3 Experimental Results  

3.2.3.1 Piston motion 

Before the characterization of a fresh device, an initial burn-in phase is needed for the self-

annealing of the metal layers in the bimorphs, after which a good driving repeatability can be 

obtained. The maximum voltage for safe operation is experimentally determined when an 

overheated burn pattern starts to develop on the bimorph Al layer at the actuator’s maximum 

temperature point, which is about at the center of the second bimorph beam. The initial burn-in 

phase is then performed by applying an ac voltage of Vp(0.5+0.5sin(ωt)) with the peak value Vp 
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slightly less than the maximum voltage for at least a thousand driving cycles. The initial curling 

angles of the bimorphs will increase after the burn-in process resulting in a slight increase of the 

mirror’s initial elevation.  

The static response of the devices’ piston motion has been characterized by using an 

Olympus BX51 microscope and a QC200 geometry measuring system. The mirror plate of the 

LSF-LVD TTP micromirror is displaced downward with a.DC voltage applied to the four 

actuators simultaneously. By tracking the coordinates of the focal point on the platform through 

the microscope, the vertical displacement, lateral shift and the tilting of the mirror plate can be 

precisely measured. Figure 3-9 A) shows the voltage-versus-vertical displacement plots of the 

two device types with two different sizes. Large vertical displacements of 214 μm and 621 μm 

have been obtained for a Type I and a Type II device at the driving voltages of only 4 V 

(171 mW) and 5.3 V (184 mW), respectively. As can be seen, there is almost no hysteresis 

between the downward and upward actuation. Good linearity (<2%) over a 400 μm actuation 

range has been observed for Type II device. The testing results from the devices of two different 

sizes also demonstrate that the actuation range can be easily scaled up by simply scaling the 

structure parameters of the actuator, so that larger vertical displacement in millimeter ranges are 

achievable based on this actuator design. 

The lateral shift and tilting of a Type II device are also measured and plotted in Figure 3-9 

B) and C). The maximum lateral shift at the platform center is about 10 μm, which is only 1.6% 

of the 621 μm total vertical displacement range and 1.3% of the 800 μm platform size. In 

addition, Figure 3-9 C) shows the maximum tilting angle is about 0.7°. Considering the 

measured 0.2° tilting of the device package, the actual tilting angle of the mirror plate to the 

device substrate over the entire actuation range is less than 0.5°. The small lateral shift and tilting 
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are believed to be mainly caused by mismatches among the four actuators due to fabrication 

process variations and by the temperature fluctuations during the actuation. 

 

Figure 3-9. Piston motion static response of TTP micromirrors. A) vertical displacement versus 
applied voltages of both devices, B) lateral shift and C) tilting of the mirror plate 
during actuation for a Type II device.  

 

Figure 3-10. Microsopic pictures of a Type II device at different applied voltages. A) 0 V, B) 3.5 
V and C) 5.5 V. 
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Figure 3-10 shows the microscopic pictures of a Type II device at applied voltages of 0 V 

A), 3.5 V B) and 5.5 V C) with the microscope focused on the mirror plate. 

The electrical resistances of the Pt heaters embedded in the actuators increase with the 

applied voltages due to the temperature coefficient of resistivity (TCR) of the thin-film Pt heater. 

Figure 3-11 A) shows the electrical resistances of the Pt heaters (four in parallel) versus the 

vertical displacement (device Type II), in which a good linear correlation has been observed. 

This experimental relationship can be used for controlling the vertical position by monitoring the 

electrical resistances of the Pt heaters. Furthermore, by tracking the electrical resistances of the 

heater with a known TCR of the Pt heater, the average temperature of the heater in the bimorph 

beams can be estimated. The TCR of the Pt heater has been measured to be 0.0029/°C using a 

temperature controlled oven. The open-circuit, room-temperature (23°C) electrical resistance of 

the four identical Pt heaters in parallel is measured to be 93 Ω. Figure 3-11 B) shows the 

estimated temperature versus the applied electrical power, which offers important information 

for further characterizing the electrothermal performances of the actuator, such as the thermal 

resistances and the convection coefficient of the actuator. 

 

Figure 3-11. Experimental results of Type II device. A) Vertical displacement versus heater 
resistance. B) Estimated temperature versus electrical power. 

B A 
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3.2.3.2 Tip-tilt motion 

The tip-tilt motion has been verified using a Zygo interferometer. Figure 3-12 A) and B) 

show the interference patterns with one actuator and two adjacent actuators excited, respectively, 

both of which are consistent with the FEM simulation results in Figure 3-6 C) and D).  

 

Figure 3-12. Zygo interferometric measurement. A) one actuator being excited, and B) two 
adjacent actuators being excited.  

An experimental setup with a laser beam incident on the mirror surface and voltage applied 

to four actuators individually has been used to measure the static scanning angles versus applied 

voltage on each actuator. As shown in Figure 3-13, over ±30° optical angles can be obtained 

from each actuator at 4.3 Vdc for a Type I device, and at 5.5 Vdc for a Type II device.  

 

Figure 3-13. Static tip-tilt angles versus applied voltages on individual actuators of TTP 
micromirrors. A) Type I device and B) Type II device.  
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Dynamic 2-D scanning was performed by using the same experimental setup for the static 

scan. By driving the two sets of opposite actuators with two pairs of ac voltages, which are 

Vp(1+sin(ωt)) and Vp(1-sin(ωt)) respectively, the two opposite sides of the mirror plate in each 

direction can be excited alternatively with a fixed 180º phase shift. Thus, an optical scanning 

range of more than ±30° can be obtained independently in both axes with a stationary mirror 

center. Figure 3-14 A) and B) show the scanning patterns with 0° and 90° phase difference of the 

two ac voltage pairs for both directions. By sweeping the frequency, the measured resonant 

frequency of the scanning mode was about 2.3 kHz. Figure 3-14 C) shows a 15°×30° raster 

scanning obtained by driving one axis at resonant frequency (fast scan) with Vp = 1.5V and the 

other at 47 Hz (slow scan) with Vp = 3.5V. Scanning patterns by two adjacent mirrors from a 

4×4 mirror array is also demonstrated in Figure 3-14 D). 

 

Figure 3-14. 2-D scanning patterns of TTP micromirrors. A) Line scan by 0° phase difference of 
the two axes. B) Circular scan by 90° phase difference. C) A raster scan pattern. D) 
Scanning patterns by two adjacent mirrors from a 4×4 mirror array.  
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3.2.3.3 Dynamic response 

The frequency responses of both types of devices have been measured using a Polytec 

OFV-511 laser Doppler vibrometer. With an applied voltage of (1+0.5sinωt) V, as shown in 

Figure 3-15 A) and B) the first resonance peaks are observed at 1.334 kHz and 453 Hz for Type I 

and Type II devices respectively. Figure 3-15 C) and D) show the measured displacement 

contour on the mirror plate at the first two resonance peaks of a Type II device, demonstrating 

that the first resonance mode is a vertical mode and the second corresponds to a rotational mode.  

 

Figure 3-15. Frequency response measurement of TTP micromirrors by a laser vibrometer. A) 
Device Type I , B) device Type II , C) piston motion at the first resonance peak, and 
D) rotational motion at the second resonance peak. 

The devices demonstrate a mechanical resonance shift at different DC bias, this is believed 

to be related to the variations of the bimorph materials’ mechanical properties at different 

temperature. The temperature on the bimorph beams increase with the applied DC bias, and the 

mechanical property, i.e., the Young’s moduli of the bimorph materials, especially the Al, 
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decrease accordingly [151, 152], therefore, resulting in a degradation of the actuator’s stiffness. 

The piston mode resonance frequency shift of a modified Type II device was characterized using 

the same laser Doppler vibrometer. The device has a mirror size of 1 mm and thicker Si layer of 

40 μm underneath the frames and the mirror plate. Figure 3-16 shows the measured results at 

voltages of (Vdc+0.1sinωt) V, with the DC bias Vdc changing from 1 V to 5 V. A maximum 

resonance shift of 26.9% was observed with the DC bias being increased from 1 V (398 Hz) to 5 

V (291 Hz). Table 3-3 lists all the measured resonance frequencies of the piston mode at 

different DC bias, their neutral mirror elevations and the estimated average temperature on the 

bimorphs. 

 

Figure 3-16. Measured piston resonances of a modified Type II device at different DC bias 

Table 3-3. Measured piston resonance, DC vertical displacements and estimated average 
temperature on the bimorph at different DC bias, for a modified Type II device 

DC bias (V) Resonance frequency 
(Hz) 

Mirror elevation 
(μm) 

Estimated average temperature 
(ºC) (ambient temperature 27 ºC) 

1 398 591.4   49.2 
2 375 451.6 101.3 
3 346 282.8 157.1 
4 316 155.3 203.6 
5 291   35.5 231.3 
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3.3 LSF-LVD Microlens Scanner  

3.3.1 Device Design and Fabrication 

As discussed in section 1.2.3., miniature microlens scanners capable of millimeter range 

large vertical scan are highly desired for the focusing mechanism in biomedical imaging 

endoscopes. The same LSF-LVD electrothermal actuator design presented in the previous 

section can be directly applied to microlens scanners. As shown in Figure 3-17, instead of an Al 

coated mirror plate in the TTP micromirror design, a rigid hollow frame can be fabricated to hold 

a microlens on top. By driving the four actuators simultaneously the piston motion of the lens 

holder can be excited. Thus the focal plane of the microlens can be vertically displaced with 

minimized lateral shift and tilt on the microlens’s optical axis.  

 

Figure 3-17. Schematics of LSF-LVD lens scanner design. A) Top view layout, and B) cross-
sectional view.  

The lens holder shares the same fabrication process as that for the micromirror except that 

an opening is formed on the silicon platform instead of Al coating for the mirror surface. The 

microlens can be supported by a transparent meshed SiO2 structure patterned above the silicon 

platform or through the buried oxide layer by using an SOI wafer. In the first case, the Si 

underneath the meshed SiO2 can be removed during the final release step (Figure 3-7 H)), so a 

hollow platform with transparent SiO2 for supporting a micolens can be formed. In the second 
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case, an SOI wafer with a thin device layer (about 40 μm) is employed. With the buried SiO2 

layer (1μm thick) kept at the opening of the lens holder, a transparent reservoir is formed for 

holding the polymer lens. Devices by both methods have been fabricated with the SEM photos 

shown in Figure 3-18.  

 

Figure 3-18. SEMs of fabricated LSF-LVD lens holder. A) with meshed SiO2 on top of Si 
platform, B) with buried SiO2 membrane from SOI wafer, and C) a lens holder with 
Polymer lens integrated. 

As a demonstration of the proof of concept, a polymer microlens is formed on a lens holder 

by the liquid dispensing method as previously used by Jain et al. [153]. Polymer droplets 

(photoresist NR7-100) were precisely dispensed onto the transparent reservoir of the lens holder 

using a nanoliter-injection system and then baked at a 120ºC for 30 minutes to form the 
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microlens by the surface tension. An SEM picture of a polymer microlens formed on the lens 

holder is shown in Figure 3-18 C).  

3.3.2 Experimental Results 

An imaging experiment was performed to test the image quality of the integrated polymer 

lens. Figure 3-19 A) shows the schematic of the test setup. The image generated by the 600 μm 

diameter polymer microlens is shown in Figure 3-19 C), where the resolution of about 5 μm can 

be resolved without distortion. The focal length is measured to be about 2 mm with a depth of 

focus about 0.2 mm. 

 

Figure 3-19. Lens scanner imaging experiment. A) Schematic of the imaging experiment, B) 
photograph of the mask, and C) image of the test pattern generated by polymer 
microlens. 

The LSF-LVD actuation was characterized by applying a single DC voltage to all the four 

actuators simultaneously. Large vertical displacements of 730 μm and 696 µm have been 

obtained at only 7.5 Vdc (323 mW) from a same device before and after the polymer lens being 

integrated respectively, as shown in Figure 3-20 A). Figure 3-20 B) show the measured lateral 

shift and tilt angle. The maximum lateral shift at the center of the polymer lens is only 13 μm 

(<2% of the vertical scan range) and the maximum tilt angle is 0.74° (also the initial tilt angle) 

A    B    

C  

UF

UF

λ= 633nm

fobj

f

CCD

20X

UF

UF

λ= 633nm

fobj

f

CCD

20X

10µm      
 

300µm      
 



 

72 

during the entire actuation range. The resonance frequency of the purely-vertical motion mode is 

measured to be 761 Hz and 488 Hz before and after the lens is integrated. Figure 3-21 shows a 

series of microscopic pictures (top view) of an LSF-LVD microlens at different actuation 

voltages, where no obvious lateral shift was observed.  

 

Figure 3-20. Lens scanner experimental results. A) Vertical displacement versus applied voltages, 
and B) lateral shift and tilting of the lens during the actuation.  

 

Figure 3-21. Microscopic pictures of the microlens at different applied voltages. A) 0 V, B) 4 V 
and C) 6 V.  

3.4 Lumped Element Models and Improved LSF-LVD Actuator Design 

As demonstrated in previous sections, large vertical displacement with small lateral shift 

and tilting is achieved by the LSF-LVD actuator and versatile optical scanners are developed 

based on this novel design. However, the original design suffers from a slow thermal response 

resulting in a significant decay of the achievable scan range at low frequency below 100 Hz, as 
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can be seen in Figure 3-15. To further study this behavior, an electrothermal analysis of the 

actuator’s steady-state and transient response is performed in this section. An improved LSF-

LVD actuator design with Si-free frames for faster thermal response will also be presented.  

3.4.1 Steady-State Analysis 

To analyze the steady-state response, the actuator’s initial elevation, as the reference from 

where the downward actuation starts, needs to be considered. The bimorph beam is initially 

curled up after device release due to the residual stress of the thin films, resulting in an initially 

elevated and flat position of the connected platform. This initial elevation is determined by the 

initial arc angles of the bimorph beams and the length of the frames, as can be expressed by: 

 00 sin2 θ×= LH                                                                                                                       (3-10) 

Assuming an average temperature increase T∆ is introduced to all the three bimorphs by 

applying a voltage V to the embedded heater [137]: 

γγ 2/]141[
0

2

−+=∆
E

T

R
RVT                                                                                                            (3-11) 

where 0ER  and γ  are respectively the heater electrical resistance at initial temperature and its 

temperature coefficient, and TR  is the equivalent thermal resistance of the actuator structure. As 

shown in Figure 3-22, a net downward piston displacement of the connected platform that is 

generated by the bimorph actuation with a thermally-induced arc angle of the first bimorph Tθ , 

can be expressed as: 

)sincotcos1()]sin([sin2 0000 TTT HLH θθθθθθ ⋅+−=−−×=                                                   (3-12) 

Therefore, by combining Equation 3-11, Equation 2-10 and Equation 3-12, an expression 

of the piston displacement of an LSF-LVD actuator directly related to the applied voltage on the 

heater can be obtained as following: 
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Figure 3-22. Schematics showing actuation principle. A) a single bimorph, and B) an LSF-LVD 
actuator. 

The actuator’s equivalent thermal resistance RT may have large variations due to the 

convection, packaging thermal contact and fabrication variations, so it is usually hard to be 

precisely estimated. Fortunately, RT is the only parameter with the most uncertainty and can be 

characterized from the experimental results. Figure 3-23 shows the experimental and the 

calculated results from Equation 3-12 of a Type II device with different values of RT. By fitting 

RT  to the experimental results, it was found that the equivalent thermal resistance to be about 

1.08×104 K/W which yields a minimum average difference of 3.7% between the experimental 

and calculated results in 0-3 V actuation range. The higher order effects such as higher order 

temperature coefficients of the heater’s electrical resistance, heat dissipation through radiation, 

and the mechanical properties variations of the bimorph materials at high temperature are not 

considered in the model. The non-uniformity of the temperature over the bimorphs is also 

neglected. The combination of all these neglected effects causes the more significant deviation 
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between the calculated results and experimental results at high actuation voltage, i.e., the high 

temperature range, as can be seen in Figure 3-23. However, this simplified model can be used to 

estimate the uncertain properties, and well predicts the device behavior in about 60% of the 

entire actuation range.  

 

Figure 3-23. Applied voltage versus vertical displacement for a Type II device with experimental 
and calculated results by different values of equivalent thermal resistance. 

3.4.2 Transient Thermal Analysis 

Figure 3-24 shows the equivalent circuit of a simplified transient lumped element model.  

 

Figure 3-24. The equivalent circuit of a simplified transient lumped element model of LSF-LVD 
actuator  
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Table 3-4. Parameters used in the lumped element model LSF-LVD actuator 
Parameters                                        Description 
Th 
Tas 
Tam 
Ras 
Ram 
Rs 
Rm 
Rcas 
Rcam 
Cas 
Cam 
Cs 
Cm 

The maximum temperature on the actuator at applied current I 
The temperature at the substrate end of the actuator  
The temperature at the mirror end of the actuator  
Thermal resistance by conduction of the actuator from  Th  to Tas 
Thermal resistance by conduction of the actuator from Th  to Tam 
Thermal resistance from the substrate end of the actuator to T0 
Thermal resistance from the mirror end of the actuator to T0  
Thermal resistance by convection on the actuator from  Th  to Tas 
Thermal resistance by convection on the actuator from Th  to Tam 
Thermal capacitance from Th  to the substrate end of the actuator  
Thermal capacitance from Th  to the substrate end of the actuator  
Thermal capacitance of the device substrate 
Thermal capacitance of the mirror plate 

 
The three regions, i.e., the actuator, device substrate and mirror plate are lumped by their 

equivalent thermal resistances and capacitors. The lumped parameters are listed in Table 3-4. 

The actuator is split into two parts from its maximum temperature hT  location [137],  and the 

heater is lumped at the maximum temperature point. Therefore, the heat transfer equation of the 

actuator region can be expressed as: 
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where Q is the heat generation, i.e., the applied power by Joule heating. To simply derive the 

time constant of the maximum temperature increase hT∆ ( 0TTh − ), several approximations are 

made. First, the time derivatives of asT  and amT  are much smaller than that of amT  : 

dt
dT

dt
dT has << , 

dt
dT

dt
dT ham <<                                                                                                      (3-15) 

Thus they are neglected considering the large thermal capacitances of the device substrate and 

the mirror plate associated with their thermal time constants. Second, the relationships of asT , amT  

and hT  from the steady-state solutions are used in the heat conduction terms:   
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Suppose a sinusoidal power input is applied as the heat generation. Then Equation 3-14 reaches: 
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where aC  is the actuator’s thermal capacitance, TR  denotes the equivalent thermal resistance 

which can be experimentally characterized as shown in section 3.4.1, and Ta RC ⋅=τ is defined 

as the time constant. A general solution of Equation 3-18 can be obtained: 
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The 3dB cut-off frequency of the long-time (steady-state) solution can be found as: 

τπ ⋅
=− 2

1
offcutf                                                                                                                         (3-20) 

 

Figure 3-25. Measured frequency response of a Type II device  

3 dB 

Thermal cut-off 
~10 Hz 
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The calculated results of a Type II device ( with 1 ×1 mm2 mirror plate) show the time 

constant of 17.3 ms and the corresponding 3dB cut-off frequency of about 9.4 Hz, which is  

reasonable compared to the measured cut-off frequency of 10 Hz, as shown in Figure 3-25. 

3.4.3 Improved LSF-LVD Actuator Design with Faster Thermal Response 

As discussed in the previous section, the transient response of the LSF-LVD actuator is 

determined by the time constant, i.e., the thermal capacitance and the equivalent thermal 

resistance of the actuator structure. Therefore, in order to improve the scanning speed, i.e., the 

cut-off frequency, the actuator structure needs to be modified with reduced thermal capacitance 

and resistance.  

3.4.3.1 Reducing the Thermal Resistance 

The original LSF-LVD actuator design, as presented in section 3.2, uses pure SiO2 at the 

substrate anchoring point. This is to take the advantage of the material’s low thermal 

conductivity for the purpose of a good thermal isolation and heating efficiency. Therefore, as one 

solution to improve the transient response, one can reduce the equivalent thermal resistance by 

extending the top Al layer of the bimorph to the device substrate. The good thermal conductivity 

of the Al layer makes it an additional thermal path between the actuator to the bimorph, thus can 

efficiently reduce the global thermal resistance. On the other hand, the brittle SiO2 layer is easy 

to fracture and make the device very fragile to external shock. The good elasticity of the Al metal 

layer helps improve the device reliability and sustainability to certain external shocks. The trade-

off here is the higher power consumption.  

Figure 3-26 shows the SEM picture of a Type II device with an additional Al metal layer 

on top of the pure SiO2 thermal isolation region in the original design (Type III). The equivalent 

thermal resistance of the new device was experimentally characterized by the same way as in 
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section 3.4.1 and the measured value was 4.5×103 K/W. With the thermal capacitance having 40 

μm thick Si frames, the transient model predicts a reduced time constant of 13 ms resulting in a 

cut-off frequency of 12 Hz, which is in good agreement with the measured result of about 13 Hz 

as shown in Figure 3-27.  

 

Figure 3-26. SEM picture of the modified LSF-LVD actuator with additional Al layer on the 
substrate junction. 

 

Figure 3-27. Measured frequency response of a Type III device 

3 dB 
Thermal cut-off ~ 13 Hz 

395 Hz 

Additional Al 
 

100 μm 
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Due to the smaller thermal resistance, the consumed power for a Type III device to reach 

600-μm vertical actuation is 389 mW, about 2.5 times of the power consumed by a Type II 

device to reach the same actuation, i.e., the same temperature change on the actuator. This result 

is in a good agreement with the value of 2.4 which is ratio of the characterized equivalent 

thermal resistances of the two devices, considering that the thermal resistance and the actuation 

power are in scale for the same temperature actuation. 

A drop test is performed to assess the improvement on sustainability to external shock of 

Type III device. Both Type II and Type III devices are packaged into a dual in-line package 

(DIP) that is plugged in a small breadboard with a total mass of about 50 g. The whole package 

was dropped to concrete floor starting from 2 inches height with an increase step of 2 inches. The 

Type II device with the pure SiO2 substrate anchoring completely broke on all the four substrate 

anchoring junctions and the mirror plate fell off the device substrate at the height of 6 inches. 

The Type III device was found to be much more sustainable to external shock. The first slight 

fracture on the edge of one actuator’s substrate anchoring junction developed at the height of 14 

inches with the four actuators still operational, and that actuator was completely broken at the 

height of 38 inches.  

3.4.3.2 Reducing the Thermal Capacitance 

The thermal capacitance comes from all the materials composing the actuator structure. 

The majority of the thermal capacitance in the original design is the thick Si layer underneath the 

two frames, as shown in Figure 3-8. The two frames are used to amplify the vertical actuation 

and compensate the lateral shift. The employment of bulk Si layer is to maintain the frame 

flatness during thermal actuation. This layer of Si usually has a thickness of 25-45 μm and is 

formed by a DRIE step on a regular Si wafer as described in section 3.2.  An SOI wafer can also 

be employed to take the advantage of the accurate and uniform thickness of its device layer.  
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The thermal capacitance can be significantly decreased, if removing this Si layer, to be 

about one sixth of the original design with 25-μm thick Si frames, resulting in a considerable 

improvement on the thermal cut-off frequency that can be increased by six times. This sub-

section presents a new LSF-LVD actuator design with Si-free, multilayer thin film frames. The 

multilayer thin film (or multimorph) structure has optimized thickness ratios to compensate the 

thermally induced strain so that the flatness can be maintained during the thermal actuation.  

 In this design, the points of interest are the flatness, i.e., the radius curvature of the 

multimorph, and the conditions for a flat multimorph structure with its flatness insensitive to 

temperature variation, i.e., the thermal stress. In the original LSF-LVD actuator structure, the 

three bimorph segments are actually composed of multiplayer thin films, including the two major 

bimorph materials, the bottom SiO2 and top Al layer, as well as a thin layer of Pt as the heater 

material and thin SiO2 and Cr metal layers as the dielectric and adhesion layers. The thickness of 

the heater, dielectric and adhesion layers are much smaller than the major bimorph actuator 

layers and thus can be neglected in the analysis of bimorph actuation. To obtain a flat and 

temperature-insensitive multimorph structure that replaces the bulk Si-supported frames in the 

original design, an additional layer of a material that has TCE smaller than Al needs to be added 

on top of the current bimorph structure. SiO2 is a good candidate material of that additional layer 

for the convenience of the current fabrication process. Therefore, the problem is reduced to 

simply derive the thickness of this additional top SiO2 layer that is needed to compensate the 

thermally induced strain and maintain the flatness of the multimorph structure, taking that 

thickness of all other layers are kept the same as needed for the bimorph actuator. Figure 3-28 

shows a side-view schematic of the multimorph structure. 
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Figure 3-28. The side-view schematic of the multimorph structure   

An analytical model for the induced-strain multimorphs is developed by Garcia et al. in 

[154]. This generic model predicts the deformed shape, the corresponding tip bending moment, 

as well as the position of the neutral axis (NA) and the composite bending rigidity for any types 

of induced strains. The multimorph’s curvature radius derived from this model, as expressed in 

Equation 3-21, is used to analyze the new Si-free LSF-LVD actuator design.  
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iz  is the position of the symmetry axis of each layer that can be calculated according to the 

thickness it  as shown in Figure 3-28: 
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Nz  is the position of the neutral axis: 
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C and D  are related to the biaxial Young’s modulus, thickness and the stress of each layer: 
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If the thermal stress dominate such as in electrothermal bimorph actuators: 

Tii ∆= αε                                                                                                                                (3-26) 

To reach a flat multimorph structure with its flatness insensitive to temperature variations 

as shown in Figure 3-28, the structure parameters of each layer are required to lead to an infinite 

curvature radius. Therefore, the required thickness of the top SiO2 can be easily calculated by 

solving Equation 3-27, given that the thicknesses of all the other layers are fixed.  
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Figure 3-29. The calculated reciprocal of curvature radius versus the top SiO2 (PECVD) 
thickness 
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Figure 3-29 shows the calculated results of the reciprocal of the curvature radius versus the 

thickness of the top SiO2 (PECVD), for a thermal bottom SiO2 structure at the thermally-induced 

stress by a temperature change of 300 K. The material and structure parameters used in the 

calculation are listed in Table 3-5. As can be seen in Figure 3-29, there is one solution for t1 at 

1.509 μm, besides at infinitely large, that gives an infinite radius curvature. The bottom SiO2 can 

be also fabricated by PECVD, which leads to a slight change of the required top SiO2 thickness 

to be about 1.408 μm. 

Table 3-5. Material and structure parameters used for the analytical calculation [155]  
Layer # Material Thick-

ness 
(μm) 

TCE   
(10-7K-1) 

Young’s 
Modulus 

(GPa) 

Poisson 
Ratio 

Specific Heat 
（103JKg-1K-1） 

Density 
(103Kgm-3) 

1 PECVD SiO2 - 24.125 73   0.175 0.84 1.961 

2 Al 1 248.333 68.85 0.36 0.9 2.692 
3 Cr 0.02 29.0554 160 0.42 0.447 7.19 
4 PECVD SiO2 0.2 24.125 73 0.175 0.84 1.961 
5 Cr 0.01 29.0554 160 0.42 0.447 7.19 
6 Pt 0.2 90 146.9 0.35 0.133 21.5 
7 Cr 0.02 29.0554 160 0.42 0.447 7.19 
8 Thermal SiO2 1 5 67 0.15 0.84 2.353 

 
FEM analysis by Intellisuite [155] has also been performed to verify the analytical 

calculation. A 500-μm long cantilevered multimorph structure, as in Figure 3-30 A), is built with 

the same structural parameters as in the above analytical calculation and a variable thickness for 

the top SiO2 layer.  

The default temperature for an ideally flat structure is 0 °C. A thermomechanical analysis 

is then performed with the temperature changed to ±150 and ±300 °C. The simulation results 

of the cantilever’s tip deflections after the temperature change can be used to assess the curvature 

radius, i.e., the flatness of the structure with different top SiO2 thicknesses. The optimized top   

SiO2 thickness can be found once a zero tip deflection is reached. Figure 3-30 C) shows the tip 

deflections from the simulation results for both thermal bottom SiO2 and PECVD bottom SiO2 
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structure, and the optimized top SiO2 thickness are about 1.52 and 1.41 μm in both cases which 

are consistent with the analytical calculations. 

 

Figure 3-30. FEM simulation results of the multimorph structure. A) Deflection contour of the 
cantilevered multimorph with 1.52 μm top SiO2 (thermal bottom SiO2) at -300 °C, B) 
Tip deflections at different  SiO2  thickness, C) Si-free LSF-LVD actuator, at 
temperature of -150 °C to mimic the initial elevation.  

Devices based on the new Si-free LSF-LVD actuator design are fabricated and 

characterized. An additional PECVD SiO2 deposition is added in the fabrication process 

described in section 3.2 after the Al layer to form the top SiO2. A meshed pattern is formed on 

the two frame segments so that the Si underneath the frames can be completely etched together 

with the Si underneath the bimorph beams in the final release step. Figure 3-31 shows the SEM 

B A 

C 
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pictures of the fabricated device (Type IV) with 1 μm thermal bottom SiO2 and 1.52 μm PECVD 

top SiO2. Because the residual stress of the thin films mainly comes from the thermal stress, the 

initially released multimorph frames also demonstrate a good flatness.  

 

Figure 3-31. SEM pictures of a TTP micromirror (device Type IV) by the Si-free LSF-LVD 
actuator. A) the entire device, B) Si-free LSF-LVD actuator and C) a close-up of the 
bimorph and multimorph junction.  

As can be seen from Figure 3-29, the flatness of the multimorph frame is very sensitive to 

the thicknesses of the top SiO2, and the fabrication variations may easily affect the frame 

flatness. But fortunately, thanks to the symmetry of the actuator structure, the tilting and lateral 

shift caused by the curling of the two frames are in opposite directions and still cancel each 

other. Therefore, the lateral-shift and tilt-free vertical actuation can still be guaranteed even the 

two frames are not ideally flat. Based on the simulation results in Figure 3-30, a 4.6 % variation 

of the targeted top SiO2 thickness induces only about 1.7 % decrease on the vertical displacement 

for the actuation by a 200 K temperature change.  

An additional Al layer on the substrate anchoring junction as in Type III device is also 

applied to the Type IV device for reducing the thermal resistance, and it shares the same 
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structural parameters for the bimorph segments as the previous designs and thus should have the 

same DC actuation range for both piston and tip-tilt mode. The equivalent thermal resistance is 

experimentally characterized to be 5.1×103 K/W by the same way as described in sub-section 

3.4.2, resulting in a calculated thermal time constant of about 2.2 ms and a significantly 

improved cut-off frequency of about 71 Hz due to the small thermal capacitance of the Si–free 

actuator.  

 

Figure 3-32. Measured frequency response of a Type IV device  

Table 3-6. Summary of the transient performance of the device Type II , III and IV 
Device 
Type 

Thermal 
resistance 

(W/K) 

Frame Si 
thickness 

(μm) 

Calculated 
time constant 

(ms) 

Thermal cut-off 
frequency (Hz) 

Power at 600 
μm piston 
actuation 

(mW) 

Resonance 
frequency 

(tip-tilt 
driving) (Hz) Calculated Measured 

II 10.8×103 20 17     9.4 10 155 372 
III  4.5×103 40 13 12 13 389 395 
IV  5.1×103 0     2.2 71 78 311 355 

 
As shown in Figure 3-32, the measured 3dB cut-off frequency is about 78 Hz which is 

reasonably close to the calculated result. Note that the resonant frequency is also decreased to 

3 dB 

Thermal cut-off ~ 78 Hz 

355 Hz 
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355 Hz due to the weakened stiffness of the Si-free LSF-LVD actuator. Table 3-6 summarizes 

the transient performance of the original design (Type II) and the improved designs (Type III and 

IV).  

3.5 Summary  

This chapter presents a novel LSF-LVD electrothermal actuator design and various optical 

micro scanners developed from this actuator design along with preliminary experimental 

verification. The fabricated TTP micromirrors have demonstrated over half millimeter vertical 

scan range on a 2-mm device footprint with negligible lateral shift of less than 10 μm and tilting 

angle of about 0.5º. The same micromirrors have also demonstrated a center-stationary 2-D scan 

with over ±30º optical angles in both axes. Both piston and rotation motion require driving 

voltages lower than 6 V. An LSF-LVD lens scanner with an integrated 600-μm diameter polymer 

lens has also been demonstrated and the lens’s focal plane can be vertically displaced up to about 

700 μm with very small lateral shift. The device’s steady-state and transient responses are 

analyzed using lumped element models, and an improved Si-free LSF-LVD actuator is designed 

employing both analytical and FEM models. The improved design demonstrates a fast thermal 

response with the thermal cut-off frequency up to 78 Hz. These LSF-LVD designs solves the 

lateral shift problem, simplifies the driving for the piston motion, resolves the non-stationary 

mirror center scan in the previous LVD designs and improves the device’s fill factor as well. The 

actuator design also shows great potential to achieve much larger vertical displacement and 

larger actuation force by simply scaling up the dimensions of the actuator.  
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CHAPTER 4 
FULL-CICURMFERENTIAL SCANNING MICROMIRRORS AND LIGHT-WEIGHT 

MICROMIRRORS 

As discussed in Chapter 2, for the endoscopic imaging in intravascular and internal organ 

applications such as in heart arteries and lung bronchi, a miniature full-circumferential scanning 

(FCS) mechanism is highly desired. In this chapter, a new FCS-endoscope design by using a 

dual-reflective 1-D electrothermal micromirror with large rotational scanning range is proposed. 

A novel process developed to fabricate the dual-reflective micromirror will also be presented in 

this chapter.  

Furthermore, to guarantee the mirror flatness, the currently developed micromirrors use a 

layer of single-crystal silicon (SCS) for the mirror plate. However, the mass of the SCS layer 

increases quadratically with the mirror aperture size. Thus increasing aperture size will reduce 

the scanning agility of micromirrors. In this chapter, a self-aligned deep trench process that can 

produce light-weight micromirrors with SCS ribs is proposed and some preliminary results are 

presented.  

4.1 Full-Circumferential Scanning Endoscope Design 

Various FCS imaging probes have been reported [41, 47, 48]. Early FCS research efforts 

focused on spinning the entire optical fiber and its assembly [41], which has the limitations of 

scanning speed and optical coupling stability. Other reported FCS endoscopes employ 

commercially available micromotors to spin mirrors or wedge prisms to obtain 360° scanning 

[47, 48, 156, 157]. MEMS micromirrors by electroastatic or piezoelectric actuations are not 

practical for the circumferential scanning because their achievable deflection angles are 

relatively small. An MEMS scratch drive array to generate a 360° rotation was proposed by 

Ayers et al. [158]; however, due to its rather complicated structure and fabrication process, no 
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further experimental results have been reported yet. On the other hand, electrothermal 

micromirrors have the advantages of much larger scanning angles than other actuation methods, 

and thus have potential to realize full-circumferential scanning.  

 

Figure 4-1. The conceptual schematic of the FCS-EOCT imaging probe with a dual-reflective 
MEMS mirror. A) Two-fiber endoscope. B) One-fiber endoscope. 

Figure 4-1 A) shows the schematic of the proposed FCS endoscope. The full-

circumferential scanning mechanism utilizes two light beams and a dual-reflective 1-D rotational 

micromirror. Two optical fibers are used to deliver light beams to both surfaces of a 1-D 

rotational micromirror. The micromirror can rotate ±45° (or 90°) and thus a 180° optical 

scanning is obtained from each mirror surface, resulting in a full 360° scan. To avoid using two 

fibers which may require two imaging systems, another 1-D MEMS mirror can be used as an 

optical switch as shown in Figure 4-1 B). The light beam is directed to only one side of the dual-

reflective mirror when the first MEMS mirror switches between its “on” and “off” state, so the 

two half-circumferential ranges can be scanned and imaged alternatively using one imaging 

system. To realize the full-circumferential scanning from both incident beams, the scanning 
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micromirror must be reflective on both surfaces and capable of at least 90° (±45°) mechanical 

rotation angles. The design details of such a micromirror are discussed in next section. 

4.2 Dual-Reflective Micromirror 

4.2.1 Device Design 

Electrothermal micromirrors using Al/SiO2 as bimorph materials with polysilicon heaters 

embedded have been developed and typical scanning ranges of about 40° can be obtained [52, 

64]. However, as mentioned in section 2.2.2, the embedded polysilicon heater exhibits problems 

of hysteresis and self-annealing effects which limit their stable scanning ranges.  

 

Figure 4-2. The schematic of the dual-reflective electrothermal micromirror design. A) Cross-
sectional view, and B) top view. 

To reach the larger deflection angle required for FCS scanning, a 1-D electrothermal 

micromirror using a Pt heater at the end of the bimorph beams instead of embedded along is 

proposed. The micromirror has reflective Al coating on both sides. Each side covers a half of the 

full-circumferential scanning range. As shown in Figure 4-2 A), the mirror plate is composed of 

a layer of single-crystal silicon for the mirror flatness, and is coated with Al on top of SiO2 on 

both sides of the mirror plate. The mirror plate is connected to the silicon substrate by an array of 
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Al/SiO2 bimorph beams. A Pt layer is integrated at the substrate end of the bimorph beams for 

electrothermal actuation, covered by Al for good thermal conduction to the bimorph beams. The 

thin SiO2 layer between Al and Pt is used for electrical isolation. The bimorph beams are 

thermally isolated by meshed SiO2 regions at both ends for a high heating efficiency. The top 

view of the mirror design is shown in Figure 4-2 B). The bimorph beams curl up after being 

released due to the residual stresses of the thin films as shown in Figure 4-2 A). 

From the thermo-mechanical analysis discussed in section 2.2.3, the achievable actuation 

angle for a given bimorph length and thickness is proportional to the average temperature rise as 

shown in Equation 2-14. FEM electrothermomechanical simulation with CoventorWare has been 

performed to verify the theoretical calculation. The meshed model is a section of the complete 

micromirror structure with two bimorph beams connecting the substrate and the mirror plate. The 

bimorph beams are 320 μm long, 10 μm wide and 2 μm thick (1 μm of each layer) with meshed 

SiO2 thermal isolation at both ends. Convection was considered in the simulation with the 

convection coefficient of 170 W/Km2 on the bimorph beams and 126 W/Km2 on the mirror plate 

[150].  

 

Figure 4-3. FEM simulation results of a hinged-bimorph 1-D mirror by CoventorWare. A) 
Temperature distribution at applied voltages of 60 mV, and B) displacement contour 
at applied voltage of 80 mV. (Note: ambient temperature: 150 K) 
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Figure 4-4. Theoretical calculation and FEM simulation results of rotational angle versus average 
temperature change for a 1-D hinged-bimorph micromirror design 

Figure 4-3 shows the temperature distribution and bimorph deflection at an applied voltage 

of 60 mV. The average temperature on the bimorph region is about 91% of the maximum 

temperature at one end where the Pt heater is located as shown in Figure 4-3 A). The average 

temperature versus the deflection angle from the simulation results was compared with the 

theoretical calculation from Equation 2-14 in Figure 4-4, a maximum mismatch about 6% is 

observed. 

4.2.2 Device Fabrication 

A combined surface/bulk micromachining process is presented in the previous chapter for 

fabricating single-side micromirrors. In order to realize the reflective surfaces on both sides of 

the mirror plate, a new process is developed for patterning a reflective coating on the backside of 

the mirror by using a self-aligned deep trench silicon etching process.  
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Figure 4-5 shows the cross-sectional view of the process flow. It starts from an SOI wafer 

with 1-μm thick thermal oxide on both sides. 

 

Figure 4-5. Cross-sectional view of the fabrication process flow for the dual-reflective 
micromirror 

First, Pt sputtering and lift-off is performed on the device layer side of the SOI wafer to 

form the heater pattern A). Then a thin PECVD SiO2 layer is deposited, followed by Al e-beam 

evaporation and lift-off for the bimorph and front-side mirror surface B). Next, a SiO2 etch is 

performed to define the thermal isolation, bimorph beams and mirror patterns C). Next, a 
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backside SiO2 etch D) is performed after the backside alignment and photolithography to form 

the opening for deep reactive ion etch (DRIE) of backside Si. The backside Si DRIE stops at the 

buried SiO2 layer of the SOI wafer and defines the backside mirror region. After that, another Al 

layer is deposited on the buried SiO2 layer for reflective coating on the backside mirror surface 

F), followed by a Si isotropic etch G) and buried SiO2 etch H) to separate the mirror plate from 

the substrate. Finally the device is flipped over for front-side Si DRIE, with first an anisotropic 

etch to separate the mirror plate from the substrate followed by an isotropic undercut of the Si 

underneath the bimorph beams, the mirror plate is released with a initial  tilt angle due to the 

residual stress of the bimorph beams I).  

A few SEM pictures of fabricated devices are shown in Figure 4-6, a single-sided 1-D 

micromirror with bimorph beam length 300 µm and in A) and a dual-reflective micromirror with 

200 µm in B). The bimorph beams are 10-µm wide with 8 µm gap distance and the mirror plate 

is 1 mm by 1 mm.  

The mirror surface quality was measured by a Wyko NT100 white-light optical 

profilometer. Figure 4-7 shows line scans on both mirror surface,  the measured radii of 

curvature for both the front and back mirror surfaces are about -129 mm and 132 mm, 

respectively, and the average roughness is about 40 nm over 600 µm×600 µm mirror surface. 

The reflectance is about 86.3% for the front mirror surface and 84.2% for the back mirror surface 

measured by using a 632 nm laser and an optical power meter. The curvature of the mirror 

surface is mainly due to the residual stress of the SiO2 layer, and it can be further improved by 

removing the SiO2 layers on both sides of the mirror plate before Al deposition. The reflectance 

can be easily improved by a more uniform Al e-beam evaporation. 
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Figure 4-6. SEM pictures of fabricated 1-D hinged-bimorph micromirrors. A) A single-side 
coated micromirror with 300 µm bimorph beam length, B) and C) a dual-reflective 
micromirror with 200 µm bimorph beam length. Insets show the details of the 
bimorph/heater structure, the both mirror surfaces with single-crystal silicon in 
between and wire-bonded device. 

 

Figure 4-7. Line scans of the fabricated dual-reflective mirror surfaces by a white light optical 
profilometer. A) front-side mirror surface, and B) back-side mirror surface. 
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4.2.3 Steady-State Equivalent Circuit 

The steady-state operation of the heater-aside 1-D electrothermal micromirror can be 

modeled by a simplified equivalent circuit as shown in Figure 4-8. The model represents the 

components of the device both in thermal and electrical domains with its parameters defined in 

Table 4-1. Since the heat is generated at one end of the beam, the temperature distribution along 

the beam is approximately linear assuming the radiation and convection have negligible effect. 

That is, the average temperature change on the bimorph beam can be expressed as: 

2/)( lhb TTT ∆+∆=∆                                                                                                                 (4-1) 

 

Figure 4-8. Equivalent circuit model of a 1-D hinged-bimorph and heater-aside electrothermal 
micromirror 

hT∆  is the highest temperature change on the bimorph beam that is generated by the Joule 

heating of the heater with an applied voltage V [137]:  
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and lT∆  is the lowest temperature change at the mirror end of the bimorph beams, which is 

related to hT∆ as: 
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Table 4-1. Parameters used in the steady-state lumped element model for 1-D micromirror 
Parameters                                        Description 
Electrical domain 

V                     Voltage applied to the heater 
RE0                           Electrical resistance of the heater at substrate temperature 
RET                           Electrical resistance of the heater at temperature Th 
γ                              Temperature coefficient of resistance of the heater 

Thermal domain 
RT1                           Thermal resistance between heater and substrate 
RPt                           Thermal resistance of  Pt connecting the heater and the pad 
P                               Power generated by the heater 
RTb                          Thermal resistance of  the bimorph beams  
RT2                           Thermal resistance between bimorph beams and the mirror plate 
RTm                         Thermal resistance of  the mirror plate 
RCb                          Thermal resistance of the bimorph beams due to convection 
RCm                         Thermal resistance of the mirror plate due to convection 
RT                            Thermal resistance of the whole device 
ΔTh                        Maximum temperature on the heater 
ΔTl                         Temperature on the bimorph beam at the mirror end 

 
And Rbr can be expressed by:  

)]//(//[ 2 cmTmcmTcbbr RRRRRR ++=                                                                                          (4-4) 

Therefore, the rotation angle can be related to the applied voltage as: 
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Note that the total thermal resistance RT is significantly affected by the structure of the 

device. RT could be very small if there are Si and Al at both ends of the bimorph beams 

connecting to the substrate and the mirror plate, so the voltage required to heat the bimorph 

beams is large according to Equation 4-5. Plot (a) in Figure 4-9 shows the calculated results of 

the rotation angle versus the applied voltage in this case. However, if the device is designed to 

have pure oxide layer at both connecting ends, RT can be greatly increased due to the low thermal 

conductivity of the meshed thin oxide layer. In this case, the required voltage for the same 

rotation angle can be greatly reduced, which is shown in plot (b). By comparing the two plots, 
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one can see the significant effect of the oxide thermal isolation regions for reducing the driving 

voltage. Figure 4-9 (c) shows the experimental result from an actually fabricated device with 

partial Si etch under thermal isolation. Zoom-in SEM pictures of the thermal isolation region 

with partial and complete Si undercut are shown in Figure 4-10. 

 

Figure 4-9. Voltage versus rotation angle from steady-state model calculations and an actually 
fabricated 1-D hinged-bimorph micromirror 

In the SEM picture shown in Figure 4-10 A), the SiO2 thermal isolation region with partial 

Si undercut shows a shining ring around the meshed holes, other area with Si underneath shows 

gray color. This is due to the different etching rate on the meshed SiO2 regions and the bimorph 

beams caused by loading effect in Si DRIE [159]. The bimorph beam region has larger opening 

area than the meshed SiO2 region, and experienced faster Si etching rate. So the bimorph beams 

were released before the SiO2 was completely undercut. Figure 4-10 B) shows a device by 

adding over etch after the bimorph beams were released. The SiO2 layer with complete Si 

undercut from another device exhibits some buckling and was broken at some points.  
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Figure 4-10. SEMs of thermal isolation region. A) with partial Si undercut, and B) with complete 
Si undercut. 

4.2.4 Experimental Results 

4.2.4.1 Static response 

The static responses of two fabricated devices with different bimorph lengths have been 

characterized by employing the experimental setup used for characterizing scanning angles of 

TTP micromirrors in section 3.3.2. Figure 4-11 shows the measured mirror rotation angles and 

heater resistances versus the applied voltages for both devices with the respective bimorph 

lengths of 300 μm and 200 μm. Static rotation angles as large as 124º (300 μm) and 79º (200 μm) 

at applied voltages of 12.5 V (0.66 mW) and 17 V (0.69 mW) have been obtained. Good linear 

correlation (within  2.7% error from the linear fit) of the applied voltages with both the rotation 

angles and the heater resistances have been observed over large scanning ranges of about 80º and 

60º respectively for the two devices.  
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Figure 4-11. Measured applied voltage versus rotation angle and heater electrical resistance of 1-
D hinged-bimorph micromirrors. A-B) with 300-μm long bimorph, and C-D) with 
200-μm long bimorph. 

 

Figure 4-12. Comparison of theoretical calculation, FEM simulation and experimental results of 
1-D hinged-bimorph micromirrors. A) 300 μm long bimorph mirror, B) 200 μm long 
bimorph mirror.  
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The temperature on the heater can be calculated using the measured TCR of Pt 

(0.0029/ºC). Therefore the average temperature on the bimorph beams can be estimated, which is 

about 87 % of the heater temperature from the calculation of the steady state model. Figure 4-12 

shows the comparison between the experimental results and the FEM results and theoretical 

calculation for the two types of devices, where the maximum error is about 11 %. 

4.2.4.2 Dynamic response and circumferential scan  

An experimental setup with two laser beams incident on both surfaces of the mirror plate 

was used to validate the concept of full-circumferential scanning, as shown in Figure 4-13 A). A 

dual-reflective micromirror with a 200μm bimorph length was used for the experiment. To avoid 

blocking the reflected beam by the thick bulk Si of the device frame, the substrate at the front 

side of the mirror was diced off by a dicing saw. The device was then packaged on a thin glass 

slide. Circumferential scanning pattern was observed, but the scanning arc range decays 

significantly when the frequency of driving voltages increases. Figure 4-13 B) shows the 

scanning pattern under a 9 Vpp sinusoidal voltage at the device’s resonant frequency about 428 

Hz with a 4.5 V DC bias. The scanning arc angle is close to 90° from either mirror surface. This 

significant decay is believed to be due to the slow thermal response of the device. 

 

Figure 4-13. Circumferential scanning experiment. A) Experimental setup, B) Circumferential 
scanning pattern generated at resonance.  

B A 
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A position sensitive detector (PSD) was employed for the frequency response 

measurement. A 0.5-Vpp sinusoidal signal with a 2.5-Vdc bias was applied to the device with the 

reflected laser beam from the micromirror incident on the PSD. By sweeping the frequency of 

the sinusoidal signal, the amplitude of the deflection angles at different frequencies is 

represented by the PSD output signal. The measurement result is shown in Figure 4-14. The 

mechanical resonant frequency is 428Hz. However, the thermal response of this device is very 

slow. As shown in the plot, the 3 dB cut-off frequency is only about 0.3Hz.  

 

Figure 4-14. Measured frequency response of a dual-reflective 1-D mirror 

The reason of this slow thermal response is believed to be caused by the good thermal 

isolation of the meshed oxide as well as the large thermal capacitance of the bulk Si remaining 

underneath the heater region. According to the transient analysis presented in section 3.4.2., the 

thermal cut-off frequency is inversely proportional to the thermal capacitance of the active 

heating region. As mentioned in previous sections, at the last release step of the device 

fabrication as shown in Figure 4-4 I), incomplete Si isotropic etch under the meshed oxide 

regions have been observed for most devices.  

428Hz 3 dB 
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The 1-D hinged bimorph design presented above uses heater-aside-bimorph structure and 

increases the stable DC actuation range compared to previous heater-along-bimorph structure. 

However, because the heater is very close to the device substrate the redundant Si underneath the 

heater causes large thermal capacitance of the active heating region, which results in a slow 

thermal response. New designs need to be developed either by increasing the DC actuation range 

or improving the thermal response, or by combining both, to realize at least a 90° mechanical 

scan angle at above 30 Hz for real-time FCS imaging requirement.  

4.3 Dual-Folded-Bimorph Actuator and FCS Micromirrors 

The previous section presents an FCS micromirror design with dual-reflective surfaces. 

However, this design still suffers from several problems that prohibit its practical usage for FCS. 

First, the slow thermal response of the heater-aside-bimorph design prohibits the achievable 

scanning range at real-time imaging speed and only about half-circumferential scan range has 

been obtained. Second, the 1-D hinged bimorph structure has a rotation axis around the 

bimorph’s substrate base resulting in an unavoidable mirror center shift during the actuation. For 

a 1-mm mirror plate actuated by a 300-μm long bimorph, the mirror center is displaced vertically 

over 900 μm and laterally over 170 μm for a 90° mechanical rotation. This mirror center shift 

significantly impairs the effective mirror aperture size and can easily cause optical misalignment 

during scan. In addition, the undesired center shift is also proportional to the bimorph beam 

length which prohibits further improvement of the scan range. Lastly, the previous design has a 

large initial tilting angle and a large initial height on the tip of the mirror plate, resulting in a 

large space required for the device to operate. This makes the alignment and packaging of the 

imaging endoscope to be very complicated and limit the endoscope miniaturization.    

This section presents a dual-folded bimorph (DFB) actuator design that solves all the 

above addressed problems. This new design enables a fast scanning with full-circumferential 
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range at real-time imaging speed, realizes a stationary rotation axis along the mirror center with 

an initially flat and un-elevated mirror rest position.  

4.3.1 Dual-Folded-Bimorph Actuator Design  

Figure 4-15 A) shows the 3-D model of the mirror design built in Intellisuite. The mirror 

plate is suspended by two sets of DFB actuators. Each set is composed of an outer and inner 

actuator folded in series with equal lengths. The other end of the DFB actuator is connected to 

the device substrate. Al and SiO2 are still used for the bimorph materials with Pt heaters 

embedded in between. After the thin films are released, the bimorph beams of both outer and 

inner actuators curl upward due to the residual stress, but the mirror plate still remains at the 

original position with zero shift and rotation, as can be seen in the SEMs in Figure 4-17.  

 

Figure 4-15. 3-D models of the dual- reflective micromirror based on the DFB actuator design by 
IntelliSuite (Device Type I, substrate not shown). A) At initial position, B) the inner 
actuator being excited, and C) the outer actuator being excited. 
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When temperature change is introduced to the actuators by applying voltages to the 

heaters, both actuators tend to bend flat due to the different thermal expansions of the Al and 

SiO2 layers, but they rotate the mirror plate in the opposite directions, as shown in Figure 4-15 

B) and C). Therefore, by alternatively driving the two actuators to provide ±45º rotation angle, a 

90º mechanical angle of the mirror rotation, i.e., a 180º optical scan angle, can be obtained from 

either mirror surface, resulting in a full-circumferential scanning by combining the two scanning 

optical beams. 

Compared to the previous hinged-bimorph design, this novel DFB actuator significantly 

increases the achievable rotation angle by combining the actuation of the two opposite actuators, 

and it realizes a minimized mirror center shift by having the mirror rotation axis almost aligned 

to the mirror center axis. It is found by simple geometry analysis that the position for a minimum 

mirror center shift is to align the mirror center axis to the bimorph midpoint, and the mirror 

center shifts maximally 6% of the bimorph beam length, e.g., 18 μm out of  300 μm, for a ±45º 

mechanical rotation. Furthermore, the initially-flat mirror position greatly facilitates the 

assembly and optical alignment of the MEMS mirror in the imaging endoscope. 

4.3.2 Device Fabrication  

The device can be fabricated using the same self-aligned deep trench process as presented 

in section 4.2.2. A modified schematic of the process flow is illustrated in Figure 4-16, which 

starts from the completion of the front-side processes on top of the device layer of an SOI wafer, 

with multi-layer deposition and etching steps that define the Al/SiO2 bimorph beams and front-

side mirror surface. The SiO2 layer on the mirror plate is etched before Al deposition to improve 

the mirror flatness, and the Al layer on the bimorph is extended to the device substrate to 

increase the thermal conductance for a faster thermal response. The addition of this Al metal 
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layer can also reinforce the bimorph’s anchoring strength to the device substrate and thus provide 

better device reliability. The backside processes starts from the SiO2 etch to define the backside 

mirror region and a thick layer of photoresist is used to protect the device substrate B). Si DRIE 

is then performed on the backside followed by an RIE to etch the exposed buried oxide layer C). 

After that, an Al layer is deposited for the reflective coating of the backside mirror surface D). 

Then an isotropic Si etch is followed to remove the Si walls, and the SiO2 layer underneath is 

etched to separate the connection between the mirror plate and the bimorph region E). Finally, 

the device is flipped over and released by an anisotropic Si etch F) and an isotropic Si etch G).  

 

Figure 4-16. Fabrication process flow for a DFB-FCS micromirror 

Figure 4-17 shows the SEM pictures of some fabricated devices. The Type I device in A) 

has two sets of actuators and the Type II in B) has only one with an open mirror end. The Type II 

design is to further avoid the beam blocking by the actuators and substrate. Note that the Si 

substrate at the mirror’s open end can be removed after the last release step in Figure 4-16 G). 
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Both the Al and SiO2 layers are about 1 μm thick with a 0.2 μm Pt layer embedded in between. 

The bimorph beams are 300-μm long and the mirror plate is 0.8×0.8 mm 2 with a device footprint 

of about 2×2 mm2. The quality of the mirror surface is measured by a Wyko white-light 

interferometer. By removing the highly stressed SiO2 layer on the mirror plate,  an improved 

mirror flatness with the radius of curvature about 0.65 m and a surface roughness of 30 nm is 

obtained.  

 

Figure 4-17. SEMs of fabricated DFB-FCS micromirror. A) Type I and B) Type II. Insets 
showing backside mirror edge, Si frame and Al at substrate base.  

4.3.3 Lumped Element Model 

The device is operated using alternative excitation of the two bimorph actuators that are 

closely located. Therefore the thermal coupling effect of the two actuators needs to be 

considered. Lumped element models with each actuator being individually excited are built to 

analyze the device’s steady-state and transient behaviors under the thermal coupling effect, as 
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shown in Figure 4-18 which are the schematics of the equivalent circuits with the parameters 

listed in Table 4-2. 

 

Figure 4-18. The LEM equivalent circuits of DFB-FCS micromirrors. A) with the outer bimorph 
actuator excited, and B) the inner actuator excited.  

Table 4-2. Parameters used in the lumped element models for the DFB-FCS mirror 
Parameters                    Description 
Outer bimorph actuator 
Po 
T0 
Tim 
Tio 
Toi 
Toh 
Tos 
Rm 
Cm 
Rai 
Cai 

Power generated by the outer actuator 
Ambient temperature 
Temperature of inner actuator at mirror end 
Temperature of inner actuator at outer end  
Temperature of outer actuator at inner end 
Maximum temperature on outer actuator 
Temperature on outer actuator at substrate end 
Thermal resistance through the mirror plate 
Thermal capacitance of the mirror plate 
Thermal resistance of the inner actuator 
Thermal capacitance of the inner actuator 

Toh     Tos     

T0      

Raos        Raoi     Roi       Rai        Tio       Toi        Tim      

Rcaos       Rcaoi       Rcoi         Rcai        
Rs       

Rm      

Caoi      Coi       Cai        Caos      

Cs       
Cm     

Toi      Tos     

T0      

Rao        Roi       Raio       Raim       Tih       Tio        Tim      

Rcao       Rcoi       Rcaio         Rcaim        
Rs       

Rm      

Coi      Caio       Caim        Cao      

Cs       
Cm     

Ros         Rom         

Ris         Rim         

B 

A 

Pi        

Po        
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Table 4-2. Continued 
Parameters                                        Description 
Rcai 
Roi 
Coi 
Rcoi 
Raoi 
Caoi 
Rcaoi 
Raos 
Caos 
Rcaos 
Rs 
Cs 
Ros 
Rom  

Thermal resistance through convection on inner actuator 
Thermal resistance between inner and outer actuator 
Thermal capacitance between inner and outer actuator 
Thermal resistance through  convection between inner and outer actuator 
Thermal resistance of the outer actuator between Toh and Toi 
Thermal capacitance of the outer actuator between Toh and Toi 
Thermal resistance through convection on the outer actuator between Toh and Toi 
Thermal resistance of the outer actuator between Toh and Tos 
Thermal capacitance of the outer actuator between Toh and Tos 
Thermal resistance through convection on the outer actuator between Toh and Tos 
Thermal resistance through the substrate 
Thermal capacitance through the substrate 
Thermal resistance seen from the maximum temperature to the substrate  
Thermal resistance seen from the maximum temperature to the mirror 

Inner bimorph actuator 
Pi 
Tih 
Raim 
Caim 
Rcaim 
Raio 
Caio 
Rcaio 
Rao 
Cao 
Rcao 
Ris 
Rim 

Power generated by the inner actuator 
Maximum temperature on inner actuator 
Thermal resistance of the inner actuator between Tih and Tim 
Thermal capacitance of the inner actuator between Tih and Tim 
Thermal resistance through convection on inner actuator between Tih and Tim 
Thermal resistance of the inner actuator between Tih and Tio 
Thermal capacitance of the inner actuator between Tih and Tio 
Thermal resistance through  convection on inner actuator between Tih and Tio 
Thermal resistance of the outer actuator 
Thermal capacitance of the outer actuator 
Thermal resistance through convection on the outer actuator 
Thermal resistance seen from the maximum temperature to the substrate  
Thermal resistance seen from the maximum temperature to the mirror 

 
The model is lumped the same way as described in section 3.4.2 by splitting the excited 

actuator from its maximum temperature point, and the same derivation as in section 3.4.2 can be 

applied to obtain the maximum temperature changes for both inner and outer actuators with 

respect to the time and a sinusoidal input: 
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, the long-time solutions reduce to: 

o

a
tj

o
oh j

CeP
T

τω

ω

/1
/

+
=∆                                                                                                                      (4-8) 

i

a
tj

i
ih j

CeP
T

τω

ω

/1
/

+
=∆                                                                                                                       (4-9) 

The two actuators share the same thermal capacitance aC  but they see different thermal 

resistances in the network: omoso RRR //=  and imisi RRR //=  as shown in Figure 4-18. 

To improve the thermal response and device reliability the outer actuator is connected to 

the device substrate by an additional Al layer. But the inner actuator is still well thermally 

isolated from the mirror plate by pure SiO2 connection to minimize the heating on the mirror 

plate. Therefore, omos RR <<  and ioso RRR <≈ . A rough estimation on the fabricated device 

gives 820 K/W and 2200 K/W for outer and inner actuator, respectively.  

The excitation of one actuator also induces a temperature increase on the unexcited 

actuator as they are closely located: 
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oiA and ioA are coefficients with values between 0 to 1 denoting the portion of the heat distributed 

on the unexcited actuator.  

The two actuators are oppositely oriented and rotate the mirror plate in the opposite 

direction. Therefore, the thermal coupling, i.e., the temperature increase on the unexcited 

actuator will decrease the effective achievable rotation of the mirror plate. The amplitude of the 

effective rotation angle by exciting each actuator can be expressed by: 
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Due to the different time constant ( io ττ < ), the frequency response by individually 

exciting the two actuators behaves differently, as illustrated in Figure 4-19 based on the 

estimated thermal time constants. It is interesting to see that the effective frequency response of 

the outer actuator has a broader bandwidth and an amplitude increase at low frequency before the 

cut-off. This will eventually increase the bandwidth of the bi-directional scan by combining the 

two differentially excited actuators, which will be shown in the following subsection. 

 

Figure 4-19. Frequency responses of the DFB actuator predicted by the LEM. A) outer actuator 
excited, and B) inner actuator excited. 

4.3.4 Device Characterization 

A laser and a screen were used to characterize the rotation angles of the device. By 

combining the bi-directional rotation from both inner and outer actuators, the two types of 

devices both demonstrated a maximum mechanical rotation of over ±45º at less than 12 V 

driving voltages. Figure 4-19 shows the measured results of a Type II device with the bi-
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directional rotation angles versus the actuation voltages for both the inner and outer actuators. 

The responses at different actuation frequencies were also measured, and over 90º rotation angle 

was obtained at frequencies of up to 60 Hz. As discussed in the previous subsection, the angular 

response of the inner and outer actuator is not symmetric due to their different thermal paths. The 

outer actuator is closer to the substrate and thus has smaller thermal resistance which in turn 

results in smaller angular responsivity than that of the inner actuator, as shown in Figure 4-20.  

 

Figure 4-20. Measured DC and AC response of rotation angle versus voltage of a Type II DFB-
FCS micromirror. 

The device’s frequency response is characterized and the results are close to the thermal-

coupling model prediction. As shown in Figure 4-21, the scan amplitude of the outer actuator 

increases at low frequency and reaches a peak at about 30 Hz, but the inner actuator behaves 

normally with a 3dB cut-off frequency at about 14 Hz. Figure 4-20 also shows the effective 

frequency response of the amplitude by combining the bi-directional scan of both actuators 

obtained by differentially driving the two. A smoother response of the effective bi-directional 
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scan is observed and the 3 dB cut-off frequency is above the device’s mechanical resonance of 

447 Hz.  

 

Figure 4-21. Measured frequency response of a Type II DFB-FCS micromirror. 

Figure 4-22 shows microscopic pictures of the devices at different actuation positions, in 

which D) shows the mirror being differentially actuated at 60 Hz, and a stationary rotation axis 

along the mirror center can be clearly observed.  

Figure 4-23 shows the FCS patterns obtained respectively from the Type I and Type II 

devices by using two laser light sources incident on both surfaces of the mirror plates. Both 

devices were driven at 30 Hz with their inner and outer actuators being differentially actuated. 

As shown in the pictures, the output beams from both the mirror surfaces overlap with each 

other, which demonstrate that the mirror’s mechanical rotation angles are larger than 90º. The 

Type I device still has the beam blocking problem and the output beams were partially blocked 
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by the device substrate as in A), while the Type II device with the open mirror end design fully 

realizes the FCS function without any beam blocking as in B).  

 

Figure 4-22. Microscopic pictures of a Type II  DFB-FCS micromirror. A) At initial rest 
position, B) outer actuator actuated, C) inner actuator actuated, D) differentially 
actuated at 60 Hz showing a fixed rotation axis, and E) a Type I device with inner 
actuators actuated showing the backside mirror surface. 

 

Figure 4-23. Full-circumferential scanning patterns at 30Hz by DFB-FCS micromirrors. A) Type 
I device with optical beam partially blocked by device substrate, and B) Type II 
device without beam blocking. 
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4.4 Light-Weight Micromirrors 

As presented in previous chapters, the currently developed electrothermal micromirrors 

share the same bulk Si supported structure to maintain the mirror flatness for large aperture size. 

The Si thickness varies from 20 μm to 50 μm. However, with the aperture size increasing, the 

mass of the bulk Si increases quadratically. The large mass of the mirror plate significantly 

affects the device performances in several aspects. The first is that it limits the agility of 

micromirrors especially for those ones with large aperture size (>1 mm). For example, with a 1 

mm by 1 mm sized mirror plate as described in section 4.2.4, the measured resonant frequency is 

336 Hz. By scaling the mirror size to 3 mm, the resonant frequency can be predicted to be below 

100 Hz, so scanning speed for certain required scanning angle may drop significantly. Another 

effect is that the bulk Si induces large thermal capacitance on the mirror plate and the heat 

generated during the actuation takes a longer time to dissipate, which limits the device’s thermal 

response speed.  

In addition, the heat accumulated on the mirror plate induces thermal stress on the 

reflective coating layer which then degrades the surface flatness during actuation. An alternative 

option to increase the heat dissipation on the mirror plate is by increasing the heat transfer by 

convection effect, this can be realized by increasing the surface area of the mirror plate. 

Therefore, a process for fabricating the mirror plate with reduced mass and increased surface 

area is required. 

Numerous fabrication methods have been developed to fabricate light-weight and optically 

flat micromirrors. For instance, Kaiser et al. [160] used vertical nitride ribs to stiffen the mirror 

membrane and reduce the curvature of the mirror surface due to the internal stress in the nitride 

and the metal layer, which is accomplished by initially etching the sacrificial PSG and thermal 

oxide with hydrofluoric acid solution to form a mold that was filled with nitride to create the 
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stiffening lattice supporting the mirror. Drake et al. [161] used a surface micromachining process 

and PSG sacrificial layer to create Poly-Silicon ribs to support the mirror. These methods are 

based on relatively complicated processes that involve sacrificial structures. As introduced in 

section 4.2.2, a self-aligned deep trench process enables the backside mirror pattern to be defined 

in deep trench. By using a similar process, patterns can be defined on the backside of the mirror 

plate which enables a meshed Si rib structure with a significantly reduced mass and increased 

surface area. 

4.4.1 Self-Aligned Deep Trench Process 

A novel self-aligned deep trench fabrication process for light-weight micromirrors is 

proposed. This process is based on the backside patterning and self-aligned deep trench etching 

of silicon substrate, which forms the mirror plate with meshed Si ribs to guarantee the flatness of 

the mirror surface and effectively reduce the mass of the mirror plate. With the reduced mass of 

the mirror plate and the greater stiffness, the resonant frequency of the mirror can be increased 

which expands the bandwidth of the device. At the same time, the ribbed structure significantly 

increases the surface area of the mirror plate so that the heat transfer by convection on the mirror 

is improved. Together with a reduced thermal capacitance, the device’s thermal response and the 

thermally induced mirror curvature can be improved. 

The complete process flow of the proposed fabrication process for a 1-D electrothermal 

micromirror using an SOI wafer is shown in Figure 4-24. The front-side process for defining 

heaters, bimorphs and mirror structures is similar to the process for fabricating dual-reflective 

mirrors as shown in Figure 4-4. Note that a SiO2 etch on the mirror plate is added to remove the 

compressively-stressed oxide layer for improving the mirror flatness.  

 



 

118 

 

Figure 4-24. Self-aligned deep trench process flow for fabricating light-weight micromirror 

Si   SiO2 Pt 

 

F). Backside photoresist patterning 

E). Backside alignment and  SiO2 etch 
 

 

 

I). Partial buried SiO2 etch  

J). Backside Si isotropic etch 

Al 

 

 

 

 

 

 

P.R.
 

K). Buried SiO2 etch and Si etch 

L). Remove P.R. and buried SiO2 etch 

M). Front-side Si anistropic etch 

N). Front-side Si isotropic etch  

 

 

 

A). Pt sputtering and lift-off 

C). Al e-beam deposition and lift-off 

D). SiO2 etch 

H). Deep trench photoresist reflow 

G). Backside Si anisotropic etch 

B). Dielectric SiO2 and mirror SiO2 etch   



 

119 

The detailed description for the backside process flow from Figure 4-24 E) is as flowing: 

E): Backside alignment and SiO2 etch to define the meshed mirror rib pattern. 

F): Patterning photoresist on backside for the DRIE mask on device substrate. 

G): Backside Si anisotropic etch down to the buried oxide layer of the SOI wafer; SiO2 on 

top of the ribs is consumed during the Si etch. The wafer is diced after this step and the following 

steps are performed at the die level.  

H): Photoresist is dispensed into the backside cavity outside the mirror region area and a 

photoresist reflow baking process is performed to protect this area during the following etching 

process. 

I): A partial SiO2 dry etch is performed on the buried oxide layer inside the deep trench of 

the meshed Si walls; the etching is partially done about half way to generate a thickness 

difference between these deep trench area and the un-etched buried oxide area is protected by 

photoresist and Si walls. 

J): A Si isotropic etch is performed to undercut the Si walls so that the baskside of the 

mirror plate with a rib pattern formed by the thickness difference of the buried SiO2 in step I) is 

generated.  

K): Continue the SiO2 dry etch to completely remove the partially etched buried SiO2 in 

step I) so that the Si inside the meshed ribs is exposed, the buried SiO2 layer on the rib area 

where it has not been etched previously can be partially left as the mask for the following Si 

etch, therefore a ribbed Si structure under the mirror surface can be formed with a Si anisotropic 

etch reaching the Al layer.  

L): A plasma etch process is then performed to remove the photoresist in the cavity, and 

the SiO2 dry etch is continued to remove the remaining buried oxide layer. 
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M) and N):  The device is then flipped over and a front-side anisotropic etch followed by 

isotropic undercut as in the release step for normal micromirrors will finally release the device.  

This self-aligned deep trench process can be applied to all the electrothermal micromirror 

designs presented in this dissertation. 

4.4.2 Experimental Results 

LSF-LVD actuator-based TTP mirrors have been fabricated with the light-weight structure 

using the above self-aligned deep trench process as shown in Figure 4-25.  

 

Figure 4-25. Layout and SEMs of the light-weight micromirrors. A) Type I, B) Type II light-
weight structure layout,  C) SEM of a released Type II device, and D) SEM of the 
backside of a Type I device before the last step of backside Si etch. Inset SEM 
showing the light-weight pattern transferred on the buried SiO2 layer.  
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Figure 4-25 illustrates the layout of the light-weight structures and SEM pictures of some 

fabricated devices. The mirror plate is 3 mm by 3 mm supported by 4 pairs of LSF-LVD 

actuators at each side. The LSF-LVD actuator’s three bimorph lengths are 125 μm, 250 μm and 

125 μm with the frame lengths of 400-μm long bimorph. The original supporting Si layer is 40-

μm thick and two types of light-weight structure with different meshing densities are fabricated. 

The masses of the mirror plates are reduced to 21.8% and 17.7% for Type I and Type II devices 

respectively.  

Both devices demonstrate similar piston and tip-tilt scan range to the device with complete 

Si layer underneath the mirror plate due to the same actuator parameters and mirror size. Figure 

4-26 shows the DC response of the piston scan and tip-tilt range versus the applied voltages of a 

Type I device. About 0.45-mm piston and ±6.5º tip-tilt scan are obtained at voltages less than 4 

V.  

 

Figure 4-26. DC response of the piston and tip-tilt scan versus the applied voltages for a Type II 
light-weight micromirror.  

The devices’ mechanical resonances are characterized by applying a voltage of 

2Vdc+0.4Vac and sweeping the frequency of the ac signal. A PSD is used to track the scan range 

of the reflected beam from the mirror surface. Resonance frequencies of the piston and tip-tilt 
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motion for a micromirror with a complete Si mirror plate and the two light-weight micromirrors 

are measured and compared in Table 4-2. The resonance frequency of the piston motion can also 

be predicted as a simple spring-mass system, given by: 

M
Kf

π2
1

=                                                                                                                            (4-14) 

As shown in Table 4-3, the piston resonance frequencies of the light-weight mirrors are 

reasonably close to the calculation results by Equation 4-14, compared with the measured result 

of the micromirror with a complete Si mirror plate.  

The mirror surface quality is measured by a Wyko white light interferometer. Degradation 

of the surface quality has been observed for the light-weight mirrors compared to the complete-

Si mirror plate. For a Type II device, the curvature radius was decreased from 0.80 m to about 

0.15 m, the average roughness increased from 35 nm to be about 80 nm, and the reflectivity from 

about 96 % to 62 %. This degradation is developed during the high temperature processes of 

DRIE and RIE steps, in which some permanent deformation on the Al thin film occurred.  

 

Figure 4-27. Microscopic images of the Type II device mirror surface with piston actuation at 
different voltages. A) 0 V, B) 1 V and C) 2.5 V. 

Further degradation was even observed during device operation. As shown in Figure 4-27, 

the electrothermal actuation causes temperature increases on the mirror plate and the mirror 

surface corrugates due to the thermal expansion of the Al thin film. To improve the mirror 
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surface quality, a multilayer thin film structure with a careful thickness design, as presented in 

section 3.4, is needed for the thermal stress compensation. 

Table 4-3. Comparison of resonance frequencies of complete-Si device and light-weight devices 
Device Type Mirror 

plate mass 
Piston resonance frequency (Hz) Tip-tilt resonance frequency 

(Hz) Calculated Measured 
Complete Si 100 % - 242 357 
Light-weight I      21.8 % 528 419 445 
Light-weight II     17.7 % 575 542 560 

 
4.5 Summary  

This chapter proposes a novel full-circumferential scanning endoscope design by using a 

large-angle dual-reflective micromirror. A novel process has been developed for fabricating the 

dual-reflective micromirror and the feasibility has been verified on a hinged bimorph 1-D 

micromirror. The fabricated device demonstrated rotation angles larger than 90º at steady state 

and about half circumferential scanning range has been obtained when operated at resonance. To 

overcome the drawbacks of the hinged-bimorph design, a novel dual-folded-bimorph (DFB) 

actuator is designed and DFB-FCS mirrors are fabricated. The new devices solve the mirror 

center shift and large initial tilting problems, and can realize full-circumferential scan at real time 

imaging speed above 60 Hz. A novel self-aligned deep trench process is also proposed to 

fabricate light-weight mirror plates for large aperture and agile MEMS mirrors. TTP mirrors with 

a large aperture size of 3 mm are fabricated using this new process and the devices demonstrate a 

significant improvement on the mechanical resonance frequencies due to the reduction of the 

mirror mass.  



 

124 

CHAPTER 5 
APPLICATIONS OF MEMS OPTICAL SCANNERS 

As discussed in Chapter 1, one of the main research goals of this project is to develop 

miniaturized endoscopes that enable in vivo detection and diagnosis of precancerous lesions 

using advanced optical imaging techniques such as optical coherence tomography (OCT) and 

nonlinear optical (NLO) microscopy. As the key technique for the miniaturization of scanning 

endoscopes, several electrothermal MEMS micro-scanners, dedicated on improving scanning 

range and fill factor, have been presented in the previous chapters. As a major application of the 

developed MEMS optical scanners, the first part of this chapter is focused on the development of 

MEMS-based endoscopic probes including the probe design, MEMS packaging and probe 

assembling. Then OCT and NLO imaging results using the MEMS-based probes are presented. 

In addition, scanning microlenses with glass lenses mounted on a modified LSF-LVD actuator 

have been developed and been used in confocal microscopy and optical coherence microscopy. 

Imaging results will be presented.  

The advantages of large actuation range and actuation force of these novel electrothermal 

MEMS optical scanners also lend themselves to many other applications besides the biomedical 

imaging. In this research effort, the great potentials of the developed MEMS optical scanners in 

other applications such as optical phased array, free-space optical communications and especially 

a great opportunity for the miniaturization of the Fourier transform spectrometers (FTS) are 

investigated. These applications are discussed in the last sections of this chapter.  

5.1 MEMS-based Nonlinear Optical Endoscope 

The development of an MEMS-based miniature endoscope for nonlinear optical imaging is 

collaborated with Dr. Dru Morrish and Prof. Min Gu in the Centre for Micro-Photonics, 

Swinburne University of Technology, Hawthorn, Australia.  
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5.1.1 Nonlinear Optical Imaging System 

Nonlinear optical imaging uses the nonlinear optical effects of tissue for imaging with high 

resolution up to sub-micron both axially and laterally. NLO imaging has great potential to 

achieve in vivo diagnosis of cancers at a very early stage. Among the nonlinear optical effects,  

two photon excitation fluorescence (TPEF) and second harmonic generation (SHG) currently 

attract enormous research interests in biomedical imaging applications since the introduction of  

femtosecond pulsed lasers in the near infrared wavelength range for greatly localized excitation 

[26-29]. The nonlinear optical imaging system developed at Swinburne University of 

Technology is capable of excitation and detection of both TPEF and SHG signals [14, 53].  

 

Figure 5-1. Nonlinear optical imaging system. A) Schematic of imaging setup, B) SEM picture 
of a double-clad photonic-crystal-fiber. (Imaged by L. Fu, with permission). 

Ti: Sapphire 
Laser

Prechirp
 Unit

Dichroic 
Mirror

40X 

Objective 
lens

PMT

Iris

Filter

Bandpass 
Filter Double-clad 

Photonic 
crystal fiber 

Transverse 
scanner

Tissue 
sampleTi: Sapphire 

Laser
Prechirp

 Unit

Dichroic 
Mirror

40X 

Objective 
lens

PMT

Iris

Filter

Bandpass 
Filter Double-clad 

Photonic 
crystal fiber 

Transverse 
scanner

Tissue 
sample

A 

B 



 

126 

A schematic of the imaging set-up is shown in Figure 5-1 A). A Ti: Sapphire laser (Spectra 

Physics Mai Tai) is used as the excitation light source which generates a 800 nm , about 80 fs 

pulses at a repetition rate of 80 MHz with an output power of 850 mW. The laser pulses are 

deflected by a dichroic mirror which is used to separate the excitation laser beam and the 

emission signal, then coupled into a double-clad photonic-crystal-fiber (DC PCF) by a 

microcope objective lens (40x /0.65 NA). The DC PCF (Crystal Fiber A/S) is specifically 

designed for simultaneously delivering the excitation light and collecting the fluorescence signal. 

As shown in Figure 5-1 B), it has an inner core diameter of 20 µm which is used for single-mode 

propagation of the 800 nm near-infrared excitation light, and an inner cladding with diameter of 

165 µm and an outer diameter of 550 µm used for the multimode propagation of the visible 

emission light. At the end of the fiber, a scanning mechanism is used to scan the excitation laser 

beam which is then focused by a 0.2 pitch GRIN lens onto the tissue surface. The emission light 

from the tissue is then collected by the fiber and the same focusing optics, and finally detected by 

a photomultiplier tube (PMT). Both TPEF and SHG signals can be excited. To differentiate them 

a bandpass filter is inserted before the PMT.  

Both 1-D and 2-D MEMS electrothermal micromirrors developed by Jain et al. in [65, 

115] have been used as the scanning mechanism in the imaging system. Line scan profiles and 3-

D reconstructions of ex vivo tissue samples by the bench top system have been demonstrated 

with 1.5-µm lateral resolution and 100-µm penetration depth [53, 162] . For further in vivo 

imaging of internal organs, miniaturized endoscopes must be developed. As discussed in section 

2.4, the previously used 2-D MEMS micromirror (as in Figure 2-4 B)) is limited by its effective 

scanning range due to the large shift of the mirror center and small aperture size. In addition, the 

relatively low fill factor of the mirror limits the miniaturization of the endoscope. 
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5.1.2 Nonlinear Optical Endoscope Design and Imaging Results 

To solve the problems of the previously used 2-D micromirror, a TTP MEMS mirror based 

on the LSF-LVD actuator design (Type II) as described in Chapter 3 with a mirror size of 1 mm 

is used for the development of the nonlinear optical endoscope. A 3-D model of the endoscopic 

probe is shown in Figure 5-2.  

 

Figure 5-2. 3-D model of the nonlinear optical imaging endoscope. A) Assembly of the complete 
probe, B) probe body and C) probe cap.  

The probe consists of two parts: a probe body and a cap. The two parts are designed in 

such a way that the probe body can be slide into the cap and form a sealed cavity for the MEMS 

mirror to perform 2-D scans. This also allows easy access for MEMS mirror integration, 

alignment and replacement. A 45º slope is machined at one end of the probe body and a 0.5 mm 

deep pocket is formed for mounting the MEMS mirror. This pre-defined pocket is used for 

aligning the MEMS mirror. The space taken by the device substrate is saved by hiding it inside 

the probe. Five copper posts are threaded through the probe body and polished with a 45º slope 
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surface for the wire bonding of the MEMS mirror. It also has a hole at the lower part for 

delivering the optical fiber into the probe. The cap is machined with a 4.4-mm diameter window 

at the forward end for fixing the GRIN lens, and a 1 mm by 1 mm slot is machined for fixing a 

45º fixed mirror inside. The 45º fixed mirror is a prism coated with a metal film (Al). The 

excitation laser beam is delivered into the probe by the fiber, and deflected to the MEMS mirror 

by the fixed mirror. The MEMS mirror surface is initially flat so that it is parallel to the fixed 

mirror. The reflected beam from the MEMS mirror is then focused by the GRIN lens onto the 

tissue surface. With a 2-D scan of the MEMS mirror, the tissue sample can be imaged at 

different depths so that a 3-D visualization can be obtained. The endoscope is 5 mm in diameter 

and 23 mm long. The GRIN lens is 4.4 mm by 1.8 mm and the optical path length from the fiber 

end to the GRIN lens is about 7.4 mm. The MEMS mirror has a significantly improved fill factor 

of 25 % with an aperture size of 1 mm on a 2 mm device footprint, compared to a 4.8% of the 

previous design (0.5 mm aperture size on a 2.7×1.9 mm device footprint). The new MEMS 

mirror enables a more compact endoscope design with an increased mirror aperture size. 

 

Figure 5-3. Pictures of fabricated NLO probe. A-C) probe body, and D) with MEMS mirror 
assembled into the probe. 
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Pictures of fabricated probe and the wire bonded MEMS mirror are shown in Figure 5-3. 

The endoscopic probe was custom-machined by TMR Engineering, Micanopy, FL. Lucite was 

chosen as the probe material as it is bio-compatible, offers natural dielectric for the embedded 

copper wires, and also has proper hardness for fine machining. An MEMS mirror was mounted 

into the pre-machined pocket on the 45º slope, and wire bonded to the copper posts. Silver epoxy 

was used for soldering the gold wires to the copper posts. 

 

Figure 5-4. Experimental results of the NLO probe with MEMS mirror assembled. A) measured 
optical scanning angles at different voltages and frequncies, and B) pictures of 2-D 
scanning patterns generated by the probe.  

Before assembling the fiber and GRIN lens, the optical alignment of the endoscope was 

verified by an experimental set-up with a laser beam passing through the hole that is used to hold 

the DC PCF fiber. The scanning angle of the output beam from the GRIN lens window was then 

characterized by differential ac voltages with a dc bias applied to the two opposite actuators in 

both directions. A dc bias of about 3.2 V was needed on the four actuators for aligning the 

MEMS mirror to the center axis of the GRIN lens window. As the required scanning frequency 

for nonlinear imaging setup was around 10 Hz (7 lines/s), the optical scanning angles at 10 Hz 

and 20 Hz in both vertical and horizontal directions were generated at a DC bias of 3.2 V with 
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varying ac voltage amplitudes. Figure 5-4 (a) shows the testing results with 2-D scanning 

patterns in (b). 

 

Figure 5-5. Two-photon fluorescence image stacks of fluorescent beads, scale bars 10 µm.  

Figure 5-5 shows typical two-photon fluorescence images of fluorescent beads obtained by 

the endoscope. The mirror plate was translated by a total of approximately 0.175 mm in the z 

direction. Each of the eight z sections is separated by approximately 0.025 mm. The axial 

sections are translated with respect to each other due to a small angle between the optical axis 

and the z axis translation of the MEMS mirror. The scanning range of the 3-D (TTP) MEMS 

mirror is sufficient for the acquisition of image stacks. The endoscopic probe containing the 3-D 

scanning MEMS is of sufficiently small dimensions making it suitable for in vivo operation. 

5.2 MEMS-based Optical Coherence Tomography Endoscope 

As discussed in Chapter 1, OCT is one of the most advanced and powerful biomedical 

imaging techniques that have been recently developed. Early endoscopic OCT (EOCT) probes 

using micromotors [47] can only perform side-view imaging and has scan synchronization 

problem. MEMS micromirrors are more versatile, cost-effective and thus more suitable to realize 

miniature EOCT probes. Pan et al. reported the first MEMS-based endoscopic OCT using an 

electrothermal micromirror in 2001 [163]. After that, various MEMS micromirrors have been 
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developed, among which electrostatic micromirrors attract most interest due to the advantages of 

fast speed and low power consumption [58, 164]. However, they need high driving voltages, 

which are typically on the order of 100 V; posing a potential risk to the patient. Electromagnetic 

micromirror-based OCT probes have also been investigated [165], but is limited by the complex 

assembling process and further miniaturization due to the permanent magnet required. Another 

common problem for electrostatic and electromagnetic micromirrors is the small fill factors that 

are typically less than 10%. One solution for the small fill factor problem is to use hidden 

actuators [91], but the processes for the formation of the mirror tops are quite complex and not 

reliable. Another solution is to use electrothermal bimorph actuators [73, 112, 166, 167]. As 

presented in this research effort, in addition to the advantages of large scan range (above 60º) at 

low driving voltage (less than 10 V), the compact bimorph actuator enables relatively high fill 

factor up to 25% for a 3-D micromirrors. These features make the thermal bimorph-based 

MEMS mirrors very suitable for miniaturizing OCT probes.  

This section discusses the research efforts on the EOCT probe development in the 

Biophotonics and Microsystems Laboratory (BML) at University of Florida. The LSF-LVD 

based 3-D MEMS mirrors presented in Chapter 3 are used, a 5.8-mm diameter probe is 

developed, and 3-D in vivo images of a mouse tongue and ear have been successfully obtained 

with this MEMS-based OCT probe. This work is done with the OCT team at BML, Dr. 

Shuguang Guo, Jinjing Sun and Lin Liu.  

5.2.1 OCT System  

Figure 5-6 shows the schematic of the time-domain OCT system. The broadband light 

source (DenseLight, DL-BX9-CS3159A) has a minimum power of 15mW, a center wavelength 

of 1310 nm and FWHM of 75 nm, which results in a 10 µm axial resolution in air. The input 

light goes through the circulator and is divided by the 2×2 beam splitter into the reference arm 
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and the sample arm. The depth scanning at the reference arm is realized by a galvanometer-based 

rapid scanning optical delay line (RSOD). The scanning rate of the RSOD is 1 kHz, and the 

carrier frequency of the OCT signal is 500 kHz, which is generated by the lateral shift of the 

rapid scanning mirror in the delay line. The transverse image scanning is realized by the MEMS 

mirror inside the endoscopic probe. The interference signal is then detected by a balanced 

photodetector, captured by a data acquisition card, and processed by a computer. 

 

Figure 5-6. Schematic of the time-domain OCT system 

5.2.2 OCT Endoscope Design and Imaging Results 

A one-piece probe as shown in Figure 5-7 is designed for easy optical alignment and the 

convenience of providing electrical connection to the MEMS mirror. The light from the sample 

arm propagates through a single-mode fiber (Corning SMF-28). The jacket of the distal tip of the 

optical fiber is stripped off and the fiber is cut with an 8 degree angle at the end with an angled 

fiber cleaver (Cleaver MAX CI-08) to avoid 4% back reflection. A mechanical stop is used to fix 

the position of the fiber. The fiber is then connected to a GRIN lens with an optical UV glue to 

reduce the transmission loss caused by the index mismatch. The GRIN lens has a diameter of 

700 µm and a length of 1.95 mm; it is used to focus the optical beam on the sample. The MEMS 

mirror is used to realize transversal scanning. Gold wires are first bonded to the bonding pads on 
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the MEMS chip, and then the MEMS chip with the gold wires are assembled into the square 

pocket on the probe. The gold wires are connected to a small PCB board, which is connected to 

longer copper wires that come out of the probe from the backside slot, and connect to the control 

signals. After probe assembly is completed, the entire probe is inserted into a flexible, 

biocompatible, transparent fluorinated ethylene propylene (FEP) tube. To make the probe rigid, a 

wood stick with a long slot for wires is inserted into the FEP tube as well. The top and bottom of 

probe are both sealed with bio-compatible glues. After packaging, the outer diameter of the 

MEMS OCT probe is 5.8 mm. 

 

Figure 5-7. 3-D model and pictures of the OCT probe. A) 3-D model of the probe design, B) 
packaged 3-D MEMS OCT probe, C) close-up of the assembled MEMS OCT probe. 

The packaged probe has been used for in vivo imaging experiments. A female athymic 

(nu/nu) nude mouse with a body weight of 20 g to 26 g (Harlan Laboratories, Indianapolis, IN) 

was used in the experiment. The mouse was anesthetized by injecting ketamine (100 mg/kg) and 

xylazine (10 mg/kg) intraperitoneally. Both 2-D and 3-D images of mouse tongue and mouse ear 

have been obtained, as shown in Figure 5-8 and Figure 5-9, respectively. The 2-D images are 

obtained at 2.5 frames per second. The two MEMS actuators on the circumferential direction are 
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used for fast scanning, driven with 0~4V differential ramp voltage. And the other two MEMS 

actuators are used for slow scanning, driven with 0.5~3.5 V differential ramp voltage. This 

results in a 2.3 × 2.3 mm2 transverse area. Combined with the axial scanning of the RSOD, the 

volume of each 3-D image is 2.3 × 2.3×0.6 mm3.  

The 2-D OCT image shown in Figure 5-8 A) was acquired using the MEMS OCT probe at 

the base of mouse tongue. A stratified squamous keratinized epithelium (SSKE) and basement 

membrane (BM) corresponding to relatively strong signal band from the upper layers of the 

tissue structure were observed.  

 

Figure 5-8. 2-D and 3-D in vivo OCT images of mouse tongue. A) 2-D image of a mouse tongue. 
B) 3-D image of a mouse tongue. 

A 2-D OCT image of the mouse ear is shown in Figure 5-9 A). The ear thickness is about 

500 µm. The dermal structures and the subcutaneously adjacent layers were observed using the 

MEMS OCT probe in this experiment. The cartilage (C) of the ear was represented in the middle 

by the dark band and the dense conjunctive capsule (cc) with two bright layers put around the 

cartilage. The superficial epidermis (E) of the mouse ear was detected at the first and last of the 

mouse ear longitudinally. The lower and upper areas from the dense conjunctive capsule to 

epidermis, the dermis (D), were observed. Figure 5-9 B) shows the 3-D reconstruction image of 
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the ear. The results show that using MEMS based OCT probe is very promising in biomedical 

study.  

 

Figure 5-9. In vivo images of mouse ear. A) 2-D image of a mouse ear, B) 3-D image of a mouse 
ear. 

5.3 MEMS Microlens Scanners 

As discussed in Chapter 1, biomedical imaging techniques with cross-sectional imaging 

capabilities, such as optical coherence microscopy and confocal microscopy, require tunable 

microlenses capable of axial scan of the focal plane. Tunable ranges in order of 1 mm are desired 

for imaging deep into tissues. Liquid lenses with tunable focal length [122, 168] require large 

actuation voltages (>100V) and have slow response time (in seconds). Physically displacing 

microlenses by MEMS actuators are also investigated [54, 61]. Particularly, electrothermal 

actuation has advantages of much larger actuation range and smaller driving voltage than other 

methods such as electrostatic actuation in [61]. For instance, a large-vertical-displacement 

(LVD) electrothermal bimorph actuator with a 0.7-mm actuation range at 23 V was demonstrated 

[54], The novel lateral-shift- free (LSF) LVD actuator design presented in Chapter 3 solves the 

large lateral shift and tilting problems in [54]. However, the previous designs use polymer lenses 

formed by reflow at high temperature. Such polymer lenses have short lifetime for electrothermal 
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actuation. This section presents tunable microlenses with glass lenses assembled on a modified, 

more robust LSF-LVD actuator. 

5.3.1 New LSF-LVD Lens Scanner Design and Fabrication 

The LSF-LVD based lens scanner presented in Section 3.3 has some small tilting (~1º) of 

the mirror plate during the entire vertical scanning range. This tilting mainly comes from the 

fabrication variations that cause mismatches among the four actuators’ structural parameters, 

including the thickness and width of the Pt heaters and bimorph beams. This small tilting during 

the vertical actuation will cause aberration and is undesired for biomedical imaging.  

 

Figure 5-10. Lens holder by modified LSF-LVD actuator design. A) Top view layout, and B) a 
simplified 3-D model built in Intellisuite. 

A new design of an LSF-LVD based lens scanner is proposed to further minimize this 

tilting effect in the current design. As shown in Figure 5-10, instead of a four-actuator supported 

and point-anchored structure, the new design combines two sets of actuators at each side of the 

lens holder and uses a line-anchored bimorph along the lens holder edges. This is for the purpose 
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of better actuation stability with an easier control to minimize the residual lateral shift and tilting. 

The bimorph beams and frames are widened to gain a stiffer actuation for glass lenses. 

A combined surface/bulk-micromachining process similar to the process in section 3.3 is 

used for device fabrication. The BK7 glass microlenses are assembled to the MEMS lens holders 

by a UV-cured optical adhesive after the lens holders are released. Figure 5-11 shows the SEM 

pictures of fabricated devices including an unloaded lens holder and the lens holders with two 

types of glass lenses assembled. The device footprint is 3 by 3 mm and the initial elevation of the 

unloaded lens holder is about 1 mm. No obvious decrease of the elevation height was observed 

after both lenses were assembled. Table 5-1 lists the glass lens parameters.  

 

Figure 5-11. SEMs of fabricated lens scanners. A) LSF-LVD actuator, B) unloaded lens holder, 
C) assembled with lens A  and D) lens B. 
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Table 5-1. Glass lens parameters (1300nm wavelength). 
Type Diameter 

(mm) 
Focal Length 

(mm) 
NA Beam Width 

(μm) 
Depth of Focus 

(μm) 
Mass 
(mg) 

A 0.7 2 0.26 4.7 27 0.29 
B 1 3 0.25 5.0 30 1.97 
 
5.3.2 Experimental Results 

Figure 5-12 shows the measured DC response of the vertical displacements versus the 

applied voltages on the two actuators at both sides. Large displacements above 0.88 mm were 

obtained for both lenses at 3.75 V (~495 mW). Figure 5-13 shows the pictures of a lens B 

scanner being actuated at different voltages, and the microscopic images of a stack of 

transparency masks formed by the microlens using the same optical setup as presented in section 

3.3. Each layer of the three stacked transparency masks is 0.28-mm thick with the top layer being 

placed about 4.8 mm under the microlens. By actuating the lens scanner at different voltage 

levels, the three layers at different depths can be imaged.  

 

Figure 5-12. DC response of vertical displacement versus voltage 
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Figure 5-13. Pictures of lens B scanner and microscopic images of transparency masks formed 
by the lens at different actuation voltages. A) 0V, B) 2 V, and C) 3.5 V. 

 

Figure 5-14. Frequency responses of the unloaded lens holder, the lens scanners assembled with 
lens A and lens B. 

Figure 5-14 shows the measured frequency responses under voltages of 2 Vdc±0.4 Vac, 

the resonance frequencies of an unloaded lens holder, a lens A scanner and lens B scanner are 
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257 Hz, 158 Hz, and 79 Hz, respectively. There are small residual lateral shift and tilting during 

vertical actuation mainly due to some small differences among the bimorph actuators caused by 

process variations. The measured maximum lateral shift and tilting are about 28 μm and 1.5° 

with the same actuation voltage applied to both actuators for a lens B scanner. An optimized 

voltage ratio (OVR) for the lateral shift and tilting miniaturization can be experimentally 

obtained by using a position-sensitive detector to track the shift of the light beam that is refracted 

by the microlens. The lateral shift and tilting can be further minimized to below 7 µm and 0.38° 

for the entire 0.88 mm vertical actuation range. Figure 5-15 shows the measured tilting angles in 

both directions with and without the OVR. 

 

Figure 5-15. Tilting angles of a lens B scanner with and without the OVR 

5.4 MEMS Optical Phased Arrays 

Optical phased array (OPA) techniques have demonstrated a wide range of applications 

including spatial light modulation, wave-front control/shaping, beam steering/aiming and micro-
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displays [169]. Particularly, optical phased steering that enables revolutionary systems with 

random access pointing in free-space laser communication attracts the most research interests 

[170, 171]. A variety of technical approaches for optical phased steering have been extensively 

investigated [71, 169, 172-177]. The conventional approach is by liquid crystal technology, 

which usually has small aperture size, small steering angle and dispersion problems and needs to 

be combined with large angle step-steering approaches [169]. Other alternative methods include 

electrowetting [175], microlens array [176], vertical continuous OPA [177] and MEMS mirrors, 

among which MEMS mirrors are dispersion-free and polarization-invariant and have emerged as 

a promising steering option with a possible simultaneous phase control [71, 174].  

Early developed MEMS mirror arrays such as the Digital Light Processor (DLP) by Texas 

Instruments [75] and mirror arrays by Lucent for optical communications [178] are limited by 

the small steering range without phase control, and are based on thin-film structures with small 

segmented apertures. Therefore, large OPAs comprising a large amount of these small 

segmented mirrors are impractical due to the high complexity of mirror control electronics. TTP 

micromirrors based on single-crystal-silicon structures have also been demonstrated both by 

electrostatic and electrothermal actuations [65, 87, 88, 90, 91, 179, 180]. Electrostatic actuation 

is faster and consumes low power consumption, but is limited by its small actuation range and 

large actuation voltage. For example, a 4×4 TTP mirror array by electrostatic comb drives was 

presented by Milanoic et al., and about ±10° optical angle and ±24 μm piston at 150 V were 

obtained at with mirror sub-aperture size up to 0.8 mm [90]. Jung et al. also demonstrated a 3×3 

electrostatic TTP mirror array with 360 μm sub-aperture size and tip-tilt angles less than 2º and 

piston deflection of 70 nm at 160 V [179]. Another challenge for MEMS OPAs is the high fill-

factor. Electrostatic actuators usually occupy large area comparable to or even larger than mirror 
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aperture size. Therefore, dedicated wafer-bonding and assembly processes need to be employed 

to realize the high fill-factor as in [90] and [179]. On the other hand, as demonstrated in the 

previous chapters, electrothermal actuation provides much larger actuation range for large sub-

aperture sizes in mm scale at small driving voltages with much more compact actuator structures, 

so electrothermal actuation has potential to realize high-fill-factor large arrays by relatively 

simple and high yield surface micromachining. This section presents 4×4 electrothermal, TTP 

mirror arrays by the novel compact-folded, LSF-LVD actuator. A phase control experiment by 

using two adjacent mirrors on the mirror array is also presented for the optical phased steering 

proof-of-concept.  

5.4.1 Mirror Array Design and Fabrication 

The TTP mirror array uses the same LSF-LVD actuator design as in section 3.2. As shown 

in Figure 5-16, the rectangular mirror aperture is supported by four identical actuators on the 

mirror edges. The piston displacement is obtained by simultaneously driving the four actuators, 

while the tip-tilt scan in both orthogonal directions can be generated by alternatively driving the 

two opposite actuators in each direction. A similar surface and bulk-combined micromachining 

process as in section 3.2 can be used for the device fabrication. The process starts from surface 

micromachining of multilayer thin film deposition and etching steps to form the bimorphs, 

frames pattern and reflective coating of the mirror region. SOI wafers are employed and a 40 μm 

thick device layer is used to form the rigid frames and mirror plates. A Si DRIE is then 

performed from the backside to etch the bulk Si of SOI handling layer, the buried oxide layer 

works as an etch stop layer in this step so that the uniformity of the Si underneath the frames and 

mirror plates can be guaranteed. The devices are then finally released from the front-side by an 

anisotropic and an isotopic Si dry etch steps. In the last isotropic Si etch step, the width 
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difference of the bimorphs and frames allows the majority of Si to be remained underneath the 

frames when a complete Si undercut of the bimorphs has been reached.  

 

Figure 5-16. SEM pictures of TTP mirror arrays. A) Device Type A with 31% fill-factor, and B) 
Type B with 65% fill-factor. The insets show one sub-aperture and the details of an 
LSF-LVD actuator. 

Figure 5-16 shows the SEM pictures of two types of devices with different sub-aperture 

size and fill-factor. The structure parameters summarized in Table 5-2. By increasing the sub-

aperture size and decreasing the spacing between adjacent mirrors that is occupied by the 

actuators and the electrical wiring, the fill-factor is increased from 31% (Type A) to 65% (Type 

B). The mirror surface quality and fabrication uniformity of a Type B device is characterized by 

a Wyko NT9800 white light interferometer. The mirror’s radius of curvature is about 0.68 m 

with an average roughness of about 40 nm as shown in Figure5-17 C). The average initial 
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elevation of all the 16 sub-mirrors is 143 μm with a maximum difference of 2.6 μm and a 

standard deviation of 0.8 μm. The initial tilting angles are less than 0.1°.  

 

Figure 5-17. Mirror surface measurement of a Type B device by a Wyko NT9800 white light 
interferometer. A) The entire array, B) single mirror, and C) mirror surface 
deformation and roughness by a line scan. 

Table 5-2. Parameters of the fabricated mirror arrays 
Type Bimorph length 

(μm) 
Bimorph 

width (μm) 
Frame length 

(μm) 
Frame width 

(μm) 
Sub-aperture 

size (μm) 
Fill factor 

 
A 100,200,100 40 200, 200 62 500 31% 
B 100,200,100 28 200, 200 44 900 65% 
 
5.4.2 Device Characterization  

The static response of the piston displacement by applying the same voltage on all the four 

actuators was measured by an Olympus BX51 microscope and a QC200 geometry measuring 

system. As shown in Figure 5-18, a maximum piston displacement above 200 μm is obtained 

from both devices at less than 5 Vdc. Figure 5-18 A) shows a good repeatability between the 

forward and backward-driving of a device Type A after the burn-in process. The same device 

was also operated for 10 times of forward-driving and an average 1.3% difference of the 

measured piston displacements at same voltages was observed, which is believed to be due to the 

measurement errors and ambient temperature fluctuations. There are small residual lateral shift 
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and tilting of the mirror plate during the piston actuation. As shown in Figure 5-18 B), a Type B 

device was characterized with a maximum 4.2 μm lateral shift and tilting for the entire 202 μm 

piston actuation. The lateral shift and tilting are mainly due to the variations of the actuator 

structures developed in the fabrication process. A more uniform fabrication process can be 

employed to further minimize the lateral shift and tilting.  

 

Figure 5-18. Piston actuation DC response of the TTP mirror arrays. A) Piston displacement 
versus the applied voltage of both devices; B) lateral shift and tilting angle versus 
applied voltage of a Type B device. 

 

Figure 5-19. Tip-tilt actuation DC response of the TTP mirror arrays. A) Device Type A , and B) 
Type B. 
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The tip-tilt scan by exciting individual actuator are measured using an experimental setup 

with a He-Ne laser incident on the MEMS mirror and a screen to track the pointing position of 

the reflected beam. Figure 5-19 shows the measured results for both devices. Maximum tip-tilt 

angles (optical angle) of about 64° (±32°) and 36° (±18°) in both orthogonal directions are 

obtained by the Type A and Type B device respectively. The tip-tile angle is generated by the 

elevation difference of opposite actuators, and thus is directly related to the achievable piston 

displacement of the actuator and the distance between the two opposite actuators, i.e., the mirror 

aperture size.  

The frequency .responses of both piston and tip-tilt mode have been characterized. The 

same experimental setup for the DC response measurement was used to measure the tip-tilt 

frequency response, and a position-sensitive detector (PSD) was employed for the piston motion 

measurement due to the small deflection of the reflected beam by the piston motion. The 

resonance frequencies of the piston and tip-tilt scan modes are 1.334 KHz, 3.147  KHz, and 785 

Hz, 1.185 KHz for Type A and Type B devices respectively. Figure 5-20 shows the measured 

frequency response of a Type B device at a voltage of 2Vdc+0.5Vac on all the four actuators for 

piston mode as in A), and a same voltage with 180° phase difference of the ac signal on two 

opposite actuators for the tip-tilt scan mode as in B). Both plots in Figure 5-20 show that the scan 

range drops at low frequency before the mechanical resonance due to the decay of thermal 

actuation, and a 3-dB cut-off frequency about 42 Hz has been observed for the Type B device. 

The thermal decay is also presented by the transient response of the tip-tilt scan with single 

actuator excited. As shown in Figure 5-21,  both devices show an under-damped mechanical 

response combined with a thermal delay, the thermal response time (90% rising) for the Type A 

and Type B devices are about 30 ms and 12 ms respectively. The faster thermal response of Type 
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B device is due to its smaller thermal time constant, to which smaller thermal capacitance and 

resistance both contribute. The actuator’s smaller thermal capacitance is due to the less amount 

of Si underneath the narrower actuator frames, and the smaller thermal resistance is obtained by 

the actuator’s better thermal contact to the device substrate with the additional Al metal layer at 

the junction. 

 

Figure 5-20. Frequency responses of Type B TTP mirror array. A) Piston actuation, and B) tip-
tilt actuation. 

 

Figure 5-21. Transient responses of TTP mirror arrays. A) Device Type A, and B) Type B. 
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5.4.3 Phase Control Experiment  

To demonstrate the phase control capability by the mirror’s piston motion, a Fraunhofer 

diffraction experiment is performed using two adjacent sub-mirrors on the mirror array (Type B). 

Figure 5-22 illustrates the schematic of the experiment.  

 

Figure 5-22. Schematics of phase control experiments. A) Classical Fraunhofer diffraction by 
two mirrors, and B) phase control of one mirror. 

A He-Ne laser light source is first expanded by a 10× objective lens collimated by a 

collimating lens, and then illuminated on the whole mirror array. iθ  is the incident angle of the 

light beam and dθ  denotes the diffraction angle. The classical diffracted amplitude by two 

rectangular mirrors (in X direction) can be written as: [181] 
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In our experiment, as shown in Figure 5-21 B), a small tilt angle between the two mirrors 

is needed to form the coincidence of the two diffracted beam on the screen, resulting in an 

additional phase shift tφ . Therefore, to recover the classical diffraction pattern, a phase 

compensation pφ by the mirror’s piston motion is needed. In this case, Equation 5-1 is rewritten 

as following, with pt φφφ += : 

dx
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Figure 5-23. Intensity profiles of the diffraction patterns by phase control of the TTP mirror array. 
A) Calculated and B) measured results with πφ 2⋅= N ,  C) calculated and D) 
measured results with πφ ⋅+= )12( N ,  and E) a comparison of both experimental 
and theoretical results with πφ 2⋅= N . 
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The classical diffraction pattern can be recovered only at πφ 2⋅= N , in which N is an 

integer. Figure 5-23 shows the calculated results (in two dimensions) of both πφ 2⋅= N   and 

π⋅+ )12( N , with the corresponding experimental results obtained by controlling the phase of 

one mirror. 

5.5 Large-Aperture MEMS Mirror for Free-Space Optical Communications 

Free-space optics (FSO) has been extensively investigated for applications in space (inter-

satellite) and terrestrial (inter-buildings) optical communications. Compared to optical fibers, 

FSO is much more versatile, and it is portable and can be easily installed in cities where 

installation of optical fibers is almost impossible by cost and logistics [182, 183]. Compared to 

RF communications, FSO is more secure and has much higher bandwidth and no spectrum 

license issues.  

There are a few challenges to FSO laser communications. One of the challenges is the 

beam divergence in free space. In order to maintain high fidelity point-to-point communication, 

the laser spot size needs to be small even after the laser beam propagates a long distance. 

Typically, beam divergences in μrad and sub-mrad ranges are desired for space and terrestrial 

applications, respectively. Since the beam divergence angle is inversely proportional to the 

optical aperture size, large transmitter apertures, typically in at least centimeter ranges, are 

required.  

FSO systems using electrostatically-actuated MEMS mirrors and corner-cube 

retroreflectors have been reported [184-186]. However, their aperture sizes are limited to the 

sub-millimeter range and require complicated fabrication and delicate assembling. 

Electrothermal bimorph actuation, on the other hand, has the capability of achieving large 
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aperture and large scan range simultaneously. In this section, electothermally-actuated MEMS 

mirror design with large aperture size up to 10 mm is presented. 

5.5.1 Large-Aperture Mirror Design and Fabrication  

The MEMS mirrors are based on a lateral-shift-free (LSF) large-vertical-displacement 

(LVD) electrothermal actuator design previously presented. As shown in Figure 5-24, the mirror 

plate is symmetrically supported by a series of LSF-LVD actuators at two opposite edges. The 

initial elevation of the mirror plate is over 0.5 mm, which provides sufficient room for large tip-

tilt scan motions even for large mirror plates. The initial elevation is due to the residual stress of 

the bimorphs after device release.  

 

Figure 5-24. SEMs of fabricated large-aperture micromirrors. A-B) LSF-LVD actuators, C) a 6-
mm MEMS mirror, and D) a 10-mm MEMS mirror. 
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Figure 5-24 A) and B) show the details of the LSF-LVD actuator structure which is 

composed of five folded segments including three Al/SiO2 bimorph beams with embedded Pt 

heaters and two Si-supported rigid frames. The lengths of the five segments are properly 

designed to ensure zero lateral shift and tilting for the mirror plate during vertical actuation. A 

vertical motion and a tip-tilt motion can be obtained by simultaneously and alternatively driving 

the opposite actuators, respectively. The devices are fabricated by the same process in section 

5.4.1 using an SOI wafer with the device layer thickness of 45 μm to form the mirror plate (Al 

coated) and the rigid frames. Two types of devices have been fabricated with mirror sizes of 6 

mm and 10 mm, supported by 56 and 96 actuators respectively. The quality of the mirror surface 

has been measured by a Wyko NT100 white light profilometer; the radius curvature is about 0.69 

m and the average roughness is about 40 nm. 

5.5.2 Device Characterization  

The devices are characterized in terms of DC and frequency response. Figure 5-25 shows 

the measured DC responses of both 6-mm and 10-mm mirrors. Over half millimeter vertical scan 

can be obtained by simultaneously driving the opposite actuators at 7 V, as shown in Figure 5-25 

A). Figure 5-25-B) shows the 1-D optical scan angles above 15° and 10° are achieved by the tip-

tilt mode for the 6-mm and 10-mm mirrors, at power of 879 mW and 1.44 W, respectively. 

Figure 5-25 C) and D) are the microscopic pictures of a 10-mm mirror being actuated at different 

tip-tilt position.  

The frequency responses of the tip-tilt mode are measured by a position-sensitive detector 

with swept frequencies at applied voltage of 3Vdc±0.5Vac. As shown in Figure 5-26, two 

resonance peaks at 178 Hz and 306 Hz for a 6-mm mirror, and 148 Hz and 234 Hz for a 10-mm 

mirror are observed. Both devices have a transient response of about 30 ms (90% rising time).  
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Figure 5-25. Measured DC responses of large-aperture micromirrors. A) Vertical displacement 
versus applied voltage simultaneously on all actuators, B) tip-tilt angle versus applied 
voltage on actuators at each side, C) and D): microscopic pictures of a 10 mm mirror 
at different tip-tilt angles. 

 

Figure 5-26. Measured frequency responses of both 6-mm and 10-mm large-aperture mirrors 
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An optical experiment has been performed to characterize the beam propagation profile. A 

He-Ne laser, expanded using a 10× objective lens, is incident on the MEMS mirrors with a beam 

size of about 5 mm. A collimating lens between the MEMS mirror and the objective lens is used 

to compensate the curvature of the MEMS mirror and collimate the outgoing beam. Figure 5-27 

compares the results of a 1-mm and 6-mm MEMS mirror both of which have the same radius 

curvature. As shown in Figure 5-27, the output beam from the 1-mm mirror diverges much faster 

than the 6-mm one. The measured divergence angles are respectively about 2.1 mrad and 

0.53 mrad for the 1-mm and 6-mm mirrors. The 10-mm mirror has a divergence similar to that of 

the 6-mm mirror due to the 5-mm incident beam size. 

 
Figure 5-27. Pictures and intensity profiles of the reflected beams (incident beam size ~5 mm) by 

micromirrors with different aperture sizes. A) A 1-mm micromirror, and B) a 6-mm 
micromirror at distances of 2 m (i), 3.5 m (ii), and 7 m (iii), respectively. 
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5.6 MEMS-based Miniature Fourier Transform Spectrometer  

5.6.1 Fourier Transform Spectrometer (FTS) System  

Infrared spectroscopy has been a mature technique for material analysis over 70 years of 

development [187]. It is well known that each material has its unique IR absorption peaks that 

correspond to the vibration frequencies between bonds of atoms making up the material. 

Therefore, the spectrum of a broadband infrared light passing through a sample represents the 

fingerprints of every different kind of material in the sample. In addition, the absorption peak 

values directly indicate the amount of materials present. This makes IR spectroscopy an excellent 

tool for quantitative analysis. The early infrared spectroscopy was mainly based on dispersive or 

filter methods which use a monochromator to produce an infrared spectrum one pixel element at 

a time [187]. Based on a Michelson interferometer, Fourier transform infrared spectroscopy 

(FTIR) was first introduced by Fellgett [188] in 1949, but it was not until the late 1960s when 

microcomputers were capable of performing fast Fourier transform, that FTIR spectroscopy 

became popular in research labs [189]. 

 

Figure 5-28. A simplified schematic of an FTIR spectrometer (sample chamber doesn’t show)  

Figure 5-28 is a simplified schematic that explains the FTIR working principle. It’s 

basically a Michelson interferometer with a movable mirror in one optical path. Light from the 
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source is split into two beams by the beam splitter: one reflected to a fixed mirror and one to the 

movable mirror which moves around the zero path difference (ZPD) point and generates the 

optical path difference. The beams interfere when they meet back at the beam splitter. As the 

moving mirror scans back and forth, the detector observes the cosine interferogram with bright 

and dark bands corresponding to partial and total constructive and destructive interference in the 

detected output beam. The infrared light source is polychromatic with a broad range of 

wavelengths, so the resulted interferogram represents the sum of all cosine waves generated by 

each individual infrared wavelength. The frequency and intensity of each cosine wave in the 

interferogram can be resolved by performing the Fourier transform, which converts the measured 

intensity-versus-mirror-displacement signal, i,e., an interferogram, into a plot of intensity versus 

wavelength, i.e., a spectrum.  

FTIR spectroscopy is much more effective and preferred over the dispersive or filter 

methods for infrared spectral analysis. A major advantage of FTIR is the multiplex advantage 

(Fellgett's advantage), that is, every data point in the interferogram containing the information of 

each frequency in the entire band so it is much more efficient than separating and measuring 

individual frequency as in the dispersive method. Other advantages include the throughput 

advantage (Jacquinot’s advantage) due to the enhanced light gathering capability by the larger 

aperture size instrument, frequency precision (Conne's advantage), and speed advantage, etc. 

[187]. High resolution and high sensitivity as well as much faster measuring speed can be easily 

achieved. In addition, the setup is relatively simple since there is only one moving part. FTIR 

spectrometers have been widely used as a highly effective tool of spectral and material analysis 

in areas of chemical analysis, environmental safety, biohazard detection, planetary geology and 

space exploration [190-193].  
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5.6.2 MEMS-based Miniature FTS 

The conventional FTS systems are bulky and expensive due to the macro-sized instruments 

used for the translatory scanning and precise position monitoring and tilting control of the 

movable mirror. For instance, the world’s smallest commercial FTIR spectrometer claimed by 

the Bruker Optics [194], still measures about 22 cm by 30 cm in space (about 8“ by 11“) and 

weighs about 7 kg (about 13 lbs). This limits the current FTIR analysis mostly on a bench-top 

experimental set-up. There are compelling needs for low cost, compact and portable FTIR 

system, for example, the realization of small portable sensor solutions for industry applications 

such as color measurement and in-situ process control. Also for space applications minimizing 

system weight and size is very crucial. The key component of an FTIR system that limits its 

miniaturization is the macro-sized scanning mechanism used for the movable mirror. 

MEMS technology has provided great potential for device and system miniaturization in a 

variety of areas. Researches investigating the FTIR system miniaturization by using MEMS 

technology have also begun recently [195-198]. For instance, Manzarda et al. demonstrated a 

translatory moving micromirror driven by push-pull electrostatic actuators that can generate an 

80 μm displacement with a spectral resolution of 5.2 nm at 633 nm achieved [195]. Solf et al. 

reported an electromagnetic driven mirror with a scanning range of about 54 μm and obtained a 

24.5 nm resolution at 1544 nm  [196]. A silicon optical bench FTIR system recently reported by 

Yu et al. [197] used an electrostatic comb drive actuator similar to [195] achieved a maximum 

mirror scanning range of about 50 μm with a 50 nm resolution for 1580 nm input wavelength. 

However, there is a common resolution limitation involved in the above designs. The minimum 

spectral resolution of a FTIR spectrometer is approximately given by L/2λ , where λ  is the input 

wavelength and L is the maximum optical path difference (OPD) generated by the movable 
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mirror [187]. The resolution can also be equivalently defined by wavenumber to make it 

independent of input wavelength; in this case, the minimum resolution in wavenumber is 

approximately equal to 1/L. As can be seen in the above mentioned work, the spectral resolution 

is strongly limited by the small achievable OPD, i.e., by the small scan range of the actuators 

used for driving the MEMS mirrors. Larger scan range of ±100 μm by electrostatic actuator with 

about 25 cm-1 resolution has been reported more recently in [198], but the device needs to be 

operated in vacuum which sacrifices the cost-efficiency and compactness of the system. 

5.6.3 LSF-LVD MEMS mirror for Miniature FTS 

As demonstrated in Chapter 3, a MEMS mirror with large vertical displacements of over 

half a millimeter has been realized by a novel LSF-LVD electrothermal actuator design. This 

MEMS mirror has great potential to be used as the translatory scanning mirror for a miniature 

FTS system.  

A new LSF-LVD actuator design, which is the same as for the glass lens scanner in section 

5.3, is used for the large translatory scan MEMS mirror. As shown in Figure 5-29, the LSF-LVD 

actuator consists of two rigid frames and three Al/SiO2 bimorph beams connected in series for 

tilting and lateral shift compensation. The mirror plate (Al coating on a Si layer) is supported by 

two LVD actuators at the opposite edges. Each actuator consists of two pairs of LSF-LVD 

actuators that connect with each other by a rigid frame and shares the third bimorph beams. The 

third bimorph beams connect all along the mirror edges to minimize the tilting during the vertical 

actuation. The bimorph beams curl upward after release resulting in an initially-elevated mirror 

rest position. With electrothermal actuation on the embedded Pt heater the bimorphs bend 

downward due to different thermal expansion of Al and SiO2 and a net vertical displacement of 

the mirror plate can be obtained. The MEMS mirror is fabricated using the same process as for 
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the lens scanner. Figure 5-29 shows an SEM of a fabricated device with a mirror size of 1.8 

mm×1.6 mm.  

 

Figure 5-29. SEM pictures of LVD micromirror. A) LVD micromirror, B) the LSF-LVD actuator, 
and C) a packaged device with a US dime. 

5.6.4 Device Characterization and FTS Experiment 

The MEMS mirror demonstrated a maximum vertical displacement about 1mm at 4 V DC 

voltage applied on both actuators as in Figure 5-30 A). A maximum tilting angle (MTA) of about 

2.5º has been observed. The tilting is mainly due to the fabrication mismatch of the heater 

electrical resistances and the two actuator structures.  

To minimize the tilting, the two actuators need to be driven separately and an optimum 

voltage ratio between the two driving voltages needs to be experimentally characterized. A PSD 

is employed to measure the tilting angle. During the mirror actuation, the PSD detects the shift of 

the reflected light beam that is normally incident on the MEMS mirror (after being reflected by 

the beam splitter) and the tilting angle can be calculated accordingly. Figure 5-31 shows an MTA 
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of 0.55º with a ramp driving voltage of 0.45 - 1.32 V on both actuators. With one actuation 

voltage being adjusted to 0.45-1.25 V the MTA is minimized to 0.06º. 

 

Figure 5-30. DC response of LVD micromirror. A) Vertical displacement and tilting angle versus 
actuation voltage, B) microscopic pictures of a packaged device actuated at 0 V (i), 
2V (ii) and 3.5V (iii). 

 

Figure 5-31. Tilting angles measured by a PSD with same voltage on both actuators and 
minimized tilting angle at optimum voltage ratio. 
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Figure 5-32. MEMS-based FTS set-up. A) Simplified block diagram of a FTS system, B) 
experimental set-up of the MEMS mirror based FTS. LS: Light source. BS: Beam 
splitter. PD: Photo detector. FM: Fixed mirror. MM: MEMS mirror. 

 

Figure 5-33. Interferogram of a He-Ne laser by actuation voltages of 0.45-1.25 V and 0.45-1.32 
V on the two actuators respectively. Insets showing the mirror’s deceleration and 
acceleration range and a uniform mirror velocity range. 

The experimental set-up of the MEMS mirror based FTS is shown in Figure 5-32. A He-

Ne laser is used for the spectroscopy measurement experiment. Figure5-33 shows the 

interferograms obtained by ramp waveforms of 0.45 - 1.25 V and 0.45 - 1.32 V at 0.5 Hz on two 

actuators respectively.  

The obtained interferogram gives the interference signal in time domain. However, direct 

correlation of the interferogram in time domain to the optical path difference (OPD) is not 

applicable due to the non-uniformity of the mirror velocity for the entire actuation range. 
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Therefore the data has to be re-sampled to account for the scanning non-uniformity. Phase 

correction, adaptive digital filtering and polynomial interpolation methods have been used 

previously to resample the data linearly with OPD [199, 200]. A slightly different approach is 

used for the non-uniform mirror velocity calibration. The raw interferogram data is first over-

sampled using interpolation. The fringe maxima and minima are then found, and equally spaced 

sample points are selected between each fringe maximum and minimum. Since the spacing of the 

consecutive points between each maximum and minimum is equal, the non-uniformity of the 

mirror velocity is corrected by this method. These sample points can be used to calibrate the 

spectrometer, by using a light source with known wavelength, e.g., a He-Ne laser. The 

calibration results can be applied to an interferogram for unknown wavelength by re-sampling it 

with the calibration sample points.  

As shown in Figure 5-34, spectral resolutions of 71.4 cm-1 and 19.2 cm-1 were obtained by 

MEMS mirror actuation ranges of about 70 μm and 261 μm (with OPD of 140 μm and 522 μm) 

respectively. Table 5-3 lists the mirror scan ranges and the resulting spectral resolutions by 

different actuation voltages. 

 

Figure 5-34. Spectra of He-Ne laser obtained by MEMS-based FTS with different spectral 
resolutions. A) 71.4 cm-1 and B) 19.2 cm-1. (Note: voltages listed in Table 5-3) 

A B 



 

163 

Table 5-3. MEMS mirror scan ranges, tilting angles and spectral resolutions at different driving 
voltages 

Actuation voltage (V) Maximum tilting 
angle (degree) 

Mirror scan range 
(μm) 

Spectral resolution 
(cm-1) 

0.45-1.32 0.55   
0.45-1.25/1.32 0.06 70 71.4 
0.45-2.25 1.41   
0.45-2.04/2.25 0.22 261 19.2 
 
5.6.5 Mirror-Tilt-Insensitive FTS System 

The conventional FTS system is very sensitive to the mirror tilting during its translatory 

scan. For MEMS mirrors, tilting during large-range scanning is almost inevitable. As presented 

in the previous section, although the MEMS mirror has large translatory scan range close to 1 

mm, the useful range with good interference signals is only limited to about 260 μm. One 

possible solution is to modify the FTS setup and make it less sensitive to the tilting of MEMS 

mirror. A novel mirror-tilt-insensitive (MTI) FTS using the dual-reflective LVD MEMS mirror 

and a corner-cube retroreflector is proposed to compensate the small tilting of the MEMS mirror. 

5.6.5.1 MTI-FTS setup 

Figure 5-35 shows the MTI-FTS concept. The core of the system is a Michelson 

interferometer in which both light beams from the beam splitter are directed to the dual-reflective 

MEMS mirror. There are one corner-cube retroreflector and one fixed mirror in the two arms of 

the interferometer, respectively. At the rest position, the MEMS mirror is placed at the zero OPD 

point. With the actuation of the MEMS mirror the OPD of the two sub-arms can be generated 

and interferograms can be detected by a photodetector. The tilting of the scanning mirror is 

compensated by taking the advantages of the dual reflections of the MEMS mirror and the 

retroreflector whose reflected light beam is always parallel to the incident beam. When there is a 

tilting of the MEMS mirror in any direction, both light beams will bounce off the MEMS mirror 

with the equal but opposite tilting. Due to the right-angle arrangement of the corner-cube, the 
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returning light beam will be shifted to the opposite direction. Therefore the two returning light 

beams will have the same amount of shift at the same direction when propagating back to the 

beam splitter. Note that the coincident beams do move laterally on the photodetector. So the 

active area of the photodetector should be sufficiently large. A simulation for a 1° tilt is shown in 

B), which verifies this tilt compensation concept. Therefore the interferogram detected by the 

photodetector will not be affected by the mirror tilting.  

 

Figure 5-35. MTI-FTS system. A) Schematic of the MTI-FTS set-up, B) simulation showing the 
tilting compensation (by FRED), C) a photo of the MTI-FTS demonstration setup. 
CCR: Corner-cube retroreflector. PD: Photodetector. BS: Beam splitter. MM: MEMS 
micromirror. FM: Fixed mirror. LS: Light source. 
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Another advantage of this MTI-FTS is that the equivalent OPD is four times of the 

physical scan range of the MEMS mirror, which is doubled compared to a conventional FTS so 

that the spectral resolution can be further enhanced. Figure 5-35 C) shows a picture of the 

experimental setup that measures about 12×5×5 cm3. Smaller dimensions can be obtained by 

further reducing the sizes of the components such as the beam splitter and retroreflector. 

5.6.5.2 Experimental results 

The same fabrication process presented in section 4.2.2 is used to achieve the dual-

reflective surfaces for the MEMS mirror. The MEMS mirror has been characterized in terms of 

vertical displacements and tilting angles at both DC and AC actuation, and similar results as the 

original device in subsection 5.6.4 are obtained. As shown in Figure 5-36 A), a maximum 

vertical displacement over 1 mm has been obtained at small driving voltages of less than 5 V 

with a good linear actuation range of about 0.6 mm (from 1.2 V to 3 V).  

 

Figure 5-36. Dual-reflective LVD MEMS mirror characterization. A) DC response of vertical 
displacement and tilting angle versus applied voltage, and B) AC response of tilting 
angles in two directions. 

A maximum tilting angle of 1.7º has been observed in X direction (as labeled in Figure 5-

30). The tilting angle is mainly due to the fabrication mismatch on the two actuators such as the 
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thickness of bimorph beams, non-uniformity of Si undercut of the frames and the mirror edges. 

The tilting angle during AC actuation (as in Figure 5-36 B)) is also characterized by using the 

MTI-FTS setup with the photodetector replaced by a position-sensitive detector (PSD). The PSD 

detects the lateral shift of the light beams reflected by the MEMS mirror and the tilting angle can 

be calculated accordingly.  

FTS experiments were performed using a He-Ne laser on a conventional Michelson 

interferometer based FTS and the MTI-FTS by the same MEMS mirror. The MEMS mirror was 

scanning vertically by 0.4 mm at 0.1 Hz. Figure 5-37 A) shows the interferogram obtained from 

a conventional FTS, which was greatly impaired by the tilting of the MEMS mirror. The 

interference signal is detected only at small driving voltages of each driving cycle, where the 

tilting angle is very small. As a comparison, the MTI-FTS is much less sensitive to the mirror 

tilting and gives good interference signals in the entire cycle by the same mirror actuation as in 

Figure 5-37 B).  

 

Figure 5-37. Interferograms of the He-Ne laser. A) by a conventional FTS setup, B) by a MTI-
FTS setup, with micromirror actuation C) at a ramp voltage from 1.2V to 2.5V at 
0.1Hz. 
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Figure 5-38. Spectra of He-Ne laser obtained by the MTI-FTS system with MEMS mirror being 
actuated at different ramp waveforms. A) at 1.2V to 2V and B) at 1.2V to 2.5V 
respectively. Inset compares the resolutions of 19.2 cm-1 and 8.1 cm-1. 

Figure 5-38 shows the spectra of a He-Ne laser obtained at different mirror scan ranges 

after the calibration of non-uniform mirror scan. Spectral resolutions of 19.2 cm-1 and 8.1 cm-1 

were obtained by the mirror actuation ranges of about 131 μm and 308 μm, corresponding to the 

OPD of 522 μm and 1.23 mm, respectively. 

5.7 Summary  

This chapter presents the applications of the developed MEMS optical scanners. 2-D 

scanning endoscope designs based on the new LSF-LVD micromirror for nonlinear optical and 

OCT imaging are developed and in vivo 3-D images are successfully obtained. The potentials in 

other applications have also been investigated. Glass lens scanners by a modified LSF-LVD 

actuator design demonstrate large vertical scan range of about 0.9 mm with small tilting angle 

less than 0.4º. TTP mirror arrays with about 200 μm piston motion and 36º tip-tilt scan with a 

fill-factor of 65% are presented for optical phased array applications. An LSF-LVD based 

MEMS mirror with an aperture size as large as 10 mm demonstrates the great potential for free-

space optical communications. Finally, prototypes of novel miniature FTS systems utilizing the 

A B 
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LSF-LVD based MEMS mirror are demonstrated. A novel mirror-tilt-insensitive FTS system is 

combined with a dual-reflective MEMS mirror and high spectrum resolution up to 8.1 cm-1 is 

achieved. 
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CHAPTER 6 
CONCLUSION AND FUTURE WORK  

As presented in Chapter 1, this research effort has been following the main objective of the 

research project -- the development of new MEMS optical scanners and the MEMS-based 

endoscopes for biomedical imaging applications.  

First, a novel LSF-LVD electrothermal actuator design is presented. The new design 

successfully solves the problems of large lateral shift, large initial tilting angle, and low fill 

factor of previous hinged-bimorph designs. Versatile optical scanners for in vivo biomedical 

imaging based on the novel actuator design have been developed, including a high-fill-factor 

TTP MEMS mirror for 2-D lateral scan and large vertical lens scanners for axial scan. Imaging 

endoscopes employing the 2-D MEMS mirrors have been developed and 3-D in vivo imaging 

results are successfully obtained for both nonlinear optical and OCT imaging. 

Second, a new full-circumferential scanning (FCS) imaging endoscope design is proposed 

and developed for internal organ imaging applications. The FCS endoscope uses dual-reflective 

1-D mirror that can be fabricated by a novel self-aligned deep trench process. A dual-folded-

bimorph (DFB) actuator is designed and the fabricated device successfully solves a series of 

problems of the hinged-bimorph design. It has achieved fast thermal response that enables full-

circumferential scan range at real time imaging speed; the mirror plate has zero initial tilting and 

zero initial elevation as well as a stationary rotation axis along the mirror center. A similar self-

aligned deep trench process is also developed for light-weight large- aperture MEMS mirrors.  

Last, the versatile MEMS optical scanners based on the new actuator designs open up great 

opportunities in many other applications, which are also explored in this research effort. Such 

investigations include the TTP mirror array for optical phased array applications, large-aperture 
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size MEMS mirror for free-space optical communications, and the large vertical scan MEMS 

mirror for miniature FTS systems.   

6.1 Research Accomplishments  

The following tasks have been accomplished in this research effort: 

1. A novel LSF-LVD actuator has been designed and it solves the large lateral shift and 
large initial tilting angle problem in the previous LVD and translatory optical scanners. 

2. Versatile optical scanners have been fabricated based on this new LSF-LVD actuator 
design. TTP MEMS mirrors demonstrates large piston scan above 600 μm and tip-tilt 
scan above ±60º at small driving voltages less than 5 V. Optimized thermal design 
achieves fast thermal response with cut-off frequency up to 78 Hz.  

3. LSF-LVD based lens scanners with integrated polymer and glass lenses are 
demonstrated. The glass lens scanner achieves about 0.8 mm vertical scan of the focal 
plane at the driving voltage smaller than 5 V, with small tilting angle less than 0.4º.  

4. A 5 mm diameter imaging endoscope for nonlinear optical imaging is developed 
utilizing the LSF-LVD based 2-D MEMS mirror with a high fill-factor of 25%. 3-D 
nonlinear optical imaging with depth scan of 0.175 mm and resolution around 10 μm 
is achieved. 

5. A 5.8 mm diameter imaging endoscope using the same 2-D MEMS mirror for a time-
domain OCT system is developed. In vivo imaging with 3-D reconstruction of a 
2.3 × 2.3×0.6 mm3 volume at the axial and lateral resolutions about 10 μm and 6 μm 
are demonstrated. 

6. A novel self-aligned deep trench process is developed and dual-reflective MEMS 
mirrors are fabricated for FCS imaging. A similar process is also used to fabricate 
light-weight and large-aperture MEMS mirrors. Device with a mass reduction up to 
82.3% is fabricated and significant improvement on the device’s mechanical stiffness 
has been achieved. 

7. A novel DFB actuator is designed for FCS mirrors. The fabricated device 
demonstrates over 90º mechanical rotation angle at real-time imaging speed above 60 
Hz. The new design solves the problems of large initial mirror tilting and elevation, 
and achieves a stationary rotation axis along the mirror center.  

8. 4×4 TTP mirror arrays have been developed and about 200 μm piston, 36º tip-tilt scan 
and fill-factor of 65% with large sub-aperture size of 0.9 mm are obtained, the 
potential for optical phased array applications are also demonstrated.  

9. LSF-LVD based MEMS mirrors with aperture size as large as 10 mm for free-space 
optical communications are presented. Piston scan above 0.5 mm and 1-D scan above 
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10º optical angles with resonance in the order of 100 Hz are achieved. Due to the large 
aperture size, divergence angles as small as 0.5 mrad have been obtained.  

10.  Prototypes of novel miniature FTS systems utilizing the LSF-LVD based MEMS 
mirror are demonstrated. A novel mirror-tilt-insensitive FTS system is combined with 
a dual-reflective MEMS mirror and high spectrum resolution up to 8.1 cm-1 is 
achieved. 

6.2 Future Work  

The versatile MEMS optical scanners and imaging endoscopes developed in this research 

effort have realized the intended in vivo biomedical endoscopoic imaging applications, and 

demonstrated great potentials in other applications as well. The following research efforts are 

suggested for future work. 

1. For reliable clinical usage of the MEMS-based imaging endoscopes, the device 
reliability such as long-term reliability and repeatability, and sustainability to external 
shock needs to be studied. Experiments and optimization on actuator structures and 
material and process variations are suggested for the investigation.  

2. The LVD lens scanners and FCS MEMS mirrors are ready for the integration into 
imaging endoscopes, which need to be developed for confocal microscopy, OCM and 
FCS imaging applications. 

3. The fabricated light-weight MEMS mirrors have poor surface quality due to the 
thermal stress of the single layer Al thin film. Multi-layer thin film structure with 
stress compensation needs to be investigated to improve the mirror surface quality.  

4. The fill-factor of the TTP mirror arrays is still limited. A new process needs to be 
developed to hide the actuators therefore to achieve higher fill factor. 

5. Large-aperture MEMS mirrors need further investigations for larger range and more 
versatile scan capability. Experiments are needed to verify their application for free-
space optical communications. 

6. To further verify the miniature FTS applications, experiments with broadband light 
sources need to be investigated and more efficient data processing methods need to be 
developed. Compact and portable packages are also needed.  
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APPENDIX 
PUBLICATIONS AND PROVISONAL PATENTS GENERATED BY THIS RESEARCH 

EFFORT  

The following is a list of archival journal (J), conference (C) publications and provisional 

patents (P) generated from the accomplished research effort.  

Full-Circumferential  Scanning (FCS) MEMS mirrors: 

J1: L. Wu and H. Xie, “A 124 degree rotation angle electrothermal micromirror with 
integrated platinum heater," IEEE Journal of Selected Topics in Quantum Electronics, 
vol. 13-2, pp. 316 - 321, Apr. 2007. 

J2: L. Wu and H. Xie, “An electrothermal micromirror with dual-reflective surfaces for 
circumferential scanning endoscopic imaging,” Journal of Micro/nanolithography, 
MEMS and MOEMS, Vol. 8, No.1, 013030, 2009. 

C1:L. Wu and H. Xie, "A large rotation angle electrothermal micromirror with integrated 
platinum heater," presented at the 2006 IEEE/LEOS International Conference on 
Optical MEMS, Big Sky, MT, Aug. 2006. 

C2: K.S. Lee, L. Wu, H. Xie, O. Ilegbusi, M. Costa and J.P. Rolland, "A 5-mm catheter for 
constant resolution probing in Fourier domain optical coherence endoscopy," presented 
at the Photonics West 2007, San Jose, Mar. 2007. 

C3: L. Wu and H. Xie, “A dual-reflective electrothermal MEMS micromirror for full-
circumferential scanning endoscopic imaging,” presented at the Photonics West 2008, 
San Jose, Jan. 2008. 

C4: L. Wu and H. Xie, "A scanning micromirror with stationary rotation axis and dual-
reflective surfaces for 360º forward-view endoscopic imaging," presented at the15th 
IEEE International Conference on Solid-State Sensors, Actuators and Microsystems 
(Transducers '09), Denver, CO, Jun. 2009. 

Lateral-Shift-Free (LSF) Large-Vertical-Displacement (LVD) actuator: 

J3: L. Wu and H. Xie, "A large vertical displacement electrothermal bimorph 
microactuator with very small lateral shift," Sensors and Actuators A, vol 145-146, pp: 
371-379, Jul.-Aug. 2008. 

C5:L. Wu and H. Xie, “A large vertical displacement electrothermal bimorph 
micromirror/lens," presented at the14th IEEE International Conference on Solid-State 
Sensors, Actuators and Microsystems (Transducers '07), Lyon, France, Jun. 2007. 

P1: L. Wu and H. Xie, “Electrothermal microactuator for large vertical displacement 
without tilt or lateral shift” (provisional, UF 612P) 

http://dx.doi.org/10.1109/JSTQE.2007.894066�
http://dx.doi.org/10.1109/JSTQE.2007.894066�
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LSF-LVD lens scanners: 

C6: L. Wu and H. Xie, "A lateral-shift-free LVD microlens scanner for confocal 
microscopy," presented at the 2007 IEEE/LEOS International Conference on Optical 
MEMS, Hualien, Taiwan, Aug. 2007. 

C7: L. Wu and H. Xie, “A tunable microlens with 0.9 mm scan range and small lateral 
shift,” presented at the 2009 IEEE/LEOS International Conference on Optical MEMS& 
Nanophotonics, Clearwater Beach, FL, Aug. 2009. 

Light-weight MEMS mirror: 

P2: L. Wu and H. Xie, “A self-aligned deep trench process for light-weight MEMS 
micromirror” (provisional,UF#12565) 

Nonlinear optical imaging endoscope: 

C8: L. Wu, L. Fu, A. Jain, T. Nishida, M. Gu, and H. Xie, "An endoscopic nonlinear 
optical imaging probe based on 2-D micromirror," presented at the 2007 IEEE/LEOS 
Annual Meeting, Lake Buena Vista, FL, Oct. 2007. 

C9: L. Fu, L. Wu, S. Russell, H. Xie, M. Gu, “3-D tissue imaging with a nonlinear optical 
endoscope probe,” presented at Focus on Microscopy 2007, Valencia, Spain, Apr. 2007. 

C10:  D. Morrish, L. Wu, H. Xie, J. Reynolds, A. Boussioutas and M. Gu, “Nonlinear 
imaging by an endoscope probe incorporating a TTP microelectromechanical system 
mirror.” presented at OSA Spring Optics & Photonics Congress, Vancouver, BC, 
Canada, Apr. 2009. 

OCT imaging endoscope: 

C11: S. Guo, L. Wu, J. Sun, L. Liu and H. Xie, "Three dimensional optical coherence 
tomography based on a high-fill-factor microelectromechanical mirror." presented at 
OSA Spring Optics & Photonics Congress, Vancouver, BC, Canada, Apr. 2009. 

C12: S.Guo, A.Pozzi, H.Ling, J. Sun, L. Wu, L. Liu and H. Xie, “3-D polarization-
sensitive optical coherence tomography of canine meniscus based on a 2-D high-fill-
factor microelectromechanical mirror,” presented at the 31st Annual International 
Conference of the IEEE Engineering in Medicine and Biology Society (EMBC'09), 
Minneapolis, Minnesota, Sep. 2009. 

C13: K. Jia, S. Pal, L. Wu, D. Hamilton and H. Xie, “Dental optical coherence 
tomography employing miniaturized MEMS-based imaging probe,” presented at the 
2009 IEEE/LEOS International Conference on Optical MEMS& Nanophotonics, 
Clearwater Beach, FL, Aug. 2009. 

Tip-tilt-piston mirror arrays: 
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C14: L. Wu, S.B. Maley, S.R. Dooley, T.R. Nelson, P.F. MacManamon and H. Xie, "A 
large aperture, piston-tip-tilt micromirror for optical phase array applications," 
presented at the 21th IEEE International Conference on Micro Electro Mechanical 
Systems (MEMS '08), Tucson, AZ, Jan. 2008. 

P3:  H. Xie, S.B. Maley, P.F. Macmanamon, T.R. Nelson, L. Wu, K. Jia and A. Pais, 
“Design and fabrication method for high-fill-factor micromirrors/micromirror arrays” 
(provisional, UF 710P) 

Large-aperture MEMS mirror for free-space optical communications: 

C15: L. Wu and H. Xie, “Large-aperture, rapid scanning MEMS micromirrors for free-
space optical communications,” presented at the 2009 IEEE/LEOS International 
Conference on Optical MEMS& Nanophotonics, Clearwater Beach, FL, Aug. 2009. 

MEMS-based miniature FTS systems: 

C16: L. Wu, A. Pais, S.R. Samuelson, S. Guo and H. Xie, "A miniature Fourier transform 
spectrometer by a large-vertical-displacement microelectromechanical mirror," 
presented at OSA Spring Optics & Photonics Congress, Vancouver, BC, Canada, Apr. 
2009. 

C17: L. Wu, A. Pais, S.R. Samuelson, S. Guo and H. Xie, "A mirror-tilt-insensitive 
Fourier transform spectrometer based on a large vertical displacement micromirror 
with dual-reflective surface," presented at the15th IEEE International Conference on 
Solid-State Sensors, Actuators and Microsystems (Transducers '09), Denver, CO, Jun. 
2009. 

P4: H. Xie, L. Wu, A. Pais, S.R. Samuelson and S. Guo, “MEMS-based FTIR 
spectrometer” (provisional, UF 738P) 

P5: L. Wu, S. Guo, A. Pais, S.R. Samuelson and H. Xie, “Mirror-tilt-insensitive Fourier 
transform spectrometer” (provisional, UF 777P) 
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