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Submitted to the Institute for Graduate Studies in

Science and Engineering in partial fulfillment of

the requirements for the degree of

Doctor of Philosophy

Graduate Program in Electrical and Electronics Engineering
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ABSTRACT

REALIZATION OF TWO DIMENSIONAL MEMS BASED

DISPLAYS USING POLYMER COMPOSITE

MICRO-SCANNERS INTEGRATED WITH ONE

DIMENSIONAL POLYMER LED ARRAYS

A novel type of displays are realized by hybrid and monolithic integration of op-

toelectronic devices with micro electro mechanical systems (MEMS). MEMS platform,

with mechanical quality factor (20-50 in air) enhanced displacement, defines the refresh

rate of the two-dimensional display. Vertical resolution of the display is increased by

operating the MEMS device at its fundamental resonance mode. Actuation of this

mechanical mode is accomplished by generating a time and frequency dependant elec-

tromagnetic force or torque on the MEMS platform. Horizontal scan of the display

is performed by modulation of a one dimensional array of light emitting diodes. In

effect, a LED emitter moving in the direction of vertical scan, generates a virtual pixel

whose brightness is electronically modulated. First prototype which is realized in this

thesis work is an inorganic LED integrated FR4 display, where modulation of light

sources is synchronized with FR4 movement. Performance metrics of this prototype

with LED driving integrated circuits on, are 3.4 mm of peak resonant displacement,

two orders of magnitude suppression of the second parasitic mode. The prototype,

composed of all polymer materials utilizes ITO - PEDOT:PSS - MEH-PPV and FR4.

Magnetic actuator is integrated with the polymer LED devices and two-dimensional

display functionality is demonstrated. Realized display has 20 × 7 resolution with a

screen size of 9 mm × 3.4 mm. Polymer LED pixels can supply a brightness level of

0.3 cd/m2 and an efficiency of %1.
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ÖZET

TEK BOYUTLU POLİMER LED DİZİLERİ İLE

TÜMLEŞTİRİLMİŞ KOMPOZİT POLİMER MİKRO

TARAYICILAR KULLANILARAK OLUŞTURULAN

MEMS TABANLI EKRANLAR

Polimer bazlı mikro elektro mekanik sistemler (MEMS) ile optoelektronik aygıtla-

rın monolitik ve hibrid yöntemler ile tümleştirilmesi sonucunda yeni nesil görüntü

cihazları elde edilmiştir. Bu iki boyutlu görüntü cihazlarında yavaş tarama işlevi

MEMS yapının tazeleme frekansındaki yerdeğiştirmesi ile gerçeklenmiştir. Ekranın

çözünürlüğünü artırabilmek için yapının rezonansında oluşan yerdeğiştirme kullanılmış

ve 20-50 civarındaki kalite faktörünün getirdiği mekanik yükseltmeden faydalanılmıştır.

Yapının mekanik yerdeğiştirmesi, sürücü elektrik akımının kontrol ettiği bir elektro

bobinin oluşturduğu elektromanyetik kuvvet ile sağlanmıştır. Ekranın diğer ekseni

ise ışık kaynaklarından (inorganik LED kırmıkları veya polimer LED dizini) oluşan bir

satırın elektronik olarak modüle edilmesi ile oluşturulmuştur. Böylelikle bir LED aygıtı

MEMS cihazının hareket doğrultusunda elektronik olarak parlaklığı kontrol edilebilen

sanal pikseller oluşturur. Tez kapsamında, ilk olarak inorganik LED kırmıkları ile

FR4 bazlı elektromekanik sistemlerin hibrid tümleştirilmesi sonucu, mekanik hareketi

elektronik modülasyon ile senkronize olan iki boyutlu ekran geliştiril- miştir. Rezo-

nans halinde tepe yerdeğiştirmesi 3.4 mm seviyesinde, ikincil parazitik modu iki mer-

tebe ve üstünde bastırabilme kabiliyetine sahip FR4 yapılar elektronik sürücü devre

ile birlikte gerçeklenmiştir. Tezin ilerleyen bölümünde, tamamen polimer malzemel-

erden üretilen ekran prototipi, ITO-PEDOT:PSS-MEH-PPV ve FR4 malzemeleri kul-

lanılarak oluşturulmuş, manyetik tahrik mekanizması ile polimer LED aygıtları entegre

edilmiş ve iki-boyutlu ekran kullanımında işlevselliği kanıtlanmıştır. Gerçeklenen ekran

20 × 7 çözünürlüğünde, 9 mm× 3.4 mm büyüklüğünde olup, polimer ışık kaynaklarının

0.3 cd/m2 civarında tepe parlaklık, %1 verimlilik ile çalıştığı gözlenmiştir.
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ÖZET . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vi

LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . x

LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xviii

LIST OF SYMBOLS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xix

LIST OF ABBREVIATIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . xxi

1. INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1. History of Projection Displays and Related Work . . . . . . . . . . . . 1

1.2. Summary and Contribution of the Thesis . . . . . . . . . . . . . . . . . 5

1.3. Organization of the Thesis . . . . . . . . . . . . . . . . . . . . . . . . . 7

2. THEORETICAL FOUNDATIONS . . . . . . . . . . . . . . . . . . . . . . . 9

2.1. Performance Criteria of Scanner Based Display Systems and Design

Considerations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.2. Micromechanics of Mechanical Scanners . . . . . . . . . . . . . . . . . 13

2.2.1. Cantilever Beams . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.2.2. Fixed-Free Beams Connected in Parallel With a Concentrated

End-Loading . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.2.3. Double-Clamped Beam With a Central Mass . . . . . . . . . . . 23

2.3. Structural Materials Used in Thesis Work . . . . . . . . . . . . . . . . 25

2.4. Magnetic Actuation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2.4.1. Magnetization and Hysteresis Curve . . . . . . . . . . . . . . . 29

2.5. Lumped-Element Modeling & Equivalent Magnetic Circuit . . . . . . . 31

2.5.1. Magnetic Actuation of Stainless Steel Scanners . . . . . . . . . 34

2.5.2. Magnetic Actuation of FR4 Scanners . . . . . . . . . . . . . . . 38

3. LED INTEGRATED MEMS DISPLAYS . . . . . . . . . . . . . . . . . . . . 41

3.1. Operation Principles of FR4 Scanner-Based Displays . . . . . . . . . . 43

3.2. Solid State LED Integrated FR4 Scanners . . . . . . . . . . . . . . . . 44

3.2.1. Design of the Proposed Structure . . . . . . . . . . . . . . . . . 44



viii

3.2.2. Solid-State LEDs and the LED Driving Scheme . . . . . . . . . 48

3.2.3. Position Sensor and Modulation . . . . . . . . . . . . . . . . . . 54

3.2.4. Realization of Solid-State LED Integrated FR4 Scanners . . . . 56

3.2.5. Power Considerations . . . . . . . . . . . . . . . . . . . . . . . . 59

3.2.6. Characterization and Experimental Results . . . . . . . . . . . . 61

3.2.7. Concluding Remarks and Discussion on Solid-State LED Array

Integrated FR4 Scanner Based Displays . . . . . . . . . . . . . . 64

3.3. Polymer LED Integrated FR4 Scanner-Based Display . . . . . . . . . . 65

3.3.1. Design and Operation Principles of PLED integrated FR4 scanners 66

3.3.2. Polymer LEDs . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

3.3.3. Fabrication of PLEDs and PLED Integrated FR4 Scanners . . . 68

3.3.4. Characterization and Experimental Results of PLED Array In-

tegrated FR4 Scanner . . . . . . . . . . . . . . . . . . . . . . . . 75

3.3.5. Concluding Remarks and Discussion on Scanner Based All-Polymer

Display . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

4. STAINLESS STEEL TORSIONAL RASTER-SCANNING DISPLAYS . . . 80

4.1. Design and Fabrication of Two-Axis Micromachined Steel Scanners . . 80

4.1.1. Device Operation . . . . . . . . . . . . . . . . . . . . . . . . . . 80

4.1.2. Fabrication of Stainless Steel Scanners . . . . . . . . . . . . . . 84

4.1.3. Test and Characterization Results . . . . . . . . . . . . . . . . . 88

4.1.4. Simultaneous Actuation Control . . . . . . . . . . . . . . . . . . 92

4.1.5. Modulation of the Laser Source . . . . . . . . . . . . . . . . . . 93

4.1.6. Concluding Remarks on Two-Axis Micromachined Steel Scanners 94

4.2. Performance Enhancement in Micro-scanners Through Depth-Profile

Shaping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

4.2.1. Self-Terminating Fabrication Process of Stainless Steel Scanners 97

4.2.2. Proposed Improvement in Device Operation . . . . . . . . . . . 102

4.2.3. Experimental Results and Measurement . . . . . . . . . . . . . 105

4.2.4. Concluding Remarks on Self-Terminating Fabrication Method . 107

5. CONCLUSIONS AND FUTURE WORK . . . . . . . . . . . . . . . . . . . . 109

APPENDIX A: FPGA Code . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

APPENDIX B: List of Publications . . . . . . . . . . . . . . . . . . . . . . . . 118



ix

B.1. Journal Publications . . . . . . . . . . . . . . . . . . . . . . . . . 118

B.2. Conference Publications . . . . . . . . . . . . . . . . . . . . . . . 118

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120



x

LIST OF FIGURES

Figure 1.1. Kinescope developed in 1929 by V. Zworykin. After [15]. . . . . . 1

Figure 1.2. (a) Schematic drawing of the Eidophor system. (b) Operation prin-

ciple of the Eidophor. After [13] and [17]. . . . . . . . . . . . . . 2

Figure 1.3. Top view and cross-section of mirror matrix tube. After [19]. . . . 3

Figure 1.4. Simplified view of the cross-section of DMD. After [13]. . . . . . . 4

Figure 1.5. Two pixels of digital micromirror device. After [13]. . . . . . . . . 4

Figure 1.6. 2D MEMS scanner which is used in laser PicoProjector of Micro-

vision Inc. After [29]. . . . . . . . . . . . . . . . . . . . . . . . . . 5

Figure 2.1. Torsional scanner of diameter of D with a mechanical scan angle of

θmech. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

Figure 2.2. Types of flexural beams used. (a) fixed-free beams connected in

parallel with a concentrated end-loading. (b) the double-clamped

beam with a central mass. . . . . . . . . . . . . . . . . . . . . . . 14

Figure 2.3. Displacement of a cantilever beam experiencing a point force or

torque. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

Figure 2.4. Simple harmonic oscillator model of 1D MEMS actuator. . . . . . 18

Figure 2.5. (a) Pole plot for an under-damped second-order system. (b) Second-

order under-damped time domain responses for different damping

ratio values. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21



xi

Figure 2.6. Frequency response of a generic fixed-free beam. . . . . . . . . . . 21

Figure 2.7. Five fundamental vibration modes for the torsional scanner [51]. . 24

Figure 2.8. Ferromagnetic domains. No magnetic field is applied on the left.

External fields orient the domains on the right. After [72]. . . . . 30

Figure 2.9. Magnetization hysteresis curve of (a) soft magnet and (b) perma-

nent magnet. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

Figure 2.10. (a) Schematic drawing of magnetic actuation setup (b) magnetic

circuit equivalent (c) electro-mechanical analogy. . . . . . . . . . . 31

Figure 2.11. Schematic representation of forces and torques under non-uniform

H-field in torsional scanners. . . . . . . . . . . . . . . . . . . . . . 35

Figure 2.12. Schematic illustration of magnetic actuator mechanism used in FR4

scanners. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

Figure 2.13. Different types of magnets used in the design process. After [79]. . 39

Figure 3.1. 1D array of LEDs creating virtual pixels due to MEMS-actuation

in a direction perpendicular to electronic modulation axis. . . . . . 42

Figure 3.2. Conceptual drawing of the proposed solid-state LED integrated

FR4 display. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

Figure 3.3. Automatized excel sheet used for designing the proposed structures. 46

Figure 3.4. Finite element simulation of the mechanical scanner. (a) Out-of-

plane bending movement as the fundamental mode at 96 Hz (b)

Second mode due to out-of-phase deflection of springs at 672 Hz. . 46



xii

Figure 3.5. Top side picture of a bare LED die used in the fabrication. . . . . 49

Figure 3.6. LED IV characteristics. . . . . . . . . . . . . . . . . . . . . . . . . 50

Figure 3.7. (a) Schematic drawing of the optical characterization setup (b) pic-

ture of the integrating sphere used in the characterization process. 50

Figure 3.8. (a) Luminance-wavelength relation of a green/yellow LED (b) luminance-

current plot of (b) green/yellow and (c) red LEDs, respectively. . . 52

Figure 3.9. Different luminance values acquired using PWM. . . . . . . . . . . 53

Figure 3.10. Feedback circuitry used to acquire the position data. . . . . . . . . 55

Figure 3.11. Waveforms of the position feedback circuit (a) Electro-coil drive

signal (b) Output of the transimpedance amplifier (c) Output of

the comparator. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

Figure 3.12. Fabrication of profile of solid-state LED integrated FR4 Scanners. 56

Figure 3.13. Integration steps of LED dies on FR4 actuator. (a) SU8 trenches of

300×300 µm for LED placement. (b) LED placement with 130 µm

gap in between them. (c) LEDs wirebonded to Cu pads. . . . . . . 57

Figure 3.14. Profile of the proposed structure after LED die placement. . . . . 58

Figure 3.15. (a) Fabricated device, a close-up view. (b) Device picture with

dimensions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58



xiii

Figure 3.16. Current-voltage characteristic of a LED device used in the imple-

mentation of the display. Inset: ratio of the powers consumed by

the light sources of the present display and a dot-matrix LED dis-

play for I1=10 mA and IS = 10 pA. . . . . . . . . . . . . . . . . . 60

Figure 3.17. Employed characterization Setup. . . . . . . . . . . . . . . . . . . 61

Figure 3.18. Displacement-frequency plot of the FR4 scanner. Resonance at

approximately 99 Hz. . . . . . . . . . . . . . . . . . . . . . . . . . 62

Figure 3.19. Reliability test results of the fabricated display. The device is kept

at resonance for about 3 million cycles. . . . . . . . . . . . . . . . 63

Figure 3.20. Some modulation examples: (a) With no actuation and modula-

tion. (b) MNL (c) Checker box image. (d) Gray scale image. . . . 64

Figure 3.21. Schematics of the proposed PLED integrated FR4 scanner-based

display. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

Figure 3.22. Finite-element analysis of the MEMS actuator. (a) Slow-scan (re-

fresh rate at 49.8 Hz) movement as the fundamental mode. (b)

Unused torsional movement mode at 193.4 Hz (dimensions in meter). 67

Figure 3.23. Process sequence of FR4 actuator fabrication. . . . . . . . . . . . 69

Figure 3.24. (a) Front-side and (b) backside views of FR4 actuator. . . . . . . . 70

Figure 3.25. Process sequence of PLED fabrication. . . . . . . . . . . . . . . . 71

Figure 3.26. Photograph of fabricated dies of 1D array of PLEDs on PET sub-

strate, temporarily attached to a glass wafer. . . . . . . . . . . . . 72



xiv

Figure 3.27. (a) Integration of 1D PLED array and MEMS actuator and (b)

Zoomed view. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

Figure 3.28. (a) Front-side and (b) backside views of MEMS display after inte-

gration with 1D PLED array. . . . . . . . . . . . . . . . . . . . . . 74

Figure 3.29. Displacement-frequency and power-resonance (inset) plots of MEMS

display. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

Figure 3.30. Luminance−current−voltage (L−I−V )characteristic of the fabri-

cated PLEDs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

Figure 3.31. Generated MEMS display image examples. (a) No actuation and

no modulation. (b) Actuated but no modulation. (c) PLED array

is modulated to give a checkerboard image. (d) Pattern obtained

by selectively turning off several PLEDs. . . . . . . . . . . . . . . 78

Figure 4.1. Schematics and operation of the 2D scanner devices. (a) Gim-

balled cantilever scanner (Type-A) (b) Gimballed torsional scanner

(Type-B) (c) Magnetic actuation scheme used for both types of the

devices. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

Figure 4.2. Automatized design sheet created in Excel. (SI units are used). . . 83

Figure 4.3. FEA results of the scanning mirrors (a) Type-A, movable frame

bending mode (slow scan) (b) Type-A, Mirror bending mode (fast

scan). (c) Type-B, movable frame torsion mode (slow scan)(d)

Type-B, mirror torsion mode (fast scan). . . . . . . . . . . . . . . 84



xv

Figure 4.4. (a) 100 µm thick SS301, spin coated and patterned with 6 µm PR

mould (b) Schematics of the electrochemical cell (c) Standard elec-

trochemical etching mask (d) Electrochemical etching mask maxi-

mizing the current density. . . . . . . . . . . . . . . . . . . . . . . 86

Figure 4.5. Pictures of the two different designs. Type-A, gimballed cantilever

scanner. Type-B, gimballed torsional scanner. . . . . . . . . . . . 87

Figure 4.6. Vibration displacement of (a) the movable frame and (b) the mirror

of the Type-A scanner as a function of frequency. . . . . . . . . . 88

Figure 4.7. (a) Out of plane displacement resonant peak of the movable frame

(b) Out of plane displacement resonant peak of the mirror for the

Type-A device. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

Figure 4.8. Scan line characterization results for Type-A device: (a) Horizontal

total optical scan line is 11.7 ◦ at a drive power of 42 mW (b) Verti-

cal total optical scan angle is 23.2 ◦ at a drive power of 30.6 mW(c)

Lissajous pattern. . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

Figure 4.9. Drive power versus total optical scan angle (TOSA) relationship for

the cantilever type gimballed (Type-A) scanner and the torsional

type gimballed (Type-B) scanner (a) Slow scan characteristics (b)

Fast scan characteristics. . . . . . . . . . . . . . . . . . . . . . . . 91

Figure 4.10. Test setup used for modulation of the light source and the drive

control of the electro-coil. . . . . . . . . . . . . . . . . . . . . . . . 92

Figure 4.11. Two examples of the displayed character patterns; the left one is

“MNL” text (size: 4 mm×12 mm) and the right one is the “A”

character. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94



xvi

Figure 4.12. Photo of the experimental control setup. . . . . . . . . . . . . . . 94

Figure 4.13. Test wafer used in the characterization of the etching process. . . . 97

Figure 4.14. Electrochemical etch setup used in the proposed process. . . . . . 98

Figure 4.15. Etch depth as a function of square opening widths for different

electrode gaps at a current density of 3 A/cm2 and for an etch time

of 5 min. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

Figure 4.16. (a) Etch depth versus width of square openings for NaCl solution

(b) Anisotropy versus width of square openings for NaCl solution

for an electrode gap of 6 mm. . . . . . . . . . . . . . . . . . . . . 101

Figure 4.17. Process Profile, (a) openings in the photoresist (PR) mask are

formed both to etch-through the substrate and to thin the mir-

ror mass. (b) Profile of the device after electrochemical etching. . 101

Figure 4.18. Masking schemes: (a) Typical electrochemical etching mask, (b)

Proposed masking scheme. . . . . . . . . . . . . . . . . . . . . . . 102

Figure 4.19. Schematic diagram of the targeted mirror structure (a) Device-1: a

typical torsional micro-mirror with uniform thickness (b) Device-2:

the proposed 1D micro-scanner with thinned mirror mass. . . . . . 103

Figure 4.20. Finite element simulations of the designed micro-scanner showing

the mode shape (inset) and the resonance peak of the torsional

movement (fundamental mode) that occurs at 4380 Hz. . . . . . . 104

Figure 4.21. Close-up view of the thinned micro-mirror. . . . . . . . . . . . . . 105



xvii

Figure 4.22. Closer view of the mirror masses of produced scanners (a) thinned

device (b) unthinned device. . . . . . . . . . . . . . . . . . . . . . 106

Figure 4.23. Frequency response of fabricated mirrors. . . . . . . . . . . . . . . 107



xviii

LIST OF TABLES

Table 2.1. Mechanical properties of selected materials. . . . . . . . . . . . . . 26

Table 2.2. Different Magnetic Actuation Schemes. . . . . . . . . . . . . . . . 29

Table 2.3. Properties of the used magnets. . . . . . . . . . . . . . . . . . . . . 40

Table 3.1. Dimensions of the LED integrated FR4 Scanner. . . . . . . . . . . 45

Table 3.2. Dimensions of the PLED integrated FR4 Scanner. . . . . . . . . . 66

Table 4.1. Dimensions (in mm) of the Type-A and Type-B scanners. . . . . . 84

Table 4.2. Dimensions and simulated resonance frequencies of the test devices. 103



xix

LIST OF SYMBOLS

Br Remnant magnetization

E Young’s Modulus

Ffast Fast scan frequency

FMM Magnetomotive force

Fslow Slow scan frequency

Fr Refresh rate of the display

G Shear Modulus

H Magnetic field intensity

Hc Coercivity field

J Mass moment of inertia

Kbit Depth of gray scale image

Kos Over-scan constant

Kϕ Torsional spring constant

Ksp Spot size to pixel size ratio

Ks Linear spring constant

KT Beam clipping constant

Kub Directionality factor

Ms Saturation magnetization

NH Horizontal resolution

NH Vertical resolution

Q Quality factor

Rair Reluctance of air

Rmag Reluctance of the permanent magnet

v Poisson’s ratio

δ Vertical displacement

ζ Damping ratio

θ Angular displacement

θmech Mechanical scan angle



xx

θopt Optical scan angle

λ Wavelength of the light-source

µ Shape anisotropy factor

µ0 Permeability of space

µr Relative permeability

ϕ Magnetic flux

ϕT Angle of twist of the fixed-free flexural beam

χ Susceptibility



xxi

LIST OF ABBREVIATIONS

1D One Dimensional

2D Two Dimensional

AC Alternative Current

ASIC Aim Specific Integrated Circuit

CRT Cathode Ray Tube

DC Direct Current

DLP Digital Light Processor

DMD Deformable Mirror Device

FR4 Fire Resistant 4

IC Integrated Circuit

LCD Liquid Crystal Display

LED Light Emitting Diode

MEMS Microelectromechanical System

VGA Video Graphics Array

PCB Printed Circuit Board

PD Photodiode

PLED Polymer Light Emitting Diode

PET Polyethylene terephthalate

PDA Personal Digital Assistant

PWM Pulse Width Modulation

QVGA Quarter Video Graphics Array

TOSA Total Optical Scan Angle

UV Ultraviolet



1

1. INTRODUCTION

The field of optical microelectromechanical systems (MEMS) is one of the earli-

est and most active research areas of MEMS technology. It merges various scientific

disciplines like micro-optics, microelectronics and micromechanics in order to create

new, rich enabling technologies [1]. Several different applications inherent to Optical

MEMS can be stated as Digital Light Projection [2], digital displays like grating-light

valves [3], adaptive optics [4], fiber optic switches [5], spectrometers [6, 7], confocal

microscopes [8,9], barcode readers [10] and retina raster-scanning displays [11,12] etc.

1.1. History of Projection Displays and Related Work

Despite this broad range of usage, application and implementation of optical

MEMS technology to display elements can be considered as a relatively new concept

compared to conventional display technologies like the cathode ray tube (CRT), plasma

display, liquid crystal display (LCD) and so on. The emergence of projection display

technologies dates back to early years of 20th century [13]. The first practical CRT

called Kinescope, was developed by V. Zworykin in 1929 [14]. Zworykin’s kinescope

which is illustrated in Fig. 1.1 [15] can be considered as the first example of a scanning

beam display where an electron beam is scanned onto a fluorescent screen.

Figure 1.1. Kinescope developed in 1929 by V. Zworykin. After [15].

Later on, in 1939, F. Fischer invented a new projection display system mainly for

the large screens found in movie theaters. In order to increase light output and to get
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a high-brightness projection display, he proposed the first spatial light modulator or

light-valve technology in which the functions of light generation and light control are

separated [16,17]. This device is called Eidophor and its system schematics are shown

in Fig.1.2 (a).

(a) (b)

Figure 1.2. (a) Schematic drawing of the Eidophor system. (b) Operation principle of

the Eidophor. After [13] and [17].

In this system, the surface of a conducting mirror is covered by a thin layer of oil

film. This mirror can be addressed by a rastered electron-beam (e-beam) which scans

the oil surface and deposits a charge pattern as illustrated in Fig.1.2 (b). Occuring

charge pattern is electrostatically attracted to the conducting substrate and creates a

deformation in the oil film, acting as a phase diffraction grating [16,17].

Subsequently, different kinds of projection display technologies were invented with

a gradually increasing pace as in the case of the Scophony projector in which a laser

beam whose amplitude is modulated by a video using a acousto-optic modulator [18].

Later on, during 70’s, the first micromechanical projection display device known, the

mirror matrix tube was developed at Westinghouse Research Labs [19].

One pixel of the mirror matrix tube has four cantilevers as shown in Fig. 1.3

which are electrostatically attracted by the edge forces towards aluminum grid since
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Figure 1.3. Top view and cross-section of mirror matrix tube. After [19].

they are charged with a rastered and modulated e-beam. In this structure, light is

beam steered around a cross-shaped Schlieren stop according to the cantilever deflec-

tion angle which is a maximum of 4 degrees [13]. Later on, K.E. Petersen at IBM

demonstrated a projection display using a 16 × 1 array of single-crystal cantilever

beams that micromechanically modulate the light. In this work, Petersen decribed a

micromechanical device which consists of thin metal-coated SiO2 membrane fabricated

on an ordinary silicon wafer using techniques compatible with IC processing [20].

The first commercially available high-volume MEMS based projection display

device can be considered as deformable mirror device, DMD, of Texas Instruments.

This device was proposed in 1977 and used a membrane-based spatial light modulator

which is fabricated on the backside of a thinned CCD address circuit as shown in

Fig. 1.4 [13].

In 1996, Texas Instruments launched Digital Micro-mirror Device (DMD) being

the first MEMS display device which is monolithically integrated on a digital chip as

illustrated in Fig. 1.5. DMD is the first all-digital projection display without any analog

links in the electronic chain between the source material and viewer [13].
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Figure 1.4. Simplified view of the cross-section of DMD. After [13].

Figure 1.5. Two pixels of digital micromirror device. After [13].

Today, there are various works devoted to projection display technologies and es-

pecially on the development of micro-scanner based two-dimensional (2D) displays [21–

28] since this new generation of displays have the potential of being smaller, cheaper

and more portable than existing displays. For instance, an image can be formed using

2D micro-scanner that raster-scans a properly modulated light. Lately, micromachined

scanners that steers the incident light beam in horizontal and vertical directions are

used in high resolution display applications as in the case of the picoprojector created

by Microvision Inc. In this example, as shown in Fig. 1.6, a gimballed 2D MEMS

laser scanner is designed and fabricated to produce a see-through head mounted reti-

nal scanner display device [29]. Device scans a light beam onto the user’s retina and

successfully display a video content [30].

As it is briefly explained above, there are many possible techniques and technolo-

gies to implement two-dimensional micro-scanner based displays. One can utilize (1) a

2D micro-scanner array (one reflective element for each pixel) as in Digital Light Pro-

cessor [2]. Another technique is to employ (2) one bidirectional or two unidirectional
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Figure 1.6. 2D MEMS scanner which is used in laser PicoProjector of Microvision

Inc. After [29].

raster-scanning mirrors [11, 21] as in high-resolution micromachined silicon based pro-

jection displays [22]. It is also possible to use (3) a scanned 1D array as in grating light

valve displays [3] to produce a 2D image plane. A similar technique which benefits

from a inorganic light emitting diode (LED) array that is put on a torsional scanning

platform is also presented in order to realize a three-dimensional (3D) volumetric dis-

play [31]. Another work integrating a LED array with double-sided scanning mirrors

to produce an auto-stereoscopic display exist in literature [32].

1.2. Summary and Contribution of the Thesis

This thesis work basically explores and employs two different techniques men-

tioned above to create scanner-based low-resolution display systems. In the first part,

a novel all-polymer integrated microsystem, which realizes a 2D display by integrat-

ing a 1D array of polymer light-emitting diodes (PLEDs) with a polymer scanner of

microelectromechanical system is presented. Electronic modulation of PLEDs forms

the first dimension of the display (fast scan), and the scanner actuation orthogonal

to the direction of PLED lineup forms the second one (slow scan). Polymer scanner

(actuator) is fabricated on a polymer composite (FR4 material) with a double-sided

process using lithography to pattern copper lines and laser micromachining to cut the

scanner outline. PLEDs are fabricated on polyethylene terephthalate sheets. They

have a thin-film structure of indium tin oxide, poly (3,4-ethylenedioxythiophene) poly

(styrenesulfonate), poly [2-methoxy-5-(2’-ethyl-hexyloxy)-1,4-phenylene vinylene], and
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aluminum.

Subsequently, a gimballed mirror based system is fabricated out of the stainless

steel to create a raster-scanned 2D display together with a a novel, self-terminating elec-

trochemical etch process is proposed for the fabrication of scanning steel micro-mirrors.

The process uses single mask photolithography, and the etching step is terminated au-

tomatically, which at the same time enables the depth profile shaping of the fabricated

structure. The proposed process is characterized and then used to fabricate two ver-

sions of 1D steel micro-scanners: one with selective thinning of the predefined parts

and one without thinning. The fabricated devices are characterized and compared with

respect to their resonance frequencies and mechanical quality factors. The thickness of

the starting substrate is selectively thinned down in order to decrease the mass of the

mirror and eventually to increase the resonance frequency of the fundamental mode.

Major contributions of the work presented in this thesis are summarized below.

• Realization of an all-polymer, scanner-based low-resolution low-cost optoelectronic

display : A novel type of display which is realized for the first time by hybrid

and monolithic integration of polymer optoelectronic devices with MEMS is pre-

sented. Polymer LEDs which are employed as the light-sources in this type of

display were fabricated under standard room conditions without using any glove

boxes. A post-fabrication treatment consisting of thermal and electric field treat-

ments, was used to revive them. After the packaging process, fabricated one

dimensional PLED array were integrated on a polymer scanner that is magnet-

ically actuated into its out-of-plane bending mode to create a 9 mm × 3.4 mm

display with a resolution of 20 × 7. Using an FPGA development board, both

the actuation in slow-scan axis and the electronic modulation in fast-scan axis

are simultaneously controlled in order to provide a 2D image plane. A similar

structure was also realized using this time solid-state LEDs as the light sources.

The design, fabrication and integration of the proposed displays are discussed

through Chapter 3. An article presenting the all-polymer scanner-based display

was published in IEEE Transaction on Electron Devices [33]. Another publica-
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tion which elaborates solid-state LED integrated polymer scanner based display

was made on Elsevier, Sensors and Actuator A: Physical [34].

• A raster-scanning projection display system based on two-dimensional gimballed

stainless steel scanners that are fabricated using an electrochemical etching pro-

cess : Two-dimensional gimballed scanners were fabricated using a conventional

lithography and electrochemical etching process out of stainless steel. Scanners

fabricated using this novel cheap and batch compatible fabrication technique were

magnetically actuated to create a 2D projection display. An article discussing the

novel fabrication method and the proposed display system was published in IOP,

Journal of Micromechanics and Microengineering [35].

• Proposing a cheap, self-terminating, batch compatible fabrication process that en-

ables depth profile shaping of steel substrates : A novel masking scheme which is

used in electrochemical etching process was proposed to shape the profile of the

structures. One dimensional torsional stainless steel 301 and 420 scanners were

thinned down using this novel fabrication method to enhance the performance

of the structures. A normalized frequency shift of 15% is calculated out of the

experimental data acquired after the thinning process. Proposed method is very

cheap and batch process compatible. This fabrication method can be used in

high resolution one or two dimensional micro-scanners where a thinned mirror

mass and set of thinned slow-scan suspensions result in high fast-scan frequency

and a low slow-scan frequency, respectively. A paper elaborating the proposed

fabrication method is published in IOP, Journal of Micromechanics and Micro-

engineering [36].

1.3. Organization of the Thesis

This thesis is organized in following manner. In the second chapter, theoretical

foundations of scanner-based display system are discussed in a detailed way. In this

chapter, performance criteria and micromechanics of the scanner-based systems are

elaborated. Information about the utilized fabrication materials and magnetic actua-
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tion method are also given. In the subsequent chapter, details about the LED/PLED

integrated FR4 scanner based display systems are shared. Then, in Chapter 3, stainless

steel scanners and the proposed fabrication method are elaborated. Finally, conclusions

and outlook for the future works are supplied in the last chapter.
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2. THEORETICAL FOUNDATIONS

In this chapter, theoretical foundations which are required to understand MEMS

scanner based display structures are presented. Theoretical concepts, definitions and

results given in this chapter will make the design and realization of micro-scanner

based low-resolution displays possible. First, a brief summary of performance and

design criteria of MEMS scanner based display structures will be given in order to

get an overall picture on the subject. Then, mechanics of proposed structures will

be reported. Afterwards, information about the structural materials preferred in the

realization of the display systems will be given. Finally, the chapter will conclude with

an elaboration of magnetic actuation method and especially with preferred magnetic

actuation schemes.

2.1. Performance Criteria of Scanner Based Display Systems and Design

Considerations

The performance of MEMS scanner based display systems and the quality of the

images formed by these displays are determined by various parameters. Some of these

parameters are the design of mechanical scanner, employed light sources, operation of

electronic modulation circuitry, optical system design, etc. There is a vast literature

describing the performance issues of MEMS scanner based display systems [30,37–43].

In this section, these performance and design criteria of such displays will be briefly

explained.

The most important performance metrics which help to evaluate and differentiate

micro-scanners among many others can be stated as (1) scan angle-scan mirror size

product, (2) operation frequency of the scanner, (3) the dynamic surface flatness, (4)

scan repeatability (robustness) and (5) scanner position sensor accuracy [30]. In the

course of this thesis, proposed structures are designed and realized considering these

metrics.
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Resolution can be regarded as one of the most crucial properties of a display. It

can be defined as the number of pixels, or number of resolvable spots, that the scanner

can support [39]. Assuming that the aberrations of the optical system is controlled,

the resolution of scanning display systems is mainly determined by the mechanical

scanner or more precisely by the product of scan-angle and scan mirror-size which

we can shortly signify as θD-product. Once the required number of resolvable spots is

determined depending on the targeted application, the scanner and the optical systems

can be specified/designed accordingly. In-depth discussion and details on optical design

of scanner based systems can be found in [39] and in [40].

The basic formulation which gives the scan resolution N along a specific axis in

terms of scanners’ physical parameters, can be given as [41]

N =
θoptD

aλ
=

4θmechD

aλ
(2.1)

where λ is the wavelength of the employed light source, a is the shape factor of the

mirror which equals to 1 for square/rectangular mirrors, D is size of the scan mirror

along the preferred axis, θopt is the optical scan angle of the mirror and θmech is the

maximum mechanical scan angle amplitude as depicted in Fig. 2.1. Given the wave-

length of the laser source, using this simple equation, one can start to design and to

define scanners’ parameters by computing the required θoptD values or relatedly the

displacement and total optical scan angle (TOSA) of the targeted display format.

Figure 2.1. Torsional scanner of diameter of D with a mechanical scan angle of θmech.

Moreover, for a biaxial scanner, Eq. 2.1 can be computed independently for each

horizontal and vertical axis. For instance, the governing equation which relates the
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parameters of mechanical scanner to the horizontal resolution NH of the scanner-based

display can be given in a more explicit way as [30,43]

NH =
4θmechDKspKosh cosα

KTaλ
(2.2)

whereKsp andKosh symbolize the spot size to pixel size ratio and the over-scan constant

for horizontal axis, respectively. KT defines the beam clipping constant and α is the

angle of incoming laser beam onto the scanner surface.

For instance, in our proposed steel scanners (2D), the typical value ofKsp changes

between 0.5 and 2. Moreover, in a generic raster-scanning display, scan process comes

to a stop at the extremities of the scan line since there is a speed variation at the

edges compared to the mid-regions. This value of over-scan factor is taken as 0.8 in

the designs in order to cope with the pixel size and brightness variations. The beam

clipping factor KT is presumed to be 1.5 assuming a full gaussian scanned beam shape

and the laser wavelength λ is approximately 650 nm since a red laser is utilized for

instance in the steel scanner projection display systems.

On the other hand, the vertical resolution NV can be expanded as [30,43]

NV =
4θmechD

′KspKosvKub cosα

KTaλ
(2.3)

where D′ is size of the scan mirror along vertical axis and Kub is directionality factor

which equals to two since bidirectional scanning is employed. It is possible to scan

two lines onto the screen during one cycle as opposed to unidirectional scanning if

bidirectional one is preferred. This mode of scanning doubles the display line rate of

the system [40]. However, one should note that in bidirectional scanning, it is required

to buffer one line of data and display it in reverse order while sweeping backwards.

Bidirectional scanning has also some constraints on phase control between forward and

backward scan lines and can produce non-uniform line-to-line spacing across the scan

line [30].
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Another important issue regarding the performance of mechanical scanners is

defining fast scan frequency, ffast, of the system. Fast scan frequency can be computed

as [40]

ffast =
FrNV

KubKosv

(2.4)

where Kosv is the over-scan constant for vertical axis which is usually changes between

0.9 and 0.95. In Eq. 2.4, Fr (or fslow) is the refresh rate of the system. Bidirectional

scanners are generally actuated in off-resonance for slow-scan movement, making Fr

conventionally equal to 50 to or 60 Hz. Here it is important to note that it is extremely

difficult to synchronize two resonant modes of one 2D scanner for display applications.

That is why, a master-slave configuration is preferred for fast and slow axis.

Once these basic parameters of the targeted display like NV , NH , Fr and ffast are

set, the value of θD-product of the display can be computed. The choice of θD-product

can be based on performance criteria like dynamic mirror flatness, mechanical stress

limitations, requirements of driving circuitry and cost [37]. For instance using a large

value of D and therefore having a large scan mirror facilitates the alignment of the

laser beam and optical interface. It also increases the acquired displacement assuming

the dimensions of flexural beam constant.

On the other hand, larger values of D augment the moment of inertia value de-

pending on Eq. 2.32 which can be found below and deteriorate the dynamic mirror

flatness which, in total, affects the optical quality of the display system. Conversely,

even though smaller diameters give the designer opportunity to increase the scan fre-

quency, it is very difficult to obtain larger values of scan angle or displacement by using

small mirrors in the system if one considers the maximum allowable flexure stress to-

gether with the yield stress of the fabrication material. These tradeoffs are explained in

an explicit, well-elaborated fashion in the literature and can be referred further in [37]

and in [38].

For instance, using above reasoning, θD-product required for a QVGA (320×240)
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display is 3.75 deg · mm. Moreover, one should attain a θD-product of 7.5 deg · mm

for a VGA (640× 480) display. Using Eq. 2.4, designer can calculate that the needed

fast-scan frequency is approximately 15.7 KHz for a refresh rate (slow-scan frequency)

of 60 Hz.

Another crucial factor that a designer should definitely consider while designing a

scanner based display systems is the dynamic mirror flatness. High acceleration forces

occurring while actuating the mechanical scanner result in bending of the scan mirror.

At the edges of the actuation cycle, the profile of the scan mirror becomes deformed.

This deviation eventually creates an optical distortion on the image created by the

scanner. The maximum mirror deformation for 1D rectangular block mirror can be

approximated as [42,44].

δmax = 0.217
ρf2

scanD
5θmech

Et2
(2.5)

where ρ is the density of the material used, E is the Young’s modulus, t is the thickness

of the scan mirror and fscan is the scanning frequency.

Finally, designer should definitely consider the robustness of the system. Ad-

justment enhancing the scan repeatability must be completed while designing prior to

fabrication. Tapering and rounding the regions that are exposed to an overloading

stress during actuation or increasing the stiffness of the moving parts that can create

metal fatigue problems [33] can be listed as some precautions taken to increase the

robustness of the proposed structures. Additionally, fabricated devices should be ex-

posed to cyclic aging during characterization for at least 2× 106 cycles in order to test

their robustness [45].

2.2. Micromechanics of Mechanical Scanners

In proposed micro-scanner based display systems, the most basic mechanical

structures that are employed are flexural beams with shuttle mass. These beams are

commonly encountered in MEMS as spring elements. Calculating their bending under
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simple loading conditions and determining their associated resonant frequency along

with their quality factor are essential skills in a design perspective. Flexural beams

are usually classified according to their support type. The combination of the two

mechanical boundary conditions associated with them help us to name the structures.

In this thesis work, for the proposed display systems, two types of flexural beams are

commonly used. These are the fixed-free beams (or cantilever beams) connected in

parallel with a concentrated end-loading and the double-clamped beam with a central

mass as illustrated in Fig. 2.2 (a) and (b), respectively.
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Figure 2.2. Types of flexural beams used. (a) fixed-free beams connected in parallel

with a concentrated end-loading. (b) the double-clamped beam with a central mass.

2.2.1. Cantilever Beams

In order to understand 1D scanners given in Fig. 2.2, one must first be able to

analyze the fixed-free flexural beam with a rectangular cross-section in other words

the cantilever beam which is the most basic mechanical unit in proposed MEMS de-

signs throughout the thesis. Very detailed mathematical relationships and governing

expressions predicting the behavior of cantilever beams have been well established in
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the literature [44, 46–49] therefore they will be briefly explained in this report. In the

subsequent part of this section, the most crucial parameters of the cantilever beams

will be defined.

The linear and torsional spring constants ks and kϕ are the most basic parameters

of a cantilever beam. They are defined by Hooke’s law which states that there is a

linear dependence between the applied force/torque and the extension of the spring

as long as large displacements are not experienced. The linear and angular form of

Hooke’s law are given in Eq. 2.6 and Eq. 2.7.

F = −ksy (2.6)

T = −kϕϕT (2.7)

where F and T are applied force and torque, y is the displacement and ϕT is the angle

of twist of the fixed-free flexural beam from its equilibrium position.

Initially, translational motion of the cantilever beams is investigated. Transla-

tional displacement of a cantilever beam experiencing a point force or torque is depicted

in Fig. 2.3. As can be understood from the illustration, vertical displacement or simply

bending can stem from the force or torque applied to the cantilever beam.
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Figure 2.3. Displacement of a cantilever beam experiencing a point force or torque.

Assuming that the external force/torque is applied right to the tip of the cantilever
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beam, the linear and torsional spring constants of the beam become equal to [44],

ks =
3EI

L3
(2.8)

kϕ =
EI

L
(2.9)

where I is the moment of inertia, L is the length of the cantilever beam and E is the

Modulus of Elasticity (Young’s Modulus). Young’s Modulus is an intrinsic property of

a material and is constant irrespective of the shape and dimensions of the mechanical

structure assuming the material is an isotropic one. Provided that the cantilever beam

bends in the direction of the thickness and that it has a rectangular cross section

as illustrated in Fig. 2.3 which is usually the case, the moment of inertia I can be

computed as

I =
wt3

12
(2.10)

where w and t are the width and thickness of the cantilever, respectively. Combining

these equations, the linear and torsional spring constants of a cantilever beam become

ks =
Ewt3

4L3
(2.11)

kϕ =
Ewt3

12L
(2.12)

As can be noticed from Eq. 2.11 and Eq. 2.12, the stiffness of the beam depends

on the direction of bending and it provides a compliance to movement in one direction

and resistance in another depending on the geometry of the cantilever beam. Moreover,

maximum vertical displacements of a cantilever beam’s tip, δF and δT stemming from
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the applied force and torque are given in Eq. 2.13 and Eq. 2.14, respectively [44,46].

δF =
4FNETL

3

Ewt3
(2.13)

δT =
6TL2

Ewt3
(2.14)

In addition to the vertical displacements defined in Fig. 2.3, a maximum angular

displacement, ϕT originating from the applied torque can be stated as in Eq. 2.15.

ϕT =
12TL

Ewt3
(2.15)

Besides the translational motion explained above, cantilever beams can also ex-

hibit rotational motion and correspondingly an angular displacement. The rotation θ

created by the torque applied right to the end of the cantilever can be approximated

as [50]

θ =
TL

Gcwt3
(2.16)

where G is the Shear Modulus and c is a constant whose value depends on the cross-

section of the cantilever beam. Shear Modulus G can be expanded as G = E
2(1+ν)

where

ν is the Poisson’s ratio of the preferred bulk fabrication material. In Eq. 2.16, the value

of c depends on the ratio of t/w and equals to 0.14068 for a cantilever beam with a

square cross-section.

By using the angular form of Hooke’s law given in Eq. 2.7, the torsional stiffness

of the cantilever can be computed as

kθ =
T

θ
=

Gcwt3

L
(2.17)
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Hence, the ratio of bending stiffness to torsional stiffness of a generic cantilever beam

having a rectangular cross-section is [38]

kS
kθ

=
1 + ν

2cL2
(2.18)

Eq. 2.18 means that by just shortening the length L of a cantilever beam, one

can increase the translational spring constant over the torsional stiffness or vice versa.

This fact is extensively used as a practical method in the design process throughout

the thesis in order to provide a safe mode separation for the proposed structures.

M
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Figure 2.4. Simple harmonic oscillator model of 1D MEMS actuator.

The mechanical structure of a cantilever beam can be simplified to a mass-spring

model as shown in Fig. 2.4. The resonance frequency of a cantilever beam can be

calculated by solving the characteristic equation of this system. The equation of motion

of this system is

M
d2x(t)

dt2
+D

dx(t)

dt
+ kx(t) = 0 (2.19)

where M is the effective mass, D is the damping coefficient and k is the spring constant

of the system. The general solution to Eq. 2.19 is a sinusoidal of the form

x(t) = A sin(ωt+ α) (2.20)

where ω is the radial frequency of the vibration, A is the vibration amplitude and α

is the phase angle lag. Radial frequency ω can be found by inserting Eq. 2.20 into
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Eq. 2.19. Hence, the resonant frequency of a cantilever beam becomes

f0 =
1

2π

√
k

M
(2.21)

For rotational movements of cantilever beams, a similar model and analysis can

be used. However, this time, instead of effective mass M, effective polar moment of

inertia of mass Jf is used along with actuation torque Tact in lieu of Fact. The moment

of inertia plays much the same role in rotational dynamics as mass does in linear

dynamics and for a cantilever beam with a rectangular cross-section, it is equal to

Jf =
1

12
Mf (w

2 + t2) (2.22)

where Mf is the mass of the fixed-free flexural beam depicted in Fig. 2.3. By following

similar computation steps, the resonance frequency of a torsion beam can be obtained

as

fT =
1

2π

√√√√kθ
Jf

(2.23)

where kθ was given explicitly in Eq. 2.17.

Damping process which is inevitable in any system, takes energy from the vi-

bration system. In our case, dissipation is mainly dominated by air flow around the

moving structures and even though this can be classified as a much weaker damping

effect, it will make the system an under-damped one. A damped vibration system is

modeled in Fig. 2.4. In frequency domain, the equation of motion becomes:

Fact(s) = X(s)(Ms2 +Ds+ k) (2.24)

where Fact(s) is the actuation force (in our case magnetic actuation force) applied to

the cantilever beam and D is the damping coefficient. Applied actuation force and
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the displacement created by it are related to each other with the mechanical transfer

function Hm(s).

Hm(s) =
X(s)

Fact(s)
=

1
M

s2 + D
M
s+ k

M

≡ Aω2
0

s2 + 2ζω0s+ ω2
0

(2.25)

This transfer function corresponds to a second-order low-pass filter (LPF) char-

acteristics where ω0 is the undamped natural frequency and ζ is the damping ratio.

It is a well-known fact that systems requiring large displacement and that operate

at resonance as in the case of micro-scanner based display systems doing a fast-scan

movement, are designed as under-damped systems since in these type of systems the

response is drastically enhanced around the resonance frequency unlike over-damped

and critically damped systems.

Fig. 2.5 shows the pole plot of an under-damped second-order system on a

complex-plane together with its time domain response. As it can be noted, there are

two complex poles at −ζω0 ± jω0

√
1− ζ2. The natural response of a cantilever beam

is basically a damped sinusoid with an exponential envelope whose time constant is

equal to the pole’s real part. The time domain response of this system can be given

as y(t) = Ae−ζω0tcos(ω0

√
1− ζ2t − ϕ) where ϕ = tan−1(ζ/

√
1− ζ2). As illustrated in

Fig. 2.5(b), the ideal case for a resonant-mode microelectromechanical system is when

ζ = 0. It means that the poles of the system do not have any real part and lie on the

imaginary axis. More importantly, the structure doesn’t dissipate any energy at all

and continues to oscillate indefinitely with an initial infinitesimal actuation force.

Fig. 2.6 depicts the frequency response of a second-order under-damped system.

At low frequencies, due to the steady-state loading, displacement remains constant.

Near the resonance frequency, f0, the mechanical vibration amplitude increases dras-

tically. The sharpness of the resonant peak is characterized by the quality factor (Q).

Quality factor is a dimensionless parameter to model the loss in a specific system and
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Figure 2.5. (a) Pole plot for an under-damped second-order system. (b) Second-order

under-damped time domain responses for different damping ratio values.

it is governed with the following equations.

Q = 2π
Energy stored per cycle

Energy dissipated per cycle
=

f0
∆f

=
1

2ζ
∼=

√
kM

D
(2.26)

The quality factor is proportional to the reciprocal of aforementioned damping

coefficient ζ and has a profound effect on the mechanical response of the spring-mass

system. This second order system response becomes under-damped for Q > 0.5. Even

though the system shows a second-order LPF characteristics, for higher values of quality

factor (Q > 10), the poles of the system goes towards the imaginary axis on the

complex-plane and the system starts to act like a band-pass filter as shown in Fig. 2.6

after [47].

Figure 2.6. Frequency response of a generic fixed-free beam.
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Accordingly, the value of the displacement will increase drastically depending

on the value of the quality factor once the frequency of the actuation force enters

into the pass-band of the cantilever beam if the Q-factor is enough. This situation is

formulized in Eq. 2.27 where Zres is the displacement in resonance and ZDC is the static

displacement.

Zres
∼= Q · ZDC (2.27)

In other words, depending on Eq. 2.27, one can get the targeted displacement out

of the actuator by spending Q times less power if the resonant movement is preferred.

Therefore, resonant-mode microelectromechanical systems dissipate small amounts of

power and enable the design of low-power systems.

2.2.2. Fixed-Free Beams Connected in Parallel With a Concentrated End-

Loading

Preferred fixed-free beam geometry is previously depicted in Fig. 2.2 (a) together

with the width, length and thickness of the flexure beam as Wf , Lf and tf , respectively.

This system consists of a U-shaped composite polymer actuator that is suspended

with two flexures beams to the anchor. The most crucial parameters that define the

resonance frequency of the proposed structure can be listed as the geometry and the

effective mass of the structure. By combining Eq. 2.11 and Eq. 2.21, the resonance

frequency of the proposed structure for the targeted out-of-plane linear displacement

mode can be approximated as

f0 ∼= 0.16

√√√√ nEeffwf t3f
4L3

f (mL +meff +mM)
(2.28)

In this relation, n is the number of cantilever beams used in the proposed design

which is equal to two in our case as can be seen from Fig. 2.2 (a). The effective total
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mass of the cantilever tip in the proposed design has three different components. The

first component mL is the total mass of the LEDs (solid-state or polymer) integrated

on the actuator. The second one, meff , is the effective mass of the moving composite

(FR4 and Cu) structure (the mass of SU8 layer is also included for the solid-state LED

case). The third and the final one, mM, is the mass of the permanent magnet and is the

dominant mass among these three terms. Eeff is the Young’s modulus of the composite

material and it can be expanded as:

Eeff
∼= 0.1304ECU + 0.8695EFR4 (2.29)

since the bulk fabrication material is composed of 200 µm thick FR4 substrate which

is covered with 30 µm thick copper film on the back side. The resonance frequency

of the FR4 scanner is designed according to the equation 2.28 by proper sizing of the

structure.

The design with two suspended flexures facilitates placing other mechanical vi-

bration modes of the devices to a frequency sufficiently far away on the spectrum and

increases the resonance frequency which had dropped to a lower value due to the rel-

atively heavy permanent magnet that dominates the denominator of the fraction in

Equation 2.28. The total vertical displacement formula for this type of actuators can

be given as

δTOTAL =
2L2(2FNETL+ 3T )

Ewt3
(2.30)

The total amount of displacements for the proposed structures can be computed

using above equations once the magnetic actuation force and torque are known.

2.2.3. Double-Clamped Beam With a Central Mass

This subsection briefly summarizes the mechanical working principles of double-

clamped beam with a central mass which is the key element of the stainless steel
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gimballed micro-scanner based projection display. Fig. 2.2 (b) illustrates a scanning

mirror which is suspended by torsion beams. These beams are designed such that they

are compliant to twisting but resistive to bending. Similar to aforementioned cantilever

beams, both a linear translational force and torque are exerted on the scanning mirror

during the actuation process. However this time, applied force has a negligible effect

and creates a very small amount of out-of-plane bending because of the geometry of the

proposed scanning mirror assuming a large enough thickness. The dominant movement

of the micro-scanner is rotation due to the applied torque.

Targeted micro-scanner has multiple resonant modes and the first five of them

are depicted in Fig. 2.7 after [51]. In this figure, the lowest order fundamental resonant

mode (1) is the rotation around the torsion beams. The other mode can be listed as

(2) out-of-plane linear translation in z-axis (3) in-plane linear translation in y-axis (4)

out-of-plane rotation around y-axis and (5) in-plane rotation around z-axis.

Figure 2.7. Five fundamental vibration modes for the torsional scanner [51].

Design process should be completed such that targeted torsional mode illustrated

in Fig. 2.7 (1) appears as the lowest fundamental resonant mode of the scanner. The

adjacent mode should be placed to frequencies sufficiently far away from each other

in order to provide a safe mode separation and avoid strong coupling between modes.

Here, it is crucial to note that microelectromechanical systems have various compli-

cated movement modes at different resonance frequencies. Especially, in under-damped
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microsystems, it is almost impossible to attenuate undesired resonant modes of motion

by inserting damping structures into the system. What we do basically is to prefer rela-

tively simple micro-structures in the design process so that preventing energy coupling

to undesired modes becomes an easier task.

Common form of resonant frequency for torsional micro-system is previously given

in Eq. 2.23. The structure illustrated in Fig. 2.2 (b), has a torsional resonance frequency

kθ of [44]

kθ =
2

Lf

Gab3
(
5.33− 3.36

b

aµ
(1− b4

12a4µ
)

)
(2.31)

and an effective mass moment of inertia Jeff of [51]

Jeff =
ρLmDtmir

12
(D2 + t2mir) + 0.88ρabLf (a

2 + b2) (2.32)

where µ is the shape anisotropy constant which is equal to unity for isotropic materials

and ρ is the density of the used bulk fabrication material. Further computations of the

resonance frequencies of other fundamental oscillation modes for torsional scanner are

given in detail in [51].

2.3. Structural Materials Used in Thesis Work

Choosing a suitable fabrication material for a specific MEMS application is one of

the most crucial phase of the design process. A diverse range of structural material is

so far used in the fabrication of optical MEMS and micro-scanners such as silicon [11,

21–23, 28, 52], stainless steel [35, 36] and polymer materials [53] like Polyimide [54],

Epocore [55] and Fire-Resistant 4 (FR4) [33,34,56], to name just a few.

Fabrication materials are selected mainly based on their stiffness, strength, suit-

ability for fabrication and cost. Unlike macro-scale structures which are fabricated

out of abundant and inexpensive substances, micro-scale structures are constructed of

materials such as single crystal Si, SiO2, diamond and polymers. Table 2.1 lists the
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properties of some selected materials [48,57–60] .

Table 2.1. Mechanical properties of selected materials.

Material Young’s Modulus Shear Modulus Density

E[GPa] G[GPa] ρ[kg/m3]

Al 69 26 2.7

Au 80 30 19.32

Cu 115 44 8.96

Diamond 1035 398 3.5

Epoxy 3 1.2 1.15

FR4 15 6.5 1900

Polystrene 2.8 - 4.1 1.1 - 1.6 1.1

PVC 2.8 1.1 1.4

Si 190 73 2.33

Stainless Steel 210 80 7.9

Today, silicon is the predominant material choice in MEMS. However, in recent

years, polymers have started to be used more frequently as a fabrication material.

The mechanical properties of polymer materials and epoxy-fiber composites like FR4

are quite different from those of metals and semiconductors. Firstly, the modulus of

elasticity of a polymer and FR4 may be as low as several GPa as shown in Table 2.1.

This allows scanners made out of these materials a larger value of displacement over

scanners fabricated out of materials like Si, stainless steel, Cu and so on, considering

Eq. 2.13 and Eq. 2.14. Secondly, polymers provide low-cost, batch compatible fabrica-

tion and packaging techniques. Another important property of polymers is that they

offer electrical, physical and chemical properties which are not available in other ma-

terials like mechanical shock tolerance [54]. Finally, the cost of material is much lower

than other fabrication materials. Further information can be found in [60], where an

in-depth review of the mechanical properties of polymers are presented.

Among various polymers, FR4 which is the most commonly used material in to-

day’s printed circuit board (PCB) technology, is preferred as the structural material of

the proposed structures throughout the first part of this thesis work. The power and
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the suitability of FR4 stems basically from their capability to acquire large displace-

ment/deflections at low-frequencies. Moreover, various actuators having any kind of

geometry can be fabricated out from a sheet of FR4 using standard PCB technology.

Besides, readily available Cu layer on FR4 sheets facilitates the electrical connection

and modulation of electronic devices integrated on the actuator. Additionally, these

electrical connection paths for the electronic components that are created using wet

etching or physical carving can be also employed as well as for magnetic actuation (ex-

ternal permanent magnet, integrated coil scheme). Having all these unique properties,

FR4 becomes a perfect material of choice to realize proposed scanner-based display.

Another material that is used as a bulk fabrication material during the second

part of this thesis work is stainless steel. Stainless steel is a extensively used, well-known

structural material in macro-world and there is no need to evaluate its properties in

a detailed fashion. A comparison of the mechanical properties of a single-crystalline

silicon with conventional manufacturing material like stainless steel exists in litera-

ture [59].

Steel is an alternative structural material to traditionally used silicon: it offers

a higher Young’s modulus (E ), a higher torsional modulus (G), a comparable flexural

mode frequency coefficient (defined as the ratio between Young’s modulus and the

material density:
√
E/ρ) and a comparable torsion mode frequency coefficient (defined

as the ratio between the torsional modulus and the material density:
√
G/ρ) [41]. These

properties make steel an important candidate for resonant mode actuator applications.

Additionally, since steel is a soft magnetic material (ferromagnet), magnetic actuation

can inherently be utilized to generate excitation force/torque. As a result, similar

performances in terms of total optical scan angle, mechanical quality factors and mode

frequencies can be obtained by using steel as the structural material.

2.4. Magnetic Actuation

Targeted micro-scanners for the proposed 2D display systems can be actuated by

various techniques. This section elaborates the principles of magnetic actuation and
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provides both insight and formulations required in the design process.

A detailed comparison among the available actuation methods stating the vari-

ous advantages of magnetic actuation compared to other ones can be found in [47,61]

and [62]. Magnetic actuation is an advantageous method for optical microsystems in

various aspects. Firstly, magnetic actuation method can be designed in a manner not

needing any electrical wires on the micro-structures which is an unavoidable situation

in electrostatic, thermal and piezoelectric actuation methods. This wireless structure

makes the fabrication and packaging processes of the targeted system considerably less

complex and grants the method a longer operational range. Secondly, this method

is very suitable for display applications because it can deliver very large amounts of

loading force for medium sized micro-structures which is a must in such MEMS display

systems desiring large angular displacements. Moreover, with the magnetic actuation,

one can easily create a torque component in addition to force in order to get a large an-

gular displacement which is a crucial performance criteria for micro-scanners. Finally,

external magnetic fields that are able to generate the necessary force and torque are

provided by passive elements like permanent magnets that do not consume any power

at all by definition.

In order to form a magnetic actuation system, two basic components are required

at the two sides of the system. These are the magnetic flux generator and the force

generating structure. It is possible to categorize magnetic actuators among themselves

depending on the types of magnetic sources and the force generating micro-structures

integrated on actuators. The source of the magnetic field can be a permanent mag-

net, an integrated electromagnetic coil or an external solenoid. Additionally, multiple

sources can be used in a hybrid fashion. On the other hand, force generating structures

located on the actuator side can be (1) a permanent magnet (2) a soft ferromagnet

or (3) an integrated electromagnetic coil on the structure. Table 2.2 illustrates and

classifies some different magnetic actuation schemes available in the literature.

In this thesis work, for the proposed systems, two different magnetic actuation

schemes are used. Both of them employ an off-the-shelf external coil to produce a
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Table 2.2. Different Magnetic Actuation Schemes.

Force Generating Elements on Microstructure

Integrated Coil Soft Magnet Permanent Magnet
F
ie
ld

S
o
u
rc
e
s

Hard Magnet [27,63]

External Coil [35,64–66] [67]

Integrated Coil [68]

Hybrid Source [69]

magnetizing H-field. They also consist of a force generating integrated permanent

magnet for FR4 scanners and a soft-ferromagnet for stainless steel scanners. Similar

magnetic micro-actuators using soft-ferromagnets [35,65] or using permanent magnets

that are integrated [67] or manually attached [70] have been previously reported in

the literature. In the following parts of this section, the operation principles and the

governing equations of these proposed magnetic actuation schemes are investigated.

2.4.1. Magnetization and Hysteresis Curve

It is a known fact that interaction between an external magnetic field and a

ferromagnetic material can produce magnetic actuation. A magnetizing field (H -field)

created by the external coil magnetizes the ferromagnetic layer on the actuator (or the

ferromagnetic actuator itself in the case of stainless steel scanners). In other words,

when a magnetic field H is applied to a ferromagnetic material, a magnetic induction

B is formed inside the material. The relationship between B and H is an intrinsic

property of the material. The equation relating B to H is [47, 71]

B = µ0H +M = µ0(H + χH) = µrµ0H (2.33)

where µ0 is the magnetic permeability of space, µr is the relative permeability of the

magnetic material, M is the internal magnetization of the ferromagnetic material and χ

is the susceptibility. χ is defined as the ratio of M to H and it indicates how responsive

a material to a magnetizing H -field [71].
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Ferromagnetic materials are composed of ferromagnetic domains which are small

regions in the material. Initial magnetization M of a ferromagnet is zero. In other

words, ferromagnetic materials do not have a definite average magnetization direction

in the absence of an external magnetic field. The process of magnetization causes the

domains to orient/align themselves in the same direction with the external magnetizing

field as shown in Fig. 2.8 [72].

Figure 2.8. Ferromagnetic domains. No magnetic field is applied on the left. External

fields orient the domains on the right. After [72].

However, the linear relationship between induced B and magnetizing H is only

valid within certain range. The magnetization curve of a ferromagnetic material display

a hysteresis behavior as illustrated in Fig. 2.9.

B
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Figure 2.9. Magnetization hysteresis curve of (a) soft magnet and (b) permanent

magnet.

As can be seen from Fig. 2.9, the total magnetization of a material cannot in-

crease indefinitely with the applied external field. This phenomenon is called magnetic
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saturation. At saturation, all available domains within a piece of magnetic material

become aligned to one other. Additionally, ferromagnet loses a portion of its magneti-

zation once we remove the external field. The portion of the saturation magnetization

that is kept after this removal is the remnant magnetization. Once the material reached

to the saturation, it needs a reverse H -field to make the value of magnetization equal

to zero. This negative field is called the coercivity field. Finally, the area enclosed by

this curve represents the amount of magnetic energy stored in the material.

Ferromagnets can be classified into two groups depending on their hysteresis curve

behavior as hard magnets and soft magnets. Compared to hard magnetic materials,

as depicted in Fig. 2.9, soft magnetic material has a very low remnant magnetization

level and it exhibits internal magnetization only when an external field is present.

2.5. Lumped-Element Modeling & Equivalent Magnetic Circuit

A schematic view of the magnetic actuation setup is depicted in Fig. 2.10 (a) in

which a cantilever beam making an out-of-plane bending movement together with an

electro-coil providing NI ampere-turn magnetomotive force (MMF) and a permanent

magnet with a magnetic path length of Lmag are present.

Figure 2.10. (a) Schematic drawing of magnetic actuation setup (b) magnetic circuit

equivalent (c) electro-mechanical analogy.
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Assuming the fringing fields are negligible in the system, the current applied to

the electro-coil creates a magnetic field which is equal to

H ∼=
NI

L
(2.34)

This magnetic field H, provides a flux ϕ in the magnetic circuit which is illustrated

in Fig. 2.10 (a). In lumped element modeling [73], the line integral of H around a

suitable closed path is called the magnetomotive force and it is symbolized as FMM .

In this magnetic circuit FMM becomes equal to [74].

FMM = NI = HmagLmag +HgapLgap(∆z) +HairLair (2.35)

where Hmag is the H -field in the permanent magnet, Hgap is the H -field in the gap

between the actuator and the electro-coil and Hair is the H -field in between the perma-

nent magnet and the far-side of the electro-coil as illustrated in Fig. 2.10 (a). At this

point, it is important to note that Lgap is the distance between the permanent magnet

and the electro-coil. It is a function that changes with the bending cantilever ∆z.

Lgap = z0 −∆z (2.36)

and Lair is the effective distance between the permanent magnet and and the far-side

of the electro-coil. To a first order approximation, it is equal to

Lair
∼= 2z0 + Lcoil (2.37)

It is a known fact that the flux in a magnetic circuit is always the same. Thus

one can say that in this magnetic circuit, ϕ=ϕmag=ϕair=ϕgap. The flux through any
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cross-sectional surface S in the magnetic circuit can be defined as

ϕ =
∫
S
B · dA = BairA (2.38)

Therefore, it is possible to write down the magnetic flux densities in term of the

flux ϕ as below

Bmag =
ϕ

Amag

(2.39)

Bair =
ϕ

Aair

(2.40)

Bgap =
ϕ

Agap

(2.41)

where Amag, Aair and Agap are the areas of the related regions as illustrated in Fig. 2.10

(a), respectively. Here, Agap is approximately equal to Aair. Having also known that in

the permeable material, Bmag=µmagHmag and in the air Bair=µ0Hair where µ0 is the

permeability of the free space, one can rewrite Eq. 2.35 as

FMM = NI =
ϕ

µmagAmag

Lmag +
ϕ

µ0Aair

Lgap(∆z) +
ϕ

µ0Aair

Lair (2.42)

Combining Eq. 2.42 with Eq. 2.36 and Eq. 2.37, the magnetomotive force becomes

equal to

FMM = NI = ϕ

[
Lmag

µmagAmag

+
Lcoil + 3z0 −∆z

µmagAair

]
(2.43)

In this equation, the term in square brackets give the reluctances of the magnet
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and the total air gap in series. It can be said that since the leakage flux in neglected,

this equation gives the upper limit of ϕ. The above magnetic actuation system can be

represented as a magnetic circuit diagram as shown in Fig. 2.10 (b). In this circuit,

Ampere’s circuital law can be applied as an analog to Kirchoff’s voltage law. Therefore,

we can rewritten Eq. 2.43 in a more compact form as

FMM = NI =
∑
k

Rkϕk = ϕ(Rmag +Rair) (2.44)

where Rmag and Rair are equal to Eq. 2.45 and Eq. 2.46 below, respectively.

Rmag =
Lmag

µmagAmag

(2.45)

and

Rair =
3z0 + Lcoil −∆z

µ0Aair

(2.46)

where FMM , Rk and ϕk are the analog of electromotive force, resistance and current

passing through the circuit, respectively. In Fig. 2.10 (c), the mechanical equivalent

circuit of the system is illustrated. The governing equations and the response of this

circuit was previously investigated in Section 2.2.

In other words, the displacement of the actuator ∆z is directly related to the

applied current I of the electro-coil with Eq 2.43.

2.5.1. Magnetic Actuation of Stainless Steel Scanners

Briefly, when the external H-field is non-existent, the stainless steel torsional mir-

ror depicted in Fig. 2.11 can be considered non-magnetized because of its low remnant

magnetization. Stainless steel structure generates mechanical force and torque when it

is placed within a magnetic field gradient.

It is previously mentioned that stainless steel is a soft-ferromagnetic material
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and when an external magnetic field is applied to a ferromagnetic material, internal

magnetic fields of the domain structures are aligned along a specific axis [47,71]. More

precisely, if the substrate is not spherical (the thickness to length ratio t/D of the

proposed ferromagnetic mirror is smaller than 0.02), then there exists a long axis (easy-

axis) easy to magnetize along [75]. This phenomenon is known as shape anisotropy.

The magnetization vector in the ferromagnetic material remains in-plane due to the

shape anisotropy and its out-of-plane component is neglected.

Figure 2.11. Schematic representation of forces and torques under non-uniform

H-field in torsional scanners.

A conceptual drawing about the preferred magnetic actuation scheme is shown

in Fig. 2.11. The applied H -field magnetizes the ferromagnetic material and creates a

magnetization vector M that remains in-plane due to the shape anisotropy and whose

magnitude and direction is dependent on the applied external field. North and south

poles of the magnetized ferromagnet experience forces F1 and F2. The magnitude of

these two forces can be computed by

F = MDtmH cosϕ (2.47)

where D and tm are the width and the thickness of the mirror, respectively. A net force

FNET = F2−F1 is exerted on the mirror. This resulting net force stemming from the H-

field gradient is pulling the magnet to the coil as a function of the distance between the
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centers of the magnet and the coil. This net force triggers the structure to an unwanted

out-of-plane pumping mode. However, the structure is specifically designed as a double

clamped torsional beam with a central mass as previously illustrated in Fig. 2.2. Thus,

thanks to its geometry, structure is inclined to make a torsional movement at its fun-

damental mode and moreover, at that operation frequency the out-of-plane pumping

movement has a quite low displacement which can be easily neglected compared to the

torsional movement.

This implication suggests that we can simply ignore the effect of FNET while ac-

tuating desired torsional steel scanners. However, there exists also a torque component

acting on the structure which tends to minimize the overall energy in an actuator sys-

tem by aligning the magnetization with the field lines of the external magnetic field.

Torque created in counter-clockwise direction can be calculated as [76].

T = F2
∆Lm

2
cosϕ+ F1

∆Lm

2
cosϕ (2.48)

where ϕ is the angle between the easy-axis of the scanner and the upper-surface of the

electro-coil and Lm is the length of the magnetic material. If we combine Eq. 2.47 with

Eq. 2.48, torque T becomes

T = MH[Dtm∆Lm] cos θ = MHV cos θ (2.49)

where V is the volume of the magnetic material.

As we can see from Eq. 2.49, torque T is dependent on both magnetization M

and applied external H-field. It is important to note that these two parameters are

also functions of the electro-coil driving current i(t)=I sin(ωt). If the offset level of the

applied electro-coil current is zero and if a magnetic DC field created by a permanent

magnet is absent in the system, then the torque T created by a small, non-saturation

external H-field (H sinωt) can be approximated to

T = M sin(ωt)H sin(ωt)V cos θ =
MHV

2
(1− cos(2ωt)) cos θ (2.50)
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This equation tells us that created torque has two components: A DC compo-

nent of MHV/2 and an AC component whose value is changing with cos(2ωt). It is

important to note that the frequency of the AC component is twice the drive current

frequency ω. It means that in order to trigger the structure into its designed funda-

mental resonant mode, a coil driving frequency which is exactly half of the designed

value f = f0/2 must be used. Moreover, the resulting torque is a unidirectional one

since the sign of the equation is always positive [26].

The displacement created on the scanner is directly dependent on the applied

current as in Eq. 2.44 and on torque as shown in Eq. 2.16. In order to increase the

torque and eventually the displacement, related M and H values of the system must

be increased. A permanent magnet creating a strong DC external field (increase in

H-field) can be used to magnetize the ferromagnet into saturation (increase in the

magnetization M) in the actuation of the scanners. Another approach is to use a

bigger ferromagnet to increase the volume V . Depending on the case and used bulk

material, this approach requires to use a thicker magnetic layer on the scanner or to

simply use a bigger ferromagnet providing a higher value of V . If a permanent magnet

is preferred to magnetize the ferromagnet as we do in our designs, the torque equation

becomes

T = Ms[H sin(ωt)]V cos θ (2.51)

A direct results of this new torque equation is that the torque and eventually the

actuation is now bidirectional since the direction of Ms does not change at all because

of the added permanent magnet in the system. Moreover, the frequency of the forcing

function becomes equal to the electro-coil driving frequency. Further discussion on this

types of magnetic actuation scheme along with its scaling effect can be found in [58]

and in [77].
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2.5.2. Magnetic Actuation of FR4 Scanners

As the actuation scheme of the FR4 scanner, a moving magnet actuation is pre-

ferred. This scheme constitutes an external electro-coil that is used an integrated

permanent magnet as the force generating unit. Similar actuation schemes are previ-

ously reported in literature [65, 78]. There are several advantages of using a moving

magnet actuation over other magnetic actuation schemes. Firstly, permanent magnets

can produce large actuation forces and therefore large displacements since the volume

of a permanent magnet is greater than the volume of any generic permalloy layer.

Proposed displays are millimeter scale devices and creating a ferromagnetic layer with

volumes comparable to permanent magnets on these structures is difficult. Moreover,

they have a very low-power consumption compared to soft-magnetic actuators. Ad-

ditionally, neither the magnitude nor the direction of the magnetization vector in an

ideal hard magnetic material is changing during the actuation process in contrast to

soft-magnetic materials. Finally, permanent magnets possess a bigger value of remnant

magnetization and magnetic saturation level as illustrated in Fig. 2.9.

The trade off of using this magnetic actuation scheme is that one should integrate

the permanent magnet and the actuator in a hybrid fashion. Adding a manual inte-

gration step to the fabrication process complicates the realization of such structures.

Moreover, the mass of the magnets is nearly always dominant compared to the mass

of the actuator even though they are in millimeter scale. This phenomenon reduces

the targeted resonant frequency depending on Eq. 2.21 and can create other movement

modes for the structure.

Similar to the case with stainless steel scanners, there exists both a force and

a torque component acting on the FR4 scanner in the preferred magnetic actuation

scheme as illustrated in Fig. 2.12.

The net force that is created due to the magnetic field gradient of the external
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Figure 2.12. Schematic illustration of magnetic actuator mechanism used in FR4

scanners.

electro-coil can be expressed as [58]

FNET = Ms(H2 −H1)V (2.52)

In addition to the net force created thanks to the applied H -field gradient, similar

to the actuation of stainless steel scanners, there exists also a torque component whose

value is equal to Eq. 2.49. Therefore, considering Eq. 2.52, Eq. 2.49 together with

Eq. 2.30, one can compute the related displacement value.

Magnet-A Magnet-B Magnet-C

Figure 2.13. Different types of magnets used in the design process. After [79].

Finally, mini permanent magnets that are used in the actuation of FR4 scanners

are shown in Fig. 2.13 [79]. These magnets are purchased from Supermagnet.de. The

most crucial properties of these magnets are listed in Table 2.3. Once again it is
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important to note that the weight of the magnets are larger compared to the weight

of scanner itself and therefore, dominate the resonance frequency equation of FR4

scanners given in Section 2.28.

Table 2.3. Properties of the used magnets.

Magnets Coating Weight Length Width Thickness Strength Flux

[gr] [mm] [mm] [mm] [gr] [Tesla]

Type A Nickel 0.0514 5 1.5 1 140 1.32-1.37

Type B Nickel 0.2202 5 5 1 350 1.32-1.36

Type C Gold 0.1793 5 5 1 350 1.37-1.42
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3. LED INTEGRATED MEMS DISPLAYS

In this part of thesis work, light-source integrated FR4 scanners are thoroughly

investigated. Proposed integration of microelectromechanical systems with LEDs in

order to produce 2D displays is a promising alternative to aforementioned conventional

display technologies in Chapter 1. Today, there are various studies on semiconductor

(solid-state or organic) LED-based dot matrix displays, which can be considered as a

mature technology [80–83]. These conventional solutions incorporate modulation of 2D

LED matrix with a driver electronic circuitry [84,85].

Resolution of such displays depend on the number of LEDs used in the 2D ma-

trix, which becomes excessively large in terms of device count and expensive for high-

resolution systems. Such a conventional realization technique for 2D matrix displays

has some major disadvantages. It does not only suffer from the large number of LEDs

used in the system but also from the following conditions: 1) low yield due to diffi-

culties in high-density semiconductor optoelectronic device fabrication, 2) reliability

problems like dead pixels and 3) high fabrication and material cost.

Proposed system offers a novel method for realization of 2D displays by integrat-

ing the light sources with the polymer actuators. The basic idea is to employ a scanned

1D array as in grating light valve displays [3, 86] to produce a 2D image plane. The

operation of the system relies on the modulation of the light sources in one axis (called

fast-scan axis) and the resonant movement of the LED-integrated MEMS platform

in the axis perpendicular to the fast-scan axis (called slow-scan axis) as depicted in

Fig. 3.1.

This method has a number of advantages over the conventional techniques. These

can be listed as follows: 1) usage of just one row of LED array leads to severe reduction

in the cost of light sources; 2) due to reduced number of light sources, reliability is

expected to increase significantly, having much smaller number of dead pixels and lower

amount of LED-to-LED variation. Depending on the resolution, this enhancement is
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Figure 3.1. 1D array of LEDs creating virtual pixels due to MEMS-actuation in a

direction perpendicular to electronic modulation axis.

expected to be around the number of rows; 3) Reduction in number of light-sources and

the choice of polymer as the structural layer of MEMS actuator solve the difficulties in

fabrication process which are present in conventional displays; 4) the present display

represents a technologically new class, and it is, in principal, possible to perform full

monolithic integration with polymer LEDs (PLEDs); 5) traditional LED-based 2D

displays, excluding organic and/or polymer LEDs and electronics, cannot use active

matrix addressing and are limited to passive matrix addressing [80], which in turn

puts limitations on the resolution and size of the displays. Present method, however,

alleviates this problem significantly, due to 1D array addressing simplicity, even if the

passive array addressing is used. This interdisciplinary study claims to yield a highly

original 2D display, merging two fields, namely, MEMS and electro-optics.

Moreover, there is no similar system previously reported in the literature that

enables the integration of polymer MEMS actuators with especially PLEDs to imple-

ment medium-resolution, e.g., QVGA (320 × 256), VGA (640 × 512) miniaturized 2D

displays. Representative numbers for a potential VGA realization are as follows: a

LED emitter size of 50 µm×50 µm, a LED pitch of 100 µm, and an actuator width of

65 mm. These numbers show that it is realistic to have a display in a common video

format. Such a display component can be used in low-resolution consumer electronics



43

products like mobile phones, MP3 players, digital cameras and hand-held PDAs, etc.,

representing an alternative class of display as a reliable, robust and low-cost system.

In this chapter, operation principles, design processes, fabrication methods, ex-

perimental works and measurements of the proposed scanner-based displays are pre-

sented. At first, the displays are realized by integrating solid-state LEDs on the FR4

actuator. Subsequently, similar techniques and principles are used to fabricate this

time a fully polymer scanner-based display using polymer LEDs.

3.1. Operation Principles of FR4 Scanner-Based Displays

The operation principles of the proposed structure including the material selection

for fabrication and the preferred actuation method are very briefly summarized in this

section. Schematic of the proposed system is illustrated in Fig. 3.2, where an actuator

suspended with two springs at the anchoring regions and a 1D array of LEDs (PLED

or solid-state) placed on the actuator surface can be identified.

Basic operation of the device relies on the electronic modulation of the light

sources in the fast-scan axis and the mechanical resonance vibration of the actuator at

a designed frequency (refresh rate of the display) in the slow-scan axis which is per-

pendicular to fast-scan axis, as depicted in Fig. 3.2. Simultaneous and precise control

of the slow-scan movement of the FR4 actuator and the electronic modulation of the

LEDs in the fast-scan axis form virtual pixels and thus generate a 2D image, as en-

closed by the 2D image plane illustrated in Fig. 3.1. The height and the width, in other

words the resolution of the proposed 2D display consisting of virtual pixels, depend

directly on the number of utilized LEDs and on the displacement of the mechanical

actuator.

The choice of the structural layer for the mechanical actuator is crucial since the

preferred material should provide a high mechanical displacement for low-resonance

frequencies. For this reason, as explained in Section 2.3, polymer composite materials

are chosen as the structural layer of this scanning display since their spring constants
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are one orders of magnitude smaller than the ones of inorganic materials. Additionally,

the slow-scan motion of this scanning display is realized by magnetically actuating the

FR4 structure at its fundamental resonant mode. Resonant movement is preferred in

these structures since their displacements are drastically increased depending on their

Q-factors as demonstrated in Eq. 2.27.

It is previously declared that magnetic actuation (a field generating external

electro-coil and a force generating integrated permanent magnet) is preferred in the

proposed display system. As elaborated in Section 2.4, magnetic actuation method

needs no electrical connection to the mechanical structure and produces large actu-

ation forces and large displacement. Other actuation methods like electrostatic and

piezoelectric actuation are not preferred since the former requires very small capacitive

air gaps and very low atmospheric pressure whereas the latter one is a method which

requires a large area coverage.

3.2. Solid State LED Integrated FR4 Scanners

Targeted display is first realized by integrating solid-state LEDs onto the designed

polymer actuator illustrated in Fig. 2.2 (a). Proposed display structure is depicted in

Fig. 3.2. This system consists of a U-shaped composite polymer (FR4) actuator that

is suspended with two flexures to the anchor. The underlying operation principles of

this structure are previously summarized in Section 3.1. In the following subsections,

design, fabrication and experimental measurements of the targeted scanner-based dis-

play will be explained. Information on employed LEDs and preferred position sensing

circuitry will be also given in the following sections.

3.2.1. Design of the Proposed Structure

Resolution and frequency calculations, mechanical design methodology and the

related actuation force computation are explained in a detailed fashion through Chap-

ter 2 of this thesis. We know that the refresh rate and the resolution of the targeted

2D display is defined by the mechanical actuator and the number of LEDs integrated
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Figure 3.2. Conceptual drawing of the proposed solid-state LED integrated FR4

display.

(20 solid-state LEDs in this case) onto the surface of this actuator. Therefore, it is

crucial to design the actuator such that it will have a reasonable refresh rate as well as

a large shuttle deflection.

Considering the actuator as a combination a lumped shuttle mass at the tip of

two cantilever beams, the resonance frequency (slow-scan mode) related to the out-of-

plane movement of the mechanical platform can be approximated as in Eq. 2.28. The

resonance frequency given in this equation is designed to be 100 Hz by proper sizing

of the springs for the refresh rate (slow scan) of the 2D display. By taking also Eq. 2.5

and Eq. 2.30 into consideration during this design part, required structure dimensions

are determined. In order to make the design part easier, automatized excel sheets are

prepared containing the derived formulas in previous chapter. A sample of these sheets

is given in Fig. 3.3. Tailored dimensions are listed in Table 3.1 using the parameters

illustrated in Fig. 2.2 (a).

Table 3.1. Dimensions of the LED integrated FR4 Scanner.

Parameter tf Lf Lt Leff Wf Wt

Dimension(mm) 0.23 23 6 29 5 12

The design with two suspended flexures facilitates placing other mechanical vibra-

tion modes of the devices to a sufficiently far frequency on the spectrum and increases

the resonance frequency which drops to a lower value due to the relatively heavy per-

manent magnet that dominates the denominator of the fraction in equation 2.28. Once
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Figure 3.3. Automatized excel sheet used for designing the proposed structures.

the structure topology and rough dimensions have been chosen as above, finite element

analysis is used for more accurate results. The resonance frequency is in vicinity of

100 Hz and finite element simulations reveal an out-of-plane deflection at f0=96 Hz,

as shown in Fig. 3.4 (a). Adjacent mode in the frequency spectrum occurs at f1=672

Hz, as given in Fig. 3.4 (b), where the actuator shuttle is deformed because of the

out-of-phase movements of each suspension.

Figure 3.4. Finite element simulation of the mechanical scanner. (a) Out-of-plane

bending movement as the fundamental mode at 96 Hz (b) Second mode due to

out-of-phase deflection of springs at 672 Hz.
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FR4 scanner is set in scanning motion at its fundamental resonant mode us-

ing magnetic actuation principles explained in Section 2.5.2. Mechanical platform is

excited in the slow-scan axis by utilizing electromagnetic force induced due to interac-

tion of an off-chip electro-coil and a mini permanent magnet. An alternating current

passing through off-chip electro-coil and the DC magnetic field develops a frequency-

dependent actuation force. This magnetic force acts against the spring force and bends

the flexure resulting in deflection of the fabricated cantilevers. When the frequency of

the sinusoidal current passing through the electro-coil enters into the pass band of the

FR4 scanner, a drastic increase in displacement is observed due to quality factor of

the scanner. This effect helps to decrease the power consumption stemming from the

actuation.

The scanner is driven only at the frequency of the out-of-plane bending mode

which is sufficiently far away from the adjacent modes in the frequency spectrum. The

actuation setup, briefly sketched in Fig. 3.4, does not favor the excitation of in-plane

modes, because of the negligible electromagnetic interaction between the permanent

magnet and the anchored coil. Therefore parasitic vibrations parallel to the surface of

the coil are eliminated both by mechanical spring design through wf/Lf ratio and by

the coil arrangement that induces the electromagnetic force.

For the generation of fast-scan modulation signal, unidirectional writing is pre-

ferred over bidirectional writing scheme, because of its immunity to phase variations

of the drive signal. A sinusoidal driving signal at 100 Hz is applied to the external

electro-coil for resonant operation of the scanner. The device moves faster around the

center of the generated scan pattern and slower at the edges of scan pattern. There-

fore, the implication of varying actuator velocity must be considered while creating the

modulation signal in order to have the same effective dimensions for the virtual pixels.

A simple solution to this problem is to scan a long 1D line using the resonant

motion of the scanner and to use only a portion of the scanned line for the display.

This over-scan factor concepts is previously explained in Section 2.1. When 100% of

the total scan line is used in a display (Ko = 1), the speed variation would produces
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considerable pixel size and brightness variations as it is explained. In a typical scanning

display, writing is stopped at the extremities of the scan to cope with this phenom-

ena. This halting period ranges from 10% to 30% of a total scan in a generic writing

process [30]. In this work, a relatively moderate value Ko = 0.8 is utilized in unidirec-

tional writing in order to minimize unwanted variations without further decreasing the

vertical resolution given as

NV =
ffast ·Ko ·Kub

fslow · 2Kbit
(3.1)

where NV is the vertical resolution of the display, ffast is the fast scan frequency, Ko

is the over scan factor, Kub is the scanning scheme factor which is 1 for unidirectional

and 2 for bidirectional scanning, fslow is the slow-scan frequency and Kbit is the bit

depth of the targeted gray scale image. For the present case, the parameters are

chosen as ffast = 250 kHz, Ko = 0.8, Kub = 1, Kbit = 5 and fslow = 100 Hz, resulting

in a vertical resolution of approximately 62 whereas the horizontal resolution of the

proposed display, NH is set by the number of LEDs in the array (in our case NH = 20).

3.2.2. Solid-State LEDs and the LED Driving Scheme

One of the most crucial parts of this project is the integration of light sources

on the polymer actuator. The main aim of this integration part is to put as many

LEDs as possible on a limited surface in the most easiest and cheapest way. Therefore,

first, smallest LEDs available in the market are investigated. Surface mounted devices

(SMDs) are not utilized since the smallest device dimension available in the market is

0.5 mm × 1 mm. Thus, bare LED die having much smaller dimensions are preferred

and purchased.

A conceptual drawing of the employed solid-state LEDs in this thesis together

with their pictures taken under microscope are shown in Fig. 3.5. The width and the

length of these LED dies are both 250 µm whereas their thickness is approximately

200 µm. In this LED, the top contact provides a pad for the bonding wire. The pad is
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circular with a diameter of 100 µm. This top contact pad also provides a low-resistance

ohmic contact to the current-spreading layer [87]. With the help of this Au contact,

the anodes of the LEDs are easily wedge-bonded to the related cathode lines using a

TPT HB05 wirebonder.

Figure 3.5. Top side picture of a bare LED die used in the fabrication.

A cross-shaped contact as shown in Fig. 3.5 provides a more uniform current

distribution over the entire area of the active region. The area of the top contact

is deliberately kept small so that the light emanating from the active regions is not

hindered by the opaque contact. For LEDs, it is desirable to maximize luminous

intensity and luminous flux while keeping the LED chip area minimal.

The DC current-voltage (IV) characteristic of the LEDs used in the system are

extracted using a Keithley 4200 SCS semiconductor parameter analyzer as shown in

Fig. 3.6. As can be understood from this plot, in order to pass a meaningful amount

of current through the LED, approximately 1.5 V is required.

Luminance-current characteristic of the utilized LEDs is acquired by using a

characterization setup shown in Fig. 3.7 (a). In this setup, LED die is driven with a

power supply by limiting the current that passes through the LED with the help of an

external resistor. LED die which is put into the integrating sphere shown in Fig. 3.7 (b)

is swept for different current values. The related luminance values at LED’s emitting

wavelength are monitored and recorded using a spectrometer. At this point, it is
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Figure 3.6. LED IV characteristics.

important to note that the amount of luminance changing with the applied current is

a crucial information in order to reach to the desired luminance value/contrast ratio

and eventually to design the desired electronic driving circuitry.

Figure 3.7. (a) Schematic drawing of the optical characterization setup (b) picture of

the integrating sphere used in the characterization process.
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Fig. 3.8 (a) shows the luminance-wavelength relation of a green/yellow LED for

a constant driving-current. The device under test mostly emits light at a wavelength

of approximately 560 nm which corresponds to a color of yellowish-green. Moreover,

luminance-current (LI) plots of the green/yellow and red LEDs are given in Fig. 3.8

(b) and (c), respectively. These plots show that there is a linear relation between the

luminance and the current passing through the devices. However, as the applied driving

current gets larger, deviations from the linear behavior are started to be observed,

especially after 45 mA for the green/yellow LED and after 32 mA for the red LED due

to the existing parasitic resistances in the devices.

As a result, it is possible to get sufficient luminance values out of the LEDs by

simply modulating the current passing through them. It should be noted that one of

the most important factors defining the contrast ratio of a display is the ratio of the

luminance formed with the application of the maximum amount of allowable current,

to the parasitic luminance formed while no driving current is exerted at all. These

facts are extensively referred while designing the Pulse Width Modulation (PWM)

LED driver circuitry and tested on a 1D LED array as shown in Fig 3.9.

Analog luminous intensity control is one of the most basic and simple methods of

control. In this method, luminosity is controlled with the current passing through the

LEDs. It can be assumed that there is a linear relation between the luminous intensity

and the current passing through the light emitting devices as mentioned above. The

most important advantage of this type of driving is to create virtually an infinite

number of luminance levels. This level of luminance intensity is directly related to

the current/voltage control of analog power supply. However, in this type of driving

scheme, one should continuously apply the driving signal which at the end, increases

the power consumption. Therefore, a digital driving scheme is preferred over the analog

one.

Electronic modulation of the LEDs is performed digitally by Spartan 3AN Field

Programmable Gate Array (FPGA) development board. LEDs are connected to the

output ports of the FPGA development board via resistors. Since the logic high output
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Figure 3.8. (a) Luminance-wavelength relation of a green/yellow LED (b)

luminance-current plot of (b) green/yellow and (c) red LEDs, respectively.

value of the FPGA is assigned as 3.3 V and the turn-on voltage of the LED is taken

as 2 V, the resistors can be used for limiting the current to 10 mA. A software code

digitally driving the LEDs using pulse width modulation (PWM) is written for this

FPGA (Appendix A). This specific code creates pulse signals out of the FPGA at the

desired frequency and with the intended pulse widths. Therefore, driving the LED

array using PWM principle becomes a possibility. PWM is a modulation principle

which is frequently used in the control of DC motors and in determining the luminance

levels of light sources. The duty cycle of the driving signal determines the luminance



53

intensity of light source with the following formulation:

Figure 3.9. Different luminance values acquired using PWM.

η =
tpulse
T

(3.2)

where tpulse symbolizes the pulse width and T determine the period of the created

signal. The character patterns that are desired to be displayed are stored in the FPGA

via a look-up table. The look up table data is sent to LEDs in a row by row fashion,

therefore all LEDs are modulated in parallel.

The modulation frequency for fast scan is chosen with respect to the fundamental

resonant frequency in order to maximize the number of pixels. The chosen fast scan

modulation frequency determines the number of rows obtained on the display. Hence,

the fast scan modulation frequency value can be changed to obtain the desired number

of rows. The ratio of the fast scan modulation frequency to the fundamental frequency

is equal to the number of rows obtained, therefore the fast scan modulation frequency

has to be an integer multiple of the resonant frequency in order to maintain a stable

image.

On the other hand, even if the ratio is an integer value, the precision of the

FPGA clock frequency and the jitter of the FPGA output signal may cause some

shifts and distortions on the produced image. FPGA related distortions can either

be minimized by synchronization between the electrical and the mechanical parts of

the MEMS display or by manually adjusting the FPGA settings. The first technique

requires, a feedback signal created by a motion sensor which will be elaborated in

Section 3.2.3.
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Scanning operation can be done unidirectionally or bidirectionally. In the pre-

sented scanner-based display device, bidirectional scanning results in two times more

intense pixel level than the level obtained in the unidirectional scanning. On the other

hand a synchronization problem in the device results ghosting effect or blurry pixels as

previously explained in Section 2.1 and should be treated accordingly. The intensity of

the emitted light is set by implementing PWM technique which is based on changing

the duty cycle ratio of the modulation signal. The duty cycle ratio changes the total

amount of current injected to the LEDs per period changes proportionally. Therefore,

smaller duty cycle ratios create darker pixels, while the larger ones create brighter

ones. To get minimum and maximum pulse widths, clock frequency is multiplied by

the depth of PWM signal. Therefore, the pixel clock frequency, fpixel can be given as

fpixel = fslow × nrow × nPWM (3.3)

where fslow is the slow-scan frequency or the refresh rate of the display, nrow is the

number of rows and nPWM is the level of the PWM signal. The level of the PWM

signal was limited by the FPGA clock and the maximum output signal frequency.

3.2.3. Position Sensor and Modulation

The light sources that are integrated onto the surface of the FR4 scanner are

modulated along the fast-scan axis using a modulation circuitry that is composed of

a Spartan 3AN FPGA development board together with additional active and passive

components. This board is electrically connected to the light sources via Cu inter-

connects and generates the necessary modulation signal of still images intended for

display. However, in order to synchronize this modulation signal with the actuation

signal of FR4 scanner, the position data of the scanner in slow-scan movement must

be acquired.

Schematics of the circuitry that is used to acquire the position data of the mechan-

ical scanner is depicted in Fig. 3.10. This circuit comprises a 660 nm laser diode which

is aligned with a photodiode (PD) having a peak response at about the same wave-
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length, a transimpedance amplifier for PD current amplification and an open-circuit

collector comparator (LM311) for digitization of the signal for further processing in

FPGA board.

Figure 3.10. Feedback circuitry used to acquire the position data.

Optical components of Fig. 3.10, are aligned altogether in such way that when

the scanner is at its rest position no light is received by the PD. PD begins to col-

lect light from the laser source and produce current at its output when the mechanical

structure is actuated. Amplitude of the output voltage of the transimpedance amplifier

is proportional to the shuttle deflection. Every cycle of the scanner vibration there-

fore generates a digital signal at the comparator output corresponding to the vertical

synchronization pulse. The FPGA collects and uses this sync signal and prompts the

simultaneous output, shown as fast scan modulation in Fig. 3.10, for the modulation of

display LEDs along the fast-scan axis. Fig. 3.11 shows the waveforms at the particular

nodes of the position detection circuit. The optical feedback signal (IPD) carries the po-

sition information of the mechanical actuator which is driven by the signal Vdrive shown

in Fig. 3.11 (a). At the output of the transimpedance amplifier, half wave clipped

signal is observed due to inclined positioning of the actuator, as shown in Fig. 3.11 (b).

This signal is compared with a reference voltage of Vref and an inverted digital version

of the sync signal to be fed to the FPGA block is created, as given in Fig. 3.11 (c).
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Figure 3.11. Waveforms of the position feedback circuit (a) Electro-coil drive signal

(b) Output of the transimpedance amplifier (c) Output of the comparator.

3.2.4. Realization of Solid-State LED Integrated FR4 Scanners

Realization of the display is briefly outlined in Fig. 3.12. A 200 µm thick FR4

substrate which has 30 µm thick copper films on both sides is used as the starting

material. Electrical paths and the common cathode line to LEDs are formed on the

Cu film using an industrial PCB cutter.

Figure 3.12. Fabrication of profile of solid-state LED integrated FR4 Scanners.

The back side of the platform is completely covered with Cu and is not removed

at all to increase the stiffness and the quality factor of the mechanical actuator. It

also alleviates the problem of metal fatigue due to large amplitude deflection of the
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actuator happening at the Cu electrical paths.

Afterwards, the front side of substrate is coated with 10 µm thick SU8 layer. This

layer is patterned lithographically after proper alignment and then developed to form

300 µm ×300 µm trenches that are needed for LED placement as shown in Fig. 3.13

(a).

Figure 3.13. Integration steps of LED dies on FR4 actuator. (a) SU8 trenches of

300× 300 µm for LED placement. (b) LED placement with 130 µm gap in between

them. (c) LEDs wirebonded to Cu pads.

Subsequently, silver epoxy is applied inside the trenches to provide the necessary

stickiness and electrical connectivity between LEDs and Cu interconnects. In this

process, silver epoxy is preferred to ordinary solder due to its superior wetting and

removal properties. Afterwards, LEDs are carefully placed as a one dimensional array

into the trenches with a 130 µm gap between each other as shown in Fig. 3.13 (b) and

left to dry for approximately 12 hours. Subsequently, placed LEDs are wedge-bonded

to anode interconnects to complete the electrical circuitry as can be seen in Fig. 3.13

(c).

A stylus-type surface profiler (Veeco Dektak 8M Stylus Profiler) is used to char-

acterize the topography of the resulting structure. The profile can be seen in Fig. 4.4,

where in between 250 µm and 500 µm of the horizontal axis, an SU8 opening in the

form of a valley (cathode pad) is visible which will then be used for wire bonding. Fab-

rication step is concluded by attaching gold-plated permanent magnets which have the
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Figure 3.14. Profile of the proposed structure after LED die placement.

dimensions of 5 mm× 5 mm ×1 mm and a weight of approximately 180 mg (Type C

magnet in Section 2.5.2) onto the FR4 actuator in order to define a magnetization vec-

tor on the movable parts. Finally, an off-the-shelf coil is placed beneath the mechanical

device to complete actuation set-up.

Figure 3.15. (a) Fabricated device, a close-up view. (b) Device picture with

dimensions.

Fabricated device photographs are given in Fig. 3.15. As it is designed, proposed

structure has two beams with a length and width of 23 mm and 5 mm, respectively.

The tip of the structure is a rectangle with a dimension of 12 mm× 6 mm.
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3.2.5. Power Considerations

The total power consumed in the proposed display is due to two components; the

power that is required to turn-on 1D LED array and the power required to actuate the

mechanical scanner. As explained earlier, the displacement of the scanner is enhanced

by the quality factor when the actuation frequency enters into the pass band of the

mechanical resonator. This property decreases the power consumption of the resonant

type actuator. Power consumed by the LED array can be estimated by considering the

current-voltage relationship of a forward biased diode, which is given as

ID ≃ Is · exp
(

VD

n · VT

)
(3.4)

where Is is the saturation current, VT = kT/q is the thermal voltage, n is the ideality

factor, VD is the voltage across the diode and ID is the diode current. Assuming that

all the LEDs in the array are tuned on, the power consumption P1 of a conventional

dot-matrix LED display with a resolution of NH ×NV can be calculated by using

P1 = NH ·NV · I1 · V1 (3.5)

where I1 and V1 are the current and the voltage of a single LED of the 2D display.

Combination of equations 3.4 and 3.5 gives the power consumption of a dot-matrix

LED display as

P1 = NH ·NV · n · I1 · VT · ln
(
I1
Is

)
. (3.6)

The proposed display uses one-dimensional LED array of NH×1 which is scanned

in the vertical axis in order to form a virtual image plane with the same resolution of

NH × NV as the dot-matrix LED display. In the present arrangement, a single LED

device is used for generation of NH number of virtual pixels. Since there is a linear

relationship between the current and the luminous intensity of LEDs [88], same levels

of display luminance and contrast ratio can be achieved for both displays if each of the
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LEDs of the present display is fed by a current value of I2 = NV · I1. Consequently,

the power consumption the proposed display is given as

P2 = NH ·NV · n · I1 · VT · ln
(
NV · I1

IS

)
. (3.7)

Essentially, LED integrated scanner display of same performance consumes more

power than the dot-matrix LED display. The ratio of these power levels is

P2

P1

= 1 +
lnNV

ln
(
I1
IS

) (3.8)

which is plotted in the inset of Fig. 3.16. LED current-voltage characteristic is measured

with Keithley 4200 Semiconductor Parameter Analyzer as shown in Fig. 3.16.
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Figure 3.16. Current-voltage characteristic of a LED device used in the

implementation of the display. Inset: ratio of the powers consumed by the light

sources of the present display and a dot-matrix LED display for I1=10 mA and IS =

10 pA.

The saturation current of the LED is extracted to be approximately 10−11 A. As
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an example, a pixel with full brightness conducts a current of 10 mA, which results in

P2

P1
= 1.14 for a row number of NV = 20 and IS ≈ 10−11. In other words, the present

display consumes roughly 14% more power than a dot-matrix LED display of same size

and performance. When the power consumed by the actuator is taken in to account,

the power difference increases to 42%, in order to drive the 1D LED array to at its

peak displacement. This extra power becomes less effective as the horizontal resolution

(or equivalently the number of LEDs in the array) of the display increases.

3.2.6. Characterization and Experimental Results

The frequency response of the mechanical scanner is measured using a vibration-

velocity characterization setup which consists a laser Doppler vibrometer (LDV), a

function generator and an oscilloscope as shown in Fig. 3.17. Communication between

the oscilloscope and the function generator is accomplished by GPIB interface. LDV

sends a laser beam to the section of interest and measures the Doppler shift of the re-

turning beam to give a voltage at its output which carries the signature of the vibration

velocity of that particular section.

Figure 3.17. Employed characterization Setup.

Fig. 3.17 shows the mechanical transfer characteristics of the device as a function

of the operation frequency. This plot is obtained by driving the electro-coil with a

signal of constant power and varying frequency and collecting the vibration velocity by

the LDV in ambient air. As can be seen from this figure, the slow-scan resonance peak
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is approximately at 99 Hz and it corresponds to the out of plane bending resonance

mode of the actuator. At this frequency, the device produces a peak displacement of

approximately 2.45 mm at a drive power of 85 mW with a quality factor of 21 which is

an expected value both due to relatively low elastic modulus of the FR4 material and

due to the heavy effective mass of the actuator.
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Figure 3.18. Displacement-frequency plot of the FR4 scanner. Resonance at

approximately 99 Hz.

Air damping reduces the quality factor as well, but its effect is not as dominant

as the aforementioned effects. The next resonance peak occurs at around 580 Hz

which is sufficiently far away from the fundamental frequency such that a safe mode

separation in the frequency spectrum is accomplished. Inset of Fig. 3.18 plots the peak

displacement of the actuator as a function of the drive power level. As can be seen

from this plot, actuator displacement is proportional to the square root of the drive

power, due to the linear relationship between the displacement and the electro-coil

drive current.

Since long-term reliability is a crucial issue for a composite material like FR4,

reliability of the proposed display structure is validated by operating it for an extended

period of time. The LED integrated mechanical scanner was operated at its resonant

frequency for approximately 3× 106 cycles at a drive power of 40 mW, in ambient air.



63

Scanners’ resonant frequency, quality factor and displacement are measured periodi-

cally throughout the experiment within a laboratory environment open to humidity

and temperature variations. Fig. 3.19 shows the measured percentage change in each

measured parameter. The quality factor, Q, and the peak displacement, Z, of the

scanner changes less than 5% over 3 million cycles of operation whereas the maximum

deviation exhibited in resonant frequency, f0, is less than 0.2%. It can be concluded

that the important performance parameters are rather insensitive to cyclic aging [45].
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Figure 3.19. Reliability test results of the fabricated display. The device is kept at

resonance for about 3 million cycles.

The realized display is tested by imaging different characters as shown in Fig. 3.20.

As mentioned earlier, unilateral scanning is preferred while the nonlinear portions of

the slow-scan sinusoidal signal is not used in order to obtain a non-distorted image.

Consequently, approximately 8 mm×2.25 mm display which has a resolution of 20×40

pixels is acquired. In Fig. 3.20 (a), 1D array which consists of 20 individual LEDs

is switched on without any actuation of FR4 scanner is depicted. The camera is set
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to have a long exposure time to be able to capture the movable frame images which

results in ghost images. In addition to that, a slight ghost brightness around the LED

emitters is due to conical radiation of the light from the device. Next, an acronym,

MNL is displayed in Fig. 3.20 (b). Subsequently, display is modulated to get a checker

box image in Fig. 3.20 (c). A gray scale image which is acquired using pulse width

modulation is depicted in Fig. 3.20 (d).

Figure 3.20. Some modulation examples: (a) With no actuation and modulation. (b)

MNL (c) Checker box image. (d) Gray scale image.

3.2.7. Concluding Remarks and Discussion on Solid-State LED Array Inte-

grated FR4 Scanner Based Displays

Proposed FR4 based displays have the advantage of having a low fundamental

resonance frequency suitable to be used as refresh rate. Displacement at the slow-scan

resonance enjoys the moderate quality factor of the mechanical structure. Simultane-

ous and precise control of this resonant movement along with the modulation of 1D

LED array in perpendicular direction to the slow-scan axis enables the generation a 2D

images. The scanner, fabricated using a Cu coated FR4 substrate is magnetically ac-

tuated. The display enters into its fundamental resonant movement at approximately

99 Hz and produces a peak displacement of 2.45 mm at a drive power of 85 mW. A dis-

play resolution of 20×40 pixel on a physical size of 8 mm× 2.25 mm is acquired. When

considering only the LED array, the proposed display consumes 14% more power com-
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pared to the conventional dot-matrix LED display of the same performance. However,

when the advantage of using significantly less amount of LED devices is considered, it

can be deduced that the present display offers a more reliable operation, in terms of less

probable dead-pixel failure, easily controllable LED-to-LED variations. Furthermore,

utilization of one-row of LED array reduces the cost arising from the usage of light

sources. There are also scanning solid-state LED based displays and toys available

in the market like propeller clock [89] but they are not in micro-scale and portable.

Moreover, apart from being expensive, they generally require a DC motor and a large

amount of power in order to work compared to our proposed display. Finally, the

display is proven to be quite robust in the tests which lasted approximately 3 million

cycles with no significant change (below 5%) in the performance parameters such as

the quality factor, the peak resonant displacement and the resonance frequency.

3.3. Polymer LED Integrated FR4 Scanner-Based Display

Principles used in the design and realization of solid-state LED integrated FR4

scanners are also employed to form a fully polymer, scanner-based display. This time

instead of solid-state LEDs, polymer LEDs (PLED) are preferred as the light sources.

Figure 3.21. Schematics of the proposed PLED integrated FR4 scanner-based display.

Schematic of the proposed system is shown in Fig. 3.21, where an actuator sus-

pended with two springs at the anchoring regions and an array of PLEDs placed on the
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actuator surface can be identified. In the following subsections, especially the fabrica-

tion method and the experimental measurements of the targeted scanner-based display

will be explained. Information on employed PLEDs will be also given in subsequent

sections.

3.3.1. Design and Operation Principles of PLED integrated FR4 scanners

A design methodology very similar to the techniques that are explained in Sec-

tion 3.2.1 are used while designing the targeted all-polymer, scanner based displays.

Proposed FR4 scanner is making an out-of-plane displacement movement in the slow-

scan axis. Related resonance frequency is designed to be 50 Hz for the refresh rate of

the 2D displays. The dimensions of the proposed structure are determined as shown

in Table 3.2 using the principles and equations derived in Section 2.2.2.

Table 3.2. Dimensions of the PLED integrated FR4 Scanner.

Parameter tf Lf Lt Leff Wf Wt

Dimension(mm) 0.23 18 15 33 4 27

The results of the finite-element analysis simulations are shown in Fig. 3.22 be-

low. As it is desired, the fundamental resonant mode (out-of-plane bending) occurs at

approximately 50 Hz. The unused adjacent mode is a torsional movement mode and

it takes place at approximately 193 Hz.

3.3.2. Polymer LEDs

1D PLED arrays which are required in order to build the desired all-polymer,

micro-scanner based displays, are fabricated by Prof. Mutlu’s research group in Bogazici

University MEMS Laboratory (BUMEMS) after our designs. Employed PLED fabrica-

tion process is briefly explained below and in some part of Section 3.3.3. More detailed

information on PLED fabrication process can be found in [90].

Conjugated polymers are semiconductors that offer flexibility, simplicity, and
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Figure 3.22. Finite-element analysis of the MEMS actuator. (a) Slow-scan (refresh

rate at 49.8 Hz) movement as the fundamental mode. (b) Unused torsional movement

mode at 193.4 Hz (dimensions in meter).

lower cost in the fabrication of LEDs [91], transistors [92], integrated circuits [93],

charge-pumps [94], photo-detectors, and solar cells [95]. Their usage has a potential

to realize monolithic integration of electronic, optoelectronic, MEMS, and sensory de-

vices [96] altogether. In addition, polymer-based systems are amenable to roll-to-roll

production [97]. However, when compared to their inorganic counterparts, current

polymer semiconductor devices have lower performances, are less reliable, and have

shorter lifetimes due to rapid degradation on exposure to oxygen and water vapor

under ambient atmosphere [90].

1D PLED array is made with a structure of indium tin oxide (ITO), poly (3,4-

ethylenedioxythiophene)poly (styrene sulfonate) (PEDOT:PSS), poly [2-methoxy-5-

(2’-ethyl-hexyloxy)-1,4-phenylene vinylene] (MEH-PPV), and aluminum (Al). ITO

forms a transparent anode electrode. PEDOT-PSS works as a hole-transporting layer.

MEH-PPV is the light-emitting layer. Aluminum is used as a low-work function anode

material. Electrons injected from Al and holes from ITO recombine on MEH-PPV to

emit photons.
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In contrast to typical fabrication process in literature, fabrication of the 1D PLED

array is performed under standard room conditions without using glove boxes. There-

fore, during each fabrication step, the polymer materials are degraded by humidity

and oxygen in the environment. As a result, fabricated PLEDs do not emit light when

forward biased. To remedy this situation, a novel two-step post-fabrication-treatment

method, consisting of thermal and electric field treatments, is used to revive them [90].

Treatments are done on a hotplate inside a vacuum chamber with in situ packaging

capability after the electrical wiring of the array is done. The PLED array is packaged

with a millimeter-thick layer of a hot-melt silicone immediately after treatment with-

out breaking vacuum. Thermal treatment restores the electroluminescent function of

PLEDs by removing most of the oxygen and water vapors absorbed inside the devices.

The electric field treatment following the heat treatment lowers their turn-on voltages

and increases their stability, repeatability, and lifetime by reorienting and ordering

polymer chains that have become mobile over their glass transition temperatures and

lowering contact barriers at the interfaces of the films. Such a fabrication process is

much easier and cheaper, since the equipment consisting of spin-coater, hotplate, stir-

rer, high-vacuum thin-film evaporator, wiring tools, and packaging tools used in the

production of PLEDs does not have to be connected together inside a big glove box

to secure an inert atmosphere. Fabricated PLEDs using these materials and methods

typically have efficiency of around 0.1%, luminance of 5 cd/m2, and lifetime of a couple

of months.

3.3.3. Fabrication of PLEDs and PLED Integrated FR4 Scanners

MEMS actuator and 1D array of PLEDs are fabricated separately and then inte-

grated to get the targeted 2D display. The fabrication process of the MEMS actuator

is shown in Fig. 3.23. An FR4 substrate of 200 µm thickness which has 30 µm thick

copper films on both sides is used as the starting material. The copper film on the

front side is coated with a 4 µm thick Shipley 1828 photoresist layer. This layer is

patterned lithographically, as shown in Fig. 3.23 (b).

The copper layer is then etched in HCl solution, and photoresist is stripped in
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Figure 3.23. Process sequence of FR4 actuator fabrication.

order to produce the electrical paths to PLEDs. Subsequently, copper on the backside

is patterned and etched in a similar way while protecting the front side of the substrate

with a protection layer. Most of the copper on this side is not etched except for the

paths for laser cutting, as shown in Fig. 3.24, in order to increase the stiffness and the

quality factor of the MEMS actuator and also to alleviate the problem of metal fatigue

in copper paths. Finally, the structure is cut by a laser cutter (Versa Laser Cutter,

VLS2.30). Laser cannot cut through the copper film; hence, the pattern of the copper

film on the backside forms the final shape the MEMS actuator. Window opened on

the tip of the cantilever structure is required, since light generated on PLEDs can be

viewed only through this window after the integration of the actuator and the PLED

array.

All fabrication steps of PLEDs are performed under standard room conditions,
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Figure 3.24. (a) Front-side and (b) backside views of FR4 actuator.

with a relative humidity level of 40%-50% and a temperature of 21◦C-26◦C. PLEDs

are fabricated on ITO-coated polyethylene terephthalate (PET) sheets with a sheet

resistivity of 35 Ω/square. The sheets are cut into circular wafer-shaped segments with

diameters of 4 inch and attached to 1 µm thick glass wafers temporarily with silicone

gel. They are cleaned in acetone, isopropyl alcohol, and deionized water consecutively

for 3 min using an ultrasonic cleaner. The process sequence of PLED fabrication is

shown in Fig. 3.25. ITO is patterned photo lithographically using 2.8 µm thick positive

photo-resist and etched in a 1:1 HCl:H2O solution. To eliminate the hydrophobic

nature of the PET surface against PEDOT:PSS, which is an aqueous solution, and to

clean the surface of ITO from organic residuals, an oxygen plasma with a power of 20 W

is used for 15 min in a 300 mtorr vacuum. PEDOT:PSS with a conductivity of 1 S/cm

is purchased from Sigma as an aqueous solution. After the filtration of PEDOT:PSS

with a 0.25µm syringe filter, a film approximately 80 nm in thickness is obtained on

the wafer by spin-coating the solution at 2000 rpm for 30 seconds. PEDOT:PSS film

is baked at 110◦C under nitrogen atmosphere for 1-hr and then baked in a vacuum

of 150 torr for 1-hr to remove its water content. In order to minimize thermal stress,

temperature is increased and decreased gradually. This results in a PEDOT:PSS film
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with a sheet resistivity of about 125 kΩ/square. Since PEDOT:PSS has four orders of

higher resistivity than ITO, it is not necessary to pattern this film.

Figure 3.25. Process sequence of PLED fabrication.

Next, a 4 mg/mL MEH-PPV/toluene solution is stirred at 50◦C on a hotplate

for at least 4 hrs until the polymer is fully dissolved. After filtering the mixture with a

0.25 µm Teflon syringe filter, the MEH-PPV solution is spin-coated onto the wafer at

2000 rpm. Then, the film is baked at 65◦C for 1 hour. This obtains a film thickness of

approximately 80 nm. For the deposition of the aluminum electrodes, a shadow mask

is prepared from a 100 µm thick stainless-steel (SS301) sheet. A photo-resist mask is

patterned on steel surface using lithography,and then, steel is isotropically etched using

electrochemical etching in 1:7 HCl:DI water solution [35]. A vacuum chamber with a

base pressure of 10.6 torr is used to evaporate a 220 nm aluminum layer. The shadow

mask is aligned perpendicular to the patterned ITO lines and forms 1D PLED array.

Fabricated PLED array is composed of 20 PLEDs with pixel dimensions of 400 µm by

1500 µm separated by a 50 µm gap.

The increase of the second dimension of the PLED from the designed value of

800 to 1500 µm is due to the gap between the devices and the shadow mask during

evaporation of aluminum. After the fabrication, one die of 1D PLED array out of
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Figure 3.26. Photograph of fabricated dies of 1D array of PLEDs on PET substrate,

temporarily attached to a glass wafer.

many dies on the wafer, as shown in Fig. 3.26, is cut simply using a blade and attached

to the tip of the cantilever of the polymer scanner, where a window has been opened

before, as shown in Fig. 3.27. Manual alignment between the array and the scanner is

made such that copper lines and electrode lines of the array are matched. Silver epoxy

is used to connect copper lines to the corresponding electrodes of the array, as shown

in Fig. 3.27 (b).

Subsequently, post-fabrication treatments required for the PLED array are done.

These are performed in a dark environment on a hotplate that is inside a vacuum of

100 mtorr. Heat treatment starts by heating the polymer system to 110◦C. Tempera-

ture is changed gradually in stages to minimize the thermal stress between the layers.

The duration of the heat treatment is 1 hr. Following the heat treatment, the devices

are electrically reversed-biased at 0 V, meaning that anodes and cathodes are short

circuited. By short circuiting an LED, its active area is reverse biased by its built-

in potential, and an electric field is created across. The electric field treatment also

continues for an hour at a temperature of 110◦C.

At the end of treatment stages, the polymer system is packaged immediately

without breaking vacuum. A layer of hot melted silicone approximately 1 mm thick

is used to encapsulate only the area of the polymer system where the 1D PLED array
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Figure 3.27. (a) Integration of 1D PLED array and MEMS actuator and (b) Zoomed

view.

is attached. The silicone is melted above 90◦C by turning on a separate custom-made

heater, which holds solid silicone pieces. This heater is located on the surface of the

hotplate. It is thermally isolated from the hotplate using glass supports. The whole

setup is inside the vacuum chamber. The electrical controls for this custom-made heater

and the hotplate are outside the chamber. Hot-melt silicone is preheated at 50 mtorr

vacuum separately before it is used for encapsulation to remove the absorbed gasses

inside. After the deposition of the melted silicone, a thin glass slide (100 µm thick) is

pressed against the surface of the liquid silicone. Once the silicone cools and solidifies,

it holds the glass slide and together forms a good encapsulation for the PLEDs working

as diffusion barriers for water and oxygen. The light of the PLED comes out from the

ITO/PET side of the substrate, and this was the reason of opening a window on the

tip of the cantilever.

The fabricated MEMS display is shown in Fig. 3.28. In this figure, the cathode

pads on the FR4 surface are connected together via silver epoxy, which is necessary for

the coming electrical treatment of the PLEDs. These are cleaned and connected to an

electronic driving circuit by soldering after post-fabrication treatments and packaging.
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Figure 3.28. (a) Front-side and (b) backside views of MEMS display after integration

with 1D PLED array.

On the front side of the display, as shown in Fig. 3.28 (a), all the electrical connections

made between PLED array and copper lines of FR4 using silver epoxy can be seen.

The backside of the device is shown in Fig. 3.28 (b). The aluminum pattern of the

PLED array, which is on the front side, is visible on this backside view, since the PET

and ITO patterns are transparent. Similarly, the emitted light of the PLEDs is visible

from this side.

Implementation of the system is completed by permanently attaching two nickel-

plated magnets which have the dimensions of 1 mm × 5 mm × 5 mm and a weight

of approximately 220 mg onto the MEMS actuator in order to define a magnetization

on the movable parts as described in the device-operation section. Subsequently, an

off-the-shelf coil is optimally placed near the actuator to complete system setup.
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3.3.4. Characterization and Experimental Results of PLED Array Inte-

grated FR4 Scanner

A vibration-velocity characterization setup is again used to extract the frequency

response of the MEMS actuator. In the experiments, both the coil excitation voltage

(current) and the LDV output voltage are sinusoidal signals. For a given setting of the

LDV, output voltage is converted to velocity by scaling it with a constant. Fig. 3.29

shows the mechanical transfer characteristics of the device as a function of the operation

frequency. This plot is obtained by driving the electro-coil with a signal of constant

power and varying frequency and collecting the vibration velocity by the LDV. The

transfer function of the actuator is measured in ambient air for a drive level of 29 mW.

As shown in Fig. 3.29, the slow-scan resonance peak is approximately at 49 Hz, which is

very close to the designed value (50 Hz) of the out-of-plane bending resonance mode of

the actuator. Quality factor of the device in this mode is measured as 25 in ambient air.

The next resonance peak occurs at about 200 Hz, as expected from the finite-element

simulation result shown in Fig. 3.22.

Figure 3.29. Displacement-frequency and power-resonance (inset) plots of MEMS

display.

The frequency peak, present at 200 Hz, is related to the torsional movement of the

actuator and is shown in Fig. 3.29. The related displacement is more than two orders

of magnitude smaller than the fundamental mode, and there is safe frequency spacing
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between these adjacent modes. Inset graph in Fig. 3.29 shows the displacement and

resonance-frequency shift associated with the slow-scan mode as a function of the drive

power level of the actuator. There is a square-root-like behavior of the displacement

on the drive power. This is an expected outcome, since the magnetic actuation force as

well as the displacement, according to the Hookes law, are linearly proportional to the

electro-coil current. Drive power level is proportional to the square of the electro-coil

current; thus, the displacement follows square-root-like characteristics. The shift in

the resonance frequency is related both to the nonlinear Duffing effect and the spring-

softening effect due to the behavior of the suspensions of the MEMS structure at large

displacements [35]. In the slow-scan resonance mode, the actuator can generate a

maximum displacement of 3.5 mm at a drive power of 84 mW, as can be read in the

inset graph shown in Fig. 3.29.

The optical characteristics of PLEDs are acquired in a similar fashion to the char-

acteristics of solid-state LEDs. They are measured using an optical setup composed

of a fiber-optic spectrometer (Ocean Optics, USB 4000), integrating sphere (Ocean

Optics, FOIS-1), and fiber-optic cables. For relative measurements, a bare fiber-optic

probe with a 200 µm radius is used. The same fiber-optic probe is also used to deter-

mine the light spectra of the PLEDs. The luminance observed by the fiber-optic probe

is measured with the spectrometer. For absolute measurements, the integrating sphere

is used to capture the total luminous flux emitted from the device. Calibrations are

performed with a calibrated light source (Ocean Optics, LS-1-CAL-INT). Electrical

measurements of the device parameters are performed using a Semiconductor Char-

acterization System (Keithley 4200SCS), a digital multimeter (Agilent 34410A), and

adjustable dc power supplies (Hameg HM7042-5).

The emission spectrum of the fabricated PLEDs has a typical PLED spectrum

shape with a peak at 600 nm in wavelength. Measured current.voltage and cur-

rent.luminance characteristics of PLEDs are shown in Fig. 3.30. These devices start to

emit light at 7.5 V. The difference between the thickness of MEH-PPV in this study

and the one used in the aforementioned one is believed to cause this change in the

results of the post-fabrication treatments. For this new fabrication conditions, post-
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Figure 3.30. Luminance−current−voltage (L−I−V )characteristic of the fabricated

PLEDs.

fabrication treatment voltages can be swept from −1 to −5 V to find the treatment

voltage that gives the smallest turn-on voltage. Emitting area of an individual PLED

is 400×1500 µm2. The increase of the second dimension of the PLED to 1500 µm is due

to the gap between the devices and the shadow mask during evaporation of aluminum.

Luminance increases as the applied voltage increases. Devices are operated at 13 V in

the test of the polymer display system, each PLED consuming 1.1 mA of current. At

this operation point, each PLED has a luminance of 0.3 cd/m2. Similarly, luminance

of PLEDs can be improved to our typical value of 5 cd/m2. by changing the thickness

of MEHPPV, optimizing post-fabrication treatments, and shortening the time between

fabrication, system integration, and packaging.

The fabricated device can be used as a 2D display with a resolution of M × N,

where M is the number of light sources (PLEDs) in the array and N is the closest

integer to the number defined by the ratio between the total excursion of the FR4

scanner and the 1D PLED array length. In this study, a 2D display of 9 mm × 3.4 mm

is constructed as a representative device with a resolution of 20 × 7. Photograph of the

display with no actuation is shown in Fig. 3.31, where a column of (1D) PLED array

in emission is visible. When the actuator is excited at its slow-scan resonance mode, a

2D pattern as shown in Fig. 3.31 (b) is formed. This rectangular image, visible at the

end of the cantilever, is generated by application of constant voltage to each PLED
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Figure 3.31. Generated MEMS display image examples. (a) No actuation and no

modulation. (b) Actuated but no modulation. (c) PLED array is modulated to give a

checkerboard image. (d) Pattern obtained by selectively turning off several PLEDs.

device; therefore, no compensation for LED-to-LED variation is present. As a result of

that, there are brightness differences between the horizontal lines, since each PLED is

responsible for scanning a single horizontal line. In addition to that, since the MEMS

scanner velocity is maximized around the central portion of the image, pixels at the

left and right rims of the pattern are brighter [25]. We have not programmed the pixel

times to accommodate the local velocity variations of the FR actuator in this study.

Fig. 3.31 (c) shows a checkerboard pattern generated by applying a square wave

signal and its 180◦ phase-shifted version to the neighboring PLEDs. Contrast of the

display is shown in Fig. 3.31 (d) where several PLEDs in the array are turned off. As

shown in Fig. 3.31, in general, basic functions of a 2D display can be implemented by

using the polymer MEMS-PLED imaging system.
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3.3.5. Concluding Remarks and Discussion on Scanner Based All-Polymer

Display

Initial results show that this technology has the potential to implement medium

resolution low-cost 2D displays. Virtual pixels of this novel display were implemented

by linear vibration of the electronically modulated PLEDs in the direction that is per-

pendicular to the array. Two essential parts of the display, the MEMS actuator and the

PLED array, were fabricated by using inexpensive processes. Characterization results

of the MEMS actuator showed that peak-to-peak deflection of 3.4 mm is possible with-

out reaching the plastic-deformation limit. PLEDs start to emit light at 7.5 V. Each

PLED has a luminance of 0.3 cd/m2 at 13 V, consuming 1.1 mA current. Resulting

integrated display was tested to implement basic functions of an imaging system, and

according to the initial results, it is proven that there is a great potential for a novel

all-polymer medium-resolution inexpensive display.
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4. STAINLESS STEEL TORSIONAL RASTER-SCANNING

DISPLAYS

In the second part of this thesis work, torsional raster-scanning displays are de-

signed and fabricated out of stainless steel. In the first part of this chapter, we present

a two-dimensional mirror scanner which uses steel as the structural material. Distinc-

tive to the present device, the scanner is fabricated by using conventional lithography

and the electrochemical metal etching technique, making it different from the previ-

ously reported steel scanners along with its architecture giving better total optical scan

angles (TOSA) [41]. Two different gimballed architecture is proposed, fabricated and

characterized in this part.

In the second part of this chapter, a novel, self-terminating electrochemical etch

process is proposed for the fabrication of scanning steel micro-mirrors. The process

develops further the principles used in the first part of this chapter. It uses a single

mask photolithography, and an etching step which is terminated automatically, by

enabling at the same time the depth profile shaping of the fabricated structure. The

proposed process is characterized and then used to fabricate two versions of 1D steel

micro-scanners: one with selective thinning of the predefined parts and one without

thinning. The fabricated devices are characterized and compared with respect to their

resonance frequencies and mechanical quality factors.

4.1. Design and Fabrication of Two-Axis Micromachined Steel Scanners

4.1.1. Device Operation

Schematics of the proposed devices are sketched in Fig. 4.1 (a) and Fig. 4.1 (b),

where a slow-scan axis which is orthogonal to the fast scan axis can be identified.

The scanner in Fig. 4.1 (a) is a gimballed cantilever structure (Type-A) in which both

cantilever structures generate an out of plane bending movement at their resonant
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frequencies. The device in Fig. 4.1 (b), on the other hand, is a gimballed torsional

structure (Type-B) where, both the mirror and the movable frame rotate about the

fast and slow axis again at their resonant frequencies.

L
M

Slow scan axis

Fast scan

axis 1

L
S

L
F

D
M

W
S

W
F

2

3

4

L
M

(a) (b)

I( )w

Steel

F1

F2

x

y

NS NS

Ms

H-field

(c)

Figure 4.1. Schematics and operation of the 2D scanner devices. (a) Gimballed

cantilever scanner (Type-A) (b) Gimballed torsional scanner (Type-B) (c) Magnetic

actuation scheme used for both types of the devices.

The movable frame is suspended to the anchor through the springs with the

length of LS and the width of WS, similar to a cantilever design. A mirror, with a size

of DM × LM , is gimballed to that movable frame by the suspension with a length of

LF and a width of WF . The device given in Fig.4.1 (a), uses magnetic actuation forces

to generate out-of-plane displacements. Since the electromagnetic field generating the

actuation forces is varying, the most exact calculation would require point-by-point

calculation or integration over the magnetic material boundaries.

However, considering the small size of the device with respect to the coil size,

one can approximate these forces and use two concentrated lumped loads at point-1

(resulting in out-of-plane movement of the movable frame) and at point-2 (out-of-plane

movement of the mirror). Thus, regarding the formulation that is developed in Sec-
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tion 2.4, the magnitude of the induced force on the movable part can be approximated

as

Fj(ω) = MsWtHj⊥(ω) j = 1, 2 (4.1)

where Ms is the magnetization vector, W and t are the width and the thickness of

the movable section being actuated by the frequency varying electromagnetic field vec-

tor Hj⊥(ω), which is perpendicular to the magnetization vector. The magnetic field,

marked as H-field in Fig. 4.1 (c), is generated by the electro-coil which is driven by an

electrical current. The electro-coil has 7 mm inner core diameter with 2200 copper wire

windings. There are two mechanically fixed permanent magnets, generating approxi-

mately 0.8 Tesla DC field, which yield a predefined magnetization of Ms in the steel

section, shown as a vector in x-direction in Fig. 4.1 (c). Due to a net force difference,

a moment is exerted on the steel scanner. If the rotation axis is in the middle of the

lumped point forces of F1 and F2, the amount of the induced moment is approximately

T (ω) ≃ (F1 + F2)Leff (4.2)

where Leff stands for the length of the moment arm, calculated as the distance between

the lumped force and the center of the rotation axis. There are several advantages

associated with this actuation technique such as not having any joule heating due to

the a.c. current on the scanner, fabrication simplicity and much greater conductor

length that can be achieved by using an off-chip coil. Therefore we choose to use a

miniature off-chip coil.

The most basic unit used in the realization of this raster-scanning display is the

double-clamped beam with a central mass as illustrated previously in Fig. 2.2 (b).

The micromechanics and the design principles of this structure is explained in a very

detailed fashion through Section 2.2. Using the derived formulas in this section an

excel sheet is created in order to design the structure. A sample sheet used for the

design of the gimballed cantilever structure is shown in Fig 4.2.
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Figure 4.2. Automatized design sheet created in Excel. (SI units are used).

The force or the moment given in Eq. 4.1 and 4.2 displaces the movable parts of

the scanner according to the Hooke’s law. When the frequency of the a.c. current (thus

the a.c. actuation force/torque) is around the resonance peaks of the vibration modes,

the displacements are enhanced by the mechanical quality factors of the respective

motion. At resonance, the displacement of the mirror can be calculated as the departure

caused by the reacting spring force. Fig. 4.3 shows the finite-element analysis result of

the device.

According to this analysis, movable frame’s fundamental vibration mode (i.e. out

of plane bending mode) can be used to generate angular displacements about the slow

scan axis for Type-A scanner, as shown in Fig. 4.3 (a). This mode is designed to have a

low resonance frequency since it corresponds to the refresh rate of the 2D display. The

fast scan mode of the Type-A scanner has to generate a scan line that is orthogonal
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Figure 4.3. FEA results of the scanning mirrors (a) Type-A, movable frame bending

mode (slow scan) (b) Type-A, Mirror bending mode (fast scan). (c) Type-B, movable

frame torsion mode (slow scan)(d) Type-B, mirror torsion mode (fast scan).

to the slow-scan mode, and a suitable candidate is the out-of plane motion of the

mirror as depicted in Fig. 4.3 (b). Torsional gimballed scanner (Type-B) device uses

conventional torsion modes for both the movable frame and the mirror as shown in

Fig. 4.3 (c) and Fig. 4.3 (d), respectively. Each of these two modes will generate scan

patterns orthogonal to the other one. The slow and the fast scan modes are excited

by supplying a.c. signal components at the center frequencies of the corresponding

resonance peaks. The dimensions of the scanner structures are given in Table 4.1.

Table 4.1. Dimensions (in mm) of the Type-A and Type-B scanners.

Geometry WS LS WF LF DM LM t

Type-A 1 7 3 1 3.5 3 0.1

Type-B 0.6 5 0.8 2 4 4 0.1

4.1.2. Fabrication of Stainless Steel Scanners

Application of electrochemical etching to microfabrication dates back to 1955 or

even earlier, when it is used to etch germanium and silicon [98]. The cost effectiveness,

reduced chemical wastes and effluents and achievable high precision make electrochem-

ical etching increasingly popular in microsystems [99]. Many alloy compositions, such

as stainless steel, can be easily etched by electro-chemical etching. Patterning of stain-

less steel using electrochemical etching can be serial like milling or in batch mode like
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lithography. Precise electrochemical etching of stainless steel resulting in high-aspect

ratio patterns with ultrashort (nano second) voltage pulses using a very sharp tip that

is less than a micron away from the etched steel has been shown [100,101]. Since this

method is a serial process, machining of the work piece takes time, increasing cost.

This is similar to mechanical milling, laser machining and electro discharge machining

(EDM) used in industry to machine precise steel parts. A lithographic process is faster

and cheaper since it is compatible with batch fabrication. Furthermore, its integration

to microsystems is easier and simpler. That is why there have been research efforts

to micro machine steel using a batch mode micro electro-discharge machining, where

lithography and EDM is combined [102].

Similarly, in this part of the thesis, we use a novel fabrication method benefiting

from the conventional lithography and electrochemical metal etching. A photoresist

mask is patterned on steel surface using lithography and then steel is isotropically

etched using electrochemical etching. This kind of batch mode electrochemical etching

has been studied before [99]. However, it has not been used to fabricate two-axis steel

scanners. Steel scanners fabricated so far are not batch fabrication compatible. They

are fabricated using mechanical machining [41,103].

The bulk fabrication method begins with a 100 µm thick, stainless steel 301

(SS301) substrate. The substrate is spin coated with a 6 µm thick Shipley 1828 photo

resist mould which is soft-baked at 90◦C for 60 seconds. The steel is then exposed to

UV light where a nominal exposure time of 6 minutes is used with a UV light source

that has a 1 mW/cm2 power . Subsequently, the resist is developed in a developer for

60 seconds. After the development, the steel is hard-baked at 110◦C for 30 minutes in

order to make it more durable against the following electro-chemical etch process. To

perform the electro-chemical etch, the steel layer is attached onto an insulator plate

holder in order to protect the back side of the material from etching. The steel layer

is immersed into an electro-chemical cell composed of 1:7 HCl:DI water solution and

connected to a current source as it is depicted in Fig. 4.4 (b).

The parts to be etched form the anode electrode of the electrochemical cell.
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Figure 4.4. (a) 100 µm thick SS301, spin coated and patterned with 6 µm PR mould

(b) Schematics of the electrochemical cell (c) Standard electrochemical etching mask

(d) Electrochemical etching mask maximizing the current density.

Conversely, the counter plate, on which ions from electrolyte get deposited, is the

cathode electrode and is also made of steel. They are both connected to a DC power

supply which provides current to the cell. Ideally, anisotropic etching profile can be

achieved by employing a slow etching, using a small current-density value. However,

photoresist is not very durable in electrochemical etch solution and can be delaminated

in time. Moreover, because of the poor adhesion of the photoresist on the steel substrate

and insufficient post development bake, disintegration of the photoresist layer along

with mask erosions occur. Consequently, these effects produce some unpredictability

in the process, create surface roughness and unintentional etches on steel surface in

various locations that result in poor pattern transfer. Therefore, a long period of

hard baking should be preferred, HMDS adhesion promoter must be utilized and the

exposure time of the resist to the HCl solution has to be diminished to get better

etching results. As a result, a very quick and relatively isotopic etching process is

preferred instead of slow and anisotropic one for this ultimate purpose of achieving
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uniformity on the device.

The key of a quick etching process is to increase the current density. Current

density can be increased by decreasing the area exposed to the solution or by simply

increasing the current. Although, it is perfectly possible to use an etching mask as

shown in Fig. 4.4 (c), eventually the current density would be decreased, making the

process longer and destroying the etching uniformity of the device in the end. Moreover,

due to the focusing of the electrolytic current distribution at the edges, non-uniform

etch profiles in the form of W shape can occur in the patterns with wide openings

[104, 105]. For a given maximum DC current (3.3 A in this case), and a given etch

pattern, one solution would be to decrease the exposed area as depicted in Fig. 4.4 (d),

which renders the same pattern as in Fig. 4.4 (c). The width of the exposed area in

this mask is 100 µm but for better uniformity, smaller dimensions can be used with

ease. It is important to note that this situation is only true for etch-through processes.

This masking scheme enables the etching of 100 µm thick stainless steel plates with a

current density of approximately 9 A/cm2. This creates a 1-to-1 isotropy which means

that approximately 100 µm undercut occurs for 100 µm depth. However, the undercut

can be compensated with no trouble by simply drawing the masks accordingly. The

devices are etched in just, 4 to 5 minutes with a rate of approximately 25 µm/min

depending on the structure.

Type-A Type-B

Figure 4.5. Pictures of the two different designs. Type-A, gimballed cantilever

scanner. Type-B, gimballed torsional scanner.

Finally, after electrochemical etch, the PR mould is stripped off. Produced de-

vices are shown in Fig. 4.5. Two nickel-plated magnets which have the dimensions of
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1 mm×5 mm×1.5 mm and weight of 55 mg are attached onto the anchor frames of

the devices in order to be able to define a magnetization on the movable parts. An

off-the-shelf coil is optimally placed near the steel mirror for actuation.

4.1.3. Test and Characterization Results

Fig. 4.6 shows the mechanical transfer characteristics of the Type-A device as a

function of the operation frequency. This plot is obtained by driving the electro-coil

with a constant magnitude current, varying the frequency and collecting the vibra-

tion displacement by the LDV (Polytec OFV 2500). As can be seen from this figure,

there are two points of interest on the device, namely point-1 and point-2 (whereas

the characterization of the torsional-torsional structure is made considering 4 different

points in order to increase the accuracy of the results, refer to Fig.4.1 (a) and Fig. 4.1

(b) for the locations of these points), which indicate the slow-scan and the fast-scan

operations respectively.

Figure 4.6. Vibration displacement of (a) the movable frame and (b) the mirror of

the Type-A scanner as a function of frequency.

Mode-1 corresponds to the out of plane displacement of the movable frame at

point-1, generating a scan line at 112 Hz. This resonance peak, given in Fig. 4.7 (a)
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in detail, results in a quality factor of 287 in air. Mode-1 is chosen as the slow-scan

mode for two-dimensional scanning. Mode-2 corresponds to the torsional movement of

the movable frame which has a resonance frequency of 371 Hz. Subsequently, point-

2 is used in the following measurements to define the characteristics of the fast-scan

operation. The mirror produces the maximum scan line by making an out of plane

displacement at 882 Hz which is defined as Mode-3 in Fig. 4.6 (b). This resonance

peak generates a scan line that is orthogonal to the scan line produced by the Mode-1,

thus can be chosen as the fast scan operation mode. Mechanical quality factor for

this mode is measured to be approximately 200 in air. Mode-4 in Fig. 4.6 (b), depicts

the torsional movement of the mirror. For the Type-A scanner, fast scan frequency

(mode-3) to slow scan frequency (mode-1) ratio is 7.87 for resonant actuation of both

modes. If non-resonant actuation is used for the slow-scan, e.g. 60 Hz refresh rate,

the ratio between the fast scan frequency and the slow-scan frequency becomes 14.7,

which implies that one can write approximately 15 lines in the vertical direction using

the present device as a 2D display.
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Figure 4.7. (a) Out of plane displacement resonant peak of the movable frame (b)

Out of plane displacement resonant peak of the mirror for the Type-A device.
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Fig. 4.8 shows the laser scanning experiments of the Type-A scanner. The laser

beam is positioned on the mirror and the device is actuated in slow and fast scan

resonances, respectively. A white, scaled metric screen is placed as a screen for the

2D scanner, where reflected laser beam generates one-dimensional scan line for each

axis. As can be seen from Fig. 4.8 (a), the slow-scan motion produces a scan line

corresponding to a total optical scan angle (TOSA) of 11.7 ◦ at the drive power of

42 mW. Similarly, the fast scan operation at the drive level of 30.6 mW results in a

TOSA of 23.2 ◦, as shown in Fig. 4.8 (b). Here, it is important to note that with large

optical scan angles, steel mirror dynamic deformation, which produces slightly curved

edges on the scan lines, is more apparent as shown in Fig. 4.8 (a) and (c). In order

to characterize two dimensional scanning capability of the scanner, slow and fast scan

drive signals are superimposed resulting in Lissajous pattern shown in Fig. 4.8 (c).

Similar experiments are repeated for the Type-B device. As a result, slow-scan motion

of the Type-B scanner has a TOSA of 76 ◦ at a drive power of 37 mW whereas the

fast-scan motion has a TOSA of 5.9 ◦ at a drive power of 39 mW as it is shown in

Fig. 4.9.

(a) (b)

(c)

Figure 4.8. Scan line characterization results for Type-A device: (a) Horizontal total

optical scan line is 11.7 ◦ at a drive power of 42 mW (b) Vertical total optical scan

angle is 23.2 ◦ at a drive power of 30.6 mW(c) Lissajous pattern.
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Actuation power linearity is studied for both types of scanners. The experiment

is performed by cranking up the drive power of the coil and measuring the scan line

(thus the optical scan angle) at each data point at the resonance peak of the mode.

The result of this experiment is given in Fig. 4.9, where TOSA of the slow and fast scan

modes are plotted versus the power of the driving alternative signal of the electro-coil.

As can be seen from Fig. 4.9 (a), for the Type-B scanner, since the mirror displacement

is linearly proportional to the magnetic flux (and therefore the coil current), there is

a dependency resembling a square root relationship between the scan angle and the

drive power. Since the mechanical quality factor of the device varies with the actuation

power, there is no exact square root behavior. Fig. 4.9 (b) shows the characteristic

for the fast axis of the Type-B scanner, where the drive power is changed in a smaller

range, resulting in a similar behavior like the slow axis. As can be seen in Fig. 4.9,

a maximum slow axis TOSA of 105 ◦ is possible with Type-B device. It is apparent

from these experiments that the drive power is linearly proportional to the square of

the TOSA.
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Figure 4.9. Drive power versus total optical scan angle (TOSA) relationship for the

cantilever type gimballed (Type-A) scanner and the torsional type gimballed

(Type-B) scanner (a) Slow scan characteristics (b) Fast scan characteristics.
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4.1.4. Simultaneous Actuation Control

Actuation of the scanner and modulation of the laser source is done via a control

circuit whose schematic is shown in Fig. 4.10. The circuit is composed of a Spartan

3AN FPGA development board and additional active and passive components in order

to convert data and drive the coil and laser diode. The FPGA board acts as the main

control unit and generates both the modulation and actuation signals as digital words.

The digital actuation signal, generated in the FPGA, is then converted to an analog

signal via a digital-to-analog converter (DAC) which drives the electro-coil.

DAC Actuation
Coil

Laser
Diode
Driver

MEMS
scanner

Laser
Diode

FPGA
Development

Board

Fast & Slow Mode
Drive Signal
(Digital)

Fast & Slow Mode
Drive Signal

(Analog)

Modulation
Signal

Displayed
Image

Pixel data to be
stored in a LUT

PC User

Modulated
Laser Beam

Figure 4.10. Test setup used for modulation of the light source and the drive control

of the electro-coil.

The actuation signal is basically a combination of two individual signals, namely

slow-scan mode and fast-scan mode actuation signals, which are superimposed by the

FPGA set. Both the mode signals and the resulting superimposition have 8-bit depth.

The frequency data that is employed for the generation of the signals is stored in

the ROM of the development board and it can be adjusted by knobs and buttons

of the board, in real time. The fast scan mode is driven to resonance, while off-

resonance driving is applied for the slow-scan mode operation. The slow-scan mode

signal comprise of a simple ramp signal at 100 Hz. The fast-scan modulation signal is

a pure sinusoidal signal at 1.2 kHz and it is created by using sine values stored in a
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look-up-table (LUT). Synchronizing the actuation signals appropriately and keeping a

constant phase between them are crucial, since they define the position of the rows and

columns of the display along with the contrast ratio of the image to be created. Two

different methods can be pursued to accomplish this; (1) to make one of the actuation

signals an integer multiple of the other (off-resonance actuation) [24] and (2) to use

a synchronous pulse obtained from a feedback loop of one signal in order to start the

other one (resonant actuation) [41]. The first method may need the amplification of

the off-resonance signal. On the other hand, for the latter one, starting one signal

abruptly may create harmonics which actuate unwanted modes of the scanner and the

result of this can be a distorted image. In this work, the second method is used. The

synchronization signal which starts the first fast scan operation is created when the

slow scan mode operation is finished. The distortions are minimized by adjusting the

slow-scan frequency accordingly.

4.1.5. Modulation of the Laser Source

The modulation of the light source is performed by a buffer, which drives the laser

using an input signal from the FPGA board. Modulation signal is created from the

information related to the fast scan and the slow scan actuation signals. The beginning

of the fast scan signal corresponds to the creation of the first pixel for that particular

row. Moreover, the value of the row counter located in the FPGA kit is increased at the

beginning of each fast scan period until the end of the slow-scan period. The nonlinear

portions of the fast scan mode sinusoidal signal are not used in order to obtain a non-

distorted image. The number of pixel for one row is virtually limited by the laser spot

size. The pixel clock frequency, which plays an important role in achievable resolution,

is dependent on the physical characteristics of the laser diode, the performance of the

modulation circuitry and the target contrast level [106].

Both, unilateral and bilateral scanning is possible for the MEMS scanners and

they are investigated in detail in [41]. As it is mentioned earlier, the scanner velocity

is highest at the center of the mirror and therefore the pixels at the center are larger.

Some form of velocity compensation should be used to achieve the best image quality.
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Figure 4.11. Two examples of the displayed character patterns; the left one is “MNL”

text (size: 4 mm×12 mm) and the right one is the “A” character.

The characters shown in Fig. 4.11 are formed by applying unilateral scanning with

no velocity compensation. The mirror under test is shown in Fig. 4.12. A hard-

plastic holder, produced from a plexiglass substrate by employing a laser cutter, is

implemented to prevent energy loss mechanism through the anchor points.

Figure 4.12. Photo of the experimental control setup.

4.1.6. Concluding Remarks on Two-Axis Micromachined Steel Scanners

In this part of my thesis, a new fabrication alternative is presented for steel

micromachining. The fabrication method uses only one photomask and a single lithog-

raphy step followed by an etch step. Reasonable etch uniformity with an etch rate of



95

25 µm/min is obtained. A family of scanners are fabricated and two of these scan-

ners, afore mentioned gimballed cantilever (Type-A) and gimballed torsional (Type-B)

devices, are presented and shown that they are capable of being used in the display

applications. Presented devices in this work are the first two-dimensional steel micro

mirrors. Type-A device gives a maximum TOSA of 11.7◦ in the slow scan axis and

23.2◦ in the fast scan axis in its resonance modes (112 Hz for slow scan movement and

882 Hz for fast scan movement) at a drive power of 42 mW and 30.6 mW, respectively.

On the other hand, Type-B device in resonance, generates a fast scan TOSA of

5.9◦ and a slow scan TOSA of 76◦ for drive powers of 39 mW and 37 mW, respectively.

The scanner devices are operated in ambient air and resulting mechanical quality fac-

tors for the scan modes are sufficient (Q > 100) to have low power consumption. For

the Type-A scanner, fast scan frequency to slow scan frequency ratio is 7.87 for res-

onant actuation of both modes. If non-resonant actuation is used for the slow-scan,

e.g. 60 Hz refresh rate, the ratio between fast and slow scan frequencies becomes

14.7, which implies that one can write approximately 15 lines in the vertical direction

using the present device as a 2D display. Experiments showed that the drive power

is approximately proportional to the square of the total optical scan angle.A simple

two dimensional display system is constructed by using the fabricated steel scanner

and accompanying driving and signal processing circuitry. Obtained images shows the

potential of the steel scanners in imaging applications.

4.2. Performance Enhancement in Micro-scanners Through Depth-Profile

Shaping

Many different MEMS applications including optical micro-scanners require struc-

tures with varying thicknesses to improve their performances. Conventional microma-

chining technologies such as surface micromachining [107], bulk micromachining [59]

and LIGA [108] are not always sufficient to shape the profile of micro structures and

to fabricate curved 3D surfaces. A number of attempts have been reported to make

out-of-plane curved surfaces on substrates like silicon, polymers and glass using meth-

ods such as inclined/rotated UV lithography [109], micro-stereo lithography [110], im-
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age mirroring to create etch enhanced areas [111], femto-second laser microfabrication

using direct laser writing and holographic recording [112] and electroplating fabrica-

tion [113]. However, these methods do not have the full ability to build complete and

real 3D structures on metal substrates in a simple and cheap way.

Main focus of this part of my thesis work is to shape a stainless steel substrate

to different depths using a simple and quick process in order to enhance their per-

formances. A fabrication method that benefits from the conventional lithography and

electrochemical metal etching to produce micromachined steel scanner is presented ear-

lier throughout Section 4.1. We developed this method further and proposed a novel

fabrication process which is self-terminating and uses stainless steel as the structural

material. This method also enables having structures with different thicknesses on the

same substrate using a single mask lithography step and utilizing electrochemical etch

lag. The depth of etch is changing for different widths of mask openings due to etch

lag [114]. An etch mask is designed such that openings defining the frame boundary

of the mirror die have the fastest etch rate, whereas the openings for the areas where

thinning is desired have slower rates. The etch stops automatically as soon as the

frame of the device is etched through, which cuts electrical current to the piece. At

that point, thinning of desired areas are obtained as well.

In order to get a correct set of process parameters to acquire spring beams and

masses with the desired thicknesses, first, electrochemical etch lag of steel is character-

ized. Based on these results, a photomask is designed to realize devices with selective

thinned areas. Devices that are fabricated using this method can be used as micro

mirrors in resonant mode and also as inertial sensors.

Subsequent subsection explains the proposed electrochemical etching process and

shares its characteristics. Moreover, it gives in-depth details on the fabrication of the

targeted 1D steel scanner structure. Then the following subsection is dedicated to the

characterization and experimental results of fabricated devices. Finally, concluding

remarks and outlook are provided in the last subsection.
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4.2.1. Self-Terminating Fabrication Process of Stainless Steel Scanners

In order to characterize the etch process, and to supply experimental data to de-

vice designs, a series of etch tests are performed. The etch rate and anisotropy of the

process for various current density values and electrode gaps are the important param-

eters of the process to control the depth profile of the device. Test substrates (stainless

steel type 301) given in Fig. 4.13 are prepared by first spin coating 15 µm of SPR

220-7.0 positive photoresist on them and then patterning the photoresist layer using

photolithography. Square openings of various dimensions ranging from 30 µm×30 µm

to 3 mm ×3 mm are formed on this test wafer to investigate the feature size dependent

etch rate.

Test Structures

Steel Substrate

Figure 4.13. Test wafer used in the characterization of the etching process.

The electrochemical etch setup that is employed to etch the stainless steel sub-

strate is depicted in Fig. 4.14. This setup is very similar to the setup depicted in

Fig. 4.4 (b) which is used in Section 4.2.1 with some minor changes. In the first set

of experiments, 1:7 HCl:DI water solution is used in the setup as the electrolyte. The

sample to be etched and the counter electrode are both immersed into the solution as

shown in the figure. The back side of the sample is protected against electrochemical

etching using duct tape. Initially, the etch rate and the anisotropy of the process is

characterized using different values of current densities for a constant electrode gap of

6 mm. A current density ranging from 1.5 A/cm2 to 7.5 A/cm2 is applied to the test
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setup. Etch duration for each current density is adjusted such that the total amount

of charges delivered to the electrochemical etch cell during the tests are equal to each

other. Etch depth and the related undercut values of the square openings are carefully

measured by using a measurement microscope (Nikon MM400L).

Container

Current Source

Anode

Cathode

Hydrogen Chloride
Solution

Insulating
Holder

Figure 4.14. Electrochemical etch setup used in the proposed process.

The photoresist mask can stay stable for approximately 15 minutes in this HCl

solution. Etch rate of stainless steel in this solution for 3 A/cm2 current density is

around 39 µm/min for a square opening of 500 µm × 500 µm and for an electrode gap

of 3 cm. With this etch rate, it takes around 5 minutes to etch through a 200 µm thick

steel substrate, which can be tolerated by the photoresist mask. Therefore, a 3 A/cm2

can be considered as an optimum value of current density to minimize the etch-mask

erosion. In the second set of experiments, 20% (by weight) NaCl:DI Water solution

is used as a neutral electrolyte in the electrochemical etch setup to investigate the

tolerance of the photoresist while immersed in the solution and to compare anisotropy

and etch rate values of the setups. It is found that the etch rate of SS301 in this

solution for a 3 A/cm2 current density is around 41 µm/min again for a square opening

of 750 µm × 750 µm and for an electrode gap of 3 cm. Moreover, photoresist mask

stays stable for much longer time in the solution compared to HCl solution.

Etch tests reveal that average roughness goes down from a top value of 16 µm to

1 µm as the widths of the square openings decreases in HCl electrolyte. Similarly, the

roughness is reduced from a top value of approximately 8 µm for a square opening of
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750 µm × 750 µm to 0.5 µm as the widths of the openings decrease in NaCl neutral

electrolyte. The improvement of the roughness with the decrease of opening size can be

explained with enhancement of the electrolytic polishing effect inside smaller openings

as discussed in [105].

One disadvantage of using NaCl solution in electrochemical etching compared

to HCl solution is the formation of byproducts that do not dissolve during the etch

process. This contamination becomes more pronounced if a smaller electrode gap and

a small current density is used, since it gets more difficult to remove the byproducts

from the locations where they are generated.

Following this experiment, a constant current density of 3 A/cm2 is applied to

the samples for 5 minutes with a DC current source in the rest of the process charac-

terization tests. Different values of electrode gap ranging from 3 cm to about 22 cm

between the steel sample and the counter electrode are also characterized in these tests.

The data acquired from these experiments can be seen in Fig. 4.15.
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Figure 4.15. Etch depth as a function of square opening widths for different electrode

gaps at a current density of 3 A/cm2 and for an etch time of 5 min.

As can be seen from this plot, there is an optimum opening size of approximately

500 µm × 500 µm for HCl solution and 750 µm × 750 µm for NaCl solution that results

in maximum etch rate in electrochemical etching. Almost the same behavior is noticed
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in the experiments with different electrode gaps. Larger and smaller square dimensions

than this optimum value result in significant reduction in etch rate. For dimensions

smaller than 500 µm in HCl solution or 750 µm in NaCl solution, etch rates start

to decrease, since etching becomes mass transport limited. The transport of chemi-

cal reactants and byproducts are getting increasingly difficult for smaller dimensions.

Consequently, the etch rate decreases for smaller dimensions.

On the other hand, for dimensions larger than the optimum value, the edge effect

which provides higher etch rates at the edges of the square openings due to higher

electric field densities becomes negligible compared to the etch rates in the rest of the

opening area. Current crowding at the edges is a well known concept which states that

electrical field at the edges are stronger than the ones towards the center of opening.

In other words, the etch rate at the edges is bigger than the rest of the etched areas.

As the square dimensions get larger, this effect eventually becomes negligible. The

ratio of edge surfaces to the overall area of the openings gets smaller and the etch rate

of the center becomes dominant. Consequently, the overall etch rate decreases as the

dimension increases from the optimum point.

Fig. 4.16 (a) and Fig. 4.16 (b) show etch depth and etch anisotropy, respectively,

in NaCl solution as a function of current density for different opening widths with an

electrode gap of 6 mm, respectively.

These results support the fact that the shaping of the wafer in the third dimension

is possible by choosing the dimensions of the etch openings according to the etch rate

data acquired. Fig. 4.17 depicts the profile of a sample when it is etched using a mask

with two different opening sizes; one of them represents the optimum opening size and

the other a smaller opening size to thin the thickness of the device.

This way, a substrate can be thinned down or curved surfaces can be formed by

simply tailoring the etch openings accordingly. Fig. 4.17 (b) illustrates the resulting

cross sectional profile, where a substrate is etched through at the locations of optimum

openings, and thinning is performed in the same etch interval by forming much smaller
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Figure 4.16. (a) Etch depth versus width of square openings for NaCl solution (b)

Anisotropy versus width of square openings for NaCl solution for an electrode gap of

6 mm.
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PR
Etch-through openings

Openings to thin the mass

Thinned mass

Steel Substrate

Figure 4.17. Process Profile, (a) openings in the photoresist (PR) mask are formed

both to etch-through the substrate and to thin the mirror mass. (b) Profile of the

device after electrochemical etching.

etch opening in the resist mask. In order to utilize this fact, a new masking scheme

shown in Fig.4.18 (b) is proposed. The areas that are to be protected against standard

electrochemical etching are covered with a resist mask (Fig.4.18 (a)) whereas in the

proposed method shown in Fig. 4.18 (b), in addition to the conventional masking, most

of the open-to-etch area is also protected to increase current density.

The gap W2, shown in Fig. 4.18 (b) defines the mirror, and it is designed to be

approximately 500 µm to ensure an etch rate greater than any other area of the sample.

On the other hand, the gap W1, which defines the frame of the mirror, is designed to be

slightly smaller than W2 to ensure that the inner gap between the flexures/mirror and
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Mirror Mass

Mirror Flexure

Holes to thin the mass

Figure 4.18. Masking schemes: (a) Typical electrochemical etching mask, (b)

Proposed masking scheme.

the frame etched through first compared to the frame itself. Since electrical connection

to the etching setup is made at the edge of the wafer, the complete etch of the gap W1

cuts the electrical connection of the sample to the setup and automatically terminates

the electrochemical etch process. It is important to note that while etch process at W1

and at W2 regions progress with a larger etch rate, the mirror mass is thinned down

due to the smaller etch rate of 50 µm wide openings. Small holes on the mirror mass

are connected to each other during the etch due to undercuts as shown in Fig. 4.17 (b).

4.2.2. Proposed Improvement in Device Operation

Two versions of micro scanners are designed to exploit the capability of the

present technology, as shown in Fig. 4.19. The device that is depicted in Fig. 4.19

(a) has a uniform thickness of t, consisting of two narrow beams, with a length of Lf

and a width of Wf , supporting a rectangular mirror mass with a size of Wm × Lm.

The beams are clamped at both ends and tailored to have a mechanical torsion motion

about the rotation axis at the fundamental resonance mode (fR). The device shown

in Fig. 4.19 (b) has the same planar geometry as the device given in Fig.4.19 (a), but

both the starting substrate thickness and the local topography of the mirror is differ-

ent. Table 4.2 summarizes the dimensions of the devices as well as the finite element

simulation results for the fundamental mode frequencies.
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Table 4.2. Dimensions and simulated resonance frequencies of the test devices.

Description Device-1 Device-2

Thickness (t) 170 µm 200 µm

Mirror width (Wm) 3 mm 3 mm

Mirror length (Lm) 4 mm 4 mm

Flexure width (Wf ) 320 µm 320 µm

Flexure length (Lf ) 6 mm 6 mm

Resonance frequency (fR) 4380 Hz 6173 Hz

The scanner works on the principle that the mirror deflects according to the

Hooke’s law, when there is an electromagnetic actuation force acting on the device.

Deflection of the mirror is increased substantially at the resonance frequency due to

the high mechanical quality factor. If a light beam is shined on the reflecting mirror, a

1D scan line which is orthogonal to the torsion movement can be projected on a desired

target.
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Ribs&RimsThinned

Mirror Mass

(a)

(b)

t

Anchor

Figure 4.19. Schematic diagram of the targeted mirror structure (a) Device-1: a

typical torsional micro-mirror with uniform thickness (b) Device-2: the proposed 1D

micro-scanner with thinned mirror mass.

The mechanical computations to design such a micro-scanner are reported in

Chapter 2. Following a similar design procedure, the dimensions of the device are

determined for the targeted operation. Structural mechanics and frequency response

behavior of the device is checked by finite element simulations as shown in Fig. 4.20,
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where the torsional rotation at 4380 Hz is observed. In the inset of Fig.4.20, mode

shape of the device operating at 4380 Hz can be seen.
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Figure 4.20. Finite element simulations of the designed micro-scanner showing the

mode shape (inset) and the resonance peak of the torsional movement (fundamental

mode) that occurs at 4380 Hz.

Increasing the resonance frequency of a 1D mirror is a major issue to attain

a high number of resolvable pixels along the scan line. Resonance frequency of the

torsional mode is given in Eq. 2.23. This resonance frequency can be increased by

either increasing the stiffness or by reducing the effective moment of inertia. However,

when stiffness is increased, the mechanical torque required to actuate the mirror also

increases, leading to either higher power consumption or reduced scan angle. Therefore,

it is preferred to reduce the mirror inertia to obtain a higher scan frequency as shown

in Fig.4.19 (b). The moment of inertia of a generic 1D micro-mirror seen in Fig.4.19

(a) is given as

Jm,u =
Mm

12

(
W 2

M + t2
)

(4.3)
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Figure 4.21. Close-up view of the thinned micro-mirror.

The moment of inertia of the thinned device can be computed as

Jm,t = Jm,u −
4

3
Mm,t

(
W 2

b +W 2
a +WbWa

)
(4.4)

where, Wa is the width of the one of the thinned rectangular mass, Wa and Wb are the

distances from the edges of the thinned region to the rotation axis of the scanner as

depicted in Fig. 4.21 and having ρ as the density, Mm,t = ρt(Wb−Wa)Wc is the excluded

mass of one thinned region. Therefore, with the help of the proposed fabrication

method, shaping the device in the third axis and eventually increasing its resonance

frequency by changing its moment of inertia becomes possible. In order to increase the

integrity of the mirror and to reduce the dynamic deformation a cross-shaped rib and

rims around the scanning mirror are used.

4.2.3. Experimental Results and Measurement

The proposed fabrication method is tested by implementing two steel micro-

scanners: the device with a thinned mirror mass on a 200 µm thick steel starting

substrate is processed by using the design explained above (Device-2). In order to

make a comparison, the same design is also fabricated without thinning the mirror

mass on a 170 µm thick steel substrate (Device-1). The electrode gap and the current

density values of 3.25 cm and 3 A/cm2 are employed through electrochemical etching,

respectively. Fabricated steel micro-scanners can be seen in Fig. 4.22.
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The mirror mass of the scanner in Fig. 4.22 (a) is thinned down for approximately

150 µm. As can be realized, a rim is deliberately formed around the mirror mass along

with cross-ribs inside to minimize the dynamic mirror deformation.

Mirror Mass

(a)

(b)

Mirror Flexure
Thinned  Mass

Ribs and Rim

3000 um

Figure 4.22. Closer view of the mirror masses of produced scanners (a) thinned

device (b) unthinned device.

The bulk fabrication material (stainless steel 301) is a soft magnetic material.

Thus, magnetic actuation can be directly used to exert torque on the mirror. The

scanners are actuated by a stationary off-chip coil that provides a frequency dependent

magnetic flux. As it is explained in Section 2.4, the flux created by the coil produces

a magnetic moment that acts against the spring force resulting in deflection of the

mirror. The frequency responses of the fabricated devices are plotted in Fig. 4.23.

The fundamental resonant mode of the unthinned steel mirror occurs at approx-

imately 4210 Hz which is very close to finite element analysis result given in Fig. 4.20.

This device has a quality factor of 420 in the ambient air. The torsional resonance

frequency of the thinned version of the same device experiences a shift to 6060 Hz

and it has a quality factor of 606. This indicates a 43% of absolute frequency shift.

However, to make a fair comparison, if we consider the thickness difference between

these two devices and set both of them to have an equal starting substrate thickness,

we acquire a normalized frequency shift of 15%.
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Figure 4.23. Frequency response of fabricated mirrors.

Since the resonance frequency is inversely proportional to the square root of the

moment of inertia, there is an agreement between the theory and the experimental

results shown in Fig. 4.23. Although the dynamics of the mechanical quality factor is

heavily dependant on the damping and the vibration frequency, a first order approx-

imation, assuming a mass-spring-damper model estimates an increase in the quality

(Q) factor as the inertia is reduced for a fixed spring constant. Assuming a constant

damping factor with respect to the frequency shift from 4210 Hz to 6060 Hz, exper-

imental results show that the quality factor is increased by a factor of 1.45 for the

thinned mass device. The ratio of the quality factors of device-1 and device-2 can be

related to the ratio of the resonance frequencies.

4.2.4. Concluding Remarks on Self-Terminating Fabrication Method

An alternative, simple fabrication method which uses a single lithography step

that is followed by electrochemical etching is presented. The proposed method enables

patterning steel devices in the third axis and to form curved structures on the surface

using the feature size dependent etch rates. The process is carefully tested and char-

acterized by actually producing different micro-scanners. Scanner fabricated using the

proposed method has reasonable etch uniformity with an etch rate of approximately

39 µm/min for HCl electrolyte and 41 µm/min for NaCl electrolyte, both measured
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at the same electrode gap of 3 cm. The resonance frequency of the fundamental mode

is increased approximately from 4210 Hz to 6060 Hz indicating a 43% of absolute

frequency shift. Taking the thickness difference between the Device-1 and Device-2

into account, both devices are set to have equal starting substrate thicknesses, and a

normalized frequency shift of 15% is calculated out of experimental data. Addition-

ally, proposed method is batch fabrication compatible unlike traditional steel process

methods such as electric discharge machining (EDM) or steel micro-milling. Such a

fabrication process is especially useful for high resolution one dimensional and two

dimensional micro-mirrors, where a thinned mirror mass and a set of thinned slow-

scan suspensions result in a high fast-scan frequency and a low slow-scan frequency,

respectively.
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5. CONCLUSIONS AND FUTURE WORK

This research basically explored two different techniques mentioned to create

scanner-based low-resolution projection display systems. In the first part of the thesis

work a scanned 1D array of LEDs are used to create a 2D display. First solid-state LEDs

and then polymer LEDs are integrated on a polymer (FR4) actuator. Proposed FR4

based displays have the advantage of having a low fundamental resonance frequency

suitable to be used as refresh rate. Displacement at the slow-scan resonance enjoys the

moderate quality factor of the mechanical structure. Simultaneous and precise control

of this resonant movement along with the modulation of 1D LED array in perpendicular

direction to the slow-scan axis enabled the generation a 2D images.

A scanner is fabricated using a Cu coated FR4 substrate. Magnetically actu-

ated display entered into its fundamental resonant movement at approximately 99 Hz

and produces a peak displacement of 2.45 mm at a drive power of 85 mW. A display

resolution of 20 × 40 pixel on a physical size of 8 mm× 2.25 mm is acquired. When

considering only the LED array, the proposed display consumed 14% more power com-

pared to the conventional dot-matrix LED display of the same performance. However,

when the advantage of using significantly less amount of LED devices is considered, it

can be deduced that the present display offers a more reliable operation, in terms of

less probable dead-pixel failure, easily controllable LED-to-LED variations. Further-

more, utilization of one-row of LED array reduces the cost arising from the usage of

light sources. Finally, the display is proven to be quite robust in the tests which lasted

approximately 3 million cycles with no significant change (below 5%) in the perfor-

mance parameters such as the quality factor, the peak resonant displacement and the

resonance frequency.

After the realization of a 2D display with solid-state LEDs, this time, a novel

all-polymer integrated microsystem, which realize a 2D display by integrating a 1D

array of PLEDs with a polymer scanner of microelectromechanical system and which

uses the same operation principles is presented. Polymer scanner is fabricated again
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on FR4 material with a double-sided process using lithography to pattern copper

lines and laser micromachining to cut the scanner outline. PLEDs are fabricated

on polyethylene terephthalate sheets. They have a thin-film structure of indium tin

oxide, poly (3,4-ethylenedioxythiophene) poly (styrenesulfonate), poly [2-methoxy-5-

(2’-ethyl-hexyloxy)-1,4-phenylene vinylene], and aluminum. Initial results showed that

this technology has the potential to implement medium resolution low-cost 2D dis-

plays. Two essential parts of the display, the FR4 actuator and the PLED array,

were fabricated by using inexpensive processes. Characterization results of the FR4

actuator showed that peak-to-peak deflection of 3.4 mm is possible without reaching

the plastic-deformation limit. PLEDs start to emit light at 7.5 V. Each PLED has

a luminance of 0.3 cd/m2 at 13 V, consuming 1.1 mA current. Resulting integrated

display was tested to implement basic functions of an imaging system, and according

to the initial results, it is proven that there is a great potential for a novel all-polymer

medium/low-resolution inexpensive display.

In the second part of thesis work, a one bidirectional raster-scanning mirror is

used to create a 2D projection display. Proposed scanners are fabricated out of stainless

steel 301 which is a soft magnetic material. A new fabrication alternative for steel

micromachining using only one photomask and a single lithography step is proposed.

With this new fabrication method a reasonable etch uniformity with an etch rate of

25 µm/min is obtained. A family of scanners are fabricated and two of these scanners

are shown that they are capable of being used in the display applications. One device

gave a maximum TOSA of 11.7◦ in the slow scan axis and 23.2◦ in the fast scan axis

in its resonance modes (112 Hz for slow scan movement and 882 Hz for fast scan

movement) at a drive power of 42 mW and 30.6 mW, respectively.

Second device that is fabricated out of stainless steel generated a fast scan TOSA

of 5.9◦ and a slow scan TOSA of 76◦ for drive powers of 39 mW and 37 mW, re-

spectively. The scanner devices are operated in ambient air and resulting mechanical

quality factors for the scan modes are sufficient (Q > 100) to have low power con-

sumption. When a non-resonant actuation is used for the slow-scan, refresh rate, the

ratio between fast and slow scan frequencies becomes 14.7, which implies that one can
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write approximately 15 lines in the vertical direction using the present device as a 2D

display. Experiments showed that the drive power is approximately proportional to the

square of the total optical scan angle. After the fabrication, a simple two dimensional

display system is constructed by using the fabricated steel scanner and accompanying

driving and signal processing circuitry. Obtained images showed the potential of the

steel scanners in imaging applications.

However, fabricated and tested scanner systems showed that their performance

are not enough to create 2D projection displays with higher resolution values. There-

fore, previously proposed fabrication method is ameliorated further and a gimballed

mirror based system is fabricated out of the stainless steel to create a raster-scanned

2D display together with this novel, self-terminating electrochemical etch process. This

process uses single mask photolithography, and the etching step is terminated auto-

matically, which at the same time enables the depth profile shaping of the fabricated

structure. The proposed process is characterized and then used to fabricate two ver-

sions of 1D steel micro-scanners, one being with selective thinning of the predefined

parts and one being without thinning.

The fabricated devices are characterized and compared with respect to their res-

onance frequencies and mechanical quality factors. The thickness of the starting sub-

strate is selectively thinned down in order to decrease the mass of the mirror and

eventually to increase the resonance frequency of the fundamental mode. Scanner fab-

ricated using the proposed method has reasonable etch uniformity with an etch rate

of approximately 39 µm/min for HCl electrolyte and 41 µm/min for NaCl electrolyte,

both measured at the same electrode gap of 3 cm. The resonance frequency of the

fundamental mode is increased approximately from 4210 Hz to 6060 Hz indicating a

43% of absolute frequency shift. Taking the thickness difference between the first and

second device into account, both devices are set to have equal starting substrate thick-

nesses, and a normalized frequency shift of 15% is calculated out of experimental data.

Additionally, proposed method is batch fabrication compatible. Such a fabrication

process is especially useful for high resolution one dimensional and two dimensional

micro-mirrors, where a thinned mirror mass and a set of thinned slow-scan suspensions
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result in a high fast-scan frequency and a low slow-scan frequency, respectively.

Several different things can be described as future work. Firstly, it is possible

to fabricate a light-source integrated polymer composite scanner based display with

higher-resolution by integrating LED driver integrated circuits (ICs) on actuators. Ini-

tial tests are completed using MAXIM’s 6949 diver IC. This LED driver uses I2C

interface to drive the LED array through an FPGA development board. It is possi-

ble to drive 10 LEDs using just 3 lines of electrical copper paths. 4 of these drivers

are put on an polymer composite actuator to perform the job of driving a 1D LED

array consisting of 40 light-sources. This job is accomplished using again 20 copper

electrical path using a very similar design to the previous one. MAX6949 IC has an

area of 3mm× 3mm and enables pulse width modulation. However, the driving clock

frequency of this IC was not sufficient for the targeted application. It is possible to

increase the vertical resolution of the display up to 100 by designing and integrating

an aim specific integrated circuit (ASIC) with faster clock frequencies. Having many

drivers on the tip of the actuator also decreases the resonance frequency of the structure

regarding Eq. 2.28. To compensate this decrease, one should scale down and tailor the

structure accordingly, which at the end will create a trade-off by putting a constraint

on the area and decreasing the vertical displacement of the structure.

Secondly, as a future work, light-source integrated polymer composite scanners

can be and should be designed in a way to produce color images. This can be ac-

complished using LEDs with different emission wavelength and a different kind of in-

tegration scheme. Alternative methods of accomplishing this job are proposed but not

tested during this thesis work. One of them involve purchasing and integrating a R,G

and B LED arrays on the actuator. Simultaneous and precise control of light-sources

and the actuator can definitely create a color display.

One other job that can be done in the future is the usage of SS420 material

to fabricate 2D laser scanning stainless steel micro-mirrors SS420 has better magnetic

properties than the preferred fabrication material SS301. One can thin-down the struc-

ture properly using the proposed self-terminating electrochemical etch method and cut
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it using electric discharge machining to define better and uniform profile walls. With

an effective mirror design it is possible to create a VGA resolution projection display.
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APPENDIX A: FPGA Code

library IEEE;

use IEEE.STD_LOGIC_1164.ALL;

use IEEE.STD_LOGIC_ARITH.ALL;

use IEEE.STD_LOGIC_UNSIGNED.ALL;

entity test is

Port ( CLK_50MHZ:in STD_LOGIC;

ENABLE:in STD_LOGIC;

LED1:out STD_LOGIC;

oSCL1,oSCL2,oSCL3,oSCL4:out STD_LOGIC;

oSDA1,oSDA2,oSDA3,oSDA4:inout STD_LOGIC;

oOSCL:out STD_LOGIC

);

end test;

architecture Behavioral of test is

type td_vec is array (0 to 4) of STD_LOGIC_VECTOR(0 to 29);

signal sda_v:td_vec:=(

("001000000Z00010000Z00000001Z01"),

("001000000Z00001000Z00000111Z01"),

("001000000Z00000111Z00011111Z01"),

("001000000Z00000110Z01111111Z01"),

("001000000Z00000101Z11110000Z01")

);

signal main_counter:integer range 0 to 50000000:=200;

signal LED_1:STD_LOGIC:=’0’;

signal ioSCL:STD_LOGIC:=’1’;

signal ioSDA:STD_LOGIC:=’0’;
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begin

--Checker modulation test

checker: process(CLK_50MHZ)

variable count:integer range 0 to 1000:=0;

variable iic_count:integer range 0 to 100:=0;

variable sda_count:integer range 0 to 100:=0;

variable scl_count:integer range 0 to 100:=0;

variable reset:boolean:=false;

variable command_no:integer range 0 to 10:=0;

variable all_count:integer range 0 to 50000000:=0;

variable wait_count:integer range 0 to 50000000:=0;

variable total_count:integer range 0 to 1000000:=0;

variable wait_for_a_while:boolean:=false;

begin

if( CLK_50MHZ=’1’ and CLK_50MHZ’event) then

if (enable = ’1’) then

if count <= main_counter then

count := count + 1;

else

----------------------------------------------------------------

if (all_count >= 5 AND iic_count < 29) then

if (scl_count >= 1) then

ioSCL<= not ioSCL;

scl_count := 0;

else

scl_count := scl_count + 1;

end if;

else

ioSCL <=’1’;

end if;
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----------------------------------------------------------------

if(sda_count >= 3) then

if( command_no < 5) then

ioSDA<= sda_v(command_no)(iic_count);

else

ioSDA<=’1’;

end if;

sda_count := 0;

if (iic_count>=29) then

if( command_no < 4) then

command_no:=command_no+1;

else

command_no:=6;

end if;

wait_for_a_while:=true;

iic_count:=0;

sda_count:=1;

scl_count:=0;

all_count:=0;

else

iic_count := iic_count + 1;

end if;

else

sda_count := sda_count + 1;

end if;

----------------------------------------------------------------

all_count:=all_count + 1;

total_count:=total_count + 1;

count:=0;

end if;

else

LED_1<=’0’;
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ioSDA<=’1’;

ioSCL<=’1’;

count:=0;

iic_count:=0;

sda_count:=0;

scl_count:=0;

all_count:=0;

end if;

end if;

end process checker;

oSCL1 <= ioSCL;

oSCL2 <= ioSCL;

oSCL3 <= ioSCL;

oSCL4 <= ioSCL;

oSDA1 <= ioSDA;

oSDA2 <= ioSDA;

oSDA3 <= ioSDA;

oSDA4 <= ioSDA;

LED1<=LED_1;

oOSCL <= ’0’;

end Behavioral;



118

APPENDIX B: List of Publications

In the course of Ph.D. studies, following journal and conference papers have been

published.

B.1. Journal Publications

1. A.D. Yalcinkaya, Y.D. Gokdel and B. Sarioglu, ”One Dimensional LED Array

Integrated FR4 Scanner for 2D Imaging” Sensors and Actuator A: Physical, vol.

168, pp. 195-201, Jul. 2011.

2. Y.D. Gokdel, S. Mutlu and A.D. Yalcinkaya, ”Self-Terminating Electrochemical

Etching of Stainless Steel for the Fabrication of Micro-Mirrors”, J. Micromechan-

ics and Microengineering, Vol.20, No.9, 2010.

3. Y.D. Gokdel, A.O. Sevim, S. Mutlu and A.D. Yalcinkaya, ”Polymer MEMS

Based Optoelectronic Display”, IEEE Transactions on Electron Devices, Vol. 57,

Issue 1, pg. 145-152, Jan. 2010.

4. Y.D. Gokdel, B. Sarioglu, S. Mutlu and A.D. Yalcinkaya, ”Design and Fab-

rication of Two-Axis Micromachined Steel Scanners”, J. Micromechanics and

Microengineering, Vol. 19, No. 7, pg. 1-8, July 2009.

B.2. Conference Publications

1. Y.D. Gokdel, B.Sarioglu and A.D. Yalcinkaya, ”2D Imaging with 1D LED Array

Integrated FR4 Actuator”, accepted to Transducers 2011, 5-9 June 2011, Beijing,

China.

2. Y.D. Gokdel, A.O. Sevim, B. Kucukakarsu, S. Mutlu and A.D. Yalcinkaya,

”PLED integrated FR4 MEMS Display”, The 22nd Annual Meeting of the IEEE

Photonics Society, 4-8 October 2009, Antalya, Turkey.

3. Y.D. Gokdel, B. Sarioglu, S. Mutlu, A.D. Yalcinkaya, ”Two-Axis Microma-

chined Steel Scanners”, Proceedings of MME 2008, pp. 93-97, September 28-30

2008, Aachen, Germany.
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4. B. Sarioglu, Y.D. Gokdel, A.D. Yalcinkaya, ”1.5D Display with FR4 Actuator

and LEDs”, Proceedings of Eurosensors 2008, September 7-10 2008, Dresden,

Germany.

5. Y.D. Gokdel, B. Sarioglu, A.D. Yalcinkaya, ”LED Integrated Miniaturized Poly-

mer MEMS Display”, Proceedings of IEEE PRIME 2008, pp. 93-97, June 22-25

2008, Istanbul, Turkey.
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