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Abstract 

Electrostatic actuating bimorph beams are a MEMS device that can be used to control arrays of 

small micromirrors for optical beam scanning. Previous research has demonstrated that creating 

high-angle deflection using long repeating arms of bimorph beams is possible. The current 

devices lack precise control and measurement of the mirror deflection. A solution to improve 

control and measurement is by using segmented bias channels to control separate portions of the 

actuation arm. The amount of mirror deflection will vary depending on which segments of the 

arm are actuated. This thesis discusses the results of FEA modeling and testing. 

 
  



 
 

v

Acknowledgments 

I would like to express my sincere appreciation to my faculty advisor, Capt Robert Lake, 

for his guidance and support throughout the course of this thesis effort.  The insight and 

experience was certainly appreciated.  I would, also, like to thank my family and fiancé for 

support throughout class and thesis work. 

 

 
       Kullen W. Waggoner 

 
  



 
 

vi

 
Table of Contents 

Abstract ......................................................................................................................................... iv 

Acknowledgments ......................................................................................................................... v 

List of Figures ................................................................................................................................ x 

List of Tables ............................................................................................................................. xvii 

List of Acronyms ........................................................................................................................ xix 

1.  Introduction .............................................................................................................................. 1 

2. Background ............................................................................................................................... 3 

2.1 MEMS Overview .............................................................................................................................. 3 

2.1.1 MEMs History ............................................................................................................................. 3 

2.1.2 MEMS Uses ................................................................................................................................ 5 

2.1.3 Advantages of MEMS ................................................................................................................. 7 

2.2 MEMs Materials ............................................................................................................................... 7 

2.2.1 Conductors, semi-conductors, and insulators .............................................................................. 8 

2.2.2 Important Materials for MEMS ................................................................................................... 8 

2.3 Fabrication ...................................................................................................................................... 11 

2.3.1 Photolithography ....................................................................................................................... 12 

2.3.2 Surface Micromachining ........................................................................................................... 13 

2.3.3 Bulk Micromaching and Etching .............................................................................................. 17 

2.3.4 PolyMUMPs .............................................................................................................................. 19 

2.3.5 PolyMUMPs Release ................................................................................................................ 20 

2.3.6 Device Bonding and Packaging ................................................................................................ 21 



 
 

vii

2.4 Electromechanics ............................................................................................................................ 22 

2.4.1 Electrostatic Actuation .............................................................................................................. 22 

2.4.2 Residual Stress and Bimorph Beams ......................................................................................... 24 

2.4.3 Electrothermal Actuation .......................................................................................................... 25 

2.4.4 Doping Effects on Dielectric Constant ...................................................................................... 26 

2.5 Beam Theory ................................................................................................................................... 26 

2.5.1 Euler-Bernoulli Beam Theory ................................................................................................... 27 

2.5.2 Spring Theory and Young’s Modulus ....................................................................................... 27 

2.5.3 Resonance and Modal Harmonics ............................................................................................. 28 

2.5.4 Pull-In ........................................................................................................................................ 30 

2.5.5 Electrostatic Cantilever Beam ................................................................................................... 31 

2.6 FEA Modeling ................................................................................................................................. 32 

2.7 Previous Work ................................................................................................................................ 33 

3. Methodology ............................................................................................................................ 35 

3.1 Design ............................................................................................................................................... 36 

3.1.1 Electrode Cover Design ............................................................................................................ 38 

3.1.2 Electrode Post Design ............................................................................................................... 38 

3.1.3 Operation in Electrostatic Actuation Mode ............................................................................... 39 

3.1.4 Operation in Capacitive Sensing Mode ..................................................................................... 39 

3.1.5 Electrostatic vs Electrothermal actuation .................................................................................. 40 

3.2 Modeling .......................................................................................................................................... 40 

3.3 Device Fabrication .......................................................................................................................... 41 

3.3.1 PolyMUMPs .............................................................................................................................. 42 

3.3.2 Post Fabrication Processing ...................................................................................................... 43 

3.4 Device Characterization and Testing ............................................................................................ 43 



 
 

viii 

3.4.1 Test Variables ............................................................................................................................ 44 

4. Data .......................................................................................................................................... 46 

4.1 Chapter Overview ........................................................................................................................... 46 

4.2 Analytic Modeling Results for two segment section .................................................................... 46 

4.2.1 Estimation of Spring Constant (k) ............................................................................................. 46 

4.2.2 Calculation of pull-in for single section .................................................................................... 47 

4.2.3 Resonant Frequency .................................................................................................................. 47 

4.3 Finite Element Modeling Results .................................................................................................. 48 

4.3.1 Two Segment Mirror Section .................................................................................................... 48 

4.3.2 Two Segment Mirror ................................................................................................................. 50 

4.3.3 Two Segment Mirror – Nitride Layer ....................................................................................... 51 

4.3.4 Ten Beam No Nitride ................................................................................................................ 52 

4.3.5 Ten Beam with Nitride .............................................................................................................. 53 

4.4 Test Results Two Segment Covered .............................................................................................. 57 

5. Analysis .................................................................................................................................... 60 

5.1 Two-Beam Segment ........................................................................................................................ 60 

5.2 Analysis of Thermomechanical Modeling .................................................................................... 60 

5.3 Modal Analysis ................................................................................................................................ 61 

5.4 Comparison of FEA and measured performance for two-beam ................................................ 63 

5.5 Comparison of Actuation with Different Actuation Excitement Schemes ................................ 66 

5.6 Capacitive actuation sensing. ......................................................................................................... 69 

5.7 Summary ......................................................................................................................................... 70 

6. Conclusions and Recommendations ...................................................................................... 71 

6.1 Conclusion of Research .................................................................................................................. 71 



 
 

ix

6.2 Significance of Research ................................................................................................................ 71 

6.2.1 Resonant modal analysis of structures ...................................................................................... 71 

6.2.2 Segmented electrode architecture effect on pull-in ................................................................... 72 

6.2.3 Function in capacitive sensing mode ......................................................................................... 72 

6.3 Recommendations for Future Research ....................................................................................... 72 

6.4 Summary ......................................................................................................................................... 73 

Appendix A. PolyMUMPS Run Data ........................................................................................ 74 

Appendix B. Additional Background on Doping ..................................................................... 75 

Appendix C. Additional Information for Analytical Work .................................................... 77 

BIBLIOGRAPHY ....................................................................................................................... 78 

 



 
 

x

List of Figures 

Figure 1: BOSCH high-g accelerometer for vehicle airbag system from 1990s [5]. ..................... 4 

Figure 2: Texas Instruments Digital Mirror Device light beam diagram showing one pixel in ON 

position and one in OFF position [6]. ..................................................................................... 5 

Figure 3: 3D cross-section rendering of Texas Instruments Digital Mirror Device diagram 

showing each layer from substrate up to mirror [6] ................................................................ 5 

Figure 4: Block diagram showing two types of transducers: sensors and actuators. It shows basic 

functionality of the exchange of energy from useful energy to a data signal and back [8]. ... 6 

Figure 5: SEM image of an a vibrational seismic MEMS sensor [11]. .......................................... 6 

Figure 6: SEM Image of an example of an electrostatic rotational MEMS actuator [4]. ............... 7 

Figure 7: Band gap diagram showing valence and conduction bands for insulators, 

semiconductors, and conductors [17]. .................................................................................... 8 

Figure 8: Diamond cubic crystal structure of silicon [19]. ............................................................. 9 

Figure 9: Image of a 10cm x10cm polysilicon wafer.  This wafer was textured so that the grains 

show up as light and dark [20]. ............................................................................................. 10 

Figure 10: Diagram showing steps of photolithography and etch process for positive and 

negative photoresists.  The first step is exposing the photoresist to the mask pattern.  It is 

followed by developing the photoresist, and finally, etching exposed device layer and 

removing remaining photoresist [24]. ................................................................................... 12 

Figure 11: Diagram providing a comparison of two micromaching techniques to form a 

cantilever beam (a) bulk micromachining which removes portions of the substrate and (b) 

surface micromaching which patterns and removes portions of the deposited layers [25]. . 14 



 
 

xi

Figure 12: Diagram showing the deposition of a metal layer using evaporation.  The target 

material evaporates and coats the substrate above[26] ......................................................... 15 

Figure 13: A hot wall LPCVD horizontal deposition system.  This shows the ability to put four 

different types of gaseous reactants into the chamber. For polysilicon deposition SiH4 is 

used.   [27]............................................................................................................................. 16 

Figure 14: Cold wall PECVD chamber showing introduction of gaseous reactants and the plasma 

formation above the sample wafer.  [28] .............................................................................. 17 

Figure 15: Cross-section diagram showing difference between isotropic and anisotropic etch 

profiles [30]. .......................................................................................................................... 18 

Figure 16: Diagram showing etching using RIE.  Ions from the plasma are accelerated by the 

electric field.  When the ions hit the substrate, material is removed [31]. ............................ 19 

Figure 17: Cross-section of PolyMUMPs process showing available device layers [32]. Note: the 

dimple etch is not shown....................................................................................................... 20 

Figure 18: Diagram showing how sacrificial PSG layers are removed during release etch [18]. 21 

Figure 19: Three levels of microsystem packaging are shown: die, device and system packaging.  

[22] ........................................................................................................................................ 22 

Figure 20: Example of die level packaging for MEMS devices [34]. .......................................... 22 

Figure 21: Diagram of parallel plates with a voltage potential of V between them [22]. Used to 

model potential energy and force. ......................................................................................... 23 

Figure 22: Bimorph beam showing displacement with radius of curvature of r. The top gold layer 

expands and contracts at a different rate when the temperature changes. ............................ 25 



 
 

xii

Figure 23: FEA diagram of a simple electrostatic actuation showing the larger relative expansion 

of the 'hot arm' vs the 'cold arm'. When a current passes through, the hot arm expands more 

than the cold arm. .................................................................................................................. 26 

Figure 24: Stress and strain plot for an example showing elastic and nonelastic (plastic) regions 

[40]. ....................................................................................................................................... 28 

Figure 25: Diagram for a simple single degree of freedom damped oscillator with mass m and 

spring constant k [41]............................................................................................................ 29 

Figure 26: Plot showing first three harmonic mode displacements for the free vibration of a 

cantilever beam using the eigenshape [41] ........................................................................... 30 

Figure 27: (a) shows the potential energy diagram and phase portrait when in a stable 

configuration at a voltage under pull-in and (b) shows the potential energy and phase 

portrait at an unstable voltage greater than the pull-in voltage [43]. .................................... 31 

Figure 28: Diagram of electrostatically actuated cantilever beam used for derivation pull in 

voltage [1]. ............................................................................................................................ 31 

Figure 29: SEM of previously tested AFRL and AFIT devices [50]. ........................................... 35 

Figure 30: 3D model of 10-beam electrostatically actuated mirror, post and bimorph beam 

platform. This is a rendering of a single mirror for the proposed prototype high-angle beam-

steering micromirror array. ................................................................................................... 36 

Figure 31: MEMS structural concept of the covered segmented channels with individual 

electrodes. (a) illustrates a five-channel segmented channel individual electrode design.  (b) 

illustrates the design integrated underneath a five-arm serpentine bimorph mirror. ............ 37 

Figure 32: An SEM image of a two-channel electrode cover fabricated device. (a) depicts the 

entire device with the invention integrated underneath a two-arm serpentine bimorph beam.  



 
 

xiii 

(b) depicts an enlargement of a portion of the invention depicting the segmented changes 

and electrodes........................................................................................................................ 37 

Figure 33: 3D Rendering of a two-channel electrode post design. ............................................... 39 

Figure 34: 3D cross-section of the individual electrodes encased in segmented channels for a 

five-channel design ............................................................................................................... 40 

Figure 35: FEA modeling of electrostatic actuation of a two-arm serpentine bimorph beam by an 

individual electrode on a two-channel design.  For the model a voltage of 25V was applied 

to electrode 2 while no voltage was applied to electrode 1. ................................................. 41 

Figure 36: Image of PolyMUMPs L-Edit design for run #119.  For this run, only .33 cm2 was 

available for use.  This design include 2 two-beam covered electrode designs, 2 four-beam 

covered electrode designs, and 1 six-beam covered elecrode design. .................................. 42 

Figure 37: Image of PolyMUMPS L-Edit design for run #121.  It included two-beam, four-beam, 

and ten-beam covered electrode and electrode post designs. ............................................... 42 

Figure 38: Zygo interferometer with micro-actuating probe testers.  The probe testers are used to 

conduct a voltage from the power supply to the conduct pads. ............................................ 43 

Figure 39: Zygo interferometer readout showing a serpentine beam structure at 0V. ................. 44 

Figure 40: FEA modeling of electrostatic actuation of a two-section bimorph beam by an 

individual electrode on a two-channel design.  For the model a voltage was applied to 

electrode 1 while no voltage was applied to electrode 2.  Figure (a) depicts 0V applied to 

electrode 1. Figure (b) depicts 18V applied to electrode 1 before pull-in. Figure (c) depicts 

24V applied to electrode and shows pull-in of single section of the beam. .......................... 49 

Figure 41: Thermomechanical FEA results at (a) 100K, (b) 273K, (c) 500K. The maximum 

amount platform displacement was dependent on the temperature. ..................................... 50 



 
 

xiv

Figure 42: Two-segment mirror harmonic analysis.  Plot of FEA data showing two peaks of 

harmonic energy at 2014 Hz and 3621 Hz. ........................................................................... 51 

Figure 43: Electrostatic actuation image of two-beam mirror model with pull-in actuation voltage 

applied to four electrode segments. The mirror deflection is 0.477 degrees. ....................... 51 

Figure 44: Harmonic response of two-beam mirror with added -2GPa residual stress nitride layer.

............................................................................................................................................... 52 

Figure 45:Thermomechanical analysis at 300K for a ten-beam bimorph single side.  This does 

not have the -2GPa nitride layer. .......................................................................................... 52 

Figure 46: Thermomechanical analysis at 250K for a ten-beam bimorph single side.  This does 

have the -2GPa nitride layer. The displacement is much higher than a comparable analysis 

performed without the additional nitride layer. .................................................................... 53 

Figure 47: Thermomechanical analysis at 300K for a ten-beam bimorph single side.  This does 

have the -2GPa nitride layer. The displacement is much higher than a comparable analysis 

performed without the additional nitride layer. .................................................................... 54 

Figure 48: Thermomechanical analysis for a ten-beam bimorph single side.  This does have the -

2GPa nitride layer. The platform displacement is 370 µm. .................................................. 55 

Figure 49:  Harmonic modal analysis for ten-beam bimorph. Clockwise from top left, mode 1, 2, 

3, and 4. Exaggeration is used to show shapes. .................................................................... 55 

Figure 50: Harmonic Energy showing spikes at and around the first four modes of resonant 

frequency at 2.3 kHz, 2.56kHz, 2.56kHz, and 3.26kHz. This is model of a 10 beam 

structures with a -2GPa Nitride layer added to increase displacement. ................................ 56 



 
 

xv

Figure 51: Electrostatic pull-in analysis for ten-beam with nitride and single large electrode 

under the structure showing (a) 0V and (b) 316V at point right before pull-in.  The 

maximum displacement at 0V is 355.3 µm and is 335.88 at 316V. ..................................... 56 

Figure 52: FEA of electrostatic pull-in of segment 3 of a single side of a ten-beam with nitride. 

Image shows the platform at an angle of 8.89.  The image shown is after the pull-in of 

segment 2. ............................................................................................................................. 57 

Figure 53: Image of two-beam covered electrode test device using optical microscope of the 

Zygo white light interferometer. ........................................................................................... 59 

Figure 54: Two-beam individual bimorph beam structure with two independent electrodes made 

of Poly0 covered by Poly1 layer. .......................................................................................... 60 

Figure 55: Results for electrothermal FEA modeling showing a relative minimum in vertical 

displacement for a two-beam structure. ................................................................................ 61 

Figure 56: Plot of height of platform for a two-segment covered electrode mirror as a voltage is 

applied to electrode 1 and electrode 2. .................................................................................. 64 

Figure 57: Comparison of measured and FEA data for electrode 1 actuation for two-segment 

mirror. ................................................................................................................................... 64 

Figure 58: Comparison of measured and FEA data for electrode 2 actuation for two-segment 

mirror. ................................................................................................................................... 65 

Figure 59: Comparison of measured and FEA normalized data for electrode 1 actuation for two-

segment mirror. ..................................................................................................................... 65 

Figure 60: Comparison of measured and FEA normalized data for electrode 2 actuation for two-

segment mirror. ..................................................................................................................... 66 



 
 

xvi

Figure 61: Comparison of different application schemes of voltages and effects to platform 

deflection............................................................................................................................... 67 

Figure 62: Plot of electrostatic pull-in analysis for ten-beam with nitride and single large 

electrode under the structure ................................................................................................. 68 

Figure 63: FEA pull-in analysis for a single ten-beam with nitride using ten segmented 

electrodes.  This plot shows gaps between the static stable displacement regions after each 

segment pull-in...................................................................................................................... 68 

Figure 64:  FEA pull-in analysis for the ten-beam with nitride. This plot shows additional stable 

angular deflections states are added during the pull-in of additional electrodes. ................. 69 

Figure 65: Plot of FEA model results for the change in capacitance between each electrode and 

the beam on the vertical axis and the change in the vertex height on the horizontal axis.  

This shows a measureable change in capacitance as the vertical displacement of a beam 

changes. ................................................................................................................................. 70 

Figure 66: SEM of released PolyMUMPS fabricated two-beam micromirror structure. ............. 71 

Figure 67: Resistivity for silicon as a function of N and P type dopants [56]. ............................. 75 

Figure 68: Calculation of (k) for two-segment design .................................................................. 77 

Figure 69: Calculation of stiffness Vpi for Electrode 1. ................................................................ 77 

 

  



 
 

xvii

List of Tables 

Table 1: Selected mechanical properties for PolyMUMPS polysilicon layers from design 

handbook [18]. ...................................................................................................................... 10 

Table 2: Selected properties for LPCVD silicon nitride [22]. ...................................................... 11 

Table 3: FEA model results for response of two-beam covered structure when a voltage is 

applied to electrode #1.  This table shows a change in beam vertex height ......................... 49 

Table 4: FEA analysis data for response of two-beam covered structure when a voltage is applied 

to electrode #1 and the capacitance between electrode #2 and beam. .................................. 49 

Table 5: FEA analysis data for response of two-beam covered structure when a voltage is applied 

to electrode #2 and the capacitance between electrode #1 and beam. .................................. 50 

Table 6: Data measured from applying voltage to (a) electrode 1 and (b) electrode 2 individually 

and measuring edge of mirror displacement. ........................................................................ 59 

Table 7: Maximum displacement values for a ten-beam with nitride single side showing 

differential expansion and contraction of the bimorph beams as temperature increases and 

decreases. .............................................................................................................................. 61 

Table 8: Comparison of Resonant Frequencies from Analytical Methods and FEA for two-beam 

structure................................................................................................................................. 62 

Table 9: Comparison of resonant frequencies of two-segment with and without additional -2GPa 

residual stress nitride layer. ................................................................................................... 62 

Table 10: Anticipated change in resonant frequency using constant stiffness and change of mass 

when post and mirror are added to the ten-beam structure. .................................................. 63 

Table 11: Comparison of pull-in voltages for analytic, FEA, and measured values for two-beam 

covered electrode structure.  All values are for single electrode actuation. ......................... 64 



 
 

xviii 

Table 12:  Material properties measured from PolyMUMPs run 119. ......................................... 74 

Table 13:  Material properties measured from PolyMUMPs run 121 .......................................... 74 

 

  



 
 

xix

List of Acronyms 

 
 AFIT Air Force Institute of Technology 

 AFRL Air Force Research Lab 

 CAD Computer-Aided Design 

 CVD Chemical Vapor Deposition 

 DLP Digital Light Processing 

 DMD Digital Micromirror Display 

 FEA Finite Element Analysis 

 IBM International Business Machines 

 IC Integrated Circuits 

 LPCVD Low-Pressure Chemical Vapor Deposition 

 MEMS Micro-Electro-Mechanical Systems 

 MOEMS Micro-Opto-Electro-Mechanical Systems 

 MUMPs Multi-User MEMS Process 

 NEMS Nano-Electro-Mechanical Systems 

 PECVD Plasma Enhanced Chemical Vapor Deposition 

 RIE Reactive Ion Etching 

 
  



 
 

1

SEGMENTED CONTROL OF ELECTROSTATICALLY 

ACTUATED BIMORPH MICROMIRRORS 

1.  Introduction 

Microelectromechanical systems (MEMS) are extremely small devices that are used as 

actuators or sensors.  MEMS have a great range of advantages including being extremely low-

power, small, and light-weight.  Because of these advantages, there is motivation by the U.S. Air 

Force to find new MEMS applications for aerospace vehicles and to replace legacy heavy and 

bulky components with MEMS type designs.  One such possible application is as a large angle 

beam-steering device.  A beam steering device is a device that has actuators to control a mirror.  

A laser or some other source of light incident onto the mirror can then be reflected in any 

direction by moving the mirrors with the actuators.  Current aerospace vehicle beam-steering 

devices often use a large gimbal system with electric motors to control the mirror.    

There are commercial MEMS micromirror beam-steering arrays currently offered on the 

market.  Most notably, the Digital Mirror Device (DMD) by Texas Instruments which is used in 

many video projectors.  Beam-steering arrays use a grid of micromirrors to control an incident 

beam and control the direction of the reflected beams.  Current limitations in commercial 

micromirror array devices result in a reduction in their applicability to other fields.  These 

limitations include insufficient maximum angle of beam-steering and limited fidelity of control 

of the beam.  The Air Force Research Lab (AFRL) and the Air Force Institute of Technology 

(AFIT) have recently worked on a new device to overcome these limitations.  The device uses a 

serpentine bimorph structure connected to a central platform to provide a large angle deflection.  

The actuation method of the micromirrors is often accomplished through electrostatic actuation 
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but may also be accomplished by electrothermal or some other actuation scheme.   Electrostatic 

actuation is preferred for its fast response rate and reliability.  However, a major limitation of 

electrostatic actuation is that they exhibit a phenomenon called pull-in. Because of pull-in, only a 

limited range of deflection values for an actuator have a stable static solution.  This research 

looks at using a segmented control scheme to increase the available stable solutions for a 

bimorph micromirror controlled by electrostatic actuation.    
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2. Background 

The following chapter provides details from a review of applicable literature for 

background on the segmented operation of MEMS beam-steering devices.  This section goes into 

detail on the fabrication techniques used, applicable physics principles, modeling techniques, and 

previous work that is related to this current research.   

2.1 MEMS Overview 

MEMS are a category of devices that use small-scale electrical and mechanical 

component interactions to accomplish a desired purpose. They typically have feature sizes on the 

µm scale [1].  This field developed out of the microelectronic and semiconductor industry by 

adapting the micro-scale semiconductor manufacturing techniques from creating electronics to 

building devices that take advantage of mechanical properties of the materials.  The following 

sections detail several available techniques. There are several subsets of MEMS currently, 

MEMS that are for optical application are microoptoelectromechanical systems (MOEMS), 

MEMS for radio frequency (RF) applications are called RF MEMS, and when components have 

sub-micron feature sizes are often referred to as nanoelectromechanical system (NEMS) [1]. 

2.1.1 MEMs History 

The concept of making smaller and smaller small electro-mechanical devices has been a 

goal of many researchers ever since Richard Feynman published his famous paper There’s 

Plenty of Room at the Bottom [2]. Fabrication processes that were developed for the 

manufacturing of microelectronics were adapted to create extremely small electro-mechanical 

devices for a variety of consumer applications.  One of the first major commercial success in 

which MEMS were found to be better than other available options was in the use for micro-
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machined inkjet print heads by Hewlett Packard and International Business Machines (IBM) in 

the 1970s [3], [4].  Research into MEMS continued and the next major application was in the use 

of accelerometers for vehicle airbags.  MEMS accelerometer sensors (Figure 1) could be made 

inexpensively and rugged enough to detect and respond to vehicle collision.  The accelerometer 

detects the large acceleration using a fixed mass and spring system and sends signal to the airbag 

control unit to inflate the airbags [5].  

 

Figure 1: BOSCH high-g accelerometer for vehicle airbag system from 1990s [5]. 

Additional research by Texas Instruments (TI) found optical applications for MEMS.  In 

1987, TI built and tested the first version of what would become the Digital Micromirror DMD 

[6].  This device was an array of micromirrors that each act as a pixel to reflect a light source 

onto a screen (Figure 2).  It is still used as a critical component of many Digital Light Processing 

(DLP) projectors such as those used in movie theaters.  The device functions by each mirror 

rotating to either the pixel ON or pixel OFF position.  Electrostatic actuation allows it to function 

extremely quickly in order to create frame rates of up to 16 milliseconds [6].  As shown in Figure 

3, the DMD features multiple layers of micro-machined materiel to create the electrode, springs, 

hinges, and mirror platform [7].  
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Figure 2: Texas Instruments Digital Mirror Device light beam diagram showing one pixel 
in ON position and one in OFF position [6]. 

 

Figure 3: 3D cross-section rendering of Texas Instruments Digital Mirror Device diagram 
showing each layer from substrate up to mirror [6] 

2.1.2 MEMS Uses  

MEMS primary purpose is as a transducer.  Transducers are devices that convert one 

form of energy to another. Transducers are divided into two categories: sensors and actuators 
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(Figure 4).  Sensors take energy often in the form of mechanical but could be any type (optical, 

thermal, etc.) and converts it to an electrical voltage signal to measure a physical quantity.  

Actuators do the opposite, they take an electrical voltage signal and convert it to a mechanical or 

other type of energy to move a physical being or to cause some other desired effect [8][9][10].   

 

Figure 4: Block diagram showing two types of transducers: sensors and actuators. It 
shows basic functionality of the exchange of energy from useful energy to a data signal 

and back [8].  

 

Examples of MEMS sensors and actuators are vibration sensors (Figure 5) for seismic 

activity and electrostatic motors (Figure 6), respectively [11], [12]. 

 

Figure 5: SEM image of an a vibrational seismic MEMS sensor [11]. 
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Figure 6: SEM Image of an example of an electrostatic rotational MEMS actuator [4]. 

 

2.1.3 Advantages of MEMS 

The use of MEMS has brought significant advantages as compared to previous 

technologies.  Major advantages of MEMS include but are not limited to being extremely small, 

lightweight, low power, and inexpensive.  Most of these advantages are a direct result of their 

size and scaling laws for different physical parameters [13].  The small size and weight make 

MEMS attractive devices for aerospace applications where size and weight constraints are 

critical [14].   MEMS can often be a less expensive alternative for many applications.  This is 

because MEMS are able to take advantage of economies of scale for when large chip batches are 

created using a single design similar to the advantages used by integrated circuit manufacturers 

[15].  

2.2 MEMs Materials 

MEMS manufacturing involves the patterning and machining of various layers of 

materials that include conductors, semi-conductors, and insulators.  The mechanical and 

electrical properties of these materials are adjusted as required and used to create the various 

structures and electrical circuits necessary for the MEMS devices to function.   
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2.2.1 Conductors, semi-conductors, and insulators 

Whether a material is a conductor, semi-conductor, or insulator depends on the location 

of the electrons within the atomic energy bands and ability to move about those bands.  

Conductors are materials such that either the outermost (valence) band is not fully occupied or 

the filled band overlaps with an empty conduction band.  In an insulator, there is a large gap 

between the valence band and the conduction band.  Finally, for semi-conductors a bandgap 

exists between the valence band and the conduction but it is small as compared to the insulator 

band gap.  Figure 7 shows a visual representation of the differences between the conduction and 

valence bands for insulators, semiconductors and conductors.  An example of a band gap for 

GaAs, a common semiconductor material is 1.4 eV [16].  

 

Figure 7: Band gap diagram showing valence and conduction bands for insulators, 
semiconductors, and conductors [17]. 

2.2.2 Important Materials for MEMS 

MEMS use a variety of different conductors, semi-conductors, and insulators.  A few 

examples of common materials are single crystalline silicon, poly-crystalline silicon, silicon 

oxide, silicon nitride, and gold [18].  The following paragraphs provide information of 

electronic, material, and chemical properties of these important materials.   
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2.2.3.1 Single-Crystal silicon 

Silicon is the most common semiconductor and forms a diamond crystal cubic structure 

(Figure 8). This type of structure is described as two interpenetrating face center cubic structures 

[19].  Single-crystal silicon is grown in ingots and sliced into thin wafers (usually less than 1 

mm) of varying diameters.  It has a band gap of 1.12 eV at 300K.   Most semiconductors and 

MEMS are based on a silicon wafer or a wafer of another semiconductor material.  After all 

layers are deposited and patterned, the wafer is usually diced into many separate devices [16].   

 

Figure 8: Diamond cubic crystal structure of silicon [19]. 

2.2.3.2 Poly-crystalline silicon  

Poly-crystalline silicon (Figure 9) also known as polysilicon is a form of crystalline 

silicon. It is pure silicon and it has the same lattice structure as single-crystal silicon.  The 

difference between single-crystal and polysilicon is that polysilicon is composed of many 

different small crystal domains that point in all directions.  The individual crystals are joined to 

each other at several grain boundaries.  Because of the various small crystal structures, 

polysilicon has a less homogenous appearance[13].  Because it is difficult to deposit single-

crystal silicon onto a wafer in a thin layer to be patterned, polysilicon is often used as a deposited 

layer for structural layers for MEMS because it can be deposited using chemical vapor 
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Appendix A. PolyMUMPS Run Data 

The following data tables (Table 12 and Table 13) are the measured material properties 

from PolyMUMPs run 119 and run 121.  

Table 12:  Material properties measured from PolyMUMPs run 119. 

 

Table 13:  Material properties measured from PolyMUMPs run 121 
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Appendix B. Additional Background on Doping 

One of the properties of semiconductors that make it extremely useful for 

microelectronics and MEMS is the ability to change the electronic band structure of the material 

through doping. Doping is done through adding impurities into the crystal structure to add either 

additional electrons or holes (absences of electrons); the former is called N-type and the latter is 

called P-type.  By adjusting the level of holes and electrons, the fermi level can be adjusted.  

This is extremely useful for the design of many microelectronic components such as diodes.  

Two important properties for MEMS devices that doping is able to change is the resistivity and 

dielectric constant of a material [16], [38].  Resistivity is the measurement of a materials ability 

to resist electrical conductivity.  It is usually measured in units of ohm/centimeters (ߗ/݉). 

Metals and other conductors typically have a small resistivity while semiconductors and 

insulators have larger levels of resistivity [56].  Figure 68 shows the relationship for crystalline 

silicon between the resistivity and the dopant density.  

 

Figure 68: Resistivity for silicon as a function of N and P type dopants [56]. 

In addition to the resistivity, doping has an effect on the dielectric constant. 
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The dielectric constant is the ratio of the relative permittivity of a material to the 

permittivity of a vacuum.  To change the dielectric constant, for silicon in particular the addition 

of donor atoms ( ܰ) will increase the dielectric constant from its undoped (intrinsic) value.  

Equation (30) provides a relationship for n-type doping of silicon at room temperature using 

phosphorous [38].   

 
߳ሺ ܰሻ ൌ 	11.688  1.635 ∗

10ିଵଽ ܰ

1  1.172 ∗ 10ିଶଵ ܰ
 (30) 
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Appendix C. Additional Information for Analytical Work 

 

Figure 69: Calculation of (k) for two-segment design 

 

 

Figure 70: Calculation of stiffness Vpi for Electrode 1. 
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