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ABSTRACT 

Stiction and friction are integral to the dynamic operation of many 

Microelectromechanical(MEMS) and a comprehensive approach is needed to develop 

surface coating systems that take into account the fabrication, packaging and operational 

parameters. The operating environment is also vital for device performance and 

durability. Texas Instruments' Digital Micromirror Device™ (DMD™), one of the 

commercial MEMS, is used as a media to develop a testing system for quantitative 

understanding of stiction and friction properties. The DMD^M has several measurable 

parameters aiding in the determination of stiction and friction as a function of 

controllable variables. This paper discusses the development of custom testing system 

using the DMD^'^ for stiction studying. A custom control solution is designed and 

implemented to actuate the DMD^^^ and accelerate the aging of the lubricant coat. An 

optical system and allied software are also developed to analyze mirror states. Stiction 

quantification is carried out by supplying variable voltage reset pulses to initiate release 

in stuck mirrors. Measurement results indicate that the mirror performance degraded with 

scrubbing time. Critical parameters like the resonant operating frequency and hinge 

memory sag effects are also discussed. Knowledge gained through this study can be 

applied to better understand stiction in other MEMS. 
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CHAPTER I 

INTRODUCTION 

1.1 Motivation 

The overall objective of this research is the quantitative understanding of stiction 

and fiiction properties of surface coatings as a function of quantifiable ambient 

conditions by using a commercial Microelectromechanical System (MEMS): Texas 

Instrument's Digital Micromirror Device^M (DMD'̂ '̂ ). Stiction and friction are integral to 

the dynamic operation of many MEMS, and a comprehensive approach is needed to 

develop surface coating systems that take into account the fabrication, packaging, and 

operational parameters. Stiction and friction in MEMS will be better understood through 

the research. 

The operating environment for any MEMS is vital to its performance and 

durability. The DMD is a mass-produced MEMS array of semiconductor-based digital 

light switches with a stable fabrication and packaging process. By measuring stiction and 

friction properties, as a function of environmental conditions, as well as testing 

alternative coatings, we can gain more knowledge about environmental factors affecting 

MEMS reliability and lifetime. The DMD has a number of measurable parameters that 

give us the opportunity to determine stiction and friction characteristics as a function of 

controllable variables. The well controlled wafer fabrication feature ensures the DMDs 

are nearly identical. Therefore, many important parameters can be characterized by 

comparison experiments with different conditions, hi addition, the large number of 

identical mirrors per device makes statistical assessments possible; the relatively large 
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device will include environmental gradients. It is important to fully understand and 

quantify the current packaging, surface coating system, and failure mechanisms of the 

DMD in order to determine if of other coating systems would result in more robust 

reliability, higher performance, and new applications with lower packaging cost. 

Furthermore, knowledge gained through this study can then be applied to other MEMS. 

The research activities have been separated into two characterization realms: in-

situ and ex-situ. In-situ characterization includes DMD actuation control, DMD 

envirorunental control, environmental effects, fiiction coefficient measurements, 

"Healing" stuck pixels, in-situ application of surface coatings, etc. Ex-situ 

characterization will measure surface energy through contact angle measurements. 

There are numerous potential factors for the DMD's lifetime, such as hinge 

memory, particular contamination, and surface adhesion, etc. This project focuses on the 

surface lubricant system. To study and develop anti-stiction solutions, an accelerated 

aging system is required to wear the well-developed existing surface coating of the DMD, 

measure the parameters which will help to better understand the surface properties, test 

reliability, and lifetime of different anti-stiction technologies. Under this project, we have 

developed a test system for controlling and accelerating aging of the digital micromirror 

device. This system was implemented and verified. This paper discusses the development 

of a custom control solution to actuate the DMD, accelerate the aging of the landing 

surface coating, establish a system for counting mirrors, and quantification of the stiction 

effect in stuck mirrors. In addition, hinge memory needs to be considered in our 

experiment because it affects the test result. Another critical parameter, resonant 



fi-equency, has been measured and discussed in order to carry out stiction and fiiction 

experiments. 

1.2 hitroduction to the DMD™ 

1.2.1 Background 

Texas Instruments' Digital Light Processing (DLP̂ '*̂ ) is an all-digital display 

technology. DLP™ technology uses an optical semiconductor to recreate source material, 

in video projectors, HDTVs, and digital cinema projectors. The inherent digital nature of 

DLP enables noise-free, precise image quality and color reproduction (1). As DLP 

technology uses hundreds of thousands of reflective micro mirrors instead of liquid 

crystal display (LCD) panels to create a picture, it does not require polarized light, and 

does not experience any color degradation over time, thus ensuring higher contrast ratio, 

sharper imagine, and much longer picture reliability. 

DLP technology is extremely powerful and flexible for digital visual 

communications. The DMD̂ *̂  is the core device of these display solutions. It is "a 

semiconductor-based Tight switch' array of thousands of individually addressable, 

tillable, mirror-pixels"(2). Figure 1.1 shows a DMD chip and the surface array. The 

mirrors are highly reflective and used to modulate light; thus, making the DMD an 

optical MEMS (MOEMS), as well as a spatial light modulator (SLM), and more 

specifically a reflective SLM. As shown in Figure 1.2, the DMD is a chip that is 

hermetically sealed in a package. A glass window on the top of the package allows 

incident light to reflect. 



Figure 1.1 A DMD '̂̂  chip and surface array. 
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Figure 1.2 Type A DMD™ Package Cross Section. 

1.2.2 Structure of DMD Cell 

In order to understand how the DMD will be used to characterize stiction and 

friction, it is important to thoroughly understand the DMD pixel structure, as well as how 

it is addressed. A DMD device has about 1 million aluminum micromirrors 

monolithically fabricated over an array of SRAM cells. Each mirror is 12.68 um square 

with a gap of less than 1 um between mirrors. This structure enables the DMD array to 



have a high fill factor (around 90%) and is one significant advantage comparing with 

other existing projection technologies. 

Figure 1.3 illustrates a close view of mirror pixels. The picture shows two pixels 

landed to opposite sides. The DMD pixel is an integrated MEMS superstructure cell 

fabricated over a CMOS SRAM cell. The aluminum mirrors are mounted by a post to a 

yoke/hinge assembly. The mirrors can rotate about the axis of two compliant torsion 

hinges caused by electrostatic attraction between the mirror structure and the underlying 

memory cell. The spring tips on the edge of each side of the yoke are the only component 

of the moving part that touches the landing surface. They are used to stop the rotation at a 

precise and constant angle and store energy that helps release the mirror when it 

disengages from the surface. This becomes even clear when we look at the exploded 

architecture of mirror pixel in Figure 1.4. There are four layers in a pixel. The mirror 

layer and yoke layer are connected to a bias-reset bus fabricated at the Metal-3 layer. The 

Mirror-10 deg^ 
Mirror-t-IO deg 

Yoke 
CMOS 

Spring Tip ~'~--J/ Substrate 

Figure 1.3 Two DMD^'' pixels actuated to each of the stable landed position (3). 



bias-reset bus interconnects each pixel to a bond pad at the chip perimeter. An off-DMD 

chip supplied the bias-reset waveform to the bond pad for proper digital operation. Each 

underlying Memory cell corresponds to a micromirror and allows each mirror to be 

individually addressed. The state of the memory cell (1,0) determines which mirrors are 

selected to rotate to which direction. The mirror address electrodes and yoke address 

elecfrodes are connected to the underlying SRAM cell. 

The mirror is elecfrostatically attracted to mirror address electrodes. The yoke is 

elecfrostatically atfracted to the underlying yoke address electrodes. The mirror and yoke 

rotate imtil the yoke comes to rest against mechanical stops. The rotation angle is 

precisely determined by geometry and limits the mirror rotation angle to +12 or -12 

(some devices are +10 or -10) degrees. The precise stop angle guarantees a high degree of 

brightaess uniformity. 

The high speed, precision image quality, and broadband capability make the 

DMD atfractive for many applications, including volumetric display, holographic data 

storage, lithography, scientific instrumentation, and medical imaging. 
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Figure 1.4 View of mirror pixel layers. 
(A) Exploded view of a DMD pixel (3). (B) SEM image of different layers of the DMD. 



CHAPTER 11 

DMD™ ACTUATION MECHANISM, STICTION AND 

FRICTION STUDIES 

2.1 Actuation of the DMD™ 

The DMD mirror unit consisting of the mirror, superstructure and underlying 

CMOS circuit is a complex dynamic micromechanical system. To actuate a DMD mirror, 

the overall goal is to induce enough torque to cause the torsional hinge to rotate the 

mirror to one side or the other. The actuation of the micromirror array is accomplished 

using elecfrostatic force, and it is an attractive torque only. In order to have elecfrostatic 

torque, voltages are applied in three regions: the yoke/hinge/mirror assembly, address 

elecfrode 1, and address elecfrode 2. Vb is the bias/reset voltage applied to the 

yoke/hinge/mirror assembly and VA is the address voltage that is applied to either address 

electrode 1 or address electrode 2 through the imderlying CMOS memory cells. In Figure 

2.1 we present a simplified illusfration of the mirror actuation. The diagram depicts the 

mirror and yoke support structure edge-on. Other details of the structure have been 

omitted for simplicity. Starting with a mirror in the flat state, if a Vb is applied to the 

mirror, this voltage does not cause the mirror to tip towards the any electrodes if the 

distance between the mirror and the two address elecfrodes are equal. However, the 

distances are not identical same in the real device. The tiny difference will cause the 

mirror to tilt or even completely land on the smaller distance side. This tilt can be seen 

from the following electrostatic force equations. 

The electrostatic force F is given by 



F^-
dU 

dx 
(2.1) 

Where dU/dx is energy per unit distance. 

Since a micromirror is essentially a capacitor, energy U is given by 

U = -C*AV'=-(^^]AV' 
Ax , 

(2.2) 

Where C is capacitance, AP'is the potential difference, 60 is the dielectric constant 

of air, dA is area and Ax is distance. 

Then 

dF = -
dx 

\£o*dA 

2 Ax 
*AVn='°'^^ 

2 \Ax 
dA. (2.3) 

The electrostatic torque, Te is given by 

dF^ r. - j{ dA 
dx. (2.4) 

Where dF/dA is the electrostatic force per unit area exerted on area dA of the 

mirror or yoke at a distance x from the torsion axis. From equation (2.3), the value dF/dA 

is described by: 

dF 1 

dA 2 

AV 

Ax 
(2.5) 

Where AV is the potential difference across the air gap between the address 

electrode and the mirror/yoke. Ax is the size of the air gap at the elemental area location 

dA, and Co is the dielectric constant of air. Therefore, the electrostatic torque (Te) is 



proportional to the square of voltage difference across the air gap and inversely 

proportional to the square of the air gap size. 

(C) 

AV, =21.7V AV, =24V 

Figure 2.1 Simplified DMD mirror actuation. 
(A) Flat. (B) Tip toward VAI. 

(C) Landed after being tipped. (D) Land in VA2 side. 
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Let us go back to the first example. A tiny difference between two air gap 

distances will induce a differential electrostatic force between the electrodes and a torque 

about the hinge axis. This torque is not strong enough to torque the mirror to a landed 

state, but it does cause the mirror to tip toward the smaller air gap side. The gap size 

varies as tiie mirror rotates through its range of angular positions. Since the differential 

force goes as the inverse of the air gap squared, for the purely theoretical case where AV 

is held constant and mirror angular position is varied, a mirror in the tipped side (small 

air gap) will experience a more intense electrostatic torque than other side (large air gap). 

If the difference between both sides elecfrostatic torques is big enough to overcome the 

mechanical torsion, the mirror will rotate to the side aheady tipped towards one of the 

address elecfrodes. 

We can see from the above example, that to control a DMD mirror, an address 

voltage needs to be applied to one of the address electrodes while a bias voltage is 

applied to the mirror. The zeroed address complement is loaded on the opposite address 

side. The potential difference between the bias and address voltages on one side of the 

mirror versus the other will determine which side the mirror rotates toward. It is shown in 

Figure 2.1 (D). 

To understand how the DMD mirrors work during normal operation in video 

display application, the mirror angular trajectories have to be described in detail. Figure 

2.2 shows two mirror angular frajectories as well as the bias voltage waveform applied to 

both mirrors and the address voltage waveform on the high side. In both trajectories the 

starting angle is roughly -10 degrees. In one case the mirror transits quickly from one 
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side (-10 degrees) to the other (+10 degrees) for what is called a "crossover transition." 

In the other case the mirror undergoes dynamic perturbation, but remains on the same (-

10 degree) side for what is called a "stay transition." Depending on the mirrors current 

position and memory contents for the next bit, each mirror will perform one of the four 

optical transitions: on-to-on, off-to-off (stay transition); on-to-off, off-to-on (crossover 

fransition). Figure 2.3 shows the same mirror trajectories as those in Figure 2.2, along 

with the applied elecfrostatic torque acting on the mirror. 

0) 

0) 
T3 

03 

O 

10 
Time (us) 

Figure 2.2 Mirror angle and bias and address voltage versus time (9). 
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Figure 2.3 Mirror angle and electrostatic torque versus time (9). 

In both crossover and stay transitions, the same bias voltages are applied to the 

mirrors, yet the dynamic angular responses are radically different. This is because address 

voltages for one transition are the complement of the other. To explain the differences in 

dynamic angular response, the bias voltage waveform is divided into five zones, labeled 

A through E. The values of these quantities for each mirror transition and zone are listed 

in Figure 2.4. 
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Figure 2.4 Applied voltages and potential differences for each zone of crossover transition 
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The key part of the bias voltage to separate both crossover and stay transitions is 

the "bipolar reset pulse," which is the waveform from Zones A (+24V) to B (-26V) to C 

(+7.5V). It steeply changes the bias voltage from +24 V to -26, then back to +7.5 V. The 

reset pulse is critical to successful operation, as shown in the discussion below. 

First, let us take a look of the crossover transition (on-to-off, off-to-on). Zone A is 

data loading before fransition. For normal implementation of the mirror, a Vbias is selected 

that is large enough (+24 V) to cause the mirror to land, and would not be disturbed from 

its landed state to undesired state. The address voltages are 0 and 5 V. For a crossover 

fransition, the new address data is loaded into memory at the onset (0 V). The potential 

difference in the landed side is reduced (AVI = 19 V), this slightly decreases the landing 

angle and elecfrostatic torque, as shown in the Figure 2.4 (A). The preload in the spring 

tips is reduced right before the reset pulse excitation, thus greater spring tip deflection is 

generated when the reset pulse actuates the mirror in the next Zone. 

Zone B is bipolar reset pulse execution. The Vbias suddenly changes from +24 V 

to -26 V while the high side address voltage is simultaneously changing from +5 V to 

+7.5 V. This +7.5 V address voltage is called "stepped address" which is distinguished 

from the address voltage levels, 0 and +5 V. The potential difference in the landed side 

(AVI) caused by the combination of bipolar reset pulse and stepped address increases 

sharply from 19 to 33.5 V, thus the elecfrostatic torque greatly increases, and reaches up 

to about seven times of the Zone A value. The torque developed forces quickly pull down 

the mirror towards the landed side, and stores elastic strain energy in the spring tips and 

hinge. The stored energy makes the landed mirror to easily break away from adhesion 
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and release from the surface. Please note that the pulse width of Zone B is one of the key 

points for efficient reset operation, hi order to have the fastest release velocity, the proper 

pulse width is required to ensure the mirror to store sufficient potential energy and be in 

phase with the mirror mechanical motion. 

Zone C is the mirror release from surface. Since the electrostatic force is only 

atfractive, the optimum potential difference to efficiently release the mirror is zero. Vbias 

is set equal to landed side address voltage in this stage in order to get zero electrostatic 

torque, which will resist mirror's release. The pulse width in Zone C is bias off time (Tbo). 

It is another key point for successful reset operation. The stored elastic strain energy in 

the spring tips and hinge releases into kinetic energy during Tbo, and springs the mirror 

off the surface. The approximate Tbo governs the period between when the mirror leaves 

the surface and when the stay/crossover (bias) voltage is applied. If Tbo is too short, the 

mirrors intended to crossover will be recaptured. If Tbo is too long, the intended stay 

mirrors will move too far from the surface and become unstable. In both cases, the final 

state of the mirrors will not be correct. 

The goal of Zone D is to recapture the mirror. The bias voltage is set high again to 

increase the potential difference of the desired landing side. The stepped address 

remaining in the undesired landing side reduces the counterforce of the crossover 

transition. The off-surface mirror is recaptured and completes its transition. Zone E is the 

mirror landing. The mirror is completely landed and dynamic movement due to transition 

is settled. The address voltage is changed from stepped address 7.5 V to the normal 5 V 

to prepare for the next transition command. If the address voUages suddenly changes for 
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the crossover fransition, the difference between AVI and AV2 is 5 V instead of 7.5 V. 

This helps prevent mirrors upset during the address voltage from changing. 

In contrast to the crossover transition, the stay transition (on-to-on, off-to-off) has 

a distinctly different dynamic effect from the crossover transition, as shown in Figure 2.5. 

In Zone A, the potential difference in the landed side keeps the same value (AVi = 24V) 

after the new address data is loaded. The electrostatic torque is higher than the crossover 

fransition to hold the mirror down firmly, and also reduces the coming spring tips 

deflection in Zone B. When the bipolar reset pulse excites the mirror in Zone B, the 

landed side potential difference only increases from 24 V to 26 V. Comparing the 

elecfrostatic torque plots in Figure 2.3, the stay torque almost remains the same while the 

crossover torque is sharply increasing. The basically unchanged torque minimizes the 

stored elastic sfrain energy in the spring tips and torsion hinge. Thus, while the bias 

vohage is set equal to the stepped address in Zone C, the initial angular kinetic energy 

gained from the spring tips is much lower than the crossover case. The potential 

difference on the landed side drops from 26 V to 7.5 V, but not to zero. This is desirable 

for the stay fransition. The combination of the proper electrostatic torque drop, small 

remaining elecfrostatic torque, and the lower angular kinetic energy causes the mirror to 

disengage from the surface with relatively slow speed, and will be easily recaptiired in 

Zone B when the potential difference increases. The stay transition is the same as the 

crossover in Zone D and Zone E. The mirror lands to the desired side and prepares for the 

next logic cycle. 

17 
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Figure 2.5 Applied voltages and potential differences for each zone of stay fransition 
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hi addition to the reset pulse width and Tbo in Zone B and C, the fall and rise times 

of the entire reset cycle are critical factors. Fast edges provide efficient conversion 

between the energies to carry on the efficient reset operation. Please refer to the detailed 

description in Chapter V. 

2.2 Stiction and fiiction in the DMD™ 

2.2.1 Infroduction to stiction and fiiction in MEMS 

Stiction failures in MEMS take place when suspended parts become stuck to their 

subsfrates. This type of device failures remains a dominant source of yield loss in MEMS 

(4). 

Before discussing how stiction and friction are measured and controlled, we need 

to define these parameters for MEMS. Stiction is a well-known problem in the fabrication 

of MEMS devices using surface micromachining. It refers to an unintended bonding of 

two surfaces to each other. Stiction occurs when the restoring forces cannot overcome the 

surface adhesion forces, such as capillary, chemical, Van der Waals, and electrostatic 

interfacial forces (5). Normally, liquid capillary forces are the primary reason in 

facilitating this bonding causing device failure. Surface impact or shear against each 

other as well as elevated temperatures caused by fiiction can act as the catalyst for this 

type of interaction. 

Friction is inevitable in mechanisms where components in contact have relative 

motion. It can be defined for both physically static and dynamic interfaces, but essentially 

describes non-permanent interactions between contacting surfaces (6). It is known that on 
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the microscale, friction is strongly dependent upon stiction (7). Friction can lead to the 

erosion of surfaces, surface coatings, resulting in heating, particulate formation, and loss 

of beneficial surface properties. 

Although a number of engineering solutions have been studied for reducing 

stiction and friction of MEMS to increase operation reliability and lifetime, there remains 

insufficient understanding of stiction and friction in MEMS. 

2.2.2 Stiction and fiiction in the DMD™ 

The DMD "̂̂  is a mass produced commercial product. The requisite operating 

lifetime is more than 100,000 hours of normal operation without a single stuck pixel. 

Stiction and fiiction caused surface adhesion is one of the significant life-limiting factors. 

In order to understand the stiction force effect and the forces involved in the 

operation of the DMD, the force diagrams are drawn as Figure 2.6 and 2.7. Figure 2.6 

shows the force acting to land a mirror from flat state to the addressed side. When the 

electrostatic force on one side overcomes the sum of hinge restoring force and the 

electrostatic force on the opposite side, the mirror will tilt. If the electrostatic force is big 

enough on the tilt side, the mirror will be completed landed. 

Hinge restoring force 
Mirror , 

Beam and / 
spring tips ^ ^ ^ ^ . ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ R ^ ^ ^ W - ' ^ ^ h i n g e 

Electrostatic • '•--'-fi^>^^mmm^,j^gpirr;j^m^mmim..s. w Electrostatic 
force ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ force 

Figure 2.6 Force diagrams for landing of DMD. 
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The forces acting on the mirror when it is being released are shown in Figure 2.7. 

There are two additional forces in this diagram: stiction force and spring elastic force. To 

release a mirror from the landing side, the sum of the electrostatic force and stiction force 

on the landing side have to be smaller than the sum of the electrostatic force, the elastic 

force and the hinge restoring force toward the opposite side. The increased stiction force 

will cause the mirror to be stuck to the underlying surface failed to switch. The hinge 

memory will vary the hinge restoring force, thereby affects the operation parameters. 

Hinge restoring force 
Mirror 

Beam and 
spring tips 

Electrostatic 
force 

Torsion 
hinge 

Spring elastic force 

Electrostatic 
force 

Stiction force 

Figure 2.7 Force diagrams for releasing of DMD. 

There are two major phenomena responsible for the adhesion force: capillary 

water condensation and Van der Waals forces. Generally, three actions have been taken 

to prevent the mirrors from sticking. First, an anti-stiction coating with low surface 

energy has been applied to the contacting parts. After studying approximately fifty 

lubricants, ranging from self-assembled monolayers (SAMs), to fluids, to solid lubricants, 

for use in the DMD, vapor-deposited, SAM of perfluorodecanoic carboxylic acid have 
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proved to be the best performance system for the DMD (8). Second, in 1996, the 

innovative spring tip was added to the mirror landing end, as can be seen in Figure 2.8. 

The only contact is between the aluminum spring tips and the electrode. The real area of 

contact is estimated to be as small as 200 A x 200 A (8). These spring tips minimize the 

contact area compared to the previous designs. Also, the tips store potential energy upon 

landing and push mirrors away from surface during release. Third, a hermetic chip 

package has been used to ensure the anti-stiction system is not compromised by 

unconfrolled environmental factors. The hermetic packaging also seals the DMD in a dry 

and clean operation envirormient to minimize the effect of capillary condensation of 

water and failure caused by particles. However, because of the cost associated with the 

hermetic packaging, other aUemate lubrication schemes are being investigated. 

Spring Tips 

Figure 2.8 Image of micromirror assembly showing a spring tip (3). 
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CHAPTER III 

DESIGN OF DMD™ ACTUATION CONTROL BOARD 

3.1 Fundamentals of DMD™ electrical control 

The micromirror device we used in this project is the DMD 0.7XGA 12° DDR in 

a Type A Package. The DMD 0.7XGA 12° DDR is an electrical input, optical output 

memory device which consists of a 1024 (H) x 768 (V) array of aluminum micromirrors 

on a 13.68-micrometer (/im) pitch. Each mirror has one associated memory cell that 

drives the elecfrode under that mirror. Throughout this paper the DMD 0.7XGA 12° DDR 

will simply be referred to as the DMD. 

The DMD is operated as a 1024 x 768 bit memory. 1024-bit words are clocked 

into the memory of the device via data input ports and control input ports. These ports 

operate simultaneously to clock in data and control. Each port uses both the rising- and 

falling-edges of the data clock (DCLK) to shift in data and associated control. This is 

referred to as Double Data Rate (DDR). 

The 1024 x 768 mirrors are divided into 16 reset groups (RESET (0:15)) 

electrically cormected to the mirror reset signals. This allows the device to be driven in 

either global or blocked reset. 

There are 64 data input pins (DATA(0:63)) in each device. Each pin input data 

bus connects to the input of a 16-bit shift register, hi the normal Modulo 16 mode, data is 

shifted into the device using the DATA(0:63) pins to achieve the maximum input 

bandwidth. 16 DCLK edges, or 8 DCLK periods, are required to load a single 1024-bit 
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word to fill one row. hi Modulo 1024 mode, data is shifted into the device using only the 

DATA(O) pin. ft requires 1024 DCLK edges, or 512 DCLK periods to load a single 1024-

bit word. 

Data inputs from the periphery of the device begin on the rising-edge of the 

DCLK. After the data has been loaded into 64 x 16-bit shift registers, it transfers to 1024-

bit parallel latches and are subsequently written into one of the 768 memory array word 

locations. To access any 1 of the 768 rows in the memory word, the row address counter 

should start at address 0 and sequentially fill data into memory address up to 767. 

For test purposes, the DMD 0.7XGA 12° DDR provides a fast and simple 

memory load mode called Bum-In mode. In the Bum-In mode, the contents of the 

memory can be set or cleared 4 rows per clock cycle. Therefore, 192 clock cycles are 

required to load all 768 rows memory. One of four data patterns will be selected to load 

into the DMD memory. These are all zeros, all ones, checkerboard, and inverse 

checkerboard. 

After all the memory have been updated, a reset waveform and a stepped address 

voltage is applied. This action causes the selected mirrors to change to new positions that 

correspond to the state of their underlying memory cells. 

3.2 Programmable microprocessor confrol board 

A number of microcontrollers are available in the market. To simply actuate a 

DMD, we look for a microprocessor with at least 16 input/output pins, and enough 

internal memory for more than 500 lines of code. The external operation environment 
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should be in the 0° to 70° C temperature range with up to 70% humidity, ft also needs a 

user-fiiendly programming interface. Basic Stamp 2 microcontroller developed by 

Parallax, Inc. satisfies the above requirements and hence can be used for the testing 

procedures. 

3.2.1 Basic stamp 2 microcontroller 

Basic stamp 2 is a programmable microcontroller consisting generally of program 

code interpreter chips, PIC16C57, intemal memory (random access memory (RAM) and 

electrically erasable, programmable read-only memory (EEPROM)), voltage regulator 

and resonator. As shown in Figure 3.1, Basic stamp 2 has 16 input/output pins which are 

available for general use by programs. Each pin can interface with all modem 5-volt logic. 

The direction, input or output, of a given pin is entirely under the control of the program. 

EEPROM is used for program storage and it retains data without power. RAM is used by 

variables in the programs. The detailed pin descriptions are hst in Table 3.1. 

Basic stamp 2 programming language is a customized form of BASIC, called 

PBASIC. It is more convenient than assembler languages which most of the 

microcontrollers are using. However, it takes longer time to execute the PBASIC 

instructions than assembler instruction. This reduces the Basic stamp 2 execution speed 

down to 4000 instructions per second. 
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Figure 3.1 Schematic diagram of Basic stamp 2 (BS2-IC rev. A) (10). 

Table 3.1 Basic stamp 2 pin descriptions (10). 

Pin 

1 

2 

3 

4 

5-20 

21 

22 

23 

24 

Name 

SOUT 

SIN 

ATN 

vss 
PO-15 

VDD 

RES 

vss 
VIN 

Description 

Serial Out: coimects to PC serial port RX pin for programming. 

Serial In: connects to PC serial port TX pin for programming. 

Attention: connects to PC serial port for programming. 

System ground. 

General-purpose I/O pins. 

5-voh DC input/output. 

Reset input/output. 

System ground. 

Unregulated power in: accepts 5.5 -15 VDC. 
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A Teflon socket has been made in order to hold the DMD, connect the control 

signal with the DMD electrical interface, as well as for easy replacement, as shown 

Figure 3.2. 

m 

Spring pins 
connect to DMD. 
I/O bond pad 

O O 

^ O C' o c o o 
i 0° % c"" % o° " o o o o o o 

D 

o o 

Figure 3.2 Top view of the DMD socket. 

The schematics of the connection between the custom Basic stamp 2 control 

board and the DMD socket are shown in Figure 3.3. As shown in the schematic diagram, 

the confrol board connects to a PC's RS232 serial port with a 9-pin serial cable. This is 

used to download programs from the PBASIC editor software in to Basic Stamp's 

EEPROM by means of asynchronous serial communication. Eleven I/O ports connect to 

the DMD I/O bond pad through two SN74LV541A. The two SN74LV541A are octal 

buffer/line drivers used to amplify input/output signal and isolate noise. Two general 

purpose I/O ports, P14 and PI5, are connected to the data serial port for external data 

shifting into Basic stamp 2. Sixteen dip switches connect sixteen Reset groups' bias input 

MBRST(0:15) to the bias voltage source Vbias. Each reset group could be selected and 

driven individually by switching ON or OFF the dip switches. 
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3.2.2 Bum-hi mode operation 

Different from image projection systems, it is only required to land the mirrors in 

the same direction, either ON side or OFF side, for this project. Bum-In mode is the 

optimum choice. Not only is it fast, as it uses only 192 clock periods to refresh the whole 

mirror array, but also it dramatically simplifies the control hardware. None of the DMD's 

64 data input buses is required during the memory loading operation. This minimizes the 

number of cormections required to load data. The Bum-in mode makes possible the 

practical use of a simple microconfroller, such as Basic stamp 2 for driving a DMD. Eight 

input signals, SACBUS, SACCLK, LOADB, DCLK/BI_CLK, BI_MODE, SCTRL, 

BITOP and TRC are required for bum-in mode operation. Basic stamp 2 P0-P7 ports are 

connected to the eight inputs. The detailed DMD0.7XGA 12° DDR I/O pin descriptions 

can be foimd in Appendix Table A.l. 

Figure 3.4 shows the actual Basic Stamp 2's DMD control board. PBASIC codes 

have been written for Block Stepped Address (BSA) switching high address electrode 

vohage down to Vcc, all-one pattern, all-zero pattem, checkerboard pattem and inverse 

checkerboard pattem. A sample of output control waveforms are shown in Figure 3.5. 
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DMD s o c k e t 

Figure 3.3 Connection between Basic stamp 2 control board and DMD socket (11). 
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Figure 3.4 Custom Basic stamp 2 DMD control board. 
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Figure 3.5 Typical control waveform. 
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3.2.3 Modulo 1024 operation 

In addition to landing the mirrors in one of the four Bum-In mode patterns, we 

may need to create some custom patterns. For example, we would like to have auxiliary 

X-Y lines to help locate the spot under the microscope, as shown in Figure 3.6. The 

normal Modulo 16 mode can achieve the maximum input bandwidth, but it requests 64 

data inputs that are beyond Basic Stamp 2's capability. In Modulo 1024 mode, input data 

serially shifts into memory using only the DATA(O) pin, synchronous with DCLK. This 

simplifies the control hardware. As shown in Figure 3.3, I/O port P12 connects to DATA 

(0) for data input. SCTRL pin of DMD is the row address counter control in Modulo 

1024. SCTRL commands shifted in are executed on the next row of data shifted in and 

confrol row loads. On the other hand. Modulo 1024 mode requires 1024 DCLK edges, or 

512 DCLK periods, to load a single 1024-bit word. 786,432 DCLK edges, or 393,216 

DCLK periods are required to fill in a whole mirror array. It is much slower than Bum-in 

mode and Modulo 16 mode. 

(A) 

Figure 3.6 Custom pattems created by Modulo 1024. 
(A) X Y auxiliary lines. (B) ON OFF assistant pattem. 
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3.3 Manual control board 

A manual control board is developed for operation flexibility. It does not require a 

PC interface or a software program for operation. It fully uses manual switches to 

implement Bum-In mode control. Also, different bias voltages can be applied to the 

different reset groups at the same time from the manual control board. This gives us 

another tool to drive the DMD in a special way. The schematic of the manual control 

board and the connection with the DMD socket is shown in Figure 3.7. 

Figure 3.7 Schematic of manual control board. 
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CHAPTER IV 

ACCELERATED AGING OF DMD™ LUBRICANT COATING BY 

SCRUBBING THE SURFACE 

4.1 DMD™ surface aging 

The DMD uses the vapor-deposited SAM of perfluoroalkanoic acids as the 

lubricant coating. In order to study the anti-stiction properties, the lubricant needs to be 

tested at different ambient conditions. DMD lifetimes are over 100,000 operating hours 

and over 1.7 trillion mirror cycles under normal operation (12). Therefore, an accelerated 

aging system is needed to find potential failures as rapidly as possible to help produce 

test results. This system can also be used for the verification of alternate lubricants. 

As was mentioned in Chapter II, the spring tips and the electrode are the only 

contacting surfaces when a DC bias vohage is applied to land the mirror. Both spring tips 

and electrode surfaces are covered by the SAM. Higher bias voltages can induce stronger 

elecfrostatic force to pull down the spring tips, causing a backward motion on the contact 

surface. The spring tips will stretch and move forward during lower bias vohage, as 

shown in Figure 4.1. A high frequency flinction waveform apphed on top of the DC bias 

vohage can accelerate such "scrubbing" motion and whether or not the surface coating is 

worn needs to be determined. 
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Figure 4.1 Spring-tip scrub back and forth while bias vohage varying. 

4.2 Design of scmbbing waveform generator 

As discussed above, the waveform required to drive the mirrors scmbbing the 

surface is a function waveform on top of a DC bias voltage. The DC bias vohage ranges 

from 0 V to 26V DC based on the DMD operation requirements. The fiinction waveform 

was decided to be the sine wave in this project. The amplitude of the fiinction waveform 

should not be smaller than 12 V peak-to-peak, and unit gain bandwidth should be greater 

than 1 MHz. Output current higher than 40 mA is desired for driving large capacitance 

loads, such as the DMD, at a high slew rate. Future high temperature aging experiments 

will go up to 80°C. Therefore, the maximum operation temperature of the board should 

not be less than 80°C without failure. 

34 



Figure 4.2 shows a circuit for obtaining scmbbing waveforms, ft is a modified 

inverting adder circuit. Two inputs, V^ and V2, are connected to the virtual ground point 

of the op-amp's inverting input through resistors /?, andi?2- The vohage at the virtual 

ground is held at zero volts by the op-amp's negative feedback. 

R. R. 
Ku,=-i-i^v,+-^v,). 

R R. 
(4.1) 

Where F, is the DC bias voltage input, V2 is the AC waveform input, i?^ is the 

negative feedback resistor, and F„„, is the output scmbbing waveform. Different bias 

VI 
Bias , 
voltage — 
input "T 

AC 
waveform 
i n p u t 

32 VDC , 

A/W 
10k 

Vout 

o 

Figure 4.2 Scrubbing driver circuit. 
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voltages can be achieved by varying the DC input. Different scmbbing waveforms can be 

achieved by varying the function waveform input and the resistor values ofRj., /?, andi?2. 

In the Figure 4.2, 

Ku,=-i5V,+V,). (4.2) 

In order to have fine adjustment of the fiinction waveform on top of the DC bias 

voltage, the waveform signal gain is set to -1 as shown above. 

Since the output swing should be from 0 V to 30 V, the power supplies of the 

operational amplifier (V+ and V-) are connected to 32 and 0 V instead of ± 15V. 

The AD811AN, a wideband current-feedback operational amplifier, is used for 

this purpose. It is specified over a power supply range of ±4.5 V to ±18 V, and the output 

current is up to 100 mA. The temperature range from -40 to 85 °C insures the circuit 

satisfied the design target of operation temperatiire. The AD811 can be replaced by 

equivalent op-amps as long as they have the following minimum specifications: 

• Maximum supply voltage higher than 30V 

• Maximum output current greater than 40 mA 

• Maximum operation temperature higher than 80°C 

• Full-power bandwidth greater than 1 MHz. 

The simulation in Figure 4.3 shows the circuit of Figure 4.2 outputting a 1 MHz, 

3V p-p sine-wave on top of 26V DC bias vohage. 
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Figure 4.3 Simulation of scmbbing waveform generation. 

The measured parameters of the actual circuit are as follows: 

• Maximum output swing is 3.5V to 3IV 

• Maximum output sine-wave amplitude is 26V p-p at 17V DC bias 

voltage 

• Maximum supply current is 44.6niA and output current is 38.5mA with a 

3.4nF load (whole mirror device) at 440 KHz, 12V p-p sine wave, 24V 

DC bias voltage. 
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4.3 Optical system setup for tracking the scmbbing motion 

Since scrubbing motion is small (in jum scale) and fast (up to 500 KHz), an optical 

system was buih to frack it. The optical system uses a 632.8nm HeNe laser, a high-speed 

photo detector, and an oscilloscope to monitor changes in the intensity of the orders of 

the diffraction pattem obtained from the DMD, as shown in Figure 4.4. 

Scrubbing Drive 
Electronics 

Diffraction Patterns 

d^sinO = nZ 

Photo detector 

HeNe Laser 

DMD 

Figure 4.4 Scmbbing system configuration (13). 

Diffraction pattems result when light impinges on a surface with closely mled 

grooves. The diffracted light constructively interferes to create a diffraction pattem. The 

pattem for a two dimensional array of scattering centers is typically an array of dots in a 

square pattem. The diffraction characteristics for a DMD and other blazed grating are a 

convolution of three effects, namely, the wavelength of light being used, pitch of the 

grooves or mirrors, and the angle of the mirrors. The locations of the diffraction spots are 

governed by the pitch of the grooves. There are selected directions at which the light 
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waves from the different grooves interfere in phase and in these directions maximum of 

the light intensity is observed. For normal incidence, diffraction maxima occurs 

whenever 

d*sind = nZ. (4.1) 

where d is the distance between the grooves (13.68 /im in the DMD), 9 is the angle of the 

diffracted light, n is the diffraction order, and Xis the wavelength of the light being used. 

The intensity envelope of the diffraction pattem is governed by the spatial extent 

of a single scattering element. The shape of this envelope is governed by the relationship 

between the size of the scattering element (x) and the wavelength of light. For the 

condition X « x, the intensity envelope is relatively flat for lower orders and relatively 

steep for higher orders. The peak intensity of the intensity envelope is governed by the tilt 

angle of the mirror. This is analogous to a blazed diffraction grating. As the angle 

changes, the intensity of light directed into the various orders also changes, without 

changing the orders' relative position. While the bias voltage is varying during the 

scmbbing test, the tilt angle changes. The change in angle is large enough to alter the 

intensity of higher diffraction orders which can be detected using a photo detector. 

When the function waveform is slowed down to less than 30 Hz (the approximate 

cutoff frequency for the human eye), one is able to physically see the intensity of the 

diffraction order changing. Above 30 Hz, a photo detector must be used to capture the 

changes in the intensity of the diffraction pattem. Figure 4.5 shows the photo detector 

output waveform when scmbbing with a 1 KHz sine wave on top of 24V DC bias voltage. 
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Figure 4.5 Scmbbing motion fracking waveform. 
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CHAPTER V 

DEVELOPMENT OF SURFACE ADHESION TEST SYSTEM 

A test system has been developed to measure the surface adhesion parameters 

after the accelerated aging tests. Surface adhesion, commonly know as stiction, is 

difficult to directly measure. In this project, the number of unreleased mirrors at different 

bias voltages and stuck mirror release voltages will be used to quantify surface stiction. 

The system consists of an optical setup for monitoring and taking pictures, software for 

counting the number of ON/OFF mirrors, and one-shot unipolar reset pulse hardware for 

actuating stuck mirrors. 

5.1 Optical setup for mirror counting 

The ability to monitor and count the number of ON/OFF mirrors is a major tool to 

study DMD surface stiction. An optical system is illustrated as a simplified block 

diagram in Figure 5.1. It includes an illuminated microscope, a CCD camera, and a 

frame-grabber. 

The CCD camera is connected to the PC with the help of a Lab VIEW IMAQ 

interface. The PC installed Lab VIEW IMAQ PCI-1407 board is used as a monitor and a 

frame-grabber. The orientation of the mirrors (ON, OFF, or Flat) is determined based on 

the intensity of the reflected light, as seen in Figure 5.1. The DMD is mounted under an 

illuminator with a 12° tilt to improve image contrast. 
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Basic Stamp controller 
and Amplifier board 

Figure 5.1 Mirror On/Off Counting Apparatus. 

5.2 MATLAB® program for counting the number of 
ON and OFF mirrors (14) 

A code written in MATLAB calculates the number of mirrors that are ON, OFF, 

and flat based on the intensity of the reflected light from the pictures taken by optical 

setup. The Connected Component Analysis method is applied for calculating the number 

of objects in the image. The following steps are observed in this process. 

1. Histogram 

2. Binary image formation 

3. Connected Component Analysis 

The above steps are explained briefly below and are almost similar for both the 

ON and the OFF cases with only slight modifications. 

(1) Histogram: A histogram is a plot between the gray level values (0-256) to the 

number of pixels at that particular gray level intensity values. This shows the distribution 

of the gray level values in the image. If the curve is shifted towards the left (closer to zero) 
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then the image is said to be a dark one and bright if the curve is shifted towards the right 

(closer to 256). Ideally, we require an image centered around 128 to get the best contrast 

resuhs. In this case the histogram plays another vital role, in selecting the threshold for 

creating the Binary image. Thus, for selecting the ON or OFF mirrors, they can be 

displayed as either 1 or 0; the rest of the values in the image is the given the 

complementary value. 

(2) Binary image formation: After selecting the appropriate threshold value, the 

image is now reduced to a binary image. Binary images are usually easier to work with, 

particularly in this case where there is a need to isolate only a particular type of mirror 

orientation (either ON or OFF). A comparison between the original and the binary image 

can be carried out to check if the direction of operation is correct. 

(3) Connected Component Analysis: This is a brief overview of the 4-point 

Connected Component Analysis method employed in the program. In this method, each 

pixel representing the image matrix is compared to its 4 neighbors to see if they are 

connected together (connected in the sense that they have equal values and are indeed a 

single object). The connected pixels form an object and by establishing a count on the 

number of objects, the purpose of counting mirrors can be easily solved. 

It is easier to understand the explanation with the following representation of an 

image in the matrix form. 

43 



(i-1,j) 

(i,j+1) 

(i,j) 

(iJ-1) 

(i+1,j) 

Figure 5.2 Pixel comparison array 

These are the four pixels surrounding any pixel (i,j). A label matrix equivalent in 

size as compared to the image matrix after padding the border is formed. This label 

matrix keeps count of the number of objects as we scan the image in two ways. In the 

first scan, we check the value of the ith pixel with the neighbors (i-l,j) and (iJ-1). The 

scan is carried out from left to right and from top to bottom of the image. In this way, the 

equivalence in one direction is established. The other scan is carried out from the bottom 

of the image to the top, and also from right to left of the image. Thus, it covers the pixels 

(i+lj) and (iJ+1). Also, in this scan, the equivalence is also established simultaneously 

by changing the label matrix values. Then, the number of unique numbers in the label 

matrix is calculated, corresponding to the number of ON and OFF mirrors. 

The following image is used for checking the effectiveness of the algorithm. It 

can be clearly seen that there are three shades of the mirrors, the ON, the OFF and the flat 

mirrors. 
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Figure 5.3 Image of micromirrors with three shades. 

The images are obtained from the CCD camera through the IMAQ interface; 

actually the images used for the algorithm are an average of several frames taken at a 

time by the CCD camera (typically the CCD takes 30 frames per second). The following 

is the histogram of the image. It can be seen that the maximum number of pixels have an 

intermediate gray level value. 
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Figure 5.4 Histogram of gray scale image 
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The bright mirrors (ON) have gray level values greater than 150 and the dark 

mirrors (OFF) have values less than 40. These values are purely arbitrary and can be 

changed to get better results. The next step is the formation of the binary image for the 

ON and the OFF cases. For the ON case the threshold is set as 140, and for calculating 

the OFF mirrors, the threshold is set as 40. 

Figure 5.5 Binary image - OFF case. 

Figure 5.6 Binary image - ON case. 
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Thus, the images can now be subject to the Connected Component Analysis 

method to calculate the number of ON / OFF pixels as described earlier. The number of 

ON mirrors was found to be 75 and the number of OFF mirrors was found to be 34 which 

can be verified by manually counting them in the snap-shot obtained. 

5.3 Reset pulses generation 

Reset pulses are critical for all mirror transitions. They are also utilized to unstick 

the mirrors, allowing characterization of the surface stiction encountered in this project. 

The reset pulse width is critical for optimum operation. If the reset pulse width is short, 

no significant compression is applied to the spring tips, resulting in slow release. When 

the pulse width is too long, the spring tips receive significant compression, but release is 

out of phase with mirror mechanical motion, resulting in reduced reset efficiency. The 

appropriate reset pulse-width provides the mirror a significant compression and is in 

phase with the mechanical motion of the pixel during the bias-off time, achieving the 

fastest release velocity. The Optimum reset pulse width is determined to be 560 ns by 

studying the DMD mirror trajectories (15). 

The rise and fall time of the reset pulse is another critical factor affecting release 

speed. The reset pulse edge must be faster than the highest mechanical resonant 

frequency. Measured spring tips resonant frequency is 440 KHz (see chapter VI for more 

detail). Thus, the maximum rise and fall time for the reset pulse should not be more than 

200 ns, which is approxknately 10% of the period at the resonant frequency. This is to 
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ensure the optimal conversion from elastic energy to kinetic energy to take place during 

release. 

hi the Bipolar reset pulse, bias off time (T^J is critical to separate crossover and 

stay transitions. If T̂ ^̂ , is too short, the crossover mirror will be recaptured; and if it is too 

long, file stay mirror will be too far away from the surface and become unstable. 

Two type of reset pulses were generated in this project: One-shot unipolar reset 

pulse and bipolar reset pulse. 

5.3.1 Bias and adhesion measurement 

Two important parameters need to be measured for characterization of aging 

effects. One is static landing bias voltage (Vbias) that indicates the hinge stif&iess. 

Another is release voltage (Vreset), which indicates the surface stiction. In a new DMD, 

almost all the landed mirrors will release from the surface when the bias voltage is 

reduced. After the scmbbing test, some mirrors might remain on the surface when bias 

voltage has been completed removed. One-shot reset pulse with incremental voltage 

levels need to be applied to release the stuck mirrors. The procedure of the experiment is 

shown in Figure 5.7. 

All mirrors CCD 
landed camera 

Mirrors flat 

One shot 
reset pulse 

^ step-up for 
mirrors that 
remain stuck 

Figure 5.7 Bias and adhesion characterization sequence (12). 
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The experiment includes the following major steps: 

1. Send all mirrors to the flat state; address all mirrors to OFF side. 

2. Increase bias voltage in fine step until the maximum voltage; capture 

image and count mirrors. 

3. Step down bias voltage in fine decrement; capture images and count 

mirrors at each step until zero voltage. 

4. Apply sequence of one-shot reset pulse increasing in vohage; capture 

images and count stuck mirrors after each pulse. 

5. Address all mirrors to ON side. Repeat the sequence. 

5.3.2 One-shot adhesion reset pulse generation 

As described above, optimum reset pulse width is 560 ns; rise and fall time should 

be smaller than 855 ns. The voltage levels will vary from 0 to 30V. A function generator 

was used to generate the one-shot pulse signal. A high speed amplifier was developed to 

amplify the signal applied to the DMD. The schematic of the amplifier is shown in Figure 

5.8. It is a non-inverting amplifier. The point 2 and point 3 are at same potential. Thus, 

the current at point 2 is 

V V -V 
in out in (5.1) 
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Where Rf is negative feedback resister, R^ is gain resistor. 

The DMD is a large capacitive load that will result in increased peaking and 

overshoot. R, is added in series with the output to isolate the load capacitance. This is an 

effective way to compensate for the capacitance effect. R, might need to be adjusted for 

optimum output waveform. The power supply bypassing capacitors, Ci and C2, are 

necessary to provide the best setting time and lowest distortion in the high frequency 

application. More capacitors (greater than IjnF) can be connected in parallel if required. 

Input 
Output 

Figure 5.8 Schematic of adhesion reset pulse amphfier. 

An output swing from zero to 30V is desired. Therefore, the power supplies of the 

operational amplifier (V+ and V-) are connected to 32V and -3V. hi the Figure 5.8 circuit. 

Close-loop gain ^v = ^ ^ = l + --^ = 7. 
Vin Rg 

(5.2) 

Figure 5.9 shows a one-shot pulse output waveform driving a 300 pF load (one 

reset group). 
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Time (us) 
1-25 1.5 

Figure 5.9 Measured output waveform of adhesion reset pulse amplifier. 

The amplifier circuit in Figure 5.8 has measured parameters as follows: 

• Gain: +7 

• Output swing from 0 to 32 V 

• Rise time, fall time are 40 ns with a 300 pF load for an output step of 28 V 

5.3.3 Bipolar reset pulse generation 

The bipolar reset pulse (shown in Figure 2.2) is critical for mirror transitions. For 

the testing purpose in this project, the reset pulse output swing should be from +30 V to -

30 V, slew rate >250V/^s, drive current > 75 mA for a 300 pF load (one reset group 

load). The abnormal shape waveform, high output voltage, and high slew rate make it 

challenging to generate such a reset pulse. 
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Several techniques could be applied to develop the reset pulse, hi this project, a 

pulse generator was used to generate the waveform signal, and a high speed, high voltage 

amplifier was developed for amplifying the signal. One advantage of building the 

amplifier is that it is more flexible for our experiment if other kinds of waveforms, such 

as sine wave or square wave, need to be amplified. 

(1) Generate a waveform signal: Several methods were attempted to generate the 

waveform signal with the bipolar reset pulse shape. The pulse width is 560 ns for each 

step. Figure 5.10 shows a waveform generated by an Agilent 33220 20 MHz fiinction 

generator. 

Falling edge 
Pulse width: 560 ns 
Fall time: 50 ns 
Rise time 1: 60 ns 
Rise time 2: 50 ns 

0 0-5 

Time (us) 

Figure 5.10 Bipolar reset pulse signal generated by Agilent 33220 function generator. 

(2) Design of high speed, high voltage bipolar reset pulse amplifier: Three 

techniques for high-voltage-amphfier design are hsted in Table 5.1. 
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The high-voltage op-amp modules available off the shelf either are not fast 

enough or, the voltage swings are not wide enough for the project. Two approaches are 

discussed in this paper. The key design target specifications are: 

• Gain >10 

• Output swing >-30 V to+30 V 

• Slew rate > 250 V/ps at Vout = 50 V p-p 

• Maximum Output current > 75 mA 

Table 5.1 Techniques for achieving high-voltage amplification (16). 

High-Voltage 
op-amp module 
Bootstrapping with 
monolithic op amp 
Discrete-transistor 
monolithic op-amp 

Cost 

High 

Average 

Low 

Design 
effort 

Easy 

Average 

Complex 

Parts 
count 

Few 

Medium 

Many 

Factory 
specs 

Great 

Great 

Poor 

Power 
drive 

Good 

Poor 

Great 

No. of 
Options 

Few 

Medium 

Many 

Design 1: Bootstrapping with Op-amp: Generally, the maximum voltage that can 

apply across a monolithic op-amp's supply rails is around 30 to 40V. The peak-to-peak 

voltage swings that a monolithic op-amp can generate is limited to be smaller than 40 V. 

"Bootstrapping" is a method that controls a device's supply voltages based on its output, 

ft offers a simple and effective alternative to discrete-transistor designs which require 

more of a designer's time and effort than other approaches and require more parts and 

complicated manufacturing. One strong advantage of bootsfrapping op-amps over 

discrete designs is that they have factory-specified performance, relieving the designer's 
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task in characterizing performance. The circuit in Figure 5.11 has been designed using 

the bootsfrapping technique. 

hi the circuit of Figure 5.11, the system supply voltages, Vcc and Vee, are fixed, 

but the device supply voltages, V^ and F , change as a fiinction of Vout- Accordingly, the 

op-amp can cover a greater range than the voltage applied across its supply rails. 

Rin 

Vin I >-^AA/-

Rb 

-wv-
125k 

Vcc 

60Vdc ^ t r 
0 01u 

C 4 = ^ =^ C5 
47u 

> 

- 0 

100k 
AD817 AN 

01 

=;: C3 

R2 
28k 

D1 

R1 
10k 

Q Vee 

Rf 

100k 

Rg 
100k C7 

0.01u=|= =1= 47u 
C6 

R3 
10k 

D2 

R4 

28k 

RIO 

-M/V-
600 

-60Vdc 

>Vout 

D4 

D3 

Figure 5.11 Schematic of a bootsfrapping amplifier. 

First, ignoring the Dl and D2 diode drops, we can express T̂  and V_ in Figure 

5.11 as: 
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/?, +i?2 
be' 

D I D be' R,+R, 

(5.1) 

(5.2) 

Let Vbe- 0.6V, and Vout - F,. We can solve for the maximum output vohage that 

can be achieved: 

Max. F„„,=f;,-0.6 1 + ^ (5.3) 

Two diodes are added to compensate for transistor Vbe; the device supply voltages 

become: 

V^ = 

V = 

(Vcc 

(Ke 

-0.6)i?,+F„„,i?, 
i?l+i?2 

+ 0.6)R,+V„^,R, 

R,+R, 
In this case, the maximum output voltage that can be achieved is: 

(5.4) 

(5.5) 

Max. F„„,=P;,-0.6. (5.6) 

The minimum output vohage that can be achieved is: 

Min. F„, = K, + 0.6. 

In a symmetrical system as shown in Figure 5.x, let R^ = i?, and R^-Rj-

Substituting these into equations (5.4) and (5.5), 

(5.7) 

V-V_=- ^ 1 

i?, +i?2 
(Kc-Ke-^-V (5.8) 
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The difference between V^ and V_ is constant if Vcc and Vee are constant. 

In the circuit shown in Figure 5.11, where Vcc is 60V, Vee is -60V, R, = R3 = 10 

KQ, R2 = R4 = 28 KQ, the supply voltage across the op-amp (AD817) remains constant at 

about 31 V. The simulation results in Figure 5.12 show that the output swing can go up 

to 100 V without distortion. 

The expression of close-loop gain is: 

_^,..Kur_RA+RfRb 1̂ + ^ / / ^ , 
V,„ R,R,-R,R,„ l-(R,/R^)(RJR,) 

Note: Rg * R^, must be greater than R^ * R.^ to keep the circuit stable 

= 10. (5.9) 
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Figure 5.12 Cadence simulation of maximum output swing for Figure 5.10 circuit. 

The suitable op-amps for bootstrapping need relatively high supply voltages, high 

output current, low input bias current, and fast slew rates. The AD817 is a bootstrap 

fiiendly op-amp and was used in Figure 5.11 circuit, ft is specified with a maximum 
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supply voltage of 36 V, output current up to 50 mA, input bias current of 3.3 pA, and 

slew rate up to 350 V/ps. The simulation resuh of pulse response for the design depicted 

in Figure 5.11 is shown in Figure 5.13. 

The simulation waveform indicates the output rate is 200 V/ps for the falling edge 

and 192 V/ps for the rising edge, ft does not satisfy the design target. The overall circuit 

performance is limited by the availability of bootstrapping fiiendly op-amps. 
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Figure 5.13 Cadence simulation of pulse response of design 1. 

Design 2: Using discrete transistors combined with monolithic buffer amplifier: 

The most direct and flexible approach to achieving the custom high speed, wide 

output swing amplifier is to design using discrete transistors. However, an all-discrete 

circuit needs more design and characterization effort. Device matching and temperature 

gradients also make it difficult to achieve precision in these designs. A variety of 
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monolithic amplifiers are available. The fully factory-specified performance can be 

applied even when a discrete network surrounds these amplifiers. 

The circuit in Figure 5.14 is a high speed, high voltage current feedback amphfier 

built with discrete transistors and monolithic buffer. A symmetrical ±60V system power 

supply is applied to achieve wide output swing. The circuit consists of an input stage, 

high voltage stage, and class AB output stage with output-current limiting protection (17). 

The input stage simply utilizes a monolithic buffer, Ui, to achieve a set of factory-

specified performance parameters, including high input impedance, wide bandwidth and 

high slew rate. Two 15V zener diodes are utilized for biasing the transistors Q2 and Q3. 

The supply voltages, F̂ ., and F_,, of Ui can be expressed as: 

K^=K2-Vbe2 =(15-0.6)F = 14.4F. (5.10) 

f"-, =^*2-^*e2=(-15 + 0.6)F = -14.4F. (5.11) 

Rio is a source resister in series with input to enhance the stability. The diode Di 

and D2 provide a 1.4 V drop for biasing transistor Qi. The current supply for Ui comes 

from Ri and the source consisting of Di, D2, R3 and Qi. Rs's tiimmed value adjusts Q2's 

quiescent current. The same adjustment also controls the output-voltage offset. The 

stiiicture on the negative side of Ui is symmetrical. 

The high voltage stage utilizes monolithic buffers, U2 and U3, as unity-gain 

drivers for the power MOSFET, M, and M2 at high voltage. The transistor Qu proves the 

negative supply for U2. The 20V zener diode, D4 and resistor R5 are utilized for biasing 

the transistor Qi,. The fast diode Dg prevents U2's input from going more negative than 
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its negative power supply. The supply voltages, V^^ and F ^, of U2 can then be expressed 

as: 

Vcc 6 0V 

Vin 

VJT • 0 

R17 

1 2 

R32 

10 

R,3 Vout 

-̂ wv-l > 
150 

R51 

10 

R18 

1 2 

CIO 

0 01u 

C11 

Figure 5.14 Schematic of amplifier design 2 

V =V 

^-2=^M.-^*en=^. . -20F + 0.6r = F, , -19.4r , 

(5.10) 

(5.11) 
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F , , - F , = 1 9 . 4 F . (5.12) 

Since U3 is using the symmetrical stmcture, the supply voltages, V^^ and V_ , are 

expressed as: 

K, = Kn - Ke^, = Vee + ^OV - 0.6F = F,, + 1 9 . 4 F , (5.13) 

^ - 3 = ^ e e . (5.14) 

V,,-V_,=\9.4V. (5.15) 

Therefore, both U2 and U3 are working at the constant supply voltage under their 

operation power range. 

The class AB output stage (18) utilizes a pair of complementary power MOSFETs, 

M3 and M4, and employing another pair of complementary power MOSFETs, Mi and M2, 

for biasing and driving. The 6.2V zener diode, Dg, is appropriately chosen to provide the 

bias voltage between the gates of output transistors, M3 and M4. Transistors Qn and Qig 

are output-current limiting switches. Qn and Qig starts to turn on at output current /„„, = 

580 mA. The maximum output current can be adjusted by changing the value of resistors 

Ri7 and Rig. 

The gain of this circuit is simply as: 

^ ^ ^ ^ ^ V t V t A = 21. (5.15) 
Vin R. 

For higher gains, you can increase the values of R^ and R7. For lower values, it is 

better to insert an attenuator at the input, because the smaller values of R6 and R7 may 

resuh in excessive dissipation. The actual amplifier board is shown in Figure 5.15. 
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Figure 5.15 Actual circuit board of design 2. 

Measured at ±60V supply voltage, maximum output swing is 118V p-p; supply 

quiescent current is 65 mA; slew rate is up to 442 V/ps for an output of 50 V. A 

measured amplified bipolar reset pulse is shown in Figure 5.16. The fall time is 150 ns 

from 24 to -26V, rise time 1 is 170 ns from -26 to 7.75V, rise time 2 is 120 ns, and the 

pulse width is 560 ns. 

The system power supply could be increased up to ±230 V if a wider output 

swing is desired. One needs to be cautious choosing the transistors and MOSFETs when 

using high voltages. Single-point grounding is required to minimize ringing. 
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Figure 5.16 Measured bipolar reset waveform with one-reset-group load (300 pF). 
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CHAPTER VI 

RESULTS AND ANALYSIS 

This chapter discusses the experiments that have been done to determine the 

initial capabilities of the developed aging system. Some important parameters have been 

measured for studying the surface properties of the DMD. 

6.1 Hinge memory 

Hinge memory is one of the most significant failure modes of the DMD (3). 

When a mirror is continually landed in one direction for a long period of time, it will not 

return to a flat position after all voltages are removed. A hinge that develops residual tih 

exhibits "hinge memory," as shown in Figure 6.1 

*A1 Q I Q V ^ 
Vbias 0 

Figure 6.1 Residual tih due to hinge memory. 

Due to this residual tih, it will take less electrostatic force to land the pixel to one 

side, and more to the other. Please refer to the force diagrams in the section 2.2. The 

hinge memory test is used to find the effect of uneven duty cycle operations, hi this 

project, our main concem regarding the hinge memory is how the hinge memory affects 

stiction measurement, and how to separate hinge memory effect and stiction effect from 
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our test results. To evaluate surface performance, a measure of hinge memory has been 

developed. The Veeco NT 1100 interferometric microscope is used to measure small 

deflections of the mirror. The tool measures optical path differences between a reference 

and a sample beam using the fiinges caused by constmctive and destmctive interference. 

A sample output of NT 1100 at an applied bias vohage of 5 V to the mirror is shown in 

Figure 6.2. 
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Figure 6.2 Measure angular of deflection with NTl 100 interferometric microscope. 

The colored picture indicates the surface profile of the mirror and the Y-profile 

gives the tih of the mirror about the X axis. The angular tih of the mirror is given by: 

0 = tan-\Y/X). (6.1) 

To study the effect of hinge memory induced in the micromirrors due to uneven 

operating duty cycle, the DMD's glass lid is removed. This is essential for the correct 
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functioning of the interferometer analysis. Two major characteristic curves (landing and 

releasing) are obtained by ramping up and down the bias voltage applied to the mirror, ft 

is important to make the orientation of the mirrors as flat as possible before applying any 

supply vohages to the micromirrors. This helps us to know whether the mirrors have any 

inherent tilt due to fabrication faults or other factors. 

The following steps are carried out for analyzing the effect of hinge memory on 

DMD's. 

• Baseline tests: Reference tests are carried out on the mirrors which have 

not been operated before. Addressing the mirror to ON (1); step up and down the bias 

voltages between 0 - 25 V DC respectively to get both landing and releasing baselines for 

ON side. The mirror deflection for each voltage was measured and calculated. Surface 

profiling is done at suitably spaced voltage bias intervals to enable correct plotting of 

results. The 50% state change voltages (Vbso) are recorded. Addressing the same group of 

mirrors to OFF (0), repeat above measurement to get baselines for OFF side. 

• Uneven duty cycle operations: In this set of tests, the mirrors are initially 

landed on the ON side for a period of time and the above described procedure is followed, 

taking the ON and the OFF side curves. Later, the mirrors are then landed on the OFF 

side for the same period of time to see the effect of such operation on the final resuhs. 

Again, the tests are conducted for both side curves. 

A number of mirrors are analyzed. For this analysis, the DMD package has been 

altered by the removal of the glass window. This effectively alters the surface chemistry 

healing effects induced by PFDA inside the normally packaged device. A DMD was 
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landed to one side to cause hinge memory, but was not scmbbed to induce surface 

damage. The ON side curves are shown in Figure 6.3. 
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Figure 6.3 Effect of hinge memory - ON side curves. 

In order to understand the effect of stiction and hinge memory it is important to 

analyze the curve with different perspectives. First, it can be observed from the curves 

that the mirrors landed for a day on the ON side, both the landing and release Vbso shifts 

to a lower value of the bias voltage indicating the effect of hinge memory. This can be 

seen clearly by observing the value of the angular tilt in the absence of any bias voltages 

or electrode potentials, as shown in Figure 6.4. This value is approximately 0.05 degrees 

for the baseline mirrors whereas its approximately 0.41 degrees for the mirrors landed on 

the ON side for a day. This demonstrates that hinge memory brings the beam closer to 

one of the electrodes. This hinge memory will affect the performance of the mirrors. As 
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an example, if a mirror exhibits hinge memory and is tipped towards the left electrode, 

landing the mirror to the left side will require a lower bias voltage compared to what is 

needed to land it to the right side. The release of this landed mirror from the left side will 

occur at a lower relative bias voltage which is characteristic of less restoring torque in the 

torsion hinge. The lower restoring torque in one direction is consistent with a mirror 

suffering from hinge memory. 

The second concem is the effect of stiction. The effect of stiction can be observed 

by noting the change in the hysteresis value (in vohage) between the landing and the 

release curves. The difference between the landing curve and the release curve should be 

reasonably close if the surface adhesion remains the same. In other words, the landing 

curve shift should equal to the release curve shift if surface adhesion is the same. 

Comparing both landed on the ON side (Iday) curves with baselines, the shift of the 

landing curve is approximately 1 V, and the shift of the release curve is around 0.4 V. 

This means the adhesion effect reduced 60% of the shift. The surface adhesion effect will 

be seen clearly in Figure 6.5. These are the curves after landing the mirrors for two days 

on one side. The shift of the landing curve remained approximately 1 V, but the shift of 

the release curve increased to 2 V. It indicates that the hinge memory did not change 

much after one more day of uneven operation. However, increased surface adhesion 

induced a significant effect compared to the hinge memory. Please note that this adhesion 

effect is not caused by scmbbing. The adhesion change is only minor and may vary 

because of changes in ambient humidity (± 2%). ft is relatively small compared to the 

adhesion varying induced by scmbbing. ft indicates the effect of hinge memory is very 
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minimal at room temperature (< 40 °C) operating conditions compared to the surface 

adhesion effect. 
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Figure 6.5 Effect of hinge memory - Landed two days curve. 
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The third curve (green) is similar to a control curve. Here, the same set of mirrors 

is landed on the OFF side for a day after having been landed on the ON side for a day. 

Angular tilt is measured as a function of the bias voltage, ft was intended to see if the 

effect of hinge memory gets cancelled if the uneven duty operating cycle is reversed, ft is 

observed from the above curves that the control experiment did reduce the inherent tilt 

angle towards the bright side as expected, but it created a small tilt towards the dark side 

(smaller than the ON side tih by approximately 0.154 degrees). Hence, it can be 

concluded that the effect of hinge memory can be corrected by suitable changes in the 

operating cycle. 

6.2 Frequency Response 

The frequency response of the mirror measures the angular deflection of the 

mirror for a given amplitude scmbbing waveform at various frequencies. This response is 

useful in identifying the nattiral frequency of the spring tips. When vibrating a mirror 

with a sine wave at given amplitude, the frequency at which the mirror exhibits a 

maximum vibration is the resonant frequency. Figure 6.5 shows a frequency response of 

the DMD. Please refer to section 4.3 about measurement set up. Since the experiment 

was taken at 3 V p-p sine wave on top of 24 V bias voltage, the mirror was completely 

landed and spring tips are the major vibration mechanism. We can conclude this 

frequency is equal to the natural frequency of spring tips. 
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Figure 6.6 Frequency response of DMD^M. 

Q - Fo / FWHM = fo/ (f2 - fi) = 440 / (490 - 405) = 5.1. 

Where Fo is the resonant frequency. FWHM (Full Width at Half Maximum) is the 

difference between the high and low frequency at half of the maximum. 

6.3 Aging system 

Lubricant aging by scmbbing the surface is examined with the scmbbing system 

described in Chapter FV. The surface stiction as a fiinction of scmbbing time is examined 

after the aging process by using the surface adhesion test system described in Chapter V. 

In this section, all the scrubbing tests are at the same conditions as below unless 

mentioned: 

• Bias vohage: 24 V 

• Scmbbing waveform: 440 KHz sine wave with 10 V p-p 
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• Room temperature: 22.9 ~ 23.3 °C 

• Room Humidity: 41 % ~ 44 % 

6.3.1 Scmbbing the hermetic DMD 

The percentage of landed/released mirrors as a fiinction of the applied bias is used 

as an indication of the effect of scmbbing induced aging at room temperature. The 

simplified operating procedure for finding and establishing the relationship between 

scmbbing time and surface adhesion is given below: 

• Choose an un-scmbbed region in the DMD. Send all mirrors to flat state 

and clear the memory cell 

• Address the selected un-scmbbed group of mirrors to OFF side 

• Slowly increase the Bias voltage from OV to 24V taking images at distinct 

points during measurement (landing curve data) 

• Slowly ramp down the voltage to OV, and take images at distinct points 

(release curve data) 

• Count the number of landed mirrors from the images and calculate the % 

of landed mirrors at each applied bias voltage. Use the data as a Baseline 

• Scmb the selected group of mirrors on both ON and OFF side for equal 

time. Repeat the same experiment above. 

• Track the shift in the landing and release curves before and after the 

scmbbing. 
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This experiment can give an idea on the effect of scmbbing in a hermetic DMD. 

One result of the above experiment is discussed below. 

The examined region has been scmbbed for 200 hours each side in total. The test 

data are plotted in the Figure 6.6. There is no significant change on the landing curve. 

Both landing curve are almost completely overiapped. This means that there is no 

significant hinge memory during scmbbing test in the room temperature. The slight shift 

at 19.25 V and 19.50 V indicates that there is residual hinge memory. 

The shift between two release curves shows that more mirrors released at lower 

bias voltage. When the bias voltage was 13 V, around 25% of the total number of mirrors 

remained as landed in the un-scmbbed mirrors. However, the number of unreleased 

mirrors increased to approximately 60% at the same bias voltage after scmbbing. This 

indicates that the scmbbed device has higher surface adhesion due to scmbbing as 

evident by the reduction in the voltage at which the mirrors are released. 

6.3.2 Scmbbing the unsealed DMD 

When the DMD's hermetic package has been unsealed, there are a number of 

factors that could cause the mirrors becoming nonfunctional. However, we still can test 

the scmbbing effect on the surface coating by comparing two identical reset groups in the 

same device. These two reset groups were always exposed to the same ambient; they 

should have same humidity, temperature, and particle effects. We checked both the 

groups and neither had any nonfunctional mirrors at the start. We scmbbed only one reset 

group for a certain period of time, and counted stuck mirrors. Figure 6.8 shows one 
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Figure 6.7 Scmbbing effect on hermetic DMD^M. 
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example picture taken after one group was scmbbed for 40 hours. In the picture, the 

scmbbed group has 112 out of 4800 mirrors stuck after scmbbing 40 hours. The un-

scmbbed group has no stuck mirrors in this view. When the scope was moved to capture 

the same amount (4800 mirrors) in the un-scmbbed reset group, no stuck mirror was 

found in the entire area. 

The number of stuck mirrors has significantly increased in the scmbbed group 

compared with the non-scmbbed reset group. This shows that the scmbbing system 

effectively damaged the surface coating at room temperature and for de-lidded devices. 

As mentioned in Chapter V, the number of unreleased mirrors at different bias 

voltages and stuck mirror release voltages are used as convenient indicators to quantify 
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the surface stiction in this project. The stuck mirrors released by various voltage reset 

pulses can be seen from an example shown in Figure 6.9. hi the pictures, bias voltage is 0 

V; the mirrors in the flat state are shown as black; the mirrors landed (sttick miirors) are 

Figure 6.8 Comparison between two reset groups in a same DMD™. 

shown as bright spots. Additional mirrors were unstuck after applying higher voltage 

reset pulses. These pictures show that the reset pulse generator successfully generated 

various vohage reset pulses that can effectively release stuck mirrors. Please refer to 

section 5.3.1 for measurement procedure. 

The percentages of unreleased mirrors as a function of the bias voltages for 

scmbbed and un-scmbbed mirrors are plot in Figure 6.10. The shift of un-scmbbed 

curves indicates the surface degradation when the unsealed mirrors exposed in air for a 

period of time. The hysteresis between scmbbed and un-scmbbed curve for the same time 

period indicates the scmbbing effect on the surface stiction. The data show that the longer 

exposed times in air lead to more surface stiction; and more unreleased mirrors with 
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longer scmbbing time at the same bias voltage. This becomes even clear in the Figure 

6.11. 

2 stuck mirrors One released Both released 

(A) (B) (C) 

o 

Figure 6.9 Release stuck mirrors by applying various voltage reset pulses. 
(A) Before apply reset pulse. (B) After apply an 8 V reset pulse. 

(C) After apply a 12 V reset pulse. 
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Figure 6.10 Percentages of unreleased mirrors as a fimction of bias vohages. 
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The numbers of stuck mirrors as a function of the reset pulse voltages for different 

scmbbing time are plot in Figure 6.11. There is a well estabhshed trend for more sttick 

mirrors with longer scmbbing time at the zero bias voltage. This means that longer 

scmbbing times lead to more surface stiction. In addition, notice another trend for less 

stuck mirrors with higher reset pulse voltages for the same time line. Also, there are more 

stuck mirrors at the same reset voltage after scmbbing for a longer time. The trends 

appear to be fairly consistent, ft suggests that the voltage of the reset pulse is a fairiy 

good indicator for surface stiction characterization. 
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Figure 6.11 Numbers of stuck mirrors as a function of the reset pulse voltages. 

These data clearly show that there is definitely higher stiction after scmbbing. 

This proves that the scmbbing setup induces some damage to the landing regions causing 
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stiction between the mirrors and the surface. The scmbbing data of the DMD is also 

known and hence, it is possible to establish a relationship between the scmbbing time, 

frequency, and amplitude of the scmbbing signal with the stiction and can be earned out 

subsequently. In addition, aging of the hermetic DMD lubricant is very slow by just 

scmbbing at room temperature. Other factors, such as temperature and humidity, need to 

be changed to accelerate the aging effect. 
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CHAPTER VII 

CONCLUSIONS AND DISCUSSION 

Custom confrollers for actuating the DMD have been developed and implemented. 

The microprocessor control board has user fiiendly interfaces and fiilly customized 

program confrol to adopt for different DMD experiments. The manual operation board 

provides more flexibility to actuate the DMD without requiring a PC and software. The 

DMD can be driven either globally or by individual reset groups, hi addition, the custom 

confrollers allow different bias voltages to be applied to the different reset groups at the 

same time. All variables are controllable and measurable. This is very convenient for 

carrying out experiments. 

The scmbbing waveform generator has been developed and employed for 

accelerated degradation of the anti-stiction coating. A testing setup consisting of the 

variable voltage reset pulse generator and automated mirror counting system has also 

been developed and implemented for characterization of surface adhesion. Measurement 

results show that the scmbbing system successfully accelerates the degradation of the 

surface coating, and surface adhesion has been studied by using the developed test setup 

Some important stiction related parameters have been measured and analyzed. 

Hinge memory reduces the bias voltage required to land the mirror and the mirror 

will release at a lower bias voltage. However, the effect of hinge memory is minimal at 

the room operating temperature (< 40 °C) compared to the surface adhesion effect. Such 

an effect could be corrected by suitable changes in the operating cycle. 
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The degradation of the hermetically packaged DMD is fairly slow when scmbbed 

at the room temperature. To accelerate the aging effect, more works need to be done to 

better understand the effect scmbbing frequency and amplitude have on the aging process. 

An environmental control system that can vary a number of ambient condition parameters 

needs to be constmcted to infroduce additional variables such as temperature and 

humidity. 

ft would be useftil to develop a technology for "healing" stuck mirrors. The better 

understand of stiction and fiiction on MEMS could also lead to fiirther altemative anti-

stiction process or design improvements. 
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Table A.l The DMD™ VO Pin Descriptions (19). 

Pin Name 
D(0:63) 

DCLK / BI_CLK 

LOADB 
TRC / BI_INV_DATA 

SCTRL / BI_CKBD 

PRG_FUS_EN 

BI_MODE 

BI_TOF 

SACBUS 
SACCLK 
MBRST(0:15) 

SCAN_TEST 

READ_OUT 
READ 0UT2 
EVCC 

VCC2 
VCC 
VSS (GND) 

Description 
• Data Bus 
• Pin has an intemal pull-down transistor circuit 
• Data Clock during normal operation 
• Burn-In Clock during test operation 
• Parallel Latch Load Enable 
• Toggle Rate Control during normal operation 
• Asynchronous Bum-In Data during test operation 
• Serial Control during normal operation 
• Asynchronous Bum-In Data during test operation 
• Asynchronous Fuse Program Enable 
• Connect to VSS (GND) during normal operation 
• Pin has an intemal pull-down transistor circuit 
• Asynchronous Bum-In Enable during test operation 
• Connect to VSS (GND) during normal operation 
• Pin has an intemal pull-down transistor circuit 
• Asynchronous Bum-In Control during test operation 
• Connect to VSS (GND) during normal operation 
• Pin has an intemal pull-down transistor circuit 
• Stepped Address Control Serial Bus 
• Stepped Address Control Clock 
• Non-logic compatible Mirror Bias/Reset inputs 
• Connected directly to the Array of Pixel Mirrors 
• Used to Hold or Release the Pixel Mirrors 
• Serial Data Out during Scan Test operation 
• Serial Data Out during Fuse Chip ID Read operation 
• Serial Data Out during SRAM Read Test operation. 
• Serial Error Detect Out during SRAM Read Test 
• Pre-Charge Voltage during SRAM Read Test 
• Connect to VSS (GND) during normal operation 
• Mirror Electrode Stepped High Voltage 
• Power Supply for CMOS logic 
• Logic Ground / Common Return for all Power 

I/O 
I 

I 

I 
I 

I 

I 

I 

I 

I 
I 
I 

0 

O 
0 

PWR 

PWR 
PWR 
PWR 
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