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ABSTRACT 

The Digital Micromirror DeviceTM (DMDTM) has made great strides 
in both performance and reliability. Each device consists of more than 
500,000 individually addressable micromirrors. Digital Light 
ProcessingTM technology, based on the DMD, has been used in such 
diverse products as projection displays with film-like projected im- 
ages and photographic-quality printers. Reliability testing of the DMD 
has demonstrated greater than 100,000 operating hours and more than 
1 trillion mirror cycles. 

This paper discusses DMD reliability development activities; fail- 
ure modes investigated (e.g., hinge fatigue, hinge memory, stuck 
mirrors, and environmental robustness); various acceleration techniques 
(e.g., temperature and duty cycle); corrective actions implemented; 
and the resulting evidence that the DMD is exceeding original reli- 
ability goals. 

INTRODUCTION 

The use of a DMD to digitize light is referred to as Digital Light 
Processingm or DLPTM. A DLP subsystem consists of a light source, 
optics, color filters, digital processing and formatting, a DMD, and a 
projection lens, as shown in Figure 1. References [I] and [2] describe 
DLP in more detail and give additional examples. 

The DMD is an array of aluminum micromirrors monolithically 
fabricated over an array of SRAM cells. Each SRAM cell corresponds 
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Figure 2. Exploded view of a DMD pixel 

to a micromirror and allows each mirror to be individually addressed 
SO as to rotate +lo degrees, limited by a m ~ h a n i c a l  stop. The 
micromirror superstructure is fabricated through a series of aluminum 

metal depositions, oxide masks, metal etches, and organic spacers. 
The organic spacers are subsequently ashed away to leave the 
micromirror structure free to move. Reference [I] discusses this pro- 
cess in more detail. Figure 2 shows an exploded view of a micromirror. 

The mirror is rotated as a result of electrostatic attraction between 
the mirror structure and the underlying memory cell. The mirror and 
yoke are connected to a biaskeset voltage. The address electrodes are 
connected to the underlying CMOS memory through via contacts. 
Movement of the mirror is accomplished by storing a 1 or a 0 in the 
memory cell (one address electrode at ground and the other address 
electrode at VDD) and applying a bias voltage to the mirror/yoke 
structure. When this occurs, the mirror is attracted to the side with the 
largest electrostatic field differential, as shown in Figure 3. To release 
the mirror, a short reset pulse is applied to the mirror that excites the 
resonant mode of the structure and the bias voltage is removed. The 
combination of these two occurrences results in the mirror leaving 
the landing site. The mirror lands again when the bias voltage is 
reapplied [2].  Mirror control during this transition is a critical 
aspect of device reliability and is discussed in subsequent sections of 
this paper. 

Figure 1. An example of a DLP projection system 
using a single DMD 

Each micromirror is 16 pm square. The array places each 
micromirror on a 17 pm pitch, leaving a gap of less than 1 pm between 
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the micromirrors. This results in  a >90% fill factor and is one 
significant advantage of the DMD. The configuration of the array is 
flexible, depending on the application. DMD array sizes have been 
producrtl iii Ihc bllo\viiip i ,( i i i~i~iir: i l i( i i !~: 8..10 x 1 (first prokxtion 
DMD 1 1 w I  liu lo\~-i i,~.oi! i~ioii Ix i i i l i i ip.  0.40 x.IX0 I L'GA resolution), 
848 X 000 fS\c ' iA r i ~ ~ i ~ I i i i i ~ ~ ! i i .  1091 x 76% (>:(,;A resolution), and 
1280 x 1024 (SXGA rcwliiiitiiii. :i\ \\dl iis tl;*iiioiisirations of other 
array \if(:.-. :iicIi ;I:.. 7 0 M  x 04 I l i ipl i r . . x o l i i l i t r i i  printing) and 
2048 x I O U  f!!l')'l.L' 1 I ~ ' ~ i i ~ i i ~ ~ l ~ ~ i ~ i o i ~  Ii lr i i  !)~'~l<l'A c*tiiitract).Figure 4 
is a pht1I(i~~illili O!.ii \i11:111 l?oi.lioii ~ I ' i ~ i i  <iiril>. 

DMD RELIABILITY DEVELOP ME^ 
. .  

Reliability development activities started in early 1992. We began 
with a ,:%*i '!,%,' r ,  ?-: ,. : .!; . .* . c*,*s.! , ,,*i .'. 'V.1r \'. (0 that we 
could I ) : ,  . . r : . t  ,. : , .SI .* . - ! .  ' i :  ..,;:; : b,,;. .:,,I :',.';',I . -... .*' Wethen 
wrote , I  '.-. ;*:;:. :.*:: .. , ;': . .S.  ,,. '...,-:. ,:. ;.. . 1;'ilight any 
unanticipated failure modes. We used Texas Instfuments standard semi- 
conductor qualification test requirements as our baseline, including 
applicable tests such as storage life, temperature cycling, thermal shock, 
moisture resistance, vibration, wire bond strength, and die shear. The 
standard test requirements adequately covered package and die integ- 
rity,conc;*i.,. !,!:i ,;',: ; : , I !  . l ~ l * . ~ ' r , ~  I"\ i,'.*i .. 
systems \ l i  \ I ; , . ;  i,..'~... 
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ing integrated circuit. 

To address the MEMS aspects of the DMD, the test plan focused 
on such obvious potential failure mechanisms as: ,. ,. 

Hinges breaking (fatiguing) over time as a result of routine 

Mirrors breaking as a result of handling (vibratiodshock) 

~ _t 

operation . .  I 

* 

0 Device lifetime limitations caused by high operating tempera- 
tures 

Device lifetime limitations due to intense light exposure. 

We designed a series of tests to address each of these concems as 
well as to try to simulate how a DMD would be used in actual applica- 
tions. As our reliability development program progressed, weidentified 
several acceleration techniques that allowed us to highlight subtle fail- 
ure modes and, in turn, implement design improvements much more 
rapidly. 

Figure 4. Top surface of micromirror array 

As'the tests progressed, we soon realized that a DMD is more than 
a MEMS device. A DMD has unique optical requirements as well as 
chemical properties that offer challenges we did not consider. In other 
words, the DMD is a microsystem with mechanical-electrical-optical- 
chemical properties that all need to be jointly optimized [3,4]. 

References [5] and [6] summarize some of the early test results 
' and potential failure modes. These falure modes and others are dis- 
cussed in more detail in the next section. 

UNIQUE FAILURE MECHANISMS INVESTIGATED 

Hinge Fatigue 

Hinge fatigue was certainly one of tlii' ilit>.l sigi i i f ic, i i i l  t ~ m ' l ? i i i ~ .  

Simple calculations (a mirror switching o i i ~  .-\.a> . I f iO i i ~ i ~ ~ i . ~ i ~ ~ ~ l ~ ~ i i i ~ i ~  
for 5 yearsal 1000 operating hours per year) showed that each mirror 
element needed to rotate, or switch, more than 90 x lo9 times to en- 
sure a reliable product., Initial finite element analyses using bulk 
properties of aluminum highlighted this as a potential concem. A life 
test was designed to accelerate the number of mirror cycles per sec- 
ond by a factor of 10. The test accomplished this by switching the 
mirrors more rapidly (once eve1 y I-Oit!i:.rc!si!~.iiii!i.; !li:& would occur 
during actualoperation (atime-bil>l-ti iivl*iiig:* oi"Y10 IO  300 microsec- 
onds). On a small sample, .we rapidly exceeded 100 x lo9 with no 
hinge fatigue failures. We increased the sample size and the results 
were similarly successful. Several devices also remained on test for 
more than 10l2 cycles with no evidence of hinge fatigue. 

More recently, wefepeated this test on DMDs sampled from the 
\ \ ! . ~ . ' ~ t l ~ k i i ~ i ~  flo,x. TWI. c!c\i<l*> Wixc \\ i l l ;  i c i t )  tlcrxts and-one with 
OIK ! ~ ~ I I ~ I ' ! I ! I ~ ! ~ ~ I I I : I ~  iiiii.i.t'trilI IIIL~\I::III I i ~ i \ i ~  I.~*cII O I I  lcdfiv,lii?:lIl> 10.r)W 
!iOiIr>. ~ ' ~ : > i c ~ ~ I  i lc\ i.'c 1!,1* C\i*i!t(!cl! ! .? X l ! J 1 ' t s \ C l i : ~  \I. illi 110  L'\ i L ~ c ! n ~ ~ ~  0 1 '  

i':iliyc. O i i ~ ~ d ~ \  i;.is 1i:ik oii~! : i i l t l t ' t l  ,li*l?t,!. . I I I L * ~  1.7 x 10'-cycles, 
1i1i0ii:iI ~ i i i r io i>  n ~ h i c  .,!ill l'!iiit:lioiiiil c\i:lp lor the one added 
. nliic!i Jocc i ioi  :i!yc:ii io lv tliic 10 i : i ~ i ~ ! i c .  IlxauseeachDMD 
ICSI ::O;.?!Jii I ' i i i i~~iioiiii l i i i i i ioi* (0.10 .r: .!W) andeachmirror 

swidied niwe tliaii i.i x IU:'times, the test has demonstrated more 
than 2 x 1OI8 total micromirror movements with only one added 
micromirror defect and no device failures! 

Additional research into.why demonstrated hinge lifetimes greatly 
exceeded our initial finite element analysis estimates proved that 
MEMS models need to use thin-film properties of metal, not bulk prop- 
erties. Bulk motl1:ls or i i i x i  ( w q 4 c  fiiliyue are based on dislocations 
coalescingor "liiliii? iijl" i i I  ~lii. 'riii l':!cl: ofthe metal. As the density of 
the dislocations increases, fatigue cracks form. The dislocations then 
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accumulate at the fatigue crack, further concentrating mechanical 
stresses, until the yield point is exceeded and breakage occurs. 

With extremely thin films such as the DMD hinge, the material is 

dislocations. Because of this, the thin film material does not accumu- 
only one grain thick, thus providing two free surfaces to restrain any -- 
late a high enough density of dislocations to form fatigue cracks. In 
addition to the test results, hinges from several devices were thoroughly 
inspected for fatigue damage using a transmission electron microscope 
(TEM). Even at the sections of the hinge where the most stress was 
expected, there was no evidence ofdislocations, grain irregularity, or 
fatigue. 

Figure 5. A mirror that does not return to a flat position after 
electrostatic fields are removed exhibits “hinge memory.” 

functional to the observer. Although the address state under the mirror 
is changing, when the bias volcage is reapplied to the mirror, the elec- 
trostatic forces on the off-side are greater than those on the on-side 
because Of the smaller distance. Thus, the mirror will land only to the 
Off-side. 

As we refined our finite element analysis models based on thin 
film properties and actual test results, we were able to predict the per- 
formance of new designs that matched test results. We now estimate, 
as we have demonstrated, that hinges will not break during at least 10 
years of normal use in any application and more than 50 years in most 
applications. To date, we have not identified the point at which a hinge 
wears out. 

The factors [hat contribute to hinge memory consist of operating 
temperature andl mirror duty cycle. (For hinge memory calculations, 
duty cycle is the percentage of time the mirrors are addressed to one 
side in relation to the other. For instance, a 95/5 duty cycle means the 
mirrors touch the on-side 95% of the time and the off-side 5% of the 
time. A duty cycle of 5060 means the mirrors touch both sides equally 
and no hinge memory occurs.) 

A significant lesson learned from this potential failure mechanism 
is that a thorough understanding of thin film properties as well as models 
that support thin film material are critical to successful MEMS devel- 
opment. 

Hinge Memory 

To evaluate DMD performance, we have developed a measure of 
hinge memory using our DMD optical test equipment. The test equip- 
ment sweeps the bias voltage while it counts the number of functional 
mirrors at each voltage step. Thiis is referred to as a bias voltage sweep 
orVhlas curve. F i e r e  6 shows a r;eries of Vb,= cuwes. The Y-axis shows 
the number of nonfunctional mirrors; the X-axis shows the bias volt- 
age. At low bia!; voltages, mi~rors will not land because there are 
insufficient eleclrostatic forces. As the test equipment increases the 
bias voltage, 

One of the most significant failure modes identified during our 
development program and also one Of the last remaining life-limiting 
modes is called “hinge memory.” Hinge memory Occurs as a m i m ~  is 
operated in the same direction for a long period of time. For example, 
a mirror continually landed on the off-side (that is, when the mirror 
appears dark in a projected image) will exhibit a small amount of re- 
sidual tilt when all voltages are removed, as shown in Figure 5. 

mirrors becolme functional. 

To accelerate hinge memory, we have established a life test using 
the standard test conditions of 615 “C and 95/5 duty cycle. As residual 
tilt builds up in a DMD, a larger bias voltage is required to land the 
mirror on both sides. This is evident in Figure 6. Curve A is the aver- 
age Vblas curve for a group of DMDs as fabricated. After life testing the 
devices at high temperature and high duty cycle, the curve shifts to the 

The mirror will continue to operate properly as long as the electro- 
static fields can direct the mirror to the proper state. When the residual 
tilt exceeds approximately 35 to 40% of the 10 degree rotation angle, 
most mirrors will not function properly and the pixel will appear non- 
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Figure 9. DMD lifetime estimates when operated at high temperature (65 "C) and high duty cycle 

above, we selected an improved hinge material that did not exhibit the 
same degree of metal creep. This increased lifetime by a factor of ap- 
proximately 5 but was still not sufficient for product reliability, since 
we estimated a worst-case (65 "C, 95/5 duty cycle) lifetime of only 
1000 hours. 

The next significant improvement was the implementation of 
stepped V,, and a "bipolar reset." Stepped V,, provides a higher 
voltage to the address electrode while the mirror is in transition to the 
proper side. Bipolar reset uses a positive bias voltage to land the mirrors 
and a negative reset voltage to resonate the mirrors. These two changes 
provide a greatly increased electrostatic field differential and allow 
the mirrors to be dynamically controlled over a wider range of hinge 
memory. As a result of having better control of the mirror during its 
transition, DMD lifetime increased by another factor of five to about 
5000 hours. At normal DMD operating temperatures of 35 to 45 "C 
and a high duty cycle of 95/5, we extrapolate DMD lifetimes of more 
than 100,000 hours. At typical duty cycles, such as 85/15 and 75/25, 
the lifetime is even higher. 

It is evident from this discussion that thermal management is inte- 
gral to DMD lifetimes. There are several sources of heat that could 
contribute to hinge memory and, therefore, shortened DMD lifetime. 
The primary source is radiant energy from the light source. Although, 
this would appear to be a significant source of heat, in reality, the 
mirror surface reflects most of the energy. Radiant energy striking the 
package is much more likely to be absorbed and heat up the entire 
package. System apertures and optical integrators are very effective at 
reducing the temperature of the DMD package. Since the ceramic pack- 
age is an inefficient thermal conductor, most applications attach a 
simple heatsink and radiator to the back of the package. This can dis- 
sipate sufficient thermal energy to maintain the DMD at just a few 
degrees above its ambient. The second source of thermal energy is 
from the projector assembly surrounding the DMD. Significant sources 
of heat in a projector include: lamp, lamp ballast, power supply, and 
electronics. Efficient and well-designed thermal management is nec- 
essary to ensure that the ambient temperature surrounding the DMD is 
maintained at a reasonable level. A third, but insignificant, source of 
heat is self-heating of the DMD CMOS. 

In most applications developed to date, the DMD operates at 
temperatures only 7 to 10 "C above the projector ambient. Thus, even 

with a projector continuously operating in an ambient temperature of 
40 "C, the DMD is operating below 50 "C, thus ensuring a lifetime 
greater than 40,000 hours. A thorough discussion of DMD thermal 
management techniques can be found in reference [7]. 

We have recently identified additional improvements to the hinge 
material. These changes are expected to further reduce metal creep 
and, therefore, increase robustness for operation at high temperature 
by at least another order of magnitude. As these improvements are 
realized, the resulting reduction in hinge memory can allow more flex- 
ibility in DMD design, DMD control, DMD operating limits, and 
system thermal management requirements. 

Nonfunctional (Stuck) Mirrors 

One of the most obvious defects in a DMD array is the appearance 
of a nonfunctional mirror. There are numerous potential causes for 
improper mirror function. As discussed in the previous section, hinge 
memory could eventually result in a mirror appearing to be stuck on 
one side or the other. It is still functional, but the electrostatic field is 
not sufficient to move the mirror from one side to the other. 

Other conditions that contribute to nonfunctional mirrors are par- 
ticulate contamination, surface residue, capillary condensation, CMOS 
defects, and van der Waals forces. 

Most mirror defects in today's delivered DMDs can be traced to a 
particle, either on the surface of the mirror or under the mirror. A par- 
ticle in either location, if it is of sufficient size and in a critical location, 
can result in improper mirror operation. A particle may be wedged 
between mirrors (thus interfering with mirror movement); the particle 
may be on the surface of the mirror (thus affecting mirror rotation 
dynamics); a particle may have affected the mirror during processing 
and damaged a hinge; or a conductive particle can result in a high- 
resistance short on the address electrode so that the mirror is not 
addressed properly. We have observed instances of all these defects 
during DMD fabrication. 

As in most wafer fabs, particles are the number one contributor to 
yield loss, and the DMD is no different. In addition to causing fabrica- 
tion yield loss, particles can contribute to reliability failures since the 
mirror array is exposed to any loose particles in the package cavity. 
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Figure 10. Vreesel curves indicating qualitative measurement 
of surface adhesion 

Our particle reduction activity is continuously resulting in improved 
yields. More importantly, the effort is further reducing our reliability 
risk. There are now fewer opportunities for mobile particles that may 
eventually result in premature mirror failure or damage. 

The second most prevalent cause of nonfunctional mirrors is the 
existence of a surface contaminant or residue at the mirror tip landing 
point. The contaminant may contribute to increased surface adhesion, 
which prevents a mirror from functioning. We observe this occasion- 
ally as a result of improper surface cleaning during the superstructure 
processing. Gross processing errors that would result in premature de- 
vice failure are readily identified during our normal bum-in and 
screening steps. Reliability sample testing identifies more subtle pro- 
cess variations. Parameters are measured based on a reset voltage sweep 
or Vrese1 curve, much the same as the Vbias curve discussed in the hinge 
memory section of this paper. DMD optical test equipment sweeps the 
reset voltage while it counts the number of functional mirrors at each 
voltage step. This is referred to as a Vreset curve (Figure 10). The Y-axis 
shows the number of nonfunctional mirrors; the X-axis shows the re- 
set voltage. At low reset voltages, mirrors will not release because of 
the forces holding the mirrors to the surface. As the reset voltage is 
increased, more mirrors release from the surface as the mechanical 
energy stored in the mirror overcomes the forces holding the mirror 
tips to the landing surface. At even higher reset voltages, energy is 
added to the mirror by pulsing it at its resonant frequency. 

In this test, we are able to measure the distribution of surface adhe- 
sion across the DMD by reducing the magnitude of the voltage pulse 
used to excite the mirror. As the magnitude of the voltage is reduced 
from its maximum, any mirrors with excessive surface adhesion cease 
to function. As the sweep continues, we can develop a distribution 
curve that represents the adhesion signature of each device. Figure 10 
provides an example of two curves taken after 160 hours of life test. 
Curve A is the distribution of mirrors from a sample of production 
DMDs (control devices) and curve B is the distribution of mirrors from 
a proposed process change (test devices). It is apparent that the test 
devices have a small number of mirrors that exhibit surface adhesion 
after the test, whereas the control devices are unchanged. Based on 
this information, the test devices were deemed “not as robust” as the 
control devices, and the process was further optimized before we in- 

Figure 11. Closeup image of a micromirror landing tip showing a 
spring tip. The spring not only absorbs energy during landing but 

stores energy for more efficient mirror release. 

corporated the design change. As a result of monitoring the shift in 
this parametric curve over time, we have developed a leading indica- 
tor of potential reliability degradation attributable to excessive surface 
adhesion. 

Before DMD production was started in 1996, the Vlesel parametric 
curve indicated that surface adhesion was too great to deliver a reli- 
able device. An innovative approach to overcoming surface adhesion 
was the addition of “springs” to the landing tips of the mirrors (Figure 
11). As bias is applied to a mirror, the mirror lands, the springs de- 
form, and energy is stored in the springs. When a reset pulse is applied 
and bias voltage is removed, the stored energy pushes the mirror tip 
off the surface. This has virtually eliminated the impact of surface 
adhesion due to surface contamination. 

The remaining three contributors to nonfunctional mirrors, capil- 
lary condensation, CMOS defects, and van der Waals forces are minor 
contributors to reliability degradation. We control capillary condensa- 
tion by sealing the device in a controlled atmosphere and maintaining 
this atmosphere through robust package design methods. Although 
CMOS defects are a contributor to yield loss, extensive life testing has 
shown no evidence of CMOS parametric degradation contributing to 
added defects. Surface adhesion due to van der Waals forces (molecu- 
lar surface forces) are minimized by applying a special coating to the 
landing surface. The spring tips also provide additional margin against 
any increase in surface adhesion forces. 

Light Exposure 

More than 300 DMDs have been exposed to intense, broad-spectrum 
light while operating for more than 1000 hours, with some operating 
for well over 5000 hours. Throughout all of these tests, there was no 
evidence that light exposure resulted in a fundamental performance 
degradation. Many of the devices were tested again after light exposure, 
and the reset curves and bias curves (as described previously) were 
unchanged from initial outgoing tests. Destructive analyses, such as 
residual gas analysis (RGA), X-ray photoelectron spectroscopy (XPS), 
and time-of-flight secondary ion mass spectrometry (ToFSIMS), were 
also performed on several devices after light exposure. Again, there 
was no evidence of fundamental chemical degradation or damage to 
the landing surface or superstructure. 
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Figure 12. Pareto analysis of DMD field retums 

Occasionally we noticed a slight statistical trend toward some 
DMDs having more defects when exposed to UV and near-violet light. 
There were also several DMDs that failed because of stuck pixels in 
preproduction projectors. To better understand this phenomenon, we 
ran a series of tests using actual projectors. Each projector was modi- 
fied to have a different UV cutoff filter. We found that DMDs were 
more likely to fail as a result of nonfunctional stuck pixels if exposed 
to light at wavelengths of 400 nm and below. A UV filter was, there- 
fore, added to the DLP optics path to ensure a flux density of no more 
than 0.7 mW/cm2 below 400 nm, most of which is beyond the visible 
spectrum of light. Since the addition of the UV filter, there have been 
no reported projector failures. 

ENVIRONMENTAL ROBUSTNESS 

One of the first steps we performed during the early stages of our 
reliability development program was to conduct a series of environ- 
mental tests similar to those performed in accordance with TI 
Semiconductor Group standards. These tests consisted of thermal 
shock, temperature cycling, moisture exposure, mechanical shock, 
vibration, acceleration, temperature storage, altitude, bond wire integ- 
rity, substrate attachment integrity, and ESD characterization. The 
superstructure was extremely robust [SI. The mirrors were not dam- 
aged by mechanical shock, vibration, or acceleration. There was no 
physical or parametric curve degradation due to temperature shock, 
cycling, or storage. 

These results, especially the robustness against vibration and shock, 
are surprising to some but easily explained. The micromirrors reso- 
nate at frequencies greater than 100 kHz. Normal handling occurs at 
frequencies less than 1000 Hz. Thus, the DMD micromirrors are unaf- 
fected by any vibration modes set up during assembly or handling. 

Although the mirrors were robust, the tests identified some weak- 
nesses in the package that were subsequently corrected. The tests also 
demonstrated that loose particles in the package cavity can land on 
and damage the mirror superstructure. The evidence of mirror damage 
due to loose particles was the impetus to accelerate our particle reduc- 
tion program to minimize our field reliability risk. The primary source 
of particles was found to be from the chemical interaction of the die 
attachment adhesive with the coating used to reduce surface adhesion. 
The secondary source was silicon particles, mostly from the edge of 
the die, and mostly due to the die sawing and separation process. Other 
miscellaneous particles (for example, carbon-based and aluminum) 
were found to come from handling, assembly, and equipment sources. 
Corrective actions to reduce our risk due to particles included the se- 
lection of a new die attachment adhesive, an improved wafer sawing 
process, better handling methods, more frequent particle monitoring, 

and numerous other process improvements throughout the fabrication 
line. Yield loss due to particles has been reduced by a significant per- 
centage and continues to improve. 

LIFETIME DEMONSTRATIONS 
AND RELIABILITY ESTIMATES 

Through the use of accelerated life testing, the development of ru- 
dimentary models, and environmental qualification, we have identified 
what we believe to be the complete list of life-limiting factors. As 
discussed previously, hinge fatigue and environmental exposure arc 
not life limiting. Particulate contamination appears to be random and 
not dependent on time or stress. We have not identified any correlation 
between light exposure and life. Through design robustness and pro- 
cess control, we have eliminated all known contributors to surface 
adhesion degradation. This leaves hinge memory. Because hinge 
memory is so predictable, we have easily estimated our lifetime to be 
greater than 100,000 hours, as long as the DMD die temperature is 
maintained at 45 "C or below. 

Although an actual lifetime of 100,000 hours has not yet been dem- 
onstrated, there is supporting evidence that DMD lifetime is measured 
in thousands of hours. Existing data through nearly 2 years of product 
deliveries have confirmed no DMD failures due to parametric curve 
degradation (bias voltage parametric curves and reset voltage para- 
metric curves). Several DMDs remain on test through 19,000 actual 
operating hours with no failures to date. This certainly supports the 
test results and estimates. 

In terms of random failures, few devices have failed during end- 
item use. We anticipated that particles would dominate random failures, 
and that has proved to be true. Particles remain our primary cause of 
yield loss, but we have not observed a significant amount of customer 
retums caused by particles. In fact, even though particles are our pri- 
mary pareto item (Figure 12), the field failure rate for all DMDs 
delivered to date is less than 0.2%. We have estimated a mean time 
between failures (MTBF) by using the total number of units shipped, 
multiplied by an estimate of usage hours per month, divided by the 
total number of reported DMD failures. Using conservative estimates 
for all three of these factors, we have a demonstrated MTBF (random 
failures) of 119,000 hours. 

SUMMARY 

This paper has highlighted DMD failure modes, failure mechanisms, 
and actions taken to improve reliability. Figure 13 presents a sum- 
mary of DMD lifetime estimates as a result of major design 
enhancements implemented since 1992. The reliability development 
program has achieved the following milestones: 

The DMD has been subjected to typical semiconductor environ- 
mental qualification tests and proved to be robust to all, 
including temperature cycling, mechanical shock, and vibration. 

We have calculated an MTBF of greater than 119,000 hours 
based on actual field data. 

We have projected a lifetime of more than 100,000 hours based 
on actual test results and modeling data developed for the DMD. 
The only life-limiting failure mechanism identified to date is 
temperature-accelerated hinge memory. 

We have demonstrated more than 1.7 x 10l2 mirror cycles with 
no hinge fatigue failures. This correlates to 95,000 hours of 
normal operation. 
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Figure 13. Reliability development and lifetime improvement 

In summary, test results and field performance have demonstrated 
that DMD reliability is surpassing its original projections. 
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