Chapter 1. I ntroduction
B. Stark and W. C. Tang

This chepter offers a brief description of the MEMS industry as it stands today.
Assuming no familiarity with the subject matter, it explains the basic concepts benind MEMS
and how they are being applied to meet current technologica chdlenges in different markets.
This chapter dso describes the basic methodology that will be applied throughout this book
towards qudifying a high-reliability MEMS device.

l. A Brief Description of MEM S

MEMS is an acronym that stands for microelectromechanical sysems. It is a broad
term that encompasses a fairly nebulous group of products. Essentidly, MEMS are any
product, ranging in Size from a micron to a centimeter, that combines mechanical and eectrica
gructures. Although the possible scope of MEMS is fairly limitless, for the sake of conventions
and the need for brevity, this book will only address the more common MEMS technologies.

Initidly MEMS developed from technologies used in the semiconductor industry for the
production of dectronic circuits. Less than 10 years after the invention of the integrated circuit,
H. C. Nathanson used microdectronic fabrication techniques to make the worlds first
micromechanica device[2] By the early 1980s, due to massve improvements in processing
technologies, micromechanica devices grew in popularity. In the ensuing years, a new industry
was born, where dectromechanica systems could be redlized on micrometer scales. The result
was awhole new class of sensors and actuators that performed common tasks on smaller scales
that wereidedlly suited for mass production.

MEMS, in its most conventional sense, refers to a class of batch-fabricated devices
that utilize both mechanical and eectrical components to smulate macroscopic devices on a
microscopic scae. This guiddine focuses upon the conventiond definition of MEMS. The
essence of MEMS is that they are smdl devices that perform mechanical tasks in ways and,
more importantly, in quantities that conventiona devices cannot.

1. The Potential of MEMS

In the weke of the exploson of the microprocessor in the early eghties, the
semiconductor industry reveded its immutable law that smdler is better.  With economies of
scae turning tiny firms into industrid behemoths, it became evident that mass miniaturization,
aong with mass digribution, could produce huge revenues and subgtantively change the daily



lives of average citizens. Given the unmitigated success of the microcircuit, it became only a
matter of time before technologies would emerge that could bring machines to the microscopic
world and produce smilar results. With MEMS poised to do for machines what the transstor
did for computers, there has been a vast exploson of interest, and thus funding, in MEMS
research.

MEMS are used to perform the tasks of macroscopic devices at a fraction of the cost
and with, occasondly, improved functiondity and performance. By using Smple mechanica
Sructures and tailoring integrated circuits to suit specific tasks, designers have seen a dragtic
reduction in device scaes and the implementations of functions that were previoudy unredized.
Their sze done makes them attractive for limited mass applications, with the automotive,
biomedica, communications, data storage, and aerospace industries taking a keen interest in
MEMS developments. Far more promising, though, is the possible reduction in cogs offered
by MEMS. By combining increasing throughput with fixed cost structures, manufacturers can
linearly reduce prices by a comparable production increase. Offering economies unique to the
semiconductor industry, MEMSS have the potentid to revolutionize the indudtrid age.

The effects of MEMS could enact sweeping reforms within the space industry. NASA
hopes to eventudly phase out the large satellites that it employs to reach the farthest pointsin the
solar system.  With every kilogram sent to Mars costing upwards of one million dollars, the
potential of sending afully integrated spacecraft weighing afew

Figure1-1:. A partially packaged microgyroscope developed at JPL.



kilograms instead of the thousands of kilos offers sgnificant monetary benefits. With MEMS
cgpable of performing certain functions of macroscopic devices, the benefit of cutting the cost of
research missons cannot be understated given this era of shrinking budgets. Space applications
of MEMS are only asmdl part of ther full potentid. MEMS are dso capable of revolutionizing
the information age by changing the daily fabric of our terrestrial existence.

1. Current MEM S Technologies

Undergtanding the stated advantages of MEMS, designers have started developing a
range of products to suit their needs. The first mgor MEMS to hit markets were pressure
sensors for engine control in cars. This development was followed by the introduction of
microaccel erometers, which were pioneered to provide zero-fault air bag deployment systems.
Integrating a diagnostic circuit into a sensor, engineers were able to produce a device that could
not only sense acceleration but that could aso detect internd falures. Replacing afaulty system
based on ball bearings and plagtic tubing that was prone to misfire, these devices swept through
the automotive industry. Building from the technologicd, as wel as commercid, success of
these initid desgns, engineers have developed MEMS to act as a wide variety of motion
sensors. Recently intense research has been conducted into producing microgyroscopes as part
of afully integrated inertid reference unit. Development has dso commenced, seismometers,
anemometers, temperature sensors, pressure sensors, and hygrometers which, when
incorporated with accelerometers, could provide miniaturized westher stations.

MEMS have dso shown promise for aerospace applications. Research into
magnetometers shows that it may be possible to build devices that far outperform traditiona
solid-state sensors, which could provide cost saving reductions in the weight of spacecraft.
Furthermore, the bulky propulsion systems in modern satellites will be phased out by advances
in micropropulson coming from new generations of ion drives and microthrusters.  Recent
developments at universities have shown that MEMS microactuators, when placed upon the
leading edge of arcraft, can offer ggnificant drag reduction and thus increese fud
efficiency.[182] Some even more interesting research has led to the design of a MEMS
controlled arcraft, where control surfaces are replaced by micromachines, which could offer
unprecedented control and diagnostic capabilities.

One of the more promising fieldswithin MEMS is the concept of opticdd MEMS. Usng
micromirrors placed on top of memory arays, researchers have developed a televison
projection unit on a semiconductor wafer that has dl the functiondity of a cathode ray tube|[3]
Another promising development is in the field of optical switches. Conventiond optica
switching networks are codly and, with the forecasted growth in opticd communications
systems, chegper dternatives are a a premium. Multiple groups have developed MEM S-based
optical switches that can be produced at a fraction of the cost of conventional systems.



With the digital age largely upon the American public, MEMS ae poised to offer
greater improvements in computer technology. Given that power disspation of the average
microprocessor increases with every generation of microchip, microtubules research has been
initiated to attempt to find better ways to conduct heet away from integrated circuits. MEMS
structures have aso been developed as microprobes for integrated circuits[10] Usng MEMS,
it may be possible to take point contact voltage and current measurements on MiCroprocessors.
Another exciting development has been the pioneering of nanometer scale data Sorage. With
miniaturized tunndling tips now possible, engineers have developed systems that could eventudly
gore information at commercialy competitive speeds in an areatwenty nanometers on aside.

Another field that shows promise is the development of biologicd sensors. MEMS
provides an opportunity for the development of new sensors to monitor the human environment.
Researchers @ JPL have begun to develop MEMS-based pills that can provide information
about the digestive sysem. Ancther interesting gpplication of MEMS has been in the
development of new biologicad insruments. Researchers have, among other developments,
produced probes to measure the strength of the human heart cell.[183]

While the potentids of MEMS are dmost limitless, production of commercid parts has
been heretofore limited. MEMS, as products of a young industry, remain largely prototypical.
While their potentid have been demondrated their actua implementation has been rdatively
scarce, with commercia successes till the exception rather than the rule. In order for this rapid
growth to be redized, the field of MEMS reiability will need to rapidly mature.

IV.  TheNeed for, and Role of, MEM S Reliability

With MEMS 4ill in their infancy, the question has been posed as to the need for
reliability issuesin MEMS. The god of thisbook is not just to provide rdiability information for
the current designers but to set the standard for reliability in MEMS for the foreseeable future.
Given the amost unstoppable commercidization of MEMS, rdligbility issues that have previoudy
been ignored are destined to become of paramount importance. Researchers at NASA fed that
these issues must be raised in unison with the development of MEMS in order to assure their
rgpid insertion into industrial and space gpplications.  Undergtanding the future of the MEMS
indudtry, it would be shortsighted to ignore the importance of reliability.

In confronting the issues of MEMS rdiability assurance, users will certanly have
different requirements and this book could not hope to address them dl. Undoubtedly a
Martian probe will have a different set of requirements and specifications than a communications
satellite, but there will be smilar methodologies for assessing qudification for both. Thisbook is
designed to utilize basic amilarities in desgn requirements to provide a means of developing
high-reliability MEMS parts. In order to produce a high rdiability, or high-rel, part one must not
only examine the device itsdf, but one must dso examine the entire process surrounding the
part, from conception to finish. This means that the process must be qudified, with the supplier
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fully invedtigated, the design verified, and the packaging certified. This book lays out the
methods to perform this task in an efficient manner that ensures the development of a high
reliability part without enforcing cumbersome specifications.

V. Additional Reading

Hdvgian, H. ed. Microengineering Technology for Space Sysems, The Aerospace
Corporation Report Number ATR-95(8168)-2, El Segundo, CA (September 30, 1995).

O'Rourke, L. Space Applications For Micro & Nano-technologies, European Space Agency,
Noordwijk, The Netherlands (April 1997).







Chapter 2. Reliability Overview

B. Stark and J. Bernstein

Rdiahility is understood in modern times as the probakility that an item will perform its
required task for a st amount of time. Rdiability is ultimately a measure of the rate a which
things fail and can be used to make intelligent predictions about the performance of a system. If
the assumption is made that a system is operating at timet = 0, and atime T is defined as the
timeto falure, thenit is possble to define the complementary failure and reiability rates as:

F(t)° P{T £1}
(2-1a)
R(T)® P{T >t} =1- F(t) (2-1b)

where
P{a = The probability that the event *a will occur
F(t) = The probability that a system failsin [0,f]
R(t) = The probakility that a sysem survives until timet

From probability theory, it is known that F(t) and R(t) are non-negative and that F(0) =
0 and F(¥) =1, ance dl patswill eventudly fal. A good measure of reiability in the interva
(t,t+Dt] is the probability that a system does not fail in the internd (t,t+Dt], given that it has not
faled by timet, which iswritten as

PTT (t,t+Dt]|T >t} (2-2)

this quantity is known as the conditiond reiability of a sysem of age t, represented by the
expresson R(Dt|t) and is related to R(t) by Equation 2-3.

R(t + Dt)

R(Dt |t) = RO

(2-3)

It should be gpparent that R(Dt|0)=R(Dt), snce R(0)° 1, as defined earlier.



l. Reliability Measures

The main chdlenge of rdiability andyssisto quantify a sysem’sreiability. This can be
done in a number of ways by utilizing some important probability principles. When data from a
relidbility test is first collected, it is plotted as falure versus time. This plot is usudly smoothed
by fitting the reigbility data to established reiability models, which are discussed later in the
chapter. After thisis done, the probability dendty function, or pdf, is determined.

A. Probability Density Function

The measure of the probability of failure around a point in time, t, is represented by the
probability dengty functionof T:

f(0)° —dzt(t) — jjm P2 F(O

D®o Dt (2-4)

f(t) is for asmal Dt, gpproximately equd to the probability of fallurein the time interva [tt+Dt].
Oncef(t) isfound by whatever gpproximation is made for the failure function, one can determine
the failure rate, which is the same as the rdiability rate.

B. FailureRate

The ingantaneous falurerate is defined as;

Plt<TE£t+Dt|T >t

| (t)© lim = (2-5a)
which can be rewritten as;
 Plt<TE£t+Dt
)= lim {DtP{T > ! (2-50)
_ 1 F(t+Dt)- F@t) _ f(1)
O Roin T TRy (2-50)
Sincel (t) = f(t)/R(), it is also possible to definel (t) by:
___1 dR(y) 2.6
" R(t) dt g (269
L0 =- 2 (nRe)
aqt (2-6b)



This can be rearranged to give:

I(R(t)) - I(RO)) =-@ (T)dT (2-60)
Thus, given that R(0) = 1, it is possible to determine R(t) asafunction of | as.

¢ (MdT )
Ri)=e S
So,if | iscongant for aperiod of time, the reliability functionis
Rit)=e " (2-8)

which is the exponentid modd of rdiability. However, for most systems, the fallure rate is not
congant with time. In fact, the change of | with time becomes one of the most important
reliability measures. A decreasng | indicates improvement with time, while an incressing |
indicates wear-out and areduction in reliability over time.

C. TheBathtub Curve

By looking a a plot of falure rate over time, it is possble to derive substantive
information abouit religbility. From experience in the semiconductor indudtry, it has been shown
that most devices, including MEMS|[50] have a falure rate | (t) that is shown in Figure 2-1.
This modd is known as the bathtub curve and was initidly developed to modd the failure rates
of mechanical equipment, but has snce been adopted by the semiconductor industry.

The bathtub curve can be reduced to three regions of reliability. The falure rate of a
successful part is initidly high and fdls off as latent defects cause devices to fal until a time,
tinfant, & Which point the falure rate levels off. A decreasing failure rate will typicdly judtify initid
testing and burn-in. The fallure rate remains congtant for a period of time specified as the useful
life, tuser. Failures that occur during this period of time may be consdered random and, for
high-rel operations, | should be exceedingly smal. Findly, after toperaion, Oevices begin to
exceed therr lifetimes and wear-out causes the curve to rapidly increase. From this data it is
evident that t s, can be defined as.

tuseful = toperation - tinfant (2-9)

Asindicated by the bathtub curve, manufacturers aim for the failure rate to remain fairly
congtant over tueru Which justifies using the exponentia reliability model for each part to be

used in sysem rdiability models. The time scde is often plotted logarithmicdly, dthough the
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Figure 2-1: The Bathtub curve.

vaues of tyssu and tincane are rarely well defined. Consequently, every manufacturer has its own
gpecific test and burn-in procedure to maximize the rdiability of each product.

D. Predicting Timeto Failure

Sometimes it is desrable to discuss the average time to fallure instead of the probability
of falure. Thisvaue, cdled the mean timeto falure (MTTF) isdefined as:

¥

MTTF ° gf (t)dt (2-10a)
0
It isaso possible to prove[108] that the MTTF equas
i 2-10b
MTTF = OR(t)ct (2-10b)
0
Once adevice is operaiond, amore useful vaue is the mean resdud life, or MRL.
This quantity is derivable as.
1 ¥

MRL(t) = RO OR(M)dT (2-11)

t

It should be noted that MRL(0) = MTTF.
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E. FailureRate Units

Since, for mogst systems, | (t) is a amdl quantity, specid units are used to describe
religbility. The falure rae is given as the number of units faling per unit time. In common
operation, this number, when expressed as the number of devices falling per unit time, K, isa
fraction of a percent. To make this function more useful, the values are scded to a more
meaningful time frame. Thus | (t) is expressed as tenths of a percent of devices faling per
1" 10° hours or as the total number of devices failing in 1” 10°hours  This latter quantity is
known asthe fallurein time, or FIT, and is the common unit of religbility defined as

1 failure (2-12)
1" 10°device hours

1HT =

A HT isan goproximate rate measure over the useful life of a part, assuming a constant
falure rate, given the bathtub curve modd, the FIT rate = | /10°, where | is the congtant failure
rate shown in Figure 2-1.
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Figure2-2: Probability of survival to timet.

. Probability Models
Severd standard probability modes are often used to model failure of systems.

A. TheUniform Digtribution

The uniform modd is the most common probability mode used to predict the lifetime of
sysems. For a sysem with multiple components with disinct MTTF and | s it is often only
possible to modd the entire system as having a combined falure rate | ., Assuming thet the
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falure rate of a sngle component will conditute a total falure, then it is possble to directly
determinel . by:

o

] -IT,_-l-Oz

@O

Rt)=O R =e'te' " =gt 5 p (2-134)

Qo

I (2-13b)

e

i=1

wherel ; = falurerate of the ith component of a sysem. A system that has any redundancy or
error tolerance will be more difficult to mode in detail, but generdly, a series sysem will have a
reliability determined by Equations 2-13. The pdf of thismodd is:

f(ty=1," 2:14)

which is shown in Figure 2-2. This modd is often the only available predictor of rdiability for
multi-component systems.

B. TheWaebull Digtribution
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Figure2-3: Thepdf of the Weibull function with different b values.

In a system composed of n components, the probakility of the first component failing is
determined by:
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Fy=0F0 (2159

where F, is the probability of falure of the ith component. For systems where al components
exhibit uniform failure rates, the probakility of fallure of the system can be expressed as.

FH) =(1-e") (2-15b)
Thismodd is cdled the Weibull modd. It is conventiondly written as:
f@t)=a®ot®e® and | (t) =a®bt"* (2-16)
where
a =the scae parameter
b = the shape parameter
The shape parameter enables the Weibull ditribution to model multiple aging trends:
If 0<b <1,thenl (t) is decreasing with time
If b =1then| (t) iscongtant =» the exponentia mode
If 1<b <¥ then| () isincreasng with time.

For the Welbull digribution, the MTTF isgiven as

MTTF =15§i+ 12 (2-17)
a b g

where Gis the gamma function, which is defined as

¥
G(x) = ¢ e dt for x>0 (2-18)
0
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C. TheNormal Distribution
Physical data often fits a Norma, or Gaussan, digtribution.  This digtribution is derived

from the centra limit theorem, which dates that the digtribution of a large number of random
vaues usudly resultsin anormd digtribution, no matter what their individud digtributions were.

The normd digtribution is expressed by the equation:
(2-19)

\\
v

/ .

Figure 2-4: pdf of thenormal distribution.

1 et
0= = oy
where
S = the standard deviation
to=the MTTF
For thismodd, F(t) and R(t) are given by the respective error and complimentary error
functions F and 1-F . Thisfunction isusudly gpproximated by
5 (2-20)

F(z)=%2pe
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D. TheLognormal Distribution
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Figure 2-5: pdf of thelognormal distribution.

The logarithm of many falure times are found to be normdly didributed in what has

been termed a lognorma didribution. The physicd judtification for the lognorma mode is that
thermdly activated sysems will have afalure rate thet is determined by the Arrhenius relation:

®E, 0
-l
MTTF (T) = toe ekl 2 (2_21)

where:
E, = the activation energy

k = Boltzmann constant (8.6" 10” eV/K)
If the activation energy, E,, isnormally distributed in energy:

1 -(EEw)
p(E) = S@e S (2-22)
then the fallure rate will have the form:
1 _adn(t-to)gz
0 =— o e £ 15 (2-23)
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For thismodd, F(t) isgiven by

Fz—,’én(t- to)Q
€ s o

1. Application of Reliability Models
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Figure2-6: An example of using the lognormal distribution to predict lifetimein ICs. Each data point
representsalifetest and theline provideslifetime data at any given temperature.

While the above models offer a good bads for describing reiability, they must be
accuratdy utilized to predict lifetime data. The smplest way to measure rdiability is to submit a
large number of samples to testing under norma operating conditions until failure occurs.
However, snce mog high-rd goplications utilize devices with lifetimes of severd years, this
approach is often too costly and time-consuming for most applications. Instead, devices are
operated under accelerated conditions for a shorter period of time until failures occur and then,
using probability theory, actua device lifetimeis reconstructed.

Whilethiskind of testing is rdatively smple for purely dectrica systems, it is sgnificantly
more difficult for MEMS or for any mechanica sysem. Since failure mechaniams are not well
understood, there is no smple test to accelerate lifetime. To further compound matters, the vast
difference in types of MEMS devices means that each set of devices may require unique
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accderdtion conditions. These kinds of difficulties are not encountered in purely eectrica
systems because lifetime is determined dmost exclusvely by the rate of thermdly activated
processes. These interactions are easy to accelerate by increasing temperature. In MEMS, on
the other hand, it may be temperature, humidity, vibration, or a number of other factors that limit
device lifetime, and accderating one fallure mode may decelerate another.

Once life-test data is collected, it can be modeled with one of the above probability
digributions. Take, for example, data that fits alognormd distribution. This can be determined
by plotting the data on a lognorma graph. If the life-test data fits into a Sraight line, then the
data fits into a lognormal digtribution. The intersection of this sraight line with 50% cumulative
falureindicatesthe MTTF.

To accurately predict lifetime at any operating conditions, at least three digtinct high
dress tests must be performed. The median lifetime from each of the three tedts is then
trandferred onto alognormd plot and fit with aline. Median life & any operating condition can
then be determined.

In aworld with limitless resources and time, lifetime test would be conducted with nearly
infinite sample szes. Since this is a practica impossbility, the sze of the sample must be
consdered in determining the confidence in lifetime predictions. Confidence is expressed in
terms of a percentage, where a confidence value says that for a given percentage of the time, a
test would yidd aresult within the two limits of thetest. Thus an upper and lower confidence of
90% on respective lifetimes of two and four years means that nine out of every ten tests would
predict a lifetime between two and four years. The following equations yield confidence
limits[118]

upper limit= T, =~ e(!( @’ s/N) (2-2449)

lower limit =T, ~ et t(-ama s/ (2-24b)
where
s2 = the sandard deviation in the data

Ttegt = median life at test temperature

t(df, alpha) = vdue from the Students t distribution (see ref. [118] for more detail on

this subject)
df = degrees of freedom (N-1)
alpha = (1% confidence) / 2
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N =samplegze

Due to the variahility of test data, it should be gpparent that an understanding of falure
mechaniams within MEMS is criticd to determining device lifetime. This kind of information can
only be determined from further research into MEMS rdliability. As stated above, the diversity
of MEMS technologies on the market dmost necesstates an individualized approach to a
datigtical lifetime sudy. One of the great obstacles to space qudifying MEMS is the
individudity of the devices. MEM S manufacturers do not have the luxury of ASIC and MMIC
designers, who can use a great ded of prior work and knowledge in space qudifying their
products. Despite these obstacles, it is inevitable that MEMS will eventudly work their way
into high-rel gpplications and this methodology will provide the means for redlizing thet god.

V. Failure

While this chapter has devoted alot of time to quantifying rdiability, it has not discussed
the roots of rdiability, namey failure. The time dependence of rdiability, R, and falure, F, are
complimentary, so the rates are both equa to the falure rate, | . In order to accurately study
MEMS rdliability, the nature of failures must be quantified. Failure may be separated into two
digtinct categories.

(1) Degradation failure, which conssts of device operation departing far enough from
norma conditions that the component can no longer be trusted for reliable operation

(2) Catadtrophic failures, which are, as the name implies, the complete end of device
operation.

Failures occur when the stresses on a device exceed its strength.  While the most
prevdent falure mechanisms in MEMS are not yet fully understood, there is a greet ded of
knowledge about failure mechanisms within more common semiconductor devices, which should
have a bearing upon falure within MEMS,

In order for a device to be classfied as high-rd, it must meet some basic criteria The
mogt dgnificant of these is that a device canot exhibit a dominant falure mechanism. This
ensures that there is no inherent design flaw that prohibits long-term reliable device operation.
In order to make this assessment, the fallure mechanisms with a device must be
understood.[109]

The identification and mitigation of failure mechanismsin MEMS is both one of the most
important and one of the newest issues in MEMS. The most relevant way to keep abreast of
the fallure mechanisms within MEMS is to search the current literature, as data contained within
this manua is dmaost sure to be revised after publication. With thisin mind, Chapter 3, “Failure
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Modes and Mechanisms’ provides a description of the most commonly observed fallure
mechanisms and associated failure modesin MEMS.

V. Additional Reading

E. A. Amerasekera and F. N. Ngm, Fallure Mechanisms in Semiconductor Devices: Second
Edition, John Wiley & Sons, New Y ork, 1997.

C. C. Montgomery and G. C. Runger, Applied Statistics and Probability for Engineers, John
Wiley & Sons. New York, 1994.
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