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ABSTRACT

The interdisciplinary field of micro-electro-mechanical
systems (MEMS) has emerged as a dominant field with
potential for the development of commercially viable
products such as sensors and actuators, automotive and
aerospace electronics, computer peripherals, communi-
cation devices, biomedical electronics and residential con-
trols, etc. This paper addresses some of the reliability
issues associated with fabrication and performance of
these products. Production and maintenance of high
quality MEMS products are important for capturing a
significant share of the global market which is projected
.to reach $15 billions by the year 2000.

INTRODUCTION

Recent advances in micro-electronics, optics, mate-
rials science and fabrication techniques have paved the
way to the development of new products with new capa-
bilities hither to unrealizable with traditional engineer-
ing. The phenomenal growth of micro-electro-mechanical
systems (MEMS) in this decade indicates that the field
bas sufficiently developed to be of concern with the qual-
ity of products and expansion of markets.

While considerable attention has been paid to the
development of MEMS concepts, fabrication techniques
and systems integration methodologies, not much atten-
tion has been accorded performance evaluation and reli-
ability of MEMS devices. With commercial and defense
sectors poised to commit huge financial resources to the
use of sensors, actuators, and communication products,
it is imminent that we seriously consider reliability is-
sues facing the MEMS industry.

CHARACTERIZATION OF
RELIABILITY

A failure of a MEMS component or system occurs
when it fails to perform its expected function. Poor re-
liability is generally due to failures accentuated by envi-
ronmental and operational stresses. In situations where

redundancy and repair are impractical, reliability is the
most important indicator of quality.

Reliability based on failure mechanisms under ther-
momechanical load eycling has been addressed rather
extensively in microelectronics in a traditional engineer-
ing sense by relating aging and performance degradation
at extreme temperatures to failure rate. In MEMS, how-
ever, in view of the moving parts present in the system
and novel fabrication techriques followed, one must ad-
dress other issues such ag failures due to fatipue cracks,
and those that creep into the system during fabrication.
Electromagnetic parameter changes also contribute to
certain types of failures. In addition to mechanical and
thermal stresses, failures due to electrical stresses, dipole
interaction energy, electron tunneling phenomenon, im-
pact lonization, charge trapping, etc. must be consid-
ered.

The constitutive relations generally believed to hold
for materials used in traditional engineering devices do
not hold for those of micro-dimensions. For example,
the Young’s modulus and Poisson’s ratio for materials
at microlevel will not be the same.

MATHEMATICAL CONCEPTS

Reliability is conceptually understood as the proba-
bility of a device performing a task over a stated period
of time for which it is designed and fabricated. Quantifi-
cation of reliability in terms of probability involves sta-
tistical methods because of the uncertainties associated
with the useful life of a product. Because the sources

_ of these uncertainties are both human and material, the

statistical treatment has to deal with the behavior of the
device or product resulting from an unlikely interaction
of parameters that perhaps is not well understood. This
is specially true in the case of MEMS for which reliabilty
studies are not extensively performed. However, there
are several mathemnatical concepts which are common
to most engineered products. These concepts are briefly
discussed in this section.

Probability. In the computation of reliabilty the
concept of probabilty stands out prominently. For ex-
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ample, if a MEMS device of N samples alre subjected
to a conventional test and n(s) number of samples are
deemed successful and n(f} are failures,

the probability of survival is given by

)
p(fy = —= .(1)
o) = 2 | @

Because the device either survives are fails, it follows
that

p(f)+p(s) =1 (3)

The concept of probabilty can be easily extended to de-
vices with multiple components and to systems consist-
ing of multiple devices. The reader is advised to refer
to other sources of information on probablity and statis-
tics when dealing with more complex configurations of
MEMS systems.

Probability density function (p.d.f.). The prob-
ability density function f(x), when integrated between 0
and x, yields the fraction of the population of devices
that fails (or survives) in the interval 0 to x. Alternately,
p.d.f. is the rate of failure (or survival) of the original

.number of devices tested in the same interval. Which

¢an be mathematically expressed by

Fo) = [ @) - )
flo) = 2 ®)

A probability distribution function is characterized
by four aspects: (a) The central tendency about which

the distribution is grouped, (b) The spread which indi. -

cates the extent of variation about the central tendency,
(c) The skewness which indicates the lack of symme-
try about the central tendency, and (d) The peakedness
which indicates the height of the distribution.

The central tendency is measured by mean, median
and mode. For a sample containing n items in a larger
population the sample mean is denoted by T which is
given by

N .
T=) = (6)
=1

3|8

The sample mean can be used to estimate the popula-
tion mean. For a continuous distribution, the mean is
derived by extending this idea to cover the range ~c

to +o0o0. The estirnate of a population mean is denoted
by p. The mean is also referred to as the average vealue
or s-expected value, E(z).

p= j " sf(@)de )

The center of gravity of p.d.f. can be obtained from
this equation. Central tendency is also characterized by
the median, which is the mid-point of the distribution,
i.e. the point at which half the measured values fall to
either side, and the mede, which is the value (or values)
at which the distribution peaks. The values of the mean,

-median and mode for a symmetrical distribution are the

same.

The spread of a distribution is the extent to which
the values in the distribution vary. In practice it is mea-
sured by the standard deviation (SD) ¢. For a finite
population N

N
o? = 21::1 (;'5\; - p)? (8)

If the distribution is continuous,
= [ @-uiea (©)
—o0

o? is the second moment about the mean. The third
and fourth moments about the mean give the skewness
and peakedness of the distribution.

The cumulative distribution function. The cu-
mulative distribution function (c.d.f), F(x), gives the
probability that a measured value will fall between —co
and x:

F@)= [ faa (10)

Reliability functions. Among the reliability issues
of MEMS we will be corcerned with the probability that
a device will survive (no failure} in the interval (0 to x).
This is the s-reliability, and it is given by the reliability
funetion R(x). From this definition, it follows that

R@)=1-f@)= [ je)z=1- [ @ ay

Hazard functions. The hazard function or hazard rate
h(x) is the conditional probability of failure in the in-
terval x to (x-+dx), given that there was no failure by
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_fl=) __ fl=z)
hiz) = R(z)  1-F(z) (12)
the cumulative hazard funciion H(x) is given by
Hiz) = f h(z)dz = f ] (““” (13)

The binomial distribution. The binomial distri-
bution describes & situation in which there are only two
outcomes, such as survive or fail, and the probability re-
mains the same for all trials. The p.d.f for the binomial
distribution is

nl

flz) = Pt ?g(n—2) (14)
(13)

This is the probability of obtaining x good items and
(n-x) bad items, in a sample of n items, when the prob-
ability of selectmg a good item is p and of selecting a
bad item is q. The mean of the binomial distribution is
given by p = np and the SD is

o = (npg)"/? (16)

The binomial distribution is discrete because it can only
have values at points where x is an integer. The ¢.d.f of
the binomial distribution (i.e. the probability of obtain-
ing r or fewer successes in n trials) is given by

F(r)= i ( . )p”q‘”‘”’ ~ - an

=0

The Poisson distribution. The Poisson distribu-
tion can be considered as an extension of the binomiial
distribution in which n is considered infinite. With only
one of the two outcomes (survive or fail) countable, for
example, the number of failures in a given time or de-
fects in the physical domain of a device:

f(I) _exp( ,U) (.‘II =0, 172"") (18)

where u is the mean rate of occurrence in the Poisson-
distributed events. Since the Poisson distribution can
represent the limiting case of the binomial distribution it
gives a good approximation to the binomial distribution,
when p or q are small and n is large. this is useful
in sampling of MEMS devices where the proportion of
defective components is low (i.e. pj0.1).

The Poisson approximation is

£(@) = T2 cap(np) | - q9)

(20)

1/2 1 /2]

[u=np; o=(np)/* = p
The Poisson approximation referred to here allows one
to use Poisson tables or charts in appropriate cases and
leads to computationally simple solutions.

The normal {or Gaussian)} distribution: The s-
normal p.d.f is continuous and symmetric, and is given
by

1 1/z—p\*
d (“’)zatzw)lfze”p["i(xa_”” e

Where p is the mean. As noted earlier for a symmetric
distribution the mode and the median are coincident
with the mean, ¢ is the standard deviation, SD

In most quality control problems in industry the dis-
tribution of variations in parameters approaches a nor-
mal distribution. This observation is yet to be verified
with MEMS products.

The lognormal distribution. The lognormal dis-
tribution which is also continuous is more versatile than
the normal one because it offers a better fit to reliabilty
data by virtue of its many shapes. In electronics in-
dustry, most observers have found that electromigration
failure time distributions conform to lognormal statis~
tics. Such a notion has not been verified in MEMS. The
lognormal p.d.fis

£8) = s e [-§ (1‘3;—”) } (22)

Clearly the logrormal distribution is the normal distri-
bution with Inx as the variate. The mean and SD of the
lognormal distribution are given by

o2
Mean = ezp(,u+ -2—)
8D = [ezp(2p + 20°) — exp(2u + o%)]1 /2

where 1 and ¢ are the mean and SD of the natural
logarithms of the data.

The exponential distribution. The exponential
distribution pertains to a constant hazard rate. The
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p.dfis

f(z) = o exp(—az) (for z > 0)

flzy=0(orz< Q)

This is an important distribution that deals with “life”
statistics in reliability work in as much as the normal
distribution deals with the "non-life” (hazard) statistics.
As the hazard rate is often a function of time, replacing
x with t, and denoting the constant hazard rate by A,
and the mean life or the mean time to failure (MTTF)
by 1/A, the p.df is written as

f(z) = A ezp(~X) | (23)

The probability of no failures occurring before time t is
obtained by integrating the above equation between 0
and t and subtracting from I1:

Rit)=1- '/U t f(t)dt = exp(—At) {2¢)

R(t} is the relisbility function {or survival probability).

The gamma distribution. In reliability work the
gamma distribution addresses the situation when partial
failures can exist, i.e. when a given number of partial
failure events must occur before an item fails, or the time
to the ath failure when time to failure is exponentially
distributed. The p.dfis

Ty ()1 exp(—Aa)

{for z < 0)

where A is the failure rate and o the number of par- ‘

tial failures per complete failure, or events to generate
a failure. T'{e) is the gamma function:

I'(a) = fo ” 2L eap(—z)dz | (26)

For a positive integer (@ — 1), I'{a) = (e — 1)! This per-
tains to the partial failure situation. The exponential
distribution is a special case of the gamma distribution,
when a=1, i.e

f(z) = dezp(-Az)

The Weibull distribution. The Weibull distribu-

- tion can be used to model a wide range of life distri-

butions generally encountered in reliabilty work related
to engineering components by adjusting the distribu-
tion parameters. In terms of time t the two-parameter
Weibull p.d.fis

1) = {;%'f”"w[—(%ﬂ

(for £20)
Ft)=0 (for z<0) } (27}

The corresponding reliability function is

R(t) = exp l— (%) ﬁ] (28)

The hazard rate is (8/7°)t°~1, 8 is the shape parameter
and 7 is the characteristic life - it is the life at which 63.2
per cent of the population will have failed. When 8 =
1, the exponential reliability function (constant hazard
rate) results, with

7 =mean life(l/X).

The value of 8 < 1 results in a decreasing hazard rate
reliability function. And 8 > 1 in an incressing hazard
rate reliabiiity function. Note that the Weibull distribu-
tion approximates the normal distribution for 8 = 3.5.

If failures do not commence at t=0, but only after a
finite time 7, then the Weibull reliability function takes
the three parameter form

R(t) = ezp [— (f{}l) 1 (29)

Here 7 is called the failure-free time or minimum life.

The extreme value distributions. Reliability is
often concerned with the extreme values which can lead
to failure. The probability density functions for maxi-
mum and minimum values, respectively, are

flz) = %ezp{j}(z — p) —exp [—é(z - #)] } (30)

s@) = el ze-m-emn 2o -]} o

Only a few mathematical concepts which are gen-
erally appropriate for reliability work are presented in
this section. Because considerable amount of reliability
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work on electrical and mechanical machines and micro-
electronics in terms of simulation and test results have
‘been documented in reliability databases, the physical
reliability parameters can be easily identified with the
parameters of the probability distribution models pre-
sented here and reliability (hazard rate and failur-free
life) of products under scrutiny can be predicted. Which
means that we can choose the distribution and assess the
results.The same cannot be said of the MEMS devices
or processes because no such work has been attempted
and results documented in any significant man ner. This
is one of the major issues in MEMS reliability primarily
because no data on failure mechanisms are adequately
documented. The issues are concerned with identifica-
tion of failure mechanisms in MEMS products and pro-
cesses

RELIABILITY ISSUES

In order to address the reliability issues in MEMS
one must understand their products and processes. The
products include various types of biomedical, chemi-
cal, automotive, and environmental sensors, and sen-
sors for machine diagnostics; actuators that may in-
volve motors, levers, gears, valves and pumps; commiu-
nications and defense equipment that deal with high
density and low power mass data storage units, iner-
tial navigation units, integrated micro-optomechanical
components such as micro-mirrors and optical fibers,
microfluidic:systems for propellant and combustion con-
trol, advanced aerodynamic control, and electromechan-
ical signal processing units for wireless communication,
etc. The fabrication of these devices involve innovative
techniques extended from process and packaging tech-
niques used in the manufacture of integrated circuits
and semiconductor devices. In recent years, a rich ar-
ray of processes have emerged: bulk and surface mi-
cromachining, LIGA processes (X-ray lithography, elec-
troforming and molding), wafer-to-wafer bonding, and
epitaxial processes such as deposition of thin films and
crystal growth techniques. With numerous produets
and fabrication techniques present in the MEMS do-
main, limitation on the length of this paper precludes
detailed discussions addressing all the reliabilty issues.
More than anything, the purpose of this paper is to pro-
voke thoughts on reliability issues in MEMS in view of
the lack of data both on processes and structural in-

tegrity.
For most MEMS components and systems reliability
is assessed on the basis of quality control during vari-

ous fabrication steps and on structural integrity when
performing under load.

In 2 bulk micromachining process silicon is exposed

to anisotropic etchants such as potassium hydroxide,
ethylene diamine pyrocatechol, and hydrazine to fab-
ricate structures such as beams and diaphragms used
as accelerometers and pressure sensors. To make the
components strong substrate doping is performed, and
to make them active epitaxial layers are required. How-
ever, epitaxial quality is compromised by high substrate
doping. What effect this incompatibility has on the re-
lable performance of the final product has not been in-
vestigated. '

Surface micromachining technique is extensively used
in sensor formation. In this process, a sacrificial layer is
deposited on the top surface of a wafer. The material for
the sensor itself, say a beam which can be used as an ac-
celerometer, is then deposited over the sacrificial layer.
In the final step, the sacrificial layer is etched away re-
leasing the beam. Diaphragm type structures are also
fabricated this way. One of the problems encountered
in this process is the creation of compresssive internal
stresses that might be released by high temperature an-
nealing which in turn introduces additional heat related
problems compromising the quality of the product. The
effect of interaction of these various processes on the
performance of the products need to be investigated.

Alternate to micromachining, or in conjunction with
it, wafer bonding technique is employed to fabricate
MEMS structures. This is done by electrostatic (an-
odic) bonding and fusion bonding for silicon-to-glass
and silicon-to-silicon. The wafer assembly is subjected
to high bonding temperatures which may abort the high
precicion alignment required for good performance. Also
matching of thermal expaansion coefficients of dissimi-
lar materials is necessary for producing a high quality
products. Deviations from desirable alignment and mis-
match in thermal coefficiants are possibly the sources
failure. Mechanical failure due to inclusions on the in-
terface or dislocation arrays near bimaterial interface
between the wafer and the substrate is another source
for unreliable performance.

In LIGA processes an appropriate source of X-Ray
radiation is required. The X-Ray radiation has a ten-
dency to produce radiation hardening in materials. No
data on the effect of radiation hardening on MEMS
structures has been generated to date.

During operation of MEMS devices, high voltage stress
generated traps in thin silicone oxides could lead to
time-dependent dielectric breakdown. Stressing of di-
electrics is a significant reliabilty issue.

Mechanical stresses under extreme loads and fatigue
under cyclic loading are important issues in MEMS. No
extensive studies have been reported on these aspects.
Parameters to be monitored should bee identified for
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assessing performance degradation or structural failure.

To estimate device reliability in shorter time, acceler-
ated testing is performed. The usefulness of accelerated
testing has not been established for MEMS components.
Care must be exercised not to introduce unrealistic fail-
ure modes in determining the reliability. Extenssive
studies are required in this direction.

Life of interconnects has a direct bearing on the re-
liability of devices. Effect of load cycling and chemical
composition must be investigated to assess the reliabil-
ity.

For products fabricated by surface micromachining,
etching, or deposition, there is no adequate documen-
tation of failure mechanisms to test their reliability as
this is an emerging technology. Current tests are in
the frame work of military and automotive standards
which may not be applicable to MEMS. technology. De-
termination of faflure mechanisms is ore of the major
challenges.
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