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STRENGTH TESTING AND FRACTOGRAPHY OF MEMS MATERIALS

S. J. Glass, D. A. LaVan, T. E. Buchheit, and K. Jackson
Sandia National Labs, Albuquerque, NM 87185
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The safe, secure, and reliable application of microelectromechanical systems

(N!EMS) devices requires knowledge about the MEMS materials’ strength
distributions and strength-limiting flaws. Sandia has developed a microtensile
testing technique that uses the lateral force capabilities of a computer-controlled
Nanoindenter to quantify the strength distribution of MEMS materials such as
silicon and amorphous diamond. The sample sizes reflect the critical dimensions
and features typical of MEMS devices. Multilayer polysilicon made using Sandia’s
SUMMiT process was successfully tested using several generations of uniaxial
tensile samples, 1.8 pm wide and 2.5 pm thick, with lengths from 15 to 1000 pm.
The average strength for fust-generation polysilicon samples was 2.2&0.4 GPa,
with a Weibull modulus of 7. Fracture strengths fell into three strength levels that
matched three observed failure modes. Samples fabricated with an improved desi=~
showed increased strengths of 4.3&0.6 GPa and a Weibull modulus of 8. Similar
samples with a tungsten coating had a lower average strength of 2.7*0.6 GPa and a
Weibull modulus of 5. Failure origin sizes were estimated to be 14-44 nm.
Comparisons of failure stress based on predictions from fracture surface features
gave good agreement with measured strengths. h average strength greater than 8
GPa was measured for similar-scale samples fabricated from amorphous diamond,
a high-strength, wear-resistant candidate MEMS material.

BACKGROUND
The subject of this paper is the strength testing and fractography of

microelectromechanical systems (MEMS) materials being developed and evaluated
at Sandia National Laboratories. Fabrication of MEMS devices for a variety of
applications, including optical switches and displays, micro-relays, accelerometers,
gyroscopes, image correctors, print-heads, flow sensors, and medical devices, is
currently of great interest. MEMS devices are also being considered for a number of
applications where high reliability is critical, including micromotors and stronglink
safety devices. MEMS are fabricated in a fashion similar to microelectronics of the
integrated circuit (IC) industry, but at the end of the process, free standing
structures ~e created by removing the surrounding oxide matrix.

Most MEMS devices are currently being made from polycrystalline silicon
(polysilicon). Polysilicon is to date the most successful MEMS material because
many conflicting requirements can be satisfied simultaneously. First, processing of
the material is fully compatible with standard IC processing techniques. Second,



residual stresses and stress gradient can be reduced to near zero. Stress gradients
cause out-of-plane warpage, but nearly flat structures can be achieved by careful
attention to processing. Third, multiple levels of polysilicon can be deposited,
allowing complex elements to be made. The layers are stacked on top of each other
and separated by deposited oxide layers. Connections between layers of polysilicon
are made by cuts in the oxide layers. Figure 1 shows a photo of a 24-bit lock to
demonstrate the scale and complexity of the devices that are currently being
fabricated using Sandia National Laboratones’ Ultra-planar Multi-1evel MEMS
Technology (SUMMiT) process.l’z Fourth, polysilicon as deposited by chemical
vapor deposition is highly conformal, coating uniformly even under overhangs,
enabling hubs, hinges, pin joints and flanges to be built. Fifth, polysilicon exhibits
excellent mechanical properties such as creep resistance and fatigue. The strength of
the material is high compared to typical levels of stress encountered by structural
members in MEMS. Polysilicon can be manufactured with very low levels of
impurities and very few mechanical defects.

Fig. 1 A 24-bit lock made using Sandia’s
SUMMiT process. A display of several
features including the 24-bit path, drive gears,
anti-reversing gears, and meshing gears.

At San&a National Laboratories we prototype advanced MEMS components
with up to five levels of polysilicon. To enable motion of the structures, the
encasing oxide is removed in a “release” etch of hydrofluoric acid, which removes
the oxide, but not the polysilicon. If parts are transfemed to water and then dried,
they will adhere to the substrate because of capillary action resulting from the
surface tension of water. “Dimples”, locally recessed areas in the polysilicon, are
created by a special mask in the processing sequence, to reduce the contact area of
the structural material, as a geometrical method to reduce adhesion. However,
dimples alone do not eliminate the adhesion problem. We are studying three other
approaches to eliminate the adhesion problem during the release process. . One
approach is to dry parts in a supercntical C02 chmber. This results in structurally

.,
-’. ...



DISCLAIMER

This repo~ was.prepared as an account of work sponsored
byanagency of the United States Government. Neither
the United States Government nor any agency thereof, nor
any of their employees, make any warranty, express or
implied, or assumes any legal liability or responsibility for
the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or
represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial
product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute
or imply its endorsement, recommendation, or favoring by
the United States Government or any agency thereof. The
views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States
Government or any agency thereof.

3.<. :.?.: -A’6?w~ >...--.,+,, ... . .. ... -<Q...> ., !----- . ,: . .: ‘<x.
., .—:.., ,. __,______ . ._ . ,

. . .. . .. . . . . .



DISCLAIMER

Portions of this document may be illegible
in electronic image products. Images are
produced from the best available original
document.

,, ,. .=. -—-?-.. .,<-... ..... . ... . . .... . .. ..... . . -..-— . . ....- ,-- ,-- --



,

free devices, but surfaces remain hydrophilic and therefore susceptible to adhesion,
friction and wear. A second approach is by solution coating devices with monolayer
silane coupling agents. Again, free structures result, but the surfaces are now
hydrophobic, and exhibit low adhesion and friction. However, monolayer can be
removed by rubbing action. A third approach is to coat the silicon with a hard layer.
We are investigating a selective tungsten coating that integrates well with our
process flow’. Tungsten-coated devices exhibit no wear. However, they are
hydrophilic, and therefore remain susceptible to adhesion.

Several issues are of paramount importance in order to guarantee the
reliability of polysilicon MEMS. Because the polysilicon surfaces are hydrophilic
and therefore susceptible to water condensation, this often results in catastrophic
failure of the device due to adhesion problems. Second, wear and friction of
rubbing polysilicon components, eventually resulting in device failure due to
friction, is an important reliability concern. Third, silicon is a brittle material below
approximately 700K. Many MEMS applications require various types of deflection
or high-speed rotation for their function. Such conditions can generate high tensile
stresses. Crack initiation or growth would change the functionality of the
component and could lead to its catastrophic failure.

Besides polysilicon, we are also investigating a material called “amorphous
diamond” (aD) as a structural material for MEMS. This material is naturally
hydrophobic, does not require special processing to obtain free devices, and
exhibits very low wear rates. Stresses can also be reduced to low levels. Aside
from processing techniques that are less advanced than those used for polysilicon,
the only apparent disadvantage of amorphous diamond is that the deposition is not
conformal around overhangs, making fabrication of hubs and flanges more
difficult.

Use of MEMS materials requires a thorough knowledge about strength
distributions, how etchants used for releasing the layers from sacrificial oxide
layers affect strength, the types and sizes of flaws that cause failure, and the effect
of stress concentrating features on device performance and reliability. Performance
and reliability predictions also require an understanding of a material’s failure
mechanisms. Brittle materials such as silicon usually fail from surface flaws.
Because the surface to volume ratio of microscopic components is much larger than
for macrocomponents, surface quality due to both wet and dry etching procedures,
and the influence of coatings used to minimize or prevent stiction problems, are
likely to play a critical role in determining the strength and reliability of these
devices.

Although various tests have been employed for determining the tensile3 and
bending strength4}5 of relatively small-scale samples, it is critical to test
polycrystalline samples whose sizes (several grains thick), microstructure, etching
procedures, and flaw populations (e.g., dimples, etch release holes, and oxide cuts)
are truly representative of the materials being used to fabricate MEMS devices. In
this paper we will show how fracture strength can be measured for MEMS
materials using a nanoindenter tool. Several generations of test structures were
conceived to measure strength. Both proper test structure design and measurement
method are important in obtaining accurate strength measurements. Fractography
has been performed on the polysilicon and tungsten-coated polysilicon samples to
identify the likely size and location of stren=ti-limiting features.
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SAMPLES AND STRENGTH TESTING TECHNIQUE
Pull-tab tensile samples designed to measure the fracture strength and elastic

modulus of polysilicon were fabricated using Sandia’s SUMMiT process. Figure
2a shows a first-generation polysilicon sample after it has been released from its
sacrificial oxide support layer using a wet etchant. It has a freely moving pivot and
a pull-tab. The pivot and pull-tab are connected by a nominally 2 pm wide, 2.5 pm
thick ligament, whose length was varied from 15 to 1000 microns to test the effect
of the gage length. As first-generation samples frequently failed outside the gage
length, second-generation polysilicon samples were designed with a more robust
pivot and larger gage-to-ring fillet (Fig. 2b). Two types of second-generation
samples were tested, 98 samples made using two conventional release processes
and 50 samples that had a post-release coating of tungsten.G

(a) (b)
Fig. 2. a) First generation tensile sample after release. b) Seeond generation sample with more
robust pivot ring and larger radii in the gage length fillets.

Third-generation polysilicon samples were also fabricated with lengths of
15 to 1000 pm. They had the same pivot design and fillet radius as second-
generation samples, but were nominally 4 pm wide, approximately twice as wide as
the unnotched samples, and they included small notches made usirw a focused ion
beam (FIB) (Fig. ~). The notches are intended to act as sharp crac”k
samples to be used for fracture toughness measurements.

to allow the

Fig. 3 Third generation sample with a notch (arrow) made
using a focused ion beam (FIB).
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Twenty-eight, single-layer amorphous diamond samples were fabricated with a
pull-tab at one end and the other end fixed to the silicon die via a layer of SiOz. The
samples had the following nominal dimensions: thickness=l pm thick; width=2.3
pm wide; and lengths=25, 100, and 500 pm.

This study used a tensile testing technique that utilizes the automated mode
of a nanoindenter,+ which provides the capability of testing 20-30 samples per day
with little operator involvement. The test involves engaging the pull-tab end of the
sample with a 35 pm diameter flat-tipped diamond on the nanoindentor (Fig. 4).
The tip is centered within the pull-tab end of the tensile specimen and programmed
to approach the silicon substrate until it senses surface contact. The tip then moves
laterally to engage the pull-tab, while the normal force, lateral force, and
displacement are recorded. The lateral displacement rate is 40 nrnh, which
corresponds to strain rates of 2.7x10-3/s and 4.0x 10-51sfor 15 and 1000 pm long
samples, respectively. The force-displacement data are analyzed to calculate the
stress-strain response. Load accuracy is &50 @ and displacement accuracy is *5O
nm. Further details about the testing technique and data analysis can be found in
References 3 and 7. The samples, which are trapped on the end of the indenter tip at
the end of the test, are examined to identify the failure mode and origin.

Step 1.Tip moves down I
in the middle of the ring. ~

Diamond tip

Fixed end

Step 2. Tip pulls the ring
of the specimen until the
specimen fractures.

Fig.4 Schematic of the test procedure.

RESULTS
The load deflection curves in Fig. 5 for fotir first-generation polysilicon

samples show several distinct stages that correspond to different points within the
loading sequence. The third region is the tensile loading segment of the test. The
load deflection trace in this region is linear showing that the polycrystalline silicon
samples deform in a linearly elastic manner up to the point of fracture.

The first set of tests was done on a group of 48 first-generation samples, 25
with 25 pm long gage lengths, and 23 with 15 pm long gage lengths. The cross-
sectional dimensions are critical to the stress calculation and were measured to 0.1
pm in the SEM with a calibration standard. The samples measured, on average, 1.8
pm wide by 2.6 pm thick. The mean strength was 2.24&0.35 GPa. Fracture
strengths grouped into three strength levels, which matched the three failure modes
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observed in post-mortem examinations. The seven samples in the strongest group

(Gmean-–2.77A0.04 GPa) failed in the gage section, the intermediate strength group
failed at the gage section fillet, and the weakest group failed at a dimple. Figure 6
shows examples of each failure mode. There was no apparent correlation between
the strengths and the gage length as the 15 micron long samples had an average
strength of 2.24 30.37 GPa and the 25 micron long samples had a strength of
2.28~0.39 GPa.
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Fig. 5 The load deflection curves show several distinct
s~ges that co~~pond to different points within the loading

sequence.
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The Weibull plot shown in Fig. 7 for all first-generation polysilicon samples
was constructed using the following failure probability (Pf) estimator, which works
well for relatively small numbers of samples.s

P~= (j-O.5)/n (1)
where j is the ranking of the sample and n is the number of samples.

The characteristic strength crOand Weibull modulus m, evaluated from the plot of
h h (l/(l-l?f)) VS. in (strength), me 2.4 GPa and 7.2, respectively.g
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Fig. 7 Weibull plot of strengths from first generation polysilicon samples.

The second generation sample load-deflection results for different gage
lengths allowed a ~aphical procedure to be used to determine a Young’s modulus
value of 170 GPa. This is in good agreement with values for bulk polycrystalline
silicon, which are 160-166 GPa. Texture measurements on our olysilicon showl?l
that it has a nearly random distribution of crystalline orientations, so there should
be no orientation effects.

The strength of the second-generation polysilicon samples, fabricated using
two conventional release processes, is shown in Fig. 8 as a function of the -gage
length. The data for tungsten-coated samples fabricated using the same conventional
release processes are also plotted in Fig. 8. Gage lengths of up to 1000 pm were
used to determine whether there was a sample size/strength relationship as predicted
by Weibull theory. A Weibull analysis was performed for the 98 conventionally
released (CR) and 50 tungsten-coated (TC) samples. The strength data are shown in
the Weibull plot in Fig. 9. The characteristic strength for the CR samples is 4.5
GPa (mean strength=4.3&0.6 GPa) and the m=8.4. The corresponding values for
the TC samples are 3.0 GPa (mean strength=2.7*0.6 GPa) and m=5. The mean
strength of amorphous diamond samples was 8.5&l.4 GPa.
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Fig. 9 A WeibuH plot of strengths for 98 conventionally
released and 50 tungsten coated polysilicon samples.
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DISCUSSION
Second-generation polysilicon samples were much stronger than first-

generation samples. Oddly, the strengths of first-generation samples that had failed
in the gage were much lower than the strengths of second-generation samples that
failed in the gage, suggesting that there may have been significant differences in
sample processing or release. The strength of silicon materials has been shown to
be very sensitive to the etchant and etching conditions. 11

Previous tensile tests on polysilicon, with materials from another source,
but with samples whose dimensions are comparable to those in these tests produced
strengths of 1.20&0.15 GPa and 1.45*O.19 GPa, depending on sample size.’
Tests using beam bending techniques reported strengths of 2.7 to 3.4 GPa.7
Previous tests on single crystal silicon (<100> orientation) using biaxial flexure
samples found Weibull characteristic strengths that ranged from 1.2 to 4.6 GPa for
five different etching conditions.lz The highest strengths corresponded to the
etchants that produced the smoothest surfaces. The KOH etchant gave strengths

(CJO=3.4GPa) and Weibull moduli (m=7-12) that were closest to those found for
our second-generation conventionally released samples. Strength comparisons are
shown in Table 1.

Table 1. Strength com arisons for M

-
Silicon
PolySi, SUMMiT, 1.8x2.5x15&
ls’ gen. 1.8x2.5x25
PolySi, SUMMiT, 1.8x2.5x(15
2ndgen. to 1000)
PolySi, SUMMiT, 1.8x2.5x(15
2“dgen., W coating to 1000)
PolySi, SUMMiT, 6x2.5x250 k
2ndgen. 2OX2.5X1OOO

I

<100> Silicon it=o.5mm

samde alizn. - IL=611UII
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Diamond I
Amorphous I 2.3x1x500 &
Diarn6nd (aD) I 2.3x1x1OOO
* Used five differentsurfaceconditions;tv
(KOH, DIUE, chemical polish).
** Used four etchants (KOH, EDP, TMAH,

iMS materials.
Measurement Method Fracture Ref.

Strength
(GPa)

Theoretical strength 19 Eq. 2
Direct uniaxial tension 2.2~0.4 This
with nanoindenter study

4.3&().6 This
66 <c

study
2.7&0.6 This

C6 Lc
study

Direct uniaxial 2.9*().4 13

tensionsample gripped 2.820.4 ‘-
with electrostatic force
Biaxial flexure of square 1.2-4.6 12
samples *

Uniaxial tension of beam 0.6-1.2 11
samples **

Theoretical strength 118 Eq. 2
Direct uniaxial tension 8.5~1.4 14

with nanoindenter I II
J mechanical grinding conditions, and three etchants
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A simple estimate of the theoretical c]eavage strength ~thof brittle materials

can be made with the Young’s modulus E, surface energy y, and equilibrium
interplaner spacing dO.15

Oti= (Ey/dO)ln (2)

where E = 831 GPa for amorphous diamond

2y = 12 J/mz for diamond
dO= 0.357 nm for crystalline diamond

E = 170 GPa for polycrystalline Si
2y = 2.4 J/m2for 111 single crystal Si
dO= 0.543 nm for Si

This yields estimates of oh =19 GPa for silicon and 118 GPa for diamond. Thus
the strengths measured in this study represent 10-20% of the theoretical strength of
polysilicon and 7% of the theoretical strength of diamond.

The expected strength decrease for longer samples predicted by Weibull
theory was not observed. A similar absence of a trend as a function of length was
also obtained for the amorphous diamond specimens.14Figure 8 shows the Weibull
prediction of the strength – volume effect for second-generation conventionally
released polysilicon samples. The strengthholume relationship was calculated using
the Weibull-based formula

(@Y2)=(vJv,)”m (3)

where V = volume

o = fracture strength
m = Weibull modulus

Sample thicknesses and widths are nominally the same and thus only the lengths
were varied in this calculation. Both the strengths of the shortest and longest
samples were used as baseline strenetis. Clearly the observed trend of the strength
being almost invariant with length does not match the expected trend for either
baseline. It seems more likely that the strengths of the shortest samples are
depressed relative to the expected value than that the longer samples are stronger
than expected. There may be something in the sample fabrication that produces a
more severe strength degradation effect for shorter samples. Further investigation is
underway to understand this anomaly. In contrast to these results, others have
observed the expected trend, whereby the strength of polysilicon increased as
sample length decreased.lG

Failure origin size estimates can be used to help identify processing defects
that could be eliminated to improve the strength and d.iability of MENIS devices.



The strength can be used along with the fracture toughness to estimate the size of
strength-limiting defects using the Griffith relationship:

KIC= afY(7cc)1n (4)

where KIC=fracture toughness

of =failure stress
c = failure origin size
Y= geometrical loading factor (used 1.12)

Compression-loaded double cantilever beam (DCB) samples were used to measure
the fracture toughness of MEMS-scale single crystal silicon samples.ls A mean
value of 1.3 MPa~m was determined. Chen and Leipold measured the fracture
toughness of single crystal silicon for different planes and found that an average
value of -1 MPaJm was appropriate.17 Because failure originates within single
grains (grain size typically <0.5 pm), the single crystal fracture toughness of 1
Ml?adm was used in Eq. 4 to estimate the flaw size.-Using the strengths obtained
for the first (2.2 GPa) and second-generation samples (2.7 and 4.3 GPa,) the
critical flaws are estimated to be in the range of 14-44 nm. This is much smaller
than the size of the structures and features that are typical of a MEMS device (Fig.
1) and represents approximately 1-2% of the sample cross section dimensions.

Tests of single crystal silicon samples with different orientations have
shown that strength is very dependent on the orientation.lz Because the failure
origins in this study are much smaller than the polysilicon grains, the orientation of
the grain in which failure originates is likely to have an important effect on the
strength. Because strength is a finction of the fracwe toughness K1c @q. 4),
variability in KICdue to orientation or other effects is likely to affect the strength
variability. The Weibull modulus and characteristic value of the toughness were
calculated for the single crystal fracture toughness data in the study by Fitzgerald et
al.19A characteristic toughness of 1.42 MPadm and an m=4.8 were obtained. Thus
the high variability in the fracture toughness, as demonstrated even for a single
orientation of Si, may be a major contributor to the strength variability, and help
explain why the Weibull moduli for these materirds are low, even relative to other
brittle materials such as structural ceramics (m=7-15).18

Figure 10 shows an SEM photo of the fracture surface of a tungsten-coated
sample. The approximate position of the failure origin at the original surface can be
determined from the fracture surface hackle markings. Figure 11 shows a TEM
cross section of the top layer of a W-coated sample. There are particle intrusions at
the W-polysilicon interface that are much smaller than the silicon grain size. Their
size is consistent with the failure origin size estimate from Eq. 4. These particles
may be responsible for the degraded strength (from 4.3 to 2.7 GPa) of the W-
coated samples relative to uncoated samples from the same production run.



Fig. 10 The fracture surface of a tungsten-
coated sample. The approximate position
of the failure origin (arrow) can be
determined from the tlacture surface
markings.

Fig. 11 A TEM cross section of particle
intrusions (arrow) at the W-polysilicon
interface in a W-coated sample.

Figure 12 shows the fracture surface of a third-generation polysilicon
sample, for which we were unable to obtain the fracture load. Based on the
appearance and location of the fracture surface features, failure initiated at the
external surface. The fracture branching boundary radius r~ and the single crystal
silicon crack branching constant K~=2 MPadm 20can be used in a formulation

similar to Eq. 4 (where of =failure stress and Y=geometrical constant) to estimate a
failure stress of 2.1 GPa. This value is consistent with, but slightly lower than
strengths measured for similar samples.

O~Yr~ln= constant = K~ (5)

Third-generation samples with focused ion beam (FIB) notches frequently
did not fail from the notch as shown in Fig. 3. These results suggest that the notch
is not serving as a flaw that produces a high stress concentration. The sample in
Fig. 3 appears to have failed at a dimple in the pivot, which in turn suggests that it
has a high stress concentration associated with it.
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(a)

Fig. 12 (a) Low magnification view of fractured polysilicon sample. (b) Higher magnification

showing fracture branching boundary (rB) used to estimate ffacture strength.

SUMMARY AND Conclusions
., .

The scatter in the strengths of polysilicon and amorphous diamond samples
and the sensitivity of the strengths to the etching process and geometry clearly
indicate the need to use a probabilistic design approach when using these materials
for MEMS applications. However, in contrast to results for most brittle materials
and to Weibull theory predictions, the strengths of these materials do not appear to
depend on the size of the sample. Further study of this effect is underway. The
difference between the strengths measured for the first and second-generation
samples, and between the conventionally released samples and tungsten-coated
samples, also highlights the need to understand and control the processing and to
characterize strength distributions for different processing routes. The strength
levels imply flaw dimensions of 14-44 nm, smaller than the silicon grains, and
much smaller than the geometrical features that are typical of MEMS devices.
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