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Abstract: Polycrystalline silicon is a brittle material, and its strength results are stochastically linked
to microscale (or even nanoscale) defects, possibly dependent on the grain size and morphology. In
this paper, we focus on the out-of-plane tensile strength of columnar polysilicon. The investigation
has been carried out through a combination of a newly proposed setup for on-chip testing and finite
element analyses to properly interpret the collected data. The experiments have aimed to provide a
static loading to a stopper, exploiting electrostatic actuation to move a massive shuttle against it, up
to failure. The failure mechanism observed in the tested devices has been captured by the numerical
simulations. The data have been then interpreted by the Weibull theory for three different stopper
sizes, leading to an estimation of the reference out-of-plane strength of polysilicon on the order of
2.8-3.0 GPa, in line with other results available in the literature.
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1. Introduction

Stoppers act by constraining the motion of movable masses. For micro electro-
mechanical systems (MEMS), such a motion can be due to mishandling and is therefore
characterized by large uncertainties at the design stage. Due to MEMS geometry and
working conditions, reliability issues can be linked to either in-plane or out-of-plane mo-
tions. This distinction is important for MEMS structures, since the microfabrication process
adopted to build the movable parts provides a columnar morphology to the relevant
polysilicon films, see e.g., [1,2]. As movable structures and stoppers are grown together,
they basically inherit the same reliability issues in relation to the film morphology. With its
shape and dimensions, each single stopper plays an important role during the whole life
cycle of MEMS devices, since it assures that excessive motions do not take place to cause
failure of flexible parts [3], also accounting for stiction [4]. Industrial tests carried out on
MEMS primarily aim at proving the survivability of the whole device; only as an ancillary
result, the stopper behavior was sometimes investigated [5]. This approach has led to
very few systematic studies having as objective the quantification of the stopper resistance
against repeated actions such as impacts. The corresponding load-carrying capacity is of
primary importance, as a failure of small parts in the cavity hosting the movable structure
can lead to short circuits or can constrain the device motion if debris becomes entrapped in
the small gaps between the movable masses and the surrounding stators.

In this work, an on-chip testing device is proposed to investigate the load-carrying
capacity of stoppers used to constrain the in-plane motion of movable parts. The obtained
results could then be adopted to assess the out-of-plane strength of an epitaxially grown
polysilicon film, independently of whether it is the structural material of stators or rotors.
Since an electrostatic actuation and a capacitive sensing have been chosen in a quasi-static
framework, the forces applied to the stoppers resulted to be relatively limited and, therefore,
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the stoppers were designed to display a small footprint. On the other hand, the test setup
has allowed a clear quantification of the failure force and, as a consequence, of the material
strength. Three different stopper sizes have been considered, by changing one of the
in-plane dimensions to also provide insights on size effects related to the failure of the
brittle polysilicon. In relation to the specific reliability issue here addressed, once the
electrostatic force leading to stopper failure has been determined, it is possible to infer the
polysilicon strength provided that the stress state is correctly evaluated in the reference
volume where failure occurs. This is implicitly related to the brittleness of polysilicon,
so that the maximum principal (tensile) stress at failure is assumed to match its tensile
strength according to a Rankine-like criterion [6].

Hence, the tests to determine the stopper carrying capacity could be exploited to
assess the out-of-plane polysilicon strength. As shown in the following, since the direction
of the maximum principal stress is aligned with the direction of the columnar growth of
the silicon grains (i.e., with the out-of-plane direction), a relatively understudied failure
condition has been considered. In fact, in the majority of the configurations tested in the
past, crack propagation occurred with a front almost aligned with the growth direction;
see for example [7,8]. This somehow depends on the relative importance of reliability
issues related to stoppers, in comparison with those of other mechanical parts judged
critical for the MEMS structure, such as suspension springs. Regarding the assessment of
the stopper bearing capacity, a systematical analysis has never been reported; the newly
collected experimental data have been then compared with results of numerical simulations
to mutually assess their accuracy, rather than considering available data related to other
failure mechanisms.

As for all the brittle materials, polysilicon strength is significantly dependent on the
flaws induced by the manufacturing process, which are typically located close to the ex-
ternal surface of the films [9]. The present work deals with polysilicon films made with
the ThRELMA (Thick Epipoly Layer for Microactuators and Accelerometers) process [2];
for other processes, interested readers can refer to the review [7,10-12]. Published results
on 15 pm-thick polysilicon films reported a strength of about 4 GPa for the considered
process, as obtained via single-edge notched tensile tests carried out with on-chip testing
devices [2]. Such results were characterized by a strength higher than that relevant to
other manufacturing processes [10]. Additional studies on the same ThELMA 15 pm-thick
polysilicon film reported also a toughness slightly higher than that of other polysilicon
materials, amounting to about 1.3 MPa m'/2 vs. 0.84-1.24 MPa m!/2 [13,14]. It is also
worth mentioning that a ThELMA 0.7 pm-thick polysilicon film showed a lower strength,
characterized by a 1.82 GPa Weibull scale parameter, more comparable with other polysili-
con film properties [15]. In all the mentioned cases, a Weibull approach was adopted to
assess the results from the theoretical point of view, as is often done for brittle materials.
For the ThRELMA polysilicon, relatively high values of the Weibull shape parameter were
obtained for the thick films, while lower values were observed for the thin ones [2,13]. As
mentioned above, due to the difficulties in testing and to the focus on the most common
types of failure of the films, the direction of the tensile stress has been typically oriented in
the plane. While there is no hint of a different behavior, the testing configuration presented
in this work allows assessment of the out-of-plane strength from a truly quantitative point
of view.

The remainder of this work is arranged as follows. The experimental setup, including
the proposed testing device, is described in Section 2. The modeling procedure, combining
analytical formulae and numerical simulations, is next detailed in Section 3. Results of
data reduction are collected and commented in Section 4. Finally, some conclusions and
suggestions for future works are drawn in Section 5.

2. Experimental

The proposed testing device is shown in Figure 1. It consists of a massive shuttle
equipped with 504 comb finger capacitors and 60 parallel plate capacitors, the latter
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distributed at the shuttle sides. Such a huge number of capacitors has been designed
to allow the shuttle to move (horizontally to the right in Figure 1), touching the single
stopper placed on one side, then pushing it with an electrostatic force able to cause its
failure. The shuttle is connected to the substrate by beams located close to its corners. In
the position at rest, the shuttle and the stopper have a target gap of 1.4 um in between, see
again Figure 1.

Parallel Plates

ii.lu sesssnas

Figure 1. Micrograph of the device used in the experimental campaign; the inset on the right shows
the stopper geometry.

The device has been fabricated via the ThRELMA process and shows a film thickness
of 24 um. Its footprint is about 1080 um x 490 um. The epitaxial growth of the structural
polysilicon layer has been obtained over a 2.5 um-thick thermal oxide layer and a plasma-
enhanced chemical vapor deposited 1.6 pm-—thick layer. After the epitaxial growth, a deep
reactive ion etching stage has been adopted to dig trenches and holes; subsequently, the
sacrificial oxide has been removed, to allow releasing the suspended structure. Further
details can be found in [2].

Three different in-plane stopper sizes have been considered. All the geometries are
characterized by a cross-section at the bottom featuring a dimension of 3.9 um in the
direction parallel to the shuttle motion; the other dimension has been set to vary and take
the values 3.9, 4.4 and 4.9 um. The choice to vary only the in-plane size of the stopper
perpendicular to the motion of the movable parts has been adopted to allow the moment
of inertia of the failing cross-section connecting the stopper itself to the substrate to vary
linearly with it. The other way around, by varying instead the dimension parallel to
the motion, the aforementioned moment of inertia would consequently change cubically,
impacting considerably the load-carrying capacity of the entire device.

The experimental setup consisted of a probe station with an optical microscope,
micromanipulators, an Agilent E4980A capacitance meter (Agilent Technologies, Santa
Clara, CA, USA), two Agilent 6614C digital DC power supplies (Agilent Technologies,
Santa Clara, CA, USA), and one AVHzY RD6018 (HangZhou RuiDeng Technology Co.,
Ltd., Hangzhou, China) DC power supply. To assess the pristine condition of the stopper,
the shuttle has been first pushed against the stopper itself by imposing a DC voltage to
the comb finger stators, up to 40 V. This first stage has been carried out by means of the
capacitance meter DC bias. In a second stage, an additional DC voltage has been applied to
the parallel plate capacitors by exploiting the DC power suppliers connected in series. The
latter voltage has been increased stepwise, 0.5 V each step, until the failure of the stopper.
The capacitance meter connected to the comb fingers has provided the measure of the
capacitance change AC induced by the voltage rise. Whenever stopper failure has occurred,
a pull-in event caused by the contact of the shuttle and the parallel plate surfaces has been
caught in real time in the AC — V curve; the said pull-in voltage has been next exploited to
identify the failure condition. To make sure that failure has occurred as expected, a post-
mortem testing has been performed with the capacitance meter only, to record a further
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Fpp (mN)

AC — V response and compare it to the former one, acquired during the first two stages of
the same test. The described experimental setup has achieved two important objectives:
first, it has allowed to run a static test, with voltage increased smoothly to control the stress
state in the failing part and also allow data reduction in a clear way [16]; second, it has
granted to identify the conditions leading to stopper failure through a pull-in, partially
removing the uncertainties at this length-scale.

To avoid a loss of structural integrity when the short circuit is formed because of
the pull-in event, during the second stage of the test the current has been limited to a
maximum value of 3 mA in the DC power supply chain. This empirically set value has
been proven quite reliable, since no devices were burnt; however, some devices have
lost their functionality after the test, even without stopper failure, which implied that the
aforementioned value should be further reduced.

3. Numerical Modeling and Comparison with the Experimental Evidence

To properly move from the acquired voltage at failure to the correspondent stress level,
the relevant electrostatic forces have been evaluated. The electrostatic force in case of a
parallel plate (Fpp) or a comb finger (Fcr) capacitor can be respectively estimated according
to [9]. For a single parallel plate or comb finger capacitor they respectively read:

€Bl Vpp 2
Fr,= — | £2 1
PP 2 (dpp) ' @
X €B
Fop = der VEe ()

where: Vpp is the voltage applied to the parallel plate capacitor; V¢ is the voltage applied
to the comb finger stator; € is the dielectric permittivity of vacuum; B is the out-of-plane
thickness of the polysilicon film; d,, is the gap between the plates; [ is the facing dimension
of the parallel plates; dcr is the gap between the movable finger and each stator. The results
provided by the above analytical equations have been found to be in good agreement
with those relevant to a numerical model of the entire device developed with Comsol
Multiphysics [17]. By considering that in all the tested devices there are Npp = 60 and
Ncr = 504 parallel plate and comb finger capacitors, a comparison between the analytical
and numerical solutions is depicted in Figure 2, in terms of the total attractive forces
Fpp = Npp Fpp and Fcp = Ncr Fip as functions of the relevant values of voltages Vpp and
Vcr. The difference between the two solutions is shown to be negligible, on the order of 1%
at most. Therefore, for the designed geometry fringe effects can be considered irrelevant.
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Figure 2. Comparison between analytical and numerical solutions, in terms of the electrostatic forces
(a) Fpp and (b) Fcr as functions of the applied voltage.
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To move from the electrostatic force to the stress acting on the failing surface, a beam
bending model has been considered, assuming the stopper to be a cantilever held fixed
at its bottom cross-section connecting it to the substrate. Accordingly, the overall force
transmitted from the shuttle to the stopper leads to a maximum tensile stress that reads:

TS W ®
where, see Figure 3: F = Fpp + Fcr is the in-plane force applied to the stopper; w and
h are, respectively, the width and the depth of the stopper; and d is distance between
the line of action of the contact force and the substrate, as computed through the finite
element (FE) simulation. The contact force displays also an out-of-plane component due
to the bent geometry of the stopper; however, the numerical simulations have reported
a value of this component to be three orders of magnitude smaller than the in-plane one
and has been therefore disregarded in the present analysis. During the second stage of
the tests, the voltage at the comb fingers has been held constant at Vor = 40 V while Vpp
has been increased. By monitoring the value of the voltage at the parallel plate capacitors
till Vpp = Vg, when the pull-in occurs, the tensile stress at failure can be easily computed
accordingly to Equation (3).

| b
| '
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10 0 : 1 BT
10 —— 1

R
Figure 3. Stopper geometry and (distributed) contact force induced by the shuttle motion.

Such a solution does not account for the stress concentration induced by the actual
stopper geometry reported in Figure 3, leading to an underestimation of the stress state
in the process region. To assess the stress concentration factor (SCF), a FE analysis has
been further performed. In it, a Coulomb friction coefficient equal to 0.3 has been adopted
between the two polysilicon surfaces of shuttle and stopper coming into contact, see [18].
The electrostatic force Fr leading to the failure of the stopper has been imposed and all the
major geometrical details of the stopper itself have been considered to correctly determine
the aforementioned SCF. In particular, the fillet radius for the horizontal and vertical
edges in the (notched) failing region has been assumed equal to 0.6 um, as suggested by
a scanning electron microscope image of the stopper. To make sure that the results are
mesh-independent, a series of simulations has been carried out by decreasing the mesh
size, till convergence in the reported solution of the stress field in the failing volume. The
finer mesh consisted of 717,057 quadratic tetrahedral elements, with the smallest edge size
equal to 0.012 pm at the fillet corners.

The resulting stress profiles along the path at the front surface of the stopper anchor
shown in Figure 4a, are reported in the graph of Figure 4b for the three stopper sizes. The
plots show a slight asymmetry due to the adopted mesh; it is anyhow possible to observe
that the stress concentration is maximum close to the corners, while in the central part of
the path the local SCF is roughly equal to 1.8 for all the geometries. The SCF, henceforth
termed k, has been then computed by considering the mentioned peaks in the stress profiles,
resulting to be k = 3.37/3.43/3.55 if moving from the smallest to the largest geometries,
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Arc length = 3.9 pm

Arc length = 0 pm

(a)

with an average value of k = 3.45. As the behavior of polysilicon has been assumed brittle,
the elastic solutions discussed in what precedes are valid for any value of the applied
voltage and can therefore be adopted to scale the solution computed via beam bending.
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Figure 4. (a) Schematization of the path along the front surface of the stopper, where the stress
profiles in (b) have been obtained with dedicated FE simulations for the three stopper geometries.

A third series of analyses has then been adopted to assess the consistency of the
numerical solutions also in terms of the morphology of the fracture surface, which has been
observed in the experiments such as in Figure 5. Purely mechanical analyses have been
carried out at the stopper level by using a smeared crack approach to model the tensile
stress-induced failure of the brittle polysilicon [19]. Readers can find in [19] a discussion on
the use of such a model for polysilicon, and on the relevant implementation in a commercial
software [20]. For the purpose of the present discussion, it is worth mentioning that a
mode I (opening) fracture is incepted when the material tensile strength is attained; later,
provided that continuous loading is guaranteed, in the process zone ahead of the crack
front an inelastic (dissipative) contribution is added to catch strength reduction (softening)
as a function of crack opening. Alternative approaches based on a cohesive description
of the damaging region can provide more robust results, see e.g., [21], but do not add
additional insights in terms of the morphology of the crack surface. In fact, according to the
procedure adopted in [19], linking the crack strain to a corresponding displacement jump
through a characteristic length of the material, strain localization can be limited, and results
can become (almost) mesh-insensitive, if the element size is small enough to accurately
resolve the stress state.

Since the stopper is connected to the substrate through a silicon dioxide layer, mechan-
ical properties have to be provided for both (poly)silicon and the aforementioned dioxide.
In the analyses, the properties for the materials have been set as reported in Table 1, see
also [14,21]. Since the film is actually a polycrystalline material, the values here collected
have to be considered as effective, or averaged at the level of grain aggregate, on its own to
be considered as large enough to allow modelling the structural film as in-plane homoge-
neous. The reported values of fracture toughness refer instead to the actual out-of-plane
failure mechanism, involving a crack surface which is parallel to the substrate.

As reported in Figure 6, the experimental and numerical fracture surfaces have agreed
quite well, testifying that the attained conditions for stopper failure at its bottom are in
accordance with the real phenomenon. To also assess whether repeated impacts during
testing can give rise to the same fracture profile observed experimentally, the same FE
model has been adopted under a dynamical contact load. The final fracture surface has
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resulted not to differ from the static case, suggesting that the failure mechanism induced
by an accidental impact could be similar to that induced by quasi-static loading.

‘;‘

Figure 5. Confocal microscopy image of a broken stopper.

Table 1. Materials properties adopted in the crack propagation simulations.

. Young’s Modulus Poisson’s Ratio Fracture Energy
Material (GPa) © (/m2)
Polysilicon 150 0.22 7
Silicon dioxide 70 0.17 7

(a) (b)

Figure 6. (a) Detail of Figure 6 showing a top view of the experimental fracture profile, and (b) result
of the corresponding FE simulation.

4. Statistical Analysis of the Results

Using the test setup described in the Section 2, 33 tests have been carried out for each
stopper size. Figure 7 shows the resulting cumulative distribution function (CDF) of the
failure voltage for each stopper size: it can be seen that the three stopper sizes resulted in
(slightly) different probability curves.

To interpret the results, a two-parameter Weibull statistic has been adopted [2,9,22,23].
The CDF of the failure probability Py can be then written as [7]:

szl—exp[—Aio/fl(](%)‘))mdA} =1—exp[—<(;—£)m Aio/Aogm(x) dA}, @)
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(T2

where: o7 is the tensile failure stress; 0y is a scale parameter, namely the stress per unit
area corresponding to 63.2% of the test failures in the probability curve; m is the shape
parameter, also known as Weibull modulus, which measures the dispersion of the results
(namely as m grows, the distribution becomes narrower); Ay is the surface area wherein
flaws do affect failure, also known as the representative area [24]; g(x) is the function
expressing the normalized stress distribution in the A area, x being the position vector.

Lo 3.9x3.9 um? ’ =
B 39x44um? ' 0’
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Secn,
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Rupture voltage (V)

Figure 7. Cumulative distribution functions of the voltage at stopper failure, for the three considered
sizes reported in the legend.

The choice of this two-parameter Weibull distribution in place of a three-parameter
one, which also includes a threshold stress [9,10,22], has been suggested by the relatively
limited data availability for every stopper size, see also [10,25], even if its applicability is
still controversial [10,24].

Three alternative approaches have been then adopted for data reduction, labeled in the
following as A, B, and C. With approach A, a uniform stress distribution, as computed with
Equation (3) corrected via the SCF k, has been considered. As clearly visible in Figure 4b,
the stress distribution in the failing region is far from being uniform; therefore, such an
approach has only to be considered a naive trial to simplify as much as possible the data
reduction procedure. Under such a uniform stress assumption, it turns out that g(x) = 1in
Equation (4). By assuming the Weibull parameters m and oy to be material-dependent, for
the three stopper sizes the failure probability simplifies to:

Pi=1 AN 21 5
f]— _eXp|:_A0<0’O> :l ]* 7 &9 ()

where A; is the area affected by the failure process for the j-th size.
To estimate m and oy from the collected experimental data, the maximum likelihood
approach has been adopted, as described in the appendix of [24]. By considering the

logarithm of the product of all the data point likelihood, i.e., In % for each size, and by

taking its partial derivatives with respect to the m, Ay and 0y, two independent equations
are obtained. By allowing for all the stopper sizes, the aforementioned equations become:

1 3 33
AOO'(’)" = 33.3 Zj:l 21‘:1 A]‘U?}]" (6)

33-3 k n; 3 33
]0'}-7]> (m + ijl iil In Crfi]') — 33:3- ijl Zi:l A]‘ 0'171 In Ofij = 0, (7)
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where: 33 is the (already noted) number of data points collected for each stopper size;
33-3 = 99 is thus the total number of data points provided by the experimental campaign;
0fij represents the i-th experimental datum relevant to the j—th stopper size. By setting A
as the smallest failing surface among the specimen sizes, it has been possible to solve the
nonlinear Equation (7) for m, e.g., through a Newton—-Raphson procedure. Equation (6)
has been next used to determine ¢p. This identification procedure has led to the following
estimated values: m = 8.45 and oy = 4.46 GPa.

According to the Weibull approach for brittle materials, the survival probability of the
whole device is the joint probability of survival of all its elementary parts. Hence, larger
volumes of materials effectively stressed tend to exhibit a lower tensile strength, because of
the higher probability of finding a defect inside them [26]. In another study on polysilicon
made through the same production process [2], m was estimated to be 6.67 due to the
dispersed experimental data. The value for the shape parameter here reported testifies the
less scattered results, and such a range is not unusual: in the ensemble of data collected
in [26], depending on the geometry and loading profiles, m was reported to range between
5and 14.

By performing a goodness-of-fit test, such as the Anderson-Darling (AD) test [27], it
has resulted that a normal distribution could better fit the data, since AD = 0.72 for the
normal distribution and AD = 1.01 for the Weibull distribution. The mean of the Weibull
distribution for all the data points, givenby o =T (1 + %) 09 = 4.92 GPa [2], has resulted

to be very close to the mean of the normal distribution, which reads instead 4.93 GPa.
This effect could be explained by some additional factors influencing the results at the
microscale, such as the over-etch and instrumentation uncertainties, see also [2,28,29]. These
errors were not accounted for in data reduction, even if they could affect the probability
distributions fitting the data. An alternative explanation, given in [30], pointed to the
relationship between the stressed region and the representative volume: when the former is
comparable in size to the latter, the failure CDF appears as a normal distribution in the core
with Weibullian tails. The mentioned representative volume dimensions are linked to the
spacing between the strength-limiting flaws that in fact establish an intrinsic length-scale
for the material. With this latter interpretation, the intrinsic length would be on the order
of the size of the regions affected by stress concentration at the re-entrant corners, which is
about a few hundreds of nm; see also the width of the spikes in the stress plot of Figure 4. A
better understanding of this issue, however, would require an investigation of the surface
flaws, e.g., by means of a scanning electron microscope, which is outside the scope of
this paper.

If the whole set of data for the three geometries is considered without any correction
factor to account for the different sizes, see Figure 8, a mean value of 4.92 GPa and a standard
deviation of 0.61 GPa have been obtained to characterize the statistics of the out-of-plane
tensile strength. This mean value looks higher than others previously reported in the literature,
including also polysilicon films made with the same microfabrication process [2,26,31,32], but
those results referred to an in-plane failure mode. The corresponding Weibull CDF reported in
Figure 9 helps visualize the range of computed failure stresses; even though the two-parameter
Weibull approach does not allow for a stress threshold value, from this plot it is possible
to choose a survival probability 1 — Py and to estimate the relevant value of the maximum
allowed design stress.

Moving now to the data reduction approaches B and C, the stress distribution over
the failing region (see Figure 4a), as computed via the numerical simulations described in
Section 2, has been fully considered. The procedure to infer the values of m and oy is the
same adopted before via Equations (6) and (7), but the integral in Equation (4) has now
to be computed. According to [24], the idea is to find the equivalent size for each stopper
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size that would provide the same strength distribution of the non-uniform case; for this
purpose, it is necessary to compute the integral according to:

Py =1-exp [~ [1, ()" 44] =1-exp L;(%)m A5 Jag 8" ) 4] (®)
erl ]

wherein the adimensional coefficient ¢;, implicitly defined in Equation (8), allows to scale
Aj to define an effective area affected by a failure process. In this equation, ¢ represents
the maximum value of the stress over the failing region. As before, by first setting Ag
the procedure to tune m and oy is ruled by Equations (6) and (7). The integral of g(x) in
Equation (8) has been computed by considering the stress distribution depicted in Figure 4b,
properly scaled [7], by exploiting the results of the FE simulations.

1
—— Weibull PDF mmk
1
—— Normal PDF 1
0.8 1 E
==== Normal mean
= ==== Weibull scale par. ik
8 064/ Weibull mean /I: \
a
Z 04 [
£
0.2
—
1
0.0 1 .
3.0 35 4.0 4.5 5.0 55 6.0

Failure stress (GPa)

Figure 8. Data reduction approach A. Histogram of the failure stress of all the tested devices, and
fitting with two-parameter Weibull and normal probability distributions. The mean values relevant
to the two distributions are represented by the vertical dotted lines.

1.0

A
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0.2 1 “
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3.5 4.0 4.5 5.0 5.5 6.0
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Figure 9. Two-parameter Weibull CDF for the whole tensile strength data set. The shaded area in the
plot represents the 95% confidence interval.

The choice of Ay in Equation (7) obviously makes a difference. As it represents
the area of the weakest elementary part of the material leading to failure in the Weibull
representation, it can be related to the dimension of the critical flaws. Since its setting from
the raw data is not trivial [24], it is often taken equal to the area of the most stressed region,
wherein failure is triggered with the highest probability. In our analysis the stress field is
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not uniform, see again Figure 4, which complicates the matter; further than this, it was
pointed out in [24] that at small length-scales the effective area could be size-dependent too
and also geometry-dependent. In [25] it was suggested that, in order to properly assess size
effects within the context of Weibull interpretation for brittle materials, specimens with sizes
spanning 2-3 different orders of magnitude need to be used; in the present investigation,
all the sizes are comparable and, accordingly, the Weibull parameters obtained with data
reductions relevant to the three stopper sizes have been adopted to check the consistency
of each approach.

To investigate the issues related to the setting of Ap, the two alternatives shown in
Figure 10 are considered in the following: Ag consisting in the fillet area in Figure 10a
(approach B); Aj consisting in the reentrant corners only, where stress intensification occurs
as shown in Figure 10b (approach C).

~ 0

(@) (b)
Figure 10. A regions highlighted, as adopted for the computation of the scale parameter oy:
(a) frontal fillet and corners; (b) two corners only.

By adopting the approach B, the stress parameter has resulted to be oy = 2.80 GPa,
and m = 8.50. The ¢y value becomes lower than the one obtained with the approach A,
and is also more similar to those reported in the literature [2,7]. According to this data
reduction approach, it can be claimed that the stress concentration regions at the corners of
the stopper, leading to the peaks in the function g(x) shown in Figure 4, are those actually
leading to the inception of the entire failure process. The aforementioned discussion related
to an intrinsic length as the size of the volume where stress concentration at the re-entrant
corner occurs, would then still hold true.

In view of the results of approach B, approach C has explored the hypothesis that
a stress level beyond a critical threshold for polysilicon has led to failure starting at the
reentrant corners only. Here, if a critical flaw is present due to intrinsic material properties
and to the manufacturing process, the event can be triggered. With such an analysis of the
raw data, the parameters have turned out be ¢y = 2.98 GPa, and m = 9.0.

By comparing the values of oy estimated through the three approaches, it appears
that approach A stemming from the rough approximation g(x) = 1, which has actually
allowed to avoid a fine post-processing of the FE analyses, has led to a higher value of
0p. This is due to the fact that a uniform stress profile has been assumed in the cracking
region, without accounting for the stress amplification induced by the corners and by the
specific stopper geometry. Approach B has given instead the lowest oy value, due to the
fact that the experimental data have been interpreted by assuming that failure is triggered
in a region which is probably bigger that the real one, including the entire fillet loaded in
tension at the frontal surface of the stopper. In this way, the SCF has been smeared out in
this region, which has played a critical role in the entire failure process after its triggering
at the corners. Hence, the oy value given by approach C has been higher than the one
provided by approach B, since the non-uniform stress distribution around the peaks at the
corners has been accounted for in smaller representative areas. To discriminate between the
results of approaches B and C, the histogram of the probability density function in Figure 8
can be also accounted for. Experimental data seem to display a bimodal distribution; one
could then argue that it would be necessary to include the whole fillet region in the analysis,
because flaws of different sizes could lead to failure in correspondence of two different
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stress levels, and this could happen either in the region corresponding to the plateau of
Figure 4b or in the region where the stress peaks occur. Conversely, a unimodal distribution
has been adopted to interpret the data statistics; therefore, it has been assumed that a
unique, dominant flaw is leading to failure, and this dominant flaw has to be located
where the stress peaks are located. Accordingly, to make everything consistent, the results
obtained with approach C are to be preferred for further analyses in future activities.

5. Conclusions

A new MEMS testing device has been designed to assess the load-carrying capacity
of small-sized stoppers attached to the die substrate and, therefore, to characterize the
out-of-plane strength of columnar polysilicon films. The main findings of the present work
can be listed as follows.

- The scattered experimental results have been interpreted within the frame of Weibull
statistics, to identify the stress level corresponding to a certain probability of failure,
accounting for three different tested sizes of the stoppers.

- Adiscussion about three alternative interpretations of the experimental data has been
provided, to either allow or not for the non-uniform stress distribution in the critical
region where the failure event is going to be triggered.

- The two more reliable approaches have provided an estimation of the characteristic
tensile strength of polysilicon, actually of the scale parameters of the Weibull distribu-
tion best fitting the experimental data, on the order of 2.8-3.0 GPa, which is quite in
line with data available in the literature for similar structural films, even if tested in
different modes.

- The area where flaws can actually affect failure seems to be focused on the fillet region
close to the edge of the stopper, at least for the considered stopper geometry.

The parameters of the Weibull distribution fitting the data could next be adopted to
design reliable MEMS stoppers of similar size, by accepting a certain failure probability
according to the rationale here discussed for brittle materials. For MEMS of considerable
larger sizes, a deeper investigation is needed. The proposed testing procedure, which has
the merit of an easy setting of the electrostatic actuation, can be scaled up to larger forces
and stopper geometries with some difficulties, due to the voltage values adopted in the
testing phase.

Numerical simulations here reported have also suggested that the stopper failure
in case of mishandling or repeated impacts, might coincide with the quasi-static one.
A complete stopper failure could be reasonably avoided in view of the high values of
the voltage used for the characterization. Nevertheless, in cases characterized by a high
probability of survival and corresponding design stress level, the creation of chips or small
debris remains an issue needing additional investigation.

Author Contributions: Conceptualization, B.D.M., SM. and A.G.; methodology, TV.Ed.V,, S.M. and
A.G,; software, T.V.Ed.V,; validation, T.V.Ed.V., A.G. and S.M.; investigation, T.V.Ed.V,; resources, ER.,
G.G. and C.V,; writing—original draft preparation, T.V.Ed.V.,, A.G. and S.M.; writing—review and
editing, all; supervision, S.M. and A.G. All authors have read and agreed to the published version of
the manuscript.

Funding: The project was funded by STMicroelectronics under the Joint Research Center STEAM,
project Steam-P5 “Reliability of MEMS”.

Data Availability Statement: The data generated during and/or analysed during the current study
are available from the corresponding author on reasonable request.

Acknowledgments: Authors would like to thank Matteo Furlan for the preliminary numerical
simulations carried out in his master thesis work.

Conflicts of Interest: The authors declare no conflict of interest.



Micromachines 2023, 14, 443 13 of 14

References

1.  Peng, T; You, Z. Reliability of MEMS in Shock Environments: 2000-2020. Micromachines 2021, 12, 1275. [CrossRef] [PubMed]

2. Corigliano, A.; De Masi, B.; Frangi, A.; Comi, C.; Villa, A.; Marchi, M. Mechanical characterization of polysilicon through on-chip
tensile tests. J. Microelectromech. Syst. 2004, 13, 200-219. [CrossRef]

3. Ghisi, A.; Kalicinski, S.; Mariani, S.; De Wolf, I.; Corigliano, A. Polysilicon MEMS accelerometers exposed to shocks: Numerical-
experimental investigation. |. Micromech. Microeng. 2009, 19, 035023. [CrossRef]

4. Van Spengen, W.M,; Puers, R.; De Wolf, I. On the physics of stiction and its impact on the reliability of microstructures. J. Adhes.
Sci. Technol. 2003, 17, 563-582. [CrossRef]

5. JESD22-B111A; JEDEC Standard. JEDEC Solid State Technology Association: Arlington, VA, USA, 2016.

6. Mariani, S.; Ghisi, A.; Martini, R.; Corigliano, A.; Simoni, B. Multi-scale simulation of shock-induced failure of polysilicon
MEMS. In Advances in Electrical Engineering Research; Brouwer, T.M., Ed.; Nova Science Publishers: New York, NY, USA, 2011;
Volume 1, pp. 267-291.

7. Chasiotis, I.; Knauss, W.G. The mechanical strength of polysilicon films: Part 2. Size effects associated with elliptical and circular
perforations. J. Mech. Phys. Solids 2003, 51, 1551-1572. [CrossRef]

8.  Sharpe, WN.; Turner, K.T.; Edwards, R.L. Tensile testing of polysilicon. Exp. Mech. 1999, 39, 162-170. [CrossRef]

9.  Corigliano, A.; Ardito, R.; Comi, C.; Frangi, A.; Ghisi, A.; Mariani, S. Mechanics of Microsystems; John Wiley & Sons: Chichester,
UK, 2017; Chapter 11. [CrossRef]

10. DelRio, EW.; Cook, R.E; Boyce, B.L. Fracture strength of micro- and nano-scale silicon components. Appl. Phys. Rev. 2015,
2,012303. [CrossRef]

11.  Yagnamurthy, S.; Boyce, B.L.; Chasiotis, I. Role of Microstructure and Doping on the Mechanical Strength and Toughness of
Polysilicon Thin Films. |. Microelectromech. Syst. 2015, 24, 1436-1452. [CrossRef]

12.  Chasiotis, I.; Knauss, W.G. The mechanical strength of polysilicon films: Part 1. The influence of fabrication governed surface
conditions. J. Mech. Phys. Solids 2003, 51, 1533-1550. [CrossRef]

13. Corigliano, A.; Ghisi, A.; Langfelder, G.; Longoni, A.; Zaraga, F.; Merassi, A. A microsystem for the fracture characterization of
polysilicon at the micro-scale. Eur. . Mech. A Solids 2011, 30, 127-136. [CrossRef]

14. Chasiotis, I.; Cho, S.W.; Jonnalagadda, K. Fracture toughness and subcritical crack growth in polycrystalline silicon. J. Appl. Mech.
2006, 73, 714-722. [CrossRef]

15. Cacchione, F; Corigliano, A.; De Masi, B.; Riva, C. Out of plane vs. in plane flexural behaviour of thin polysilicon films:
Mechanical characterization and application of the Weibull approach. Microelectron. Reliab. 2005, 45, 1758-1763. [CrossRef]

16. Gaffuri Pagani, L.; Guerinoni, L.; Falorni, L.; Gattere, G.; Mogavero, G.; Ghisi, A.; Langfelder, G. Chipping and wearing in MEMS
inertial sensors: Effects on stability and predictive analysis through test structures. In Proceedings of the 2020 IEEE International
Symposium on Inertial Sensors and Systems (INERTIAL), Hiroshima, Japan, 23-26 March 2020. [CrossRef]

17.  COMSOL. Multiphysics®v. 6.1, COMSOL AB: Stockholm, Sweden, 2022.

18. Gabriel, K J.; Behi, F.; Mahadevan, R.; Mehregany, M. In situ friction and wear measurements in integrated polysilicon mechanisms.
Sens. Actuators A Phys. 1990, 21, 184-188. [CrossRef]

19. Mariani, S.; Ghisi, A.; Corigliano, A.; Martini, R.; Simoni, B. Two-scale simulation of drop-induced failure of polysilicon MEMS
sensors. Sensors 2011, 11, 4972-4989. [CrossRef] [PubMed]

20. Dassault Systémes. Abaqus 2021. User Manual. Available online: https:/ /www.3ds.com/support/documentation/users-guides/
(accessed on 22 January 2023).

21. Mariani, S.; Martini, R.; Ghisi, A.; Corigliano, A.; Simoni, B. Monte Carlo simulation of micro-cracking in polysilicon MEMS
exposed to shocks. Int. J. Fract. 2011, 167, 83-101. [CrossRef]

22.  Weibull, W. A statistical distribution function of wide applicability. ]. Appl. Mech. 1951, 18, 293-297. [CrossRef]

23.  Greek, S.; Ericson, F.,; Johansson, S.; Schweitz, I.A. In situ tensile strength measurement and Weibull analysis of thick film and thin
film micromachined polysilicon structures. Thin Solid Films 1997, 292, 247-254. [CrossRef]

24. Bernal, R.A. On the application of Weibull statistics for describing strength of micro and nanostructures. Mech. Mater. 2021,
162, 104057. [CrossRef]

25. Saleh, M.E.; Beuth, J.L.; de Boer, M.P. Validated Prediction of the Strength Size Effect in Polycrystalline Silicon Using the
Three-Parameter Weibull Function. J. Am. Ceram. Soc. 2014, 97, 3982-3990. [CrossRef]

26. Bagdahn, J.; Sharpe, W.N.; Jadaan, O. Fracture strength of polysilicon at stress concentrations. J. Microelectromech. Syst. 2003,
12, 302-312. [CrossRef]

27.  Anderson, TW,; Darling, D.A. Asymptotic Theory of Certain “Goodness of Fit” Criteria Based on Stochastic Processes. Ann. Math.
Statist. 1952, 23, 193-212. [CrossRef]

28. Mirzazadeh, R.; Mariani, S. Uncertainty quantification of microstructure—Governed properties of polysilicon MEMS. Microma-
chines 2017, 8, 248. [CrossRef] [PubMed]

29. Martowicz, A.; Uhl, T. Reliability-and performance-based robust design optimization of MEMS structures considering technologi-
cal uncertainties. Mech. Syst. Signal Process 2012, 32, 44-58. [CrossRef]

30. Le, ].-L.; Bazant, Z.P,; Bazant, M.Z. Unified nano-mechanics based probabilistic theory of quasibrittle and brittle structures: I.

Strength, static crack growth, lifetime and scaling. J. Mech. Phys. Solids 2011, 59, 1291-1321. [CrossRef]


http://doi.org/10.3390/mi12111275
http://www.ncbi.nlm.nih.gov/pubmed/34832687
http://doi.org/10.1109/JMEMS.2003.823221
http://doi.org/10.1088/0960-1317/19/3/035023
http://doi.org/10.1163/15685610360554410
http://doi.org/10.1016/S0022-5096(03)00050-4
http://doi.org/10.1007/BF02323548
http://doi.org/10.1002/9781119053828
http://doi.org/10.1063/1.4919540
http://doi.org/10.1109/JMEMS.2015.2410215
http://doi.org/10.1016/S0022-5096(03)00051-6
http://doi.org/10.1016/j.euromechsol.2010.09.006
http://doi.org/10.1115/1.2172268
http://doi.org/10.1016/j.microrel.2005.07.090
http://doi.org/10.1109/INERTIAL48129.2020.9090056
http://doi.org/10.1016/0924-4247(90)85035-3
http://doi.org/10.3390/s110504972
http://www.ncbi.nlm.nih.gov/pubmed/22163885
https://www.3ds.com/support/documentation/users-guides/
http://doi.org/10.1007/s10704-010-9531-4
http://doi.org/10.1115/1.4010337
http://doi.org/10.1016/S0040-6090(96)09076-1
http://doi.org/10.1016/j.mechmat.2021.104057
http://doi.org/10.1111/jace.13226
http://doi.org/10.1109/JMEMS.2003.814130
http://doi.org/10.1214/aoms/1177729437
http://doi.org/10.3390/mi8080248
http://www.ncbi.nlm.nih.gov/pubmed/30400439
http://doi.org/10.1016/j.ymssp.2012.04.022
http://doi.org/10.1016/j.jmps.2011.03.002

Micromachines 2023, 14, 443 14 of 14

31. Cacchione, F.; De Masi, B.; Corigliano, A.; Ferrera, M. Rupture tests on polysilicon films through on-chip electrostatic actuation.
Sensor Lett. 2006, 4, 38—45. [CrossRef]

32. LaVan, D.A; Tsuchiya, T.; Coles, G.; Knauss, W.G.; Chasiotis, I.; Read, D. Cross comparison of direct strength testing techniques on
polysilicon films. In Mechanical Properties of Structural Films; ASTM International: West Conshohocken, PA, USA, 2001; pp. 16-27.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1166/sl.2006.003

	Introduction 
	Experimental 
	Numerical Modeling and Comparison with the Experimental Evidence 
	Statistical Analysis of the Results 
	Conclusions 
	References

