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Abstract: The effect of accidental drops on MEMS sensors are examiridhvwhe frame-
work of a multi-scale finite element approach. With spec#ference to a polysilicon MEMS
accelerometer supported by a naked die, the analysis isiplstbinto macro-scale (at die
length-scale) and meso-scale (at MEMS length-scale) sitiomls, accounting for the very
small inertial contribution of the sensor to the overall dgymcs of the device. Macro-scale
analyses are adopted to get insights into the link betweecksivaves caused by the impact
against a target surface and propagating inside the dighargisplacement/acceleration his-
tories at the MEMS anchor points. Meso-scale analyses aggadto detect the most stressed
details of the sensor and to assess whether the impact chtolpassible localized failures.
Numerical results show that the acceleration at sensoroas@annot be considered an ob-
jective indicator for drop severity. Instead, accuratelyses at sensor level are necessary to
establish how MEMS can fail because of drops.

Keywords: polysilicon MEMS, drop test, multi-scale finite element kysés.

1. Introduction

Inertial micro-electromechanical sensors can sometimédécause of incorrect handling or acci-
dental drops. An accurate modeling of failures caused b suents can help the management and
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design of MEMS transport and working condition.

Recently, some researches have studied how the effected dr impacts can be dealt with by a re-
liability analysis of inertial MEMS sensors (see, e.g.,3l)-Almost all these works proposed simplified
models to link drop features with the stress state in the MEMf® details of shock waves propagating
inside the package and/or the die after impact against attamgface, can not be appropriately captured
by these reduced order models: a rather low accuracy isfthier@chieved when localized sensor failures
are of concern [3].

To improve accuracy, a multi-scale finite element procedsiteere proposed and adopted to study
a uni-axial polysilicon MEMS accelerometer supported byakead die and subject to accidental drops.
The influence of falling orientation and the interactionvibetn sensor and die/cap are investigated. A
trial in this direction has been already proposed in [3], eheetailed numerical simulations at the
sensor level were run to define, according to a statisticliréaanalysis, the probability of rupture of
MEMS accelerometers after impacts. In the present workclvhas to be meant as a first step towards
the construction of a fully coupled multi-scale numericedgedure, we start assessing the effects of
drops and, more generally, of impacts at the die (macrostapid sensor (mesoscopic) length scales.
Within the offered frame, micro-scale analyses for polgtalline sensors should have to account for the
nonlinear phenomena occurring at the crystal length sdaeé.g., crack nucleation and propagation,
bulk damping and plasticity. Here we a-priori assume thatase of impacts a major role is played
by the propagation of cracks at grain boundaries and withang [4]. Since polysilicon is brittle at
room temperature [5], a local rupture can occur when thesstfield satisfies a stress-based failure
criterion. We therefore avoid running micro-scale simolas; instead, an experimentally determined
tensile strength of the polysilicon is required.

Since MEMS are characterized by a mass smaller by severatoofl magnitude than the die or the
package ones, the dynamics of the whole device after imgaatdy marginally affected by the presence
of the MEMS itself. A decoupling between macro-scale (atleNel) and meso-scale (at MEMS level)
simulations is thus allowed. Following a standard top-deyproach, in macro-scale analyses the whole
device is modeled while falling and bouncing off a targefate; the effects of the shape of the die, of
the drop height and of the falling orientation on the displaent/acceleration history and, specially, on
the acceleration peaks at the sensor anchors can be dstdblis meso-scale analyses the displacement
evolution at the anchor points are adopted as loading dondifor the sensor; critical MEMS details,
where the stress state can exceed the polysilicon carrgipgaity, can thus be identified.

In all the analyses we assume the MEMS to behave elastiddilg.constitutive assumption prevents
an accurate simulation of the failure mode, i.e. of how theM@Ezeventually brakes. In what follows,
according to the above mentioned strength criterion fatlbrinaterials, we aim at detecting if and where
the local stress field approaches or even exceeds the tetrsitgth of the polysilicon; we are therefore
mainly collecting information on the drop conditions leaglito failure of a MEMS component. In case
a detailed description of the failure process is in needforscale analyses accounting for the actual
crystal structure of the polysilicon must be adopted [6-8].

To define drop severity, the acceleration peak felt by the ME:-Bstimated according to an enhanced
Hertz theory accounting for dynamic effects [9], is usuatiopted for micro-systems. The main out-
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come of our simulations is that the said estimation can redd k& an objective classification of drop
severity. In fact, the Hertz theory provides acceleratieaks different by orders of magnitude from
those furnished by the finite element approach, and can stmguish among the possible falling orien-
tations. Furthermore, it is shown that drops leading to éigitceleration peaks are not necessarily the
worst ones in terms of failure probability; some stress §iéldn out to be more severe than others, even
if associated to lower acceleration peaks. This dependswariie MEMS interacts with the surfaces of
the die/cap while vibrating after the impact. According thawalready envisaged in [10], the proposed
multi-scale scheme can be adopted to detect failures cdoysaelvice drops.

2. Mechanical properties of polysilicon films

When the size of a structural component is comparable wélsilicon grain size (typicallg.2 — 0.7
um), the hypothesis of homogeneous bodies is no longer abéid5, 6, 11, 12]. This occurs in the
studied devices at the micro-scale, i.e. at the scale ofdbel@ometer details. However, since the aim
of this work is to detect the most critical drop configura@nd not to investigate the relevant failure
mechanism, an homogenized transversely isotropic catigétmodel is adopted for the polysilicon at
the sensor level. As shown in [12], results are expected tidgreficant if the MEMS or its details are
constituted by at least a few hundreds of grains.

Figure 1. Sketch of the polysilicon film, showing a columnar graineasbly with growth direction
aligned with axisr;. The reference frame for each single crystal representsetbeant orientation of
the local privileged directions (or axes of elastic symiyjetr

The polycrystalline silicon here studied has a columnaicstire, being obtained via epitaxial growth
from a flat substrate. Furthermore, the texture axis can fenaesd coincident with axig; (see Figure
1), i.e. perpendicular to the substrate surface.

Adopting a standard Voigt notation for solid mechanics [18¢ matrixS of elastic moduli (linking
the stress vectar to the strain vectog througho = Se) for single-crystal silicon can be expressed as
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follows:
s11 S12 Ss12 0

S12 s11 S12 0
S12 S12 su 0
0 0 0 su
0 0 0 0 su
000 0 0 0 su

where [14-16]:s;; = 165.7 GPa,s;» = 63.9 GPa,syy, = 79.6 GPa.

As shown in the sketch of Figure 1, grains have a privilegedation aligned with axis; but a
random orientation of the other two axes of elastic symmattlyexr; — x5 plane. The overall response of
the crystal assembly, to be adopted in meso-scale anabgmehence be assumed transversely isotropic,
the axis of transverse isotropy being coincident with axisin the relevant homogenized matxof
elastic moduli five independent parameters appear: théaimegnamely in the:; — x5 plane) Young’s
modulusE and Poisson’s ratio; the out-of-plane (namely along axis) Young’s modulusE; the
shear modulug: and the Poisson’s ratio linking in-plane and out-of-plane deformation components
According to the crystal structure described above, comsta, 7, G are assumed coincident with the
single crystal ones, i.e = 130.10 GPa,G = 79.6 GPa,v = 0.28; on the other hand, in-plane moduli
E andv are bounded as described here below.

Due to the random orientation of the in-plane privilege@diions of the grains, an iso-strain (Moigt-
like) bound on matrixS is furnished by [15]:

(1)

o O O O
o O O o O

S. :i/%TJSTedﬁ (2)
27 Jo
where' stands for transpose ard. is the orthogonal transformation matrix that defines théatian
of the strain vector components while passing from the Ipc&ileged crystal reference frame to the
overall one, aligned with axes, i = 1, 2, 3.
Following a similar approach, an iso-stress (Reuss-likejid onsS is given by [15]:
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7 27 Jo
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whereT', plays the same role @. when defining the variation of the stress vector components.

Each silicon grain displays a fcc material symmetry, withnaahf anisotropy level (see [15]); the
bounds onF andv are thus expected to be tight. In fact, it turns out that thexdgenized in-plane
Young’s modulus is bounded by, = 147.1 GPa andE. = 158.7 GPa, while the in-plane Poisson’s
ratio is bounded by, = 0.18, v, = 0.22. Due to relatively small difference between the two bounds,
henceforth we assume as in-plane elastic moduli the meae wéthe two bounds, i.d7 = 152.9 GPa
andv = 0.2.

3. Multi-scale analysis of inertial polysilicon MEMS: preliminaries

A multi-scale finite element approach is here used to geglisiinto the drop features leading to pos-
sible sensor failure. A decoupling among the length-sadalelfowed by the very small ratio between the
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masses of the sensor and of the whole die/cap assembly (ue wittole package). Since the behavior of
the polysilicon is assumed elastic up to failure, resuksrant expected to provide a detailed description
of the possible failure mechanism(s); whereas, sites wierstress state exceeds the material tensile
strength can be clearly identified.

In the analyses to follow, a few simplifying hypotheses ateoduced:

air viscosity during drop is neglected;

the impacted (target) surface is assumed flat and rigid;

contact between the device and the target surface isoinietss;

fluid-sensor interaction, leading to viscous damping giglected.

The above assumptions are commonly expected to give rise toerestimation of the stress field;
therefore, the sensor carrying capacity against shockrigads underestimated.

As far as the mentioned tensile strength of the polysilijnadncerned, a final remark is in need.
For heterogeneous materials the strength is a local fetitateontinuously varies inside the body; this
variation can be particularly remarkable in brittle madésj which are more sensitive to internal defects.
Mainly because of the variation of the crystal structure $trength of the polysilicon varies unpre-
dictably from specimen to specimen, even when nominallgtidal geometries and loading conditions
are considered [17]. To handle such kind of problems, a neerénistic (statistical) approach based
on Weibull theory [18] is here adopted, see e.g. [19]. Acowydo data furnished by the sensor supplier,
the reference tensile strength is assumgdx 4 GPa; this value corresponds to a failure probability
of 63.2% for a sample under uniaxial tensile loading condgi This reference valug, is then deter-
ministically compared to the local stress field envelopesrder to assess if and where the MEMS can
fail.

4. Simulation of MEMS failure caused by accidental drops

After africtionless impact against a flat target surface fétling die repeatedly bounces. Customarily,
the severity of the drop is estimated through the accetergteak felt by the sensor. However, as
already pointed out in [1] for much simpler structures, thi®rmation can not always be objective if
the resistance of MEMS to shock loading is under study.

If the die is approximated as a compact, spherical-like bodly characteristic radiug, made of
an isotropic elastic material with Young’s modulfis and Poisson’s ratio;, and the target is assumed
perfectly flat and made of an isotropic elastic material Withing’s modulus?; and Poisson'’s ratio;,
then an analytical estimateof the said acceleration peak felt by the sensor is given by [9

a= o (4)

vimp Deing the velocity of the die while impacting the target aod, andn its mass. The analyses
are here aimed at modeling accidental drops mainly due tehamslling; hence, drop height has been
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entrant corners at the end of the springs give rise to an &ogtion of the stress field in the surrounding
region: the details which are prone to failure can theref@edentified as the spring-anchor and the
spring-plate joint sections. A detailed resolution of theess state in these regions is necessary to
accurately capture the drop features leading to sensarrdaithis requirement motivates the adopted
mesh shown in the detail of Figure 5.
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Figure 6. Bottom drop: stress envelopes (a) at the spring-anchatrgeictions and (b) at the spring-plate
joint sections.

Figures 6 and 7 collect the envelopes of the principal stées® tot.,, = 100 us in the above
mentioned joint sections, as caused by bottom and top impaspectively. When contact between
sensor and die is disregarded, it can be noticed that lowémecy variations, with period,,,, ~ 13 us,
are superposed to high frequency ones. These latter ondislaé to higher vibration modes of the
springs, but they can be spurious artifacts of the simulatidVhen interaction between sensor and die
is allowed for, vibrations turn out to be damped soon aftersismic mass strikes the die surface.

This is clearly evidenced in Figure 8, where the relativ@ldisements between the plate corners and
the die/cap surfaces along the direction perpendiculdra@late (sensing direction) are shown. In these
plots, when the\u curves match the horizontal dashed lines it means that tinesponding plate corner
(according to the notation of Figure 8) and the top/bottorfeses of the die cavity come into contact. In
the bottom case (Figure 8a) the plate is pushed downwareisthé impact by its inertia and the bottom
surface of the die cavity is quickly approached: the defbectif the beam and, therefore, the stress field
are reduced with respect to the case in which this intenagialisregarded. In the top case (Figure
8b), the sensor falls up-side down and impact against tettaurface causes an upward motion of the
seismic mass in the reference frame of Figure 2. Since thbefayeen the accelerometer and the bottom
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Figure 7. Top drop: stress envelopes (a) at the spring-anchor jetias and (b) at the spring-plate
joint sections.

surface of the device cap is far greater that that betweeadbelerometer itself and the top surface of
the die (as revealed by the ordinate of the horizontal lindsSigure 8), the springs suffer in this drop

configuration a significant deflection before the interatgensor-die takes place. This explains why in
the top drop the stress field is higher and exceeds the testiegth of the polysilicon, whereas in the

bottom drop this limit is never approached.

Figure 8 also shows that, even though the sensor falls pigrfearizontal in both the drop configu-
rations, the asymmetric sensor lay-out (set to maximizeémsitivity to the acceleration along axig)
lead to different relative movement records registeredattp A and D, and at points B and C, thereby
causing a coupled bending-torsional vibration of the gwinThis is also shown by the Fourier trans-
form of the maximum principal stress at the anchor point,FSgare 9: in the two drop configurations,
the same peak in the excitation show up at a frequency camelspg to the fifth vibration mode of the
sensor. Figure 10 collects the first six vibration modes efsnsor; here, obviously, the interaction be-
tween the sensor and the die has been disregarded to avdidezoreffects. As anticipated by plots in
Figure 8, the fifth mode produces an out-of-plane bending®tprings coupled to longitudinal torsion.

Account taken of the sensor-die interaction, the bottonpdobaracterized by higher acceleration
peaks at the anchor point in the sensing direction (see &ijo), leads to a stress field never exceeding
the tensile strength of the polysilicon. Overturning theadasion at the macro-scale, the top drop, char-
acterized by lower acceleration peaks at the sensor arlelads to stress envelopes actually exceeding
the material tensile strength around A8 after the impact. Hence, while the acceleration recoras le
to the conclusion the the bottom drop is more critical, niscale analyses reveal that only the top drop
gives rise in this case to a stress field that could brake ttiegspnchor joint section. As already pointed
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Figure 8. Relative out-of-plane displacements at plate cornejdgtom drop; (b) top drop.

out in what precedes, if the actual failure mechanism in skition needs to be modeled, one has to
account for a representative crystal structure of the MEM®e& surrounding region.

To better understand the effects of the impact on the seng@nadics, animations in Figures 11 and
12 (relevant to the bottom drop), and in Figures 13 and 14\(ggit to the top drop) show isometric and
lateral views of the vibrating sensor in the interak ¢ < 25 us (displacements are here amplified five
times). As for the top case, the accelerometer is shown egigvn, in its actual drop configuration. It
can be seen that in both cases a stress concentrationzéstaliound the end sections of the springs, is
triggered by the MEMS layout.

5. Conclusions

In this paper we have proposed a multi-scale numerical @gprto compute the stress state induced
in polysilicon MEMS sensors by accidental drops, and todeteentual failure locations. Macro-scale
simulations (at die length-scale) furnish the displacerh&tories at sensor anchor points, to be used as
input loading condition in meso-scale analyses (at seesgth-scale).

It has been shown that, depending on how the sensor intevébtslie/cap, the acceleration peak is
not an objective indicator as far as the safety of the de@@®ncerned. In fact, the suspension springs
of the sensor are subject to a coupled flexural/torsionardeition mode and can locally fail at their
end sections if stoppers and die/cap surfaces do not constraugh the displacement of the seismic
mass.
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Figure 9. Stress-related nondimensional energy spectral dertdity @anchor point.

While the proposed approach furnishes accurate outcomtes #se identification of critical drop
configurations, micro-scale analyses (at polysilicon terggale) should be adopted to get insights into
the possible failure mechanisms typically caused by ir@ewell as trans-granular crack growth.
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Figure 11. Bottom drop: lateral view of the vibrating sensor in themal0 < ¢ < 25 us.

Figure 12. Bottom drop: isometric view of the vibrating sensor in theerval0 < ¢ < 25 us.
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Figure 13. Top drop: lateral view of the vibrating sensor in the in@iy < ¢ < 25 us.

Figure 14. Top drop: isometric view of the vibrating sensor in the m&g 0 < t < 25 ps.
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