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Abstract: Due to the increasing demand of miniaturization of MEMS devices, the
characteristic size (e.g. the width) of some mechanical components may become
comparable to that of a silicon grain. Therefore, the relevant effective mechanical
properties can vary significantly from one device to another. In this work, through on-chip
tests we investigate the behavior of polysilicon films using standard electrostatic
actuation/sensing. The outcomes of the experimental campaign are then compared to those
obtained with an analytical reduced-order model of the moving structure, and to coupled
electro-mechanical simulations accounting for the polycrystalline morphology of the
silicon film. These two models are adopted to bilaterally bound the experimental data up to
pull-in, and to assess the scattering induced by the random orientation of the crystal lattice
of each grain in slender parts of the devices.
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1. Introduction

Polysilicon films are widely used in micro-electro-mechanical-systems (MEMS) for the moving,
structural parts of the devices. However, due to increasing miniaturization of MEMS technologies,
some of the mechanical components can feature a characteristic size comparable to that of the
polysilicon film itself (i.e. the silicon grain size). As silicon is an anisotropic material, crystal



orientation can play a significant role in defining the elastic behavior [1] of each single device; overall,
sensitivity to imperfections more and more becomes a crucial aspect to be investigated.

To assess the relevance of the silicon grain morphology, an on-chip test is proposed to investigate
the mechanical response of a slender beam. In this paper, we compare experimental data with results of
a reduced-order analytical model and of coupled electro-mechanical numerical simulations.

2. Experimental

On-chip tests have been carried by exploiting the structural configuration reported in Figure 1. A
massive plate, denoted as rotor in the picture, is linked to the anchor point through a single beam,
which behaves like a cantilever and therefore results to be free from relevant residual stresses. The
system can be actuated either through the lateral stator, so as to mainly induce a translation of the
rotor, or through the two anti-symmetric stators located along the top and bottom sides, so as to induce
an in-plane rotation of the rotor. Because of the design geometry, translation of the plate leads to a
shear deformation of the beam (somehow accompanied by bending deformation), whereas rotation
leads to a pure bending of the beam itself. Sensing is obtained thanks to the same stators, measuring
the capacitance change during the motion of the rotor induced by the applied voltage.

Geometrical parameters of the set up are summarized in Table 1. It can be seen that the geometry is
set so as only the beam length is varied from one set up to another. This has been devised to capture
micromechanical effects induced by: polysilicon morphology; shear or bending loading, and resultant
deformation mode; the length of beam regions affected by the stress intensification caused by the
reentrant corners at the connections with the anchor and plate; overetch across the beam thickness.

Figure 1. SEM image of the device for on-chip tests.



In what follows, we focus only on static tests, i.e. on a motion of the plate induced by a smooth and
slow variation in time of the applied voltage, and do not look at prominent inertial effects on the
moving parts. Some exemplary results are reported in Figure 2 for the devices featuring a beam length
of 20 um; here, results are reported in terms of measured capacitance change (in pF) vs the applied
voltage at the top and bottom stators. Actuation has been provided to the system
up to pull-in in two cases, measuring the related voltage as 39.25 V and 39.75 V: in these cases, the
electrical short circuit leads to damage of the devices, and no further tests were possible for them. In
all the other cases, to assess the repeatability of the curves several tests have been conducted on each
device by increasing the voltage and then decreasing it back to the initial, undeformed configuration.

An excellent repeatability can be observed, as subsequent loading and unloading paths cannot be
distinguished at the scale of the graph. On the other hand, the response of the different devices looks
rather scattered. Due to the peculiar geometry of the moving parts, this is induced by small differences
in the beam configuration either in terms of width h and length [, or in the grain arrangement. At this
scale, in fact, also geometric features have to be dealt with as stochastic variables, due to the possible
effects of overetch. As for the film morphology, the Thelma process [2] adopted to get the moving
structure leads to an average grain size of about 500 nm, with the axis of epitaxial growth (almost)
perpendicular to the substrate surface, i.e. perpendicular to the plane reported in Figure 1.

Table 1. Geometric dimensions of the device.

Parameter value Parameter value
referenced initial gap
2,3,4,5,
beam length (1) between rotor and 2 um
10,20 pm
stators (g,)
beam thickness (h) 2 um a 17 pm
out-of-plane
_ 22 um b 100 um
thickness (W)
0.006
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Figure 2. Measured device response in terms of capacitance change versus applied voltage
(I =20 pm).



3. Test Modeling

The scattering of the experimental data has been assessed through an analytical beam bending
reduced-order model of the structure, and through coupled electro-mechanical numerical simulations
to also account for possible fringe field effects in the electrical medium (the air surrounding the
structure).

3.1. Reduced-Order Model

The suspension beam is modeled according to the Euler-Bernoulli theory, i.e. shear deformations
are neglected all over its length. The proof mass is instead considered as a rigid plate, undergoing only
rotation and lateral displacement provided by beam bending. Electrical fringe fields near the
conductors are neglected. The capacitance C along the parallel plates in the current configuration is
computed accounting to:

C EWd
= —as l
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where ¢ is the air permittivity, w is the out-of-plane thickness of the beam. g is the local gap between
stators and rotor, which can be a function of the position (in the equation, of the coordinate s along the
plate surface). Accordingly, in case of bending actuation through the top and bottom stators the
capacitance values as function of the rotation of the plate, 8 are given by:
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where a and b are provided in Figure 3, and x and y play now the role of the local coordinate s along
the actuated surfaces. The electrostatic bending moment for a given capacitance can be obtained by
differentiation of the electrostatic energy with respect to the rotation angle 6, namely:

1 de
Mgee = EV E (3)

Figure 3. Sketch of the deformed configuration of the device, during bending actuation
through top and bottom stators.

The total electrostatic moment induced by the top and bottom capacitors is equilibrated by the
mechanical term provided by the (elastic) energy stored in the beam while bending; the value of the



angle 6 at equilibrium for any given voltage can then be calculated. Finally, the capacitance change
between the deformed and initial configurations of the device can be calculated with Eq. (2) as a
function of the applied voltage.

3.2. Numerical Simulation

Coupled electrostatic-mechanical analyses have been carried through a commercial code (ANSY S-
APDL [4]). As already mentioned, scattering of the device response can be induced by the
polycrystalline morphology of the silicon film. This effect was looked for an purpose and the (in-
plane) width of the suspension spring was set to be a few times the characteristic size of a single
silicon grain. The effect of the mismatch of lattice orientations in adjacent grains is enhanced, leading
to local stress intensification close to grain boundaries and to possible locking (i.e. stiffening) during
motion.

The random morphology has been obtained through a plane Voronoi tessellation featuring an
average grain size of about 500 nm, whose shape perfectly matches the beam one plus two regions at
the anchor and the proof mass sides, where some sort of stress diffusion is expected to take place due
to the reentrant corners, see Figure 4. Randomness of the film morphology is assured by tiling a large
region of the plane, and then extracting from it the morphology with a random placement. Each grain
is modelled as an elastic orthotropic body, with an in-plane crystal orientation assigned randomly. For
comparison purposes, the beam film has been also modelled as in-plane isotropic, like the other
moving parts of the device, with the following overall elastic properties: Young’s modulus E =
149.3 GPa and Poisson’s ratio v = 0.172, see [3].

The simulations have been carried out in two steps. To account for the finite changes of the
geometry of the electrical domains between capacitors, the displacement field relevant to a given
applied voltage at capacitors is first obtained; then the geometry is updated and an electrostatic step is
performed to obtain the relevant value of the capacitance between conductors.

Figure 4. An exemplary polysilicon morphology for the beam region.

To bound the effect of film morphology, two analyses are first performed for each test set up. In
these simulations, the polysilicon morphology is neglected and the beam is modeled as homogeneous
and orthotropic, with the longitudinal axis aligned with either crystal orientation <100> or <110>,



respectively called in this work the “compliant” and “stiff” ones. Additionally, as mentioned a
reference solution has been also computed by assuming the polysilicon to be in-plane isotropic; such
one is supposed to be of interest only for extremely thick beam, when enough grains are included
along its width and asymptotic homogenized mechanical properties prove sufficient.

Next, to properly account for the spreading of data due to fine microstructural features, a Monte
Carlo simulation has been run, with 100 different crystal morphologies. The results of these two series
of simulations are shown together with the measurements in Figure 5.
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Figure 5. Comparison between measurement and outcomes (a) of the analytical model and
(b) of the numerical simulations.

3.3. Discussion

The analytical model (see Figure 5a) can predict reasonably well the device behavior. However,
since the adopted kinematics of the beam is in accordance with the classical beam theory, the model
overestimates the stiffness and therefore underestimates the capacitance change; overall, all the plots
are somehow moved to the right of the experimental ones in the graphs. The numerical model (see
Figure 5b) obviously provides more accurate bounds on the measurements, as also shear deformations
in the beam are allowed for.

Independently of the method used to provide an interpretation of the behavior of the device, it can
be seen that all the measurements but one are between the bounds. The scattering of the numerical
results associated to the random morphology of polysilicon provides a good estimation for the possible
scattering of the real response of the devices. The out-of-bounds response needs to be finally
considered. It has been already mentioned that polysilicon morphology is not the only source of
uncertainties at this scale; further to that, overetch may play a prominent role if the beam is as (in-
plane) thin as the designed one. Since overetch is known to be not homogeneous all over a wafer, and
to also depend on the geometry of the device (specifically, on the area to be laterally etched), further
simulations and measurement look necessary to assess its impact on the spreading of data.



4. Conclusions/Outlook

We carried out electrostatic on-chip tests on MEMS devices featuring an extremely thin polysilicon
beam, whose in-plane width is on the order of the silicon grain. The effect of randomness of grain
morphology in the beam on the capacitance change vs applied voltage response has been assessed by
comparing the experimental data with the outcome of an analytical, simplified (or reduced-order)
model and of coupled electro-mechanical finite element simulations. In the analytical model, the beam
has been assumed to deform according to the Euler-Bernoulli theory; in the finite element simulations,
account has been taken of grain morphology in the beam through Voronoi tessellations. Both the
approaches have provided insights into the silicon grain effects, which were not negligible due to the
designed test set up.

Results will be further extended in future research, by comparing the responses of devices featuring
different slenderness [ /w ratios.
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