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ABSTRACT

Fabrication- and measurement-induced stresses in surface micromachined structures are investigated by
wafer-level probing of electrostatically actuated polysilicon test structures fabricated by the MUMPs process
of MCNC.  The test structures are based on M-Test, an electrostatic pull-in approach for monitoring process
uniformity and reproducibility, and, when used in conjunction with suitable geometric data, for measuring
material properties.  The sensitivity of the pull-in technique reveals that the simple step of placing the die
on a vacuum probe station can significantly affect the measured results.  The presence of strain gradients in
the polysilicon and compliant structural supports for the beams makes the modeling more complex than for
ideal geometries, but with appropriate adjustments to the models, and with knowledge of the strain gradient
obtained from cantilever tip deflection as a function of beam length, the technique enables a measurement of
the elastic modulus and the fabrication-induced residual stress.

Keywords: MEMS mechanical property test structures, material property, elastic modulus, residual stress,
polysilicon, modelling, surface micromachining, electrostatic pull-in.

INTRODUCTION

Methods for in-situ characterization of the elastic modulus or the residual stress from microelectro-
mechanical systems (MEMS) have involved the measurement of resonant frequencies from beams [1-4] and
comb-drives [5,6], the observation of stress relaxation in buckling or rotating structures [7-9], the
capacitance-voltage measurement of a fixed-fixed beam bridge [10], the displacement measurement of a
cantilever tip with the application of a known mechanical force [11], and the measurement of electrostatic
pull-in test structures [1,2,7,12-15].  We have chosen the pull-in approach (M-Test) because of its ease of
measurement, its adaptability to simple geometry test structures, and it tractability to well developed models.

MODELS FOR PULL-IN

M-Test [13] is based on measuring the dependence of pull-in voltage on a structural dimension, for
example, the length of a fixed-fixed beam.  The data are fit to closed-form expressions developed for ideal
geometries (see TableÊ1), resulting in extracted parameters, B and S, which depend on a combination of
material properties and geometric parameters.  L represents the length of the cantilever beam or fixed-fixed
beam, or the radius of the clamped circular diaphragm.  The device thickness is t, and the electrostatic gap
for a uniformly flat structure is go.  Numerical constants used in TableÊ1 are shown in TableÊ2.  Because B and
S depend on high powers of the thickness and gap, accurate material property extraction from the values of
B and S requires precise device metrology. [13-15]

The elastic modulus, Ẽ ,  and the residual stress,   Äσ , contained in the Table 1 expressions for B and S are
structure-dependent.  For a circular diaphragm, Ẽ  is the plate modulus, given by E/(1-ν 2 )  for an isotropic
material, where E is the Young's modulus and ν is the Poisson ratio, and   Äσ  is equal to the residual biaxial
stress σo.  For cantilevers,   Äσ  is zero, while for fixed-fixed beams,   Äσ  is equal to the uniaxial stress σo(1-ν ),
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which is less than σo because of the Poisson contraction accompanying the release of stress perpendicular t o
the beam length.  For both cantilevers and fixed-fixed beams, Ẽ  depends on the width of the beam [16].  For
a slender beam having a width less than five times the thickness, Ẽ  approaches the Young's modulus, but for
a wide beam having a width greater than five thicknesses, Ẽ  approaches the plate modulus.

In principle, by combining results from cantilevers, fixed-fixed beams, and circular diaphragms, it should
be possible to extract all three quantities, E, ν , and σo.  However, in practice, the requirement of placing
sacrificial release etch holes in surface micromachined circular diaphragms modifies their structural behavior
and requires modelling beyond the scope of this work.  For this reason, we restrict our attention to relatively-
wide cantilevers and fixed-fixed beams, from which we can determine the plate modulus and the residual
uniaxial stress.

The compliant supports and a residual strain gradient ∂ ε z / ∂ z  in the microstructures examined here
complicate the analysis further than what was presented in [13].  The value of the strain gradient is obtained
directly from the radius of curvature and is extracted from the length dependence of the cantilever tip
deflection.  The residual stress and the strain gradient introduce moments at the compliant supports of the
fixed-fixed beams, causing deformation of the supports which, in turn, contribute to bowing of the structural
beam.  For this work, the two-dimensional fringing-field corrected finite-difference simulations of [13] were
enhanced to take into account the compliant supports and curved beam geometries.
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n=1 (cantilevers), n=2 (fixed-fixed beams), n=3 (clamped circular diaphragms).

Table 1:  Closed-form expressions for VPI.
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Numerical
Constants

n=1
(cantilevers)

n=2
(fixed-fixed beams)

n=3
(circular diaphragm)

γ1n 0.07 2.79 1.55

γ2n 1.00 0.97 1.65

γ2n 0.42 0.42 0

Table 2:  Numerical constants for the closed-form expressions of Table 1.

EXPERIMENTAL RESULTS

Fixed-fixed beam and cantilever polysilicon test structures of 40Êµm widths and of varying lengths were
fabricated using the MUMPs process, with a nominal thickness of 2Êµm and a free-space gap of 2Êµm created
from a sacrificial oxide, as shown in FigureÊ1. [17]  A nitride layer of a nominal thickness tnÊ=Ê0.5Êµm is used
to electrically isolate the substrate from the anchor of the mechanical devices.  During release, vertical stress
gradients caused cantilevers to curl out of plane and fixed-fixed beams to bow due to the compliance of their
raised supports.  Net compressive stress in the polysilicon enhanced the bowing of fixed-fixed beams and
caused significant pre-buckled bending.

2µm POLYSILICON

0.5µm
NITRIDE

SILICON

2µm free-
space gap

contact

+

Vc

-

Figure 1:  Simplified schematic of surface micromachined cantilever beam, showing the polysilicon
thickness of 2Êµm and a sacrificial spacer oxide layer (not shown) of 2Êµm.  Electrostatic voltage is
applied between the polysilicon and the silicon substrate.

Deformation of the substrate by testing on a vacuum probe station introduced additional stress in fixed-
fixed structures causing greater deformation.  Its effect on the  pull-in voltage characteristics is shown in
FigureÊ2, where measurements were taken on a duplicate set of fixed-fixed beams with and without use of
vacuum on the chuck.  The substrate deformation increased the compressive stress in the polysilicon layer,
decreasing the pull-in voltage of the smaller length beams. (See FigureÊ3)  In beams 500Êµm and longer,
prebuckled bending dominated, bowing the beams significantly away from the substrate.  As a result, the pull-
in voltage discontinuously increased from that at 450Êµm.  At the length of 450Êµm, the beam exhibited a tri-
state region of operation.  At voltages below pull-in, the beam which began bowed up,  pulled-through to a
second state in which it was bowed down and continued to deflect until it eventually pulled-in.  In beams
longer than 450Êµm, the pull-through voltage was synonymous with the pull-in voltage, but at shorter lengths
either the pull-through voltage was less than the pull-in voltage, or it was not observed.
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Figure 2:  Pull-in measurements of fixed-fixed beams without vacuum (circles).  Solid line fits this data to
analytical model for ideal fixed-fixed beams.  Also shown (diamonds) is pull-in with vacuum.  See
FigureÊ3 for a schematic interpretation.

L ≥ 500 µm

bowing and compressionmainly compression
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Figure 3:  Schematic illustration of substrate deformation and effects of stress in fixed-fixed structures.
LÊ=Ê500Êµm shows a tri-state behavior as explained in the text.

Surface contact profilometry was used for the metrology of the beamsÕ thickness and free-space gap.  In
FigureÊ4, a Dektakª measurement made by a 9Êµg-force contact scanning across the length of a released
cantilever revealed a polysilicon thickness of 2.10Êµm and a free-space gap of 2.34Êµm.  A capacitance
measurement across a polysilicon layer directly on top of the nitride layer and the silicon substrate yielded a
dielectric thickness, tn/εn, equal to 670Ê�, where εn was the nitride permittivity.  The electrostatic gap of a
uniformly flat test structure was now calculated as the sum of the free-space gap and the dielectric thickness.
The length of the devices were modified from the mask dimensions by the addition of the support
compliance, which were modelled using I-DEASª FEM.  It was found that approximately a 2Êµm/support
addition to the beam length was necessary to model the extra compliance.  Using these dimensional values
and based on the closed-form expressions in Table 1, we obtained Ẽ Ê=Ê149±10ÊGPa and a   Äσ  = -3.5±0.5ÊMPa
(compressive) from the no-vacuum pull-in data of the fixed-fixed beams in FigureÊ2.  The error estimates are
very approximate because we cannot bound the modelling errors at this time.
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Figure 4:  Dektak surface profilometry of a cantilever similar to the one shown in Figure 1 reveals the
polysilicon and spacer oxide thickness.  A 9µg force is applied at the tip of the scanning probe, pushing
the cantilever down until it touches the nitride layer.

A 2D MATLABª finite-difference model [18] was developed for the pull-in of curled cantilevers,
enabling the extraction of Ẽ , using the strain gradient as obtained by an optical tip deflection measurement.
The fit in FigureÊ5 extracts an Ẽ  of 155±10ÊGPa using a ∂εz/∂z of 2.5±0.2×10-5/µm. When multiplied by Ẽ ,
the strain gradient yields an approximate stress gradient of 4ÊMPa/µm within the unreleased and fixed-fixed
polysilicon structures.

For reference and comparison, the experimental results from the various structures and measurement
methods are summarized in TableÊ3.
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Figure 5:  Measured pull-in data (circles) of curled cantilevers fit to a finite-difference model (solid line).
Simulated pull-in data (diamonds) without cantilever curvature show the strong effect of curvature on
pull-in.
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CONCLUSIONS

We show that with careful electromechanical modelling and good data on structural geometries it is
possible to extract the plate modulus and residual stress from the pull-in data of surface micromachined
polysilicon beams, even in the presence of compliant supports and built-in strain gradients.
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Ẽ σo(1−ν) Strain Gradient, ∂εz/∂z

Pull-in of Fixed-fixed beams: 149±10 GPa -3.5±0.5 MPa

Pull-in of Cantilevers: 155±10 GPa

Optical tip deflection: 2.5±0.2×10-5/µm

Table 3:  Summary of extracted material parameters.
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