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Abstract - Electrostatically actuated polysilicon beams fabricated in the MUMPs process are
studied, with an emphasis on the behavior when the beam is in contact with an underlying silicon
nitride dielectric layer. Detailed 2D electromechanical simulations, including the mechanical

effects of stepups, stress-stiffening and contact, as well as the electrical effects of fringing fields

and finite beam thickness, are performed. Comparisons are made to quasi-2D and 3D simulations.

Pull-in voltage and capacitance-voltage measurements together with 2D simulations are used to
extract material properties. The electromechanical system is used to monitor charge buildup in the
nitride which is modeled by a charge trapping model. Surface effects are included in the simulation
using a compressible-contact-surface model. Monte Carlo simulations reveal the limits of

simulation accuracy due to the limited resolution of input parameters. [128]

Index terms — Electromechanical, contact, charge, surface, material properties, electrostatic

|. INTRODUCTION

Electrostatically actuated beams (Fig. 1a) are widely used and studied in the
microelectromechanical systems (MEMS) community. Such beams are used as switches [1] and
resonators [2], [3], and for extracting material properties [4]-[6], [18]. One-dimensional (1D),
quasi-two-dimensional (quasi-2D) and three-dimensional (3D) simulations of various accuracies
and sophistication have been used to help understand and characterize these beams and devices [5]-
[9]. Currently, full 3D simulations consume substantial computing resources and time, making
them infeasible for parameter extraction procedures which require the solutions of many variations
of a given system about a nominal set of parameters. This is especially significant near pull-in
where convergence is not easily achieved through the relaxation coupling algorithm employed by
most electrostatics-elastostatics simulators. Thus, quasi-2D models (only one mechanical degree-
of-freedom penode) implemented in Matlab [5], [6], [8] which take advantage of the
predominantly 2D behavior of these beams have been used. However, the rather ad himncorrec
factors required to account for compliant stepup boundary conditions are usually specific to the
range of beam dimensions being studied. In addition, contact algorithms are difficult to implement.
Simulation results are presented here using a more detailed 2D mechanical model il*Alaqus
which allows accurate simulation of the effects of stepups, finite deformation (large rotations and
stress stiffening) and compressible or “softened” contact surfaces. The effects of fringing fields
and finite conductor thickness are included in the electrostatics model. Results are compared for
quasi-2D, 2D and 3D simulations of the simple case of an ideal fixed-fixed beam loaded

electrostatically which can be solved by all three methods, at least up until pull-in.

The behavior of the system is studied for the case when the beam is in contact with the

dielectric that coats the bottom electrode — a mode of operation important to capacitive microwave
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Residual stress in the system is quantified in terms of an expansion coeftici€hg,

resultant biaxial residual stress in a uniformly deposited film due to this coefficient is

aE
1-v

@

Jbiaxlal =

whereE is Young's modulus andy is Poisson’s ratio. This allows the system to be ramped up
gradually to the correct initial stress state before an electrostatic load is applied. Incorporating a
large residual stress as an initial condition in a single step can introduce error in simulations —

underestimating the initial deflection or deforming the beam into an incorrect buckling mode.

The plane stress elements of the beam enforce the assumption that all the stresses
perpendicular to the plane of the beam shown in Fig. 3 relax when the beam is released i.e. when
the sacrificial PSG layer is etched away. To verify this stress-relaxation assumption, and to
evaluate the effects of plate-like behavior, 3D pressure-loading simulations of fixed-fixed beams
with initial biaxial stress were performed. Fop@®wide beams, a Young's Modulus correction
factor of about +1.5% makes the 2D simulations using plane stress elements match 3D simulations
using shell elements and brick elements to within 0.5%. The match is especially good at the larger

deformations encountered in the simulations described in this paper.
C. Electrostatics Model

It is assumed that the beam is made up of many horizontal-plate-to-ground-plane capacitors
connected in parallel along the length of the beam. This approximation is quite accurate for long,

planar systems. The force per unit length at poskialong the underside of the beam is given by

F(x)= E(;]VZ)\(/); % + @D )

[\S)

which includes the influence of fringing fields and finite beam thickness. Iz {23, the
permittivity of air,w is the width of the beanV, is the applied voltagéy(x) is the effective gap
between the bottom of the beam and ground planeaand.006 and = 31.6um for a 3@um x
2um beam. The effective electrical gap is

(=g, + = @3)

r

whereqp is the air gap,g: is the thickness of the nitride ard is the relative permittivity of the

nitride.

Results shown in Fig. 4 using a 2D field solver Raphsgi3] reveal how much an ideal
30um-wide capacitor model with infinitely thin plates and no fringing fields underestimates the
force and capacitance between an actuph8®ide beam cross-section and ground. The error is
very small once the electrical gap between the beam and ground plane is lessptmanvBidh is
the case when the beam is in contact with the dielectric. In contrast, in 3D electrostatics
computations using boundary elements, the accuracy of the solution degrades as the separation
between the beam and ground plane decreases if the mesh density is kept constant. The 2D
simulated displacement profile of the beam as a function of voltage is converted to a capacitance-

voltage (CV) curve by summing up the parallel capacitances using the formula

gw 0 2h(x), 2h

hE " d d(x)'”%% @

for capacitance per unit length [5] where 1.004 andl = 75.41m for a 3@m x 2um beam.
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Table I.

Table Il.

Fig. 1

Fig. 2

Fig. 3

List of tables

Measured geometrical parameters used in Abaqus simulations.

Precision or resolution of parameters used in Abaqus simulations.

List of figures

(a) Plan view and profile of electrostatically actuated beam used in this study, fabricated

in the MUMPs process of MCNC.

(b) Plan view of standard electrostatically actuated beam in compliance with MUMPs
design rules. The anchor etch is completely enclosed by polysilicon creating enclosure

lips that result in indistinct beam lengths and three-dimensional behavior.

(a) Typical simulated and measured capacitance-voltage (CV) curves of a beam. Initial
capacitances (capacitances at zero applied voltage) are subtracted from subsequent

capacitance values. Regions are numbered corresponding to the curves in Fig. 2b.

(b) Schematic plot of the total energy of an electromechanical system as a function of
the displacement of the “quarter point” on the beam, parameterized by applied voltage.
The regions are numbered corresponding to Fig. 2a and show the equilibrium locations

of the quarter point at pull-in, zip-up, peel-off and release.

Mesh of 2D Abaqus model. Quadratic reduced-integration elements are used
throughout. Plane strain elements are used to model the stepup which is anchored to the

nitride. Plane stress elements, which enforce the assumption that out-of-plane stress is
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Fig. 10

Fig. 11

(c) Contours of RMS difference between measured and simulated contact capacitances
of a 32@um beam. The shaded region is the overlap between the 15fF RMS capacitance
contour and the 0.1V y/contour indicating the region in &sspace that matches both

the measured pull-in voltage and CV characteristic.

Measured and simulated contact CV curves for three beams. The dashed lines are the
simulation results assuming that the contact surface between the polysilicon beam and
nitride is rigid. The solid lines are the simulation results assuming that the contact

surface deforms with increasing applied voltage.

(a) Total capacitance of a 1h@x 260um untethered (broken off) polysilicon plate as a
function of voltage. The effective electrical gap was then computed from the
capacitance. The gap decreases with the increasing magnitude of the applied voltage.

The curves are symmetric about a small offset voltage.

(b) Mechanical stiffness of the contact surface as a function of effective electrical gap,

computed from Fig. 11a.
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