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Micromechanical Voltage Reference Using the
Pull-In of a Beam
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Abstract—The pull-in voltage of a single-side anchored free- positionz*, where the elastic forces equilibrate the electrostatic
standing beam, under lateral deflection, has been investigated for gnes. Two methodologies are generally used:

application as a dc voltage reference. Two sets of electrodes, along- 1) the d . t hoi hich th lect
side the tip, are used for parallel-plate type of electrostatic actu- ) the dynamic system approach, in whic € electro-

ation of the 200 um long beam in the plane of the wafer. An- mechanical system is described by a set of differential
other set of buried electrodes is aligned with the plate electrode equations, and an analysis of the stability of its equilib-
at the free-standing tip and is used as a differential capacitor for rium points is performed (indirect Lyapunov method).

the simultaneous detection of the displacement, with the purpose 2) the variational approach, in which the equilib-

to determine the stability border and thus the pull-in voltage. The . int d thei tabilit det ined
single-end clamping ensures that the pull-in voltage is insensitive flum pomnis —an err stability are determine

to technology-induced stresses. A two-dimensional (2-D) energy- by studying the variations of the total energy
based analytical model for the static pull-in is compared with mea- UZ, V) = Udastic(T) + Ucteetric(Z, V). The equi-
surements. Bifurcation diagrams are computed numerically, based librium points Z., are given by solving the system of
on a local continuation method. Devices have been designed and equationg U /9F)(Z.,) = 0; these are stable if (7.,)

fabricated in an epi-poly process. Measurements are in agreement

with modeling and confirm a pull-in voltage in the 9.1-9.5 V range. is a local minimum, which is determined by the sign of

Reproducibility is limited by hysteresis and charging of the dielec- eigenvalues of9*U/d7?)(Zc,). The pull-in voltage is

tric layer in between the electrodes. The device can be operated in the value of the applied voltage for which the physical

feedback or as a seesaw, by using the two sets of electrodes. equilibrium point loses its stability [9]. The potential
Index Terms—DC voltage reference, microelectromechanical energy is composed of the elastic mechanical energy

systems (MEMS), pull-in. Uslstic, and the electrostatic energy stored in the electric

componentdJeiectric. The elastic energy has two com-
ponents: the built-in strain energy compon&hl;ig-in
and the bending energy resulting from external applied
EMS technology is gradually also penetrating into forcesUpending -
mainstream instrumentation and measurement (I&Mhis second approach is used in the next section for the mod-
applications [1]-{8]. A critical component in many professionajing.
instruments is the internal dc reference. The pull-in voltage Sp far, the pull-in effect has been mainly investigated for
of beams of different designs has been investigated with #go reasons. The first is to determine the dynamic range limita-
purpose of using the micromechanical structure as an on-chighs of an electrostatic actuator due to pull-in. Basically, pull-in
voltage reference [6], [8]. Such a device may find applicatiogauses the deflection due to electrostatic force to be limited to
in integrated circuits, next to the conventionally used bandggpe-third of the gap between the electrodes, in the case of a mo-
reference, and in metrology, where Zener references are widghh perpendicular to the capacitor plate orientation [9]. This
used as so-called “transfer standard.” The latter applicatigffect also limits the dynamic range of capacitive accelerom-
area is especially promising, as the operation of a Zener diagiers operating in the feedback mode. The second field of ap-
is based on avalanche breakdown and is associated with a lpgbation is in the characterization of the structural material in
noise level. a surface micromachining process (usually polysilicon) [10].
The electrostatic force in a vertical field is inversely proporfhe residual stress level is an important material property, as it
tional to the square of the deflection and the restoring springrgely determines the load-deflection characteristic in a double-
force of the beam is, in a first approximation, linear with deflecsided clamped structure, in which this stress level cannot be
tion. Therefore, an unstable system results in case of a deflafleased in an elongation. Generally, a taut beam is desirable,
tion beyond a critical value. The pull-in voltagg,; is defined which implies a low tensile stress in the material. Thermal an-
as the voltage that is required to obtain this critical deﬂeCtiOﬂea| is required to convert the Compressi\/e stress in the as-de-
The basic phenomenon is the loss of Stability at the equnibriUﬁbsited material into such low tensile stress |ayer [11] The
pull-in voltage of a double-sided clamped structure reduces with
compressive stress, due to the dependence on by the strain en-
Manuscript received March 1, 2001; revised July 30, 2001. ergy Upuiii-in- Therefore, measurement of the pull-in voltage
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Fig. 1. Single-side clamped structure.

stress should not affeét,,;. Therefore, a single-side anchored
beam with the other end free-standing should be used or th
beam should be suspended using folded tethers at each end [1

Both approaches ensutg,,ig-in = 0.

[I. MODELING THE PULL-IN STRUCTURE
As long-term stability is the most important property of the

device, the modeling was based on a single-sided clamped bea ‘

fabricated using crystalline material. First, analytical modeling
was used and the results were subsequently verified using finit
element modeling (FEM). The specifics of the analytical mod-
eling used are as follows.

1) Itis applied to an elastic beam, clamped at one end, an
actuated by an electrostatic momentum at the free enc
as shown in Fig. 1. Thus the built-in strain energy is de-
scribed by:Uyyii-in = 0. The dimensions ard., =
200 pm, Ly, =98 um, dy = 8 pm, andt, = 50 pm.

2) The energy balance is evaluated using two parameters (
and; ) to fully determine the configuration (Figs. 1 and
2). The elastic energy is described by

Fi
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g. 2. ldentification of the state variables used in the model.

invariableV. Here,U(w;, ¢1; V) = Uetastic(wr, ©1)+
Uctectric(wi, w1; V), and the state variablesv{, ¢1)
correspond to the equilibrium position determined from

1 L rap\?
Uelastic(wla Qal) = 5 EIy / <a—i> dzx oU
¥ 2 ou — 8w1
_2FI, 2 wy wy 7 (Teqs V)| = U (Wieq, Preq; V) = ol
= " =301 — + | — .
Lo L L do1

3) The electrostatic energy [takingvi, 1) = (0, 0) as
zero-level energy] is described by

Uelectric (wl y P1s V)

SV2[C(wy, ¢1) + C(—wy, 1) — 2Cy] .

]

A local continuation method was implemented in Math-
ematica for tracing the equilibrium point coordinates at
increasing voltage. The approach used to solve the problem
is based on sweeping of the voltage, from the initial valige
toward increasing positive values. For each voltage value, the
stability points are computed, by approximating the general

The pull-in voltage can be found analytically by solvingPotential in Taylor series around the previously computed equi-

the determinant equation

O*U(wy, 13 V)
or2

=0

librium pointzy = {wy, eq[k — 1], ©n, q[k — 1]}. Wn denotes
the normalized tip deflectiow,, = wi/(Ly + t, + d,). This
makes it possible to trace the evolution of the equilibrium point
as function ofV. For the computed values of( oq, ¥1,eq):
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Fig. 4. Fabricated microstructure.
Fig. 3. Variation of the equilibrium point with applied voltage (both analytic

model and finite element simulation). 10
= * Device 4
— 90 | — Device4
the eigenvalues of the associated Hessian at that point can® g, . _ govee!

computed. If any of these has a negative value, then the eq §
librium point is unstable, and drawn as a separate line. Fig. g
presents the results predicted from both analytical modeling a\§
finite element simulations. It is interesting to note that puII—ir% 50
occurs atp; ~ 4.5.102, which is equivalent to a deflection of § 4o-
movable electrode equal thy, +t, +d, ). sin(p1) =~ 0.72 um. 8 30l
The maximum displacement operating range before pull-i
occurs is of 36% the 24m wide gap between the electrodes,
which is about the same value as in the classic parallel pla
case (1/3). As shown, the predicted pull-in voltage from th
analytic model is a¥,,; = 9.5 V and in reasonable agreement
with the FEM results.
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Fig. 5. \Variation between several devices.

I1l. M ICROSTRUCTUREFABRICATION
A modification on surface micromachining. a so—callet ation in the plane of the wafer using a voltage applied across
. meat u ! achining, . ?farallel plate capacitors composed of two sets of electrodes lo-
epi-poly process, was used for the fabrication of Afn-thick

single-side clamped 20gim long free-standing structures Withcated alongside the free-standing tip, with counter electrodes

clectrode structures at the tin. Surface micromachinin rar_lchored to the substrate. The deflection can be measured using
i p. surtac 9 P differential sense capacitor located directly on top of the sub-
cesses are very suitable for the fabrication of such free-stand

beams on top of a silicon wafer. The disadvantages of t fhte and aligned with the square-shape electrode at the tip of

tional ; ; hining in_ thi licati e beam. These buried polysilicon electrodes are electrically
conventional surtface micromachining in this application atg ieq from the substrate and placed symmetrically on either
twofold. First, it yields a polysilicon structural layer, which is

ted 1o ai ferior | i tabilit q tside of a guard electrode placed directly underneath the axial
expected {0 give an Inferior iong-term sStability Compared o +tion of the undeflected beam. Finally, there are electrically

crystalline silicon. Second, the 5-10 nm/min deposition rai€olated stoppers to limit the lateral motion. The electrodes be-

0{;26\3/80“\::;“% al Irow;garelsls urer (t:r?ierknr:cal \;apot; depﬁgsm%ath the movable structure are used for capacitive detection of
é itaxi I) ws‘;h Ei pbac tc%g\ye / c essbo a O(l;t‘: " ﬁe pull-in voltage. The readout circuit is based on a capacitor
pitaxial gro at abou nm/min can be used fo yie idge with two active arms. The complication in the readout

polysilicon layers on top of a dielectric layer with a thicknes he aF Ut . in th fOF "
in excess of 1Q:m, thus solving the second problem. Such & the aF resolution requirement in the presence of pF parasitic

process is generally referred to as an epi-poly process [13], [1§<’]1.pacnors.
After deposition the thick polysilicon layer can be patterned
using deep reactive ion etching (DRIE). Microstructures can
subsequently be released by selectively etching the underlying’he measured pull-in voltage was about 9.1 V, which is near
dielectric sacrificial layer using the DRIE holes as acceslse predicted value from Mathematica model,{ = 9.5 V).
channel. The first concern remains. Part of this research T$is difference is mainly due to the simplifying assumptions
therefore, to verify whether the use of polysilicon rather thamsed and to process deviations, tolerances in the beam dimen-
crystalline material is actually an issue. Initial results presentsibns, and uncertainties in the value of the Young's modulus
in the next section do identify other sources as limiting factorased in the numerical computation. Fig. 5 also indicates a pro-
A fabricated pull-in device is shown in Fig. 4. The devicdound quality difference between the devices. For proper opera-
is basically a free-standing lateral beam anchored at one diuh as a voltage reference, the pull-in should be as abrupt as pos-
(the base) only. The beam can be deflected by electrostatic sitle. Moreover, the effect should be reproducible. Clearly, de-

IV. EXPERIMENTAL RESULTS
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Fig. 7. Hysteresis in a pull-in microstructure.
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