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Shell-type micromechanical actuator and resonator
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Dome-shaped radio-frequency micromechanical resonators were fabricated by utilizing the buckling
of a prestressed thin polysilicon film. The enhanced rigidity of the dome structure leads to a
significant increase of its resonant frequency compared to a flat plate resonator. The shell-type
geometry of the structure also provides an imbedded actuation mechanism. Significant out-of plane
deflections are actuated by mechanical stress introduced within the plane of the shell. We
demonstrate that thermomechanical stress generated by a focused laser beam, or microfabricated
resistive heater, provides an effective and fast mechanism to operate the dome as an acoustic
resonator in the radio-frequency range. All-optical operation of the shell resonator and an integrated
approach are discussed. )03 American Institute of Physic§DOI: 10.1063/1.1622792

High-frequency microelectromechanical systemsperiphery—we employ finite element analysid~EA) to
(MEMS) are widely considered as an element base for signalemonstrate that nonhomogeneous stress provides significant
processing in the next generation of wireless communicatiodistortion of the shapésee Fig. 1
devices: Parametric amplificatioi® limit cycle The fact that spatial temperature variation can cause sig-
oscillations® and injection locking demonstrated for MEMS  nificant bending moment$and vibration®® is known from
oscillators allows one to build active circuits where signalmodels of macroscopic panels. The key difference is that the
processing would be implemented in the mechanical domairperiod of the thermally induced vibrations for the macro-
However, a transduction mechanism for the effective converscopic plates is determined by the thermal relaxation time. In
sion between the electrical and mechanical forms of the SigMEMS structures, the small thermal mass makes the shell
nal remains one of the key problems in MEMS design. Thecooling time comparable to the period of the transverse vi-
widely used capacitive drifémposes restrictions related to brations. We have demonstrated that when the driving local
cross talk issues and to high voltages required for actuatiorstress is modulated at the fundamental frequency of the me-
Piezoelectric or magnetomotiv€l actuation cannot be chanical vibrations of the dome, a large amplitude standing
readily integrated because of the requirement for integratediave pattern is created, transforming the shell into a high-
circuit (IC)-incompatible materials or high magnetic fields. frequency acoustic resonator.

In this letter, we demonstrate a design for a rf MEMS  The fabrication process for the dome-type resonators de-
resonator based on the geometry of a shallow segment of geribed in this letter was based on a buckling phenomenon.
thin spherical shell. The finite curvature of the shell intro- The device layer, a 200 nm thick polysilicon film, was grown
duces an imbedded actuation mechanism by coupling thgsing low-pressure chemical vapor depositit®CVD) on
in-plane stress to the out-of-plane deflection of the shell. top of the sacrificial SiQ layer (thickness 1560 ninther-

The key feature of the shell actuation mechanism describeghally grown over a silicon wafer. The parameters of the
in this letter is the local nature of the driving stress intro-| pcvD process(temperature 570°C, rate 3 nm/miand
duced at a specific point of the shell. A similar approach issybsequent thermal annealing (1150 °C,) Whre chosen to
employed in the design of macroscopic induced-strairprovide significant compressive stress inside the resulting
actuators;>**for “smart structures” actuated by small piezo- polysilicon layert® The final measurements, based on a sub-
el_ectric pfitches, surface bonded on a cylindrical shell at cektrate bending principl¥, indicate the presence of compres-
tain locations. sive stress in excess of 220 MPa.

In our micromechanical shell actuator, the in-plane strain Optical lithography and a chlorine-based reactive ion
is provided by stress introduced directly inside the shelletch were used to opengm diameter holes in the top poly-
layer. In our experiments we employ thermoelastic stress Cresjjicon layer. Submersing the wafer in hydrofluoric aditF,
ated by heating of the shell either by using a focused laseigus undercuts the sacrificial oxide layer surrounding the
beam or a microfabricated heater. Using local heating, ongoles, resulting in a suspended annular disk structure that is
can actuate cantilevering shell or bowl-type structésé®lls  free on the inside and clamped at the periphery. The released
supported at the center poinin the latter case, the compres- s is compressed and an estimate based on the theory of
sive stress applied in the hoop direction close to the free edggstic stability® shows that buckling should occur when the
of the shell flattens the bowl and provides a vertical compOyqgiys of the undercut exceeds /n (calculated for the
nent to the deflection of the periphery. The resulting motion, it in stress and thickness of our filniThe asymmetry of
can be complicated; thus for the configuration considered ifne real system in the vertical direction may provide earlier
this letter—a dome-shaped structushell clamped at the  p,ckjing' and also leads to preferential upbuckling, prevent-
ing the released membrane from snapping into the substrate.
3Electronic mail: maxim@ccmr.cornell.edu The total timing of the wet etch determines the outer diam-
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FIG. 3. Spectrum of the fundamental modes of the bare dome resonator
0 0.172 0.345 0.517 0.689 acquired using Af laser drive and interferometriitieNe laser detection
L messsseseEEEEeEESs 2 (all-optical operation The modes of vibrationésee insetswere identified
0.086 0.258 0.431 0.603 0.775 by varying the relative positions of the two laser beams and analyzing the

spatial pattern of the phase difference between the driving signal and the
FIG. 1. (Color) Results of FEA calculations for the temperature prafile detected mechanical motion. Multiple peaks corresponding to identical
and deflectionéu of the dome, caused by the concentrated heat loadmodes of vibrations but with different spatial orientation are observed due to
(Pheating= 100 W) located at the edge of the domET and éu are plotted slight asymmetry in the geometry of the dome. The highest quality factor
along the diameter crossing the heating s@t Color code on the three- (Q~10000) was exhibited by thgy,; mode.
dimensional image of the distorted dome shape corresponds to the change of
local temperature in Kelvirtb).

scope, the 5um diameter laser spot can be located at any

eter of the shell. Figure 2 shows an optical image of the 46)Iace of interest on the shell. A second laser bealme 450

. = . . . nm Ar*-ion lasel with an electro-optical modulatdband-
pum diameter polysilicon dome obtained using the differen- . .
o . . width <80 MHz) was added to the experimental setup to
tial interference contragDIC) technique. The interferomet-
S . o S . actuate the dome resonator. The blue laser was focused on
ric circles observed using the coherent light illumination give : L

) . the device under test by the same objective lens. A system of
an estimatel{~1 um) for the dome height.

The resulting dome structures are robust enough to withmirrors provided independent positioning of the red and blue

stand the next lithography step. Resistive heaters were mlgser spots. A dispersing prism or low-pass optical filters

crofabricated on the face of the domes using photollthogra\!vere used to prevent the saturation of the photodetector by

o ) . the reflected blue laser beam.
phy with image revers#l and lift-off process. Figure (8) : . .
. . . Figure 1 demonstrates the result of FEA simulations for
illustrates a dome with a &m wide meander metal heater . : o

o R o shape distortion and temperature distributi@olor code

(resistivity Ryeate= 6 /L1, 20 nm gold on 10 nm titanium .

. . : over the 40um diameter dome generated by a 100/, dc,
adhesion layerdeposited using an electron-beam evapora- : .
tion technique 5 um diameter heat source at the periphery of the structure.

The vertical motion of the surface of the shell was de-| ¢ Maximum displacement recorded corresponds to a dc

tected interferometrical®} by measuring the variation of the actuation coefficient-1 .m/W. For a high-frequency exci-

intensity of a red HeNe laser beam reflected by the dometatlon, the thermoelastic drive can only be effective if the

Using aXY Z micronositioning svstem and an optical micro- thermal relaxation timé ., IS comparable to the period of
g P gsy P mechanical vibrations. A cooling rat&xTye M, for a cir-

cular plate with fixed boundary conditions is determitfexy

_K(m?
Cp\ R

(a) (b) )

A : €h)

whereK is thermal conductivityC is the heat capacity is

the densityR is the radius of the plate, anet”=2.4 is the

root of a Bessel functiodo(,u(lo)) =0. For our dome resona-
tor, Tiela= /A ~0.7 us enables thermal actuation at a MHz
frequency range. It is important to mention that by scaling
down the dimensions of the resonator, the resonant frequency
increases ab/R? (b—film thicknes$ while \ decreases as
R~2 making the thermoelastic drive even more effective for
smaller devices.

A typical spectrum of a baréo resistive heated0 um

FIG. 2. (Color Optical DIC image of a polysilicon dome resonator, radius ; : ; : plaser
R=20 um, thicknessb=200 nm, apex riséa~900 nm(a). A dome reso- diameter dome obtained using the laser drl\mlmﬁu'ated

nator(same dimensionsvith microfabricated resistive heatén). Scale bars = 30 uW) is presented in Fig. 3. Different devices, fabri-

correspond to 1Q«m. cated in a single run demonstrate the position of the resonant
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70l " T T ' T tion. A dc, or low-frequency, actuator based on the shell

>1 60 geometry is feasible but would require specific applications.
< 50.] 2 Operating the micromechanical shell structure as an acoustic
g ; resonator by modulating the applied stress provides the ma-
% 40- jor advantages of low excitation power and extended fre-
3 30 - quency range. All-optical operation of a shell resonator, de-
E 20 1 scribed in this letter, can be utilized in sensing applications
>°- 10 - with an enclosed testing volume. Design of a dome resona-

0] tor, which would combine low power, low voltage, thermal-

T T T v T v T T T isti i i iti i i-
8.'60 8.;5 1 862 863 864 865 re3|st|ve_ actu_at|on with cgpacﬂwe detection of the mechar_u
cal motion, is currently in progress. Such an all-electric
Frequency, MHz device, compatible with complementary metal—-oxide—
semiconductor technology is expected to have a wide range

FIG. 4. Resonant peak corresponding to the mode of the vibrations of ~ of applications in rf signal processing.
the dome acquired by microheater actuation with ac excitation p&yer

=10uW and dc power offsetPy=12uW for resonance 1 andP The authors are arateful to Dan RuddBM) for the

=200uW for resonance 2. Peak shift caused by dc heating corresponds tg. . . 9 . (_3( ) . .

the tuning rate- 3 Hz/uW. iscussion that triggered this research and to Bojan llic and
David Czaplewski for help with fabrication. This work was
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