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Abstract: An optically thin resonator suspended over éaser is focused on the center of the beam. Thectefl
substrate and illuminated with a laser forms asignal is measured with a high speed photodiode and
interference field that couples deflection of theanalyzed on a spectrum analyzer (see Figure 1). The
resonator to absorption within it. For high enolgber beam-gap-substrate system forms a Fabry-Pérot
powers, such resonators have been shown to heerferometer. As center of the beam deflects, the
interferometrically transduced to stable oscillaticdue amount of absorption and thus heating changeslokor

to the feedback between heating and deflection. Thaser power, the beam will deflect statically, Hat
coupling between thermal stresses, deflection, ambR,, static deflection becomes unstable and the beam
absorption is the driving mechanism of suctwill begin to self-oscillate. Modéefs®® of these
oscillations. In this work we study the deflectiofi oscillations have been analyzed to determine the
doubly supported micro-beams under steady statlreshold power for self-oscillation, but little vkohas
heating, and illustrate the role of thermal strasmgl been done to understand the thermal-mechanical
deformation of the beam supports on deflection an % Spectrum|
ultimately on the laser power level needed to imduc Shiota] Linalyzer
stable oscillations. Diode J
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1. Introduction: Due to their sharply peaked resonanci
curves and high operating frequencies, resonag
microelectromechanical systems (MEMS) have bee
integrated with traditional electronics in the pdstade
and used in signal processig and sensing
application§!. MEMS beams are typically fabricated
out of thin silicon films and driven using electiatic ~ Figure 1: Side view of a MEMS resonator illuminated
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Table 1: Material properties used in FEM analyses

actuatiof!. This actuation

technique
externally modulated drive signal and conductiweta
fabricated on the device which add unwanted dampin
Interferometric transduction is a technique whigirts

requires arr

Property S SO, with a laser to fqrm a Fabry-Pérot in_terferometelnimh

o [kg/m] 2420 2200 couples absorption to center deflection.

v 0.279 0.17 mechanism responsible or to systematically study
E [GPa] 130 70 parameters in the models. Interferometric transdoct

or [KT] 2.5x10° | 0.5x10° depends on the feedback between heating and
K [W/m*K] 170 1.38 displacement, yet a beam theory model for an Ihitia

C [J/kg*K] 712 1120 straight beam would suggest that there would beuto

of plane displacement due to heating in a doubly
supported beam until the buckling load is reached.
imple analysis shows that through thickness
temperature gradient in the beam is negligible thois
ending moment would occur. Furthermore, for device
tudied here radiation pressure produces deflection

these drawbacks and can be used to induciﬁ e order of 10A, insufficient to drive the motion. To

oscillation® .

In laboratory experiments,
mounted in a vacuum chamber evacuated ta®<abBarr

samples

ifvestigate the cause of this deflection, we bailiihite

ar(%Iement method (FEM) model of a doubly-supported

eam subject to steady state heating at its ceviter.

to reduce viscous damping and an unmodulated (CVEZOW that deflection due to heating comes from
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mpressive stresses at the beam’s support, and
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illustrate the importance of this deflection inwvilng zero flux is specified along the top and symmetry
opto-thermal limit cycle oscillations. surfaces and a 1mW equivalent flul, is applied to
the beam center cross-section (see Figure 2). tRatel
2. Thermal/Structural FEM Modeling: Our analysis mW is representative of the power levels used in
models doubly clamped beams of length [7,10,15 & 2@xperiments. To incorporate the effects of presstran
um, fabricated out of silicon-silicon dioxide-silied©SOl  equivalent step displacememty,, is applied to the
wafers, and measured to be 201 nm thick apth2vide center cross-section. The top surface is free, taed
with 2 um of undercutting. First vibration mode bottom, side and back constrained to prevent
resonant frequencies were measured to be [17,80, Stranslations and rotations of the model. A mesh
3.6] MHz respectively using a set-up schematicallgonvergence study ensures displacements are V##in
depicted in Figure 1. FEM analysis of the structuaad of the true results. Material properties used ested in
resonant frequencies indicates the presence of PB5MTable 1.
compressive pre-stress in the devices, an unaveidab The analysis proceeds in two steps. First, the
byproduct of the SOI wafer fabrication process. temperature field T(x,y,z) is computed. Then the
An FEM model of each beam is builttemperature is input into the structural analystsciv
incorporating a large portion of the surroundingcomputes the resulting thermal strains and defaomat
substrate. Quarter symmetry is used to reduce the

computational burden. Since devices operate inwacu 3. Results: Interferometric transduction depends on the
top: free T feedback between heating and displacement. However,

an Euler-Bernoulli beam theory model of heatingam

initially straight doubly supported beam would sesgg

that there is no out of plane displacement in thani

| before thermal buckling, regardless of the tempeeat

Ay = Ays, thus that heating and displacement are uncoupfed. |
at Flux:0qf realized in a model of interferometric transductitims

‘ idea would suggest that self-oscillation is not gilole

until the laser power is high enough to thermaligiie

the beam at which point greater compressive sttess

to heating would arch the structure, coupling

displacement to heating.

FEM analysis shows deflection due to heating
before thermal buckling as a result of two competin
Figure 2: Material assignments as well as thermatia forces. As has alreel_<1:ie}]/ been noted in a similarysafd
structural boundary conditions. c_a_ntlle\_/ered bea_uﬂ% , the thermal conducp_v_lty of

silicon is much higher than that of the underlysilicon
and temperature changes are small, convective apgide. As a result, temperature changes are largely
radiative heat loss is negligible. The laser pouwr confined to the device layer causing large vertical
assumed to be absorbed evenly throughout the #8skn thermal gradients at the interface of the devigerdand
of the deVice, and the substrate outside of theemo%xide |ayer near the Support_ These thermal grmien
region is assumed to be an infinite heat sink. T |ead to differing horizontal strains in the devieger
temperature is specified (T=0) on the bottom anési and oxide layer. The mismatch in thermal expansion

bottom: S
Az=0, T=0

Support e L

(a) Temperature (b) Displacement (UZ)

Figure 3: Results of steady state thermal and small déflestructural analyses for 7um beam. Temperaiture
degrees Kelvin above ambient is given in (a) anticad displacement in meters is given in (b).



coefficients between the two layers (see Tablediisdo frequency of the device, and length is normalizedhe
this effect to create a bending moment that temds laser wavelength:

rotate the beam downwards towards the substrate.
However, in doubly supported beams compressive . Z

stresses across the length of the device due tinhea Z+ 0 + (1= CDz+pz> = DT

has the opposite effect. Note that pre-stressdrdévice T = —BT 4+ HP[a + y sin?(2n(z — 2,))]
causes compressive stresses at the support. Siace t

device layer is joined to the underlying oxide laye The variable z is the normalized center displacémen
shear stresses develop along the bottom side of thgd T is the average temperature in the devicehén
device layer in the region of the support. Thesesses, mechanical equation, the parameter Q is the meclani
offset from the beam centerline, tend to arch teanb quality factor, C gives the frequency dependence on
up away from the substrate. Heating of the bearse=au temperaturep is the cubic stiffness due to membrane
further compressive stress due to thermal expansigfresses, and D is the thermo-mechanical couglnte
which amplifies this affect. For the beams studié® that the DT term in the mechanical model givesdtire
thermal compressive force dominates, causing thfsplacement due to heating. In the thermal eqnafio
beams to arch away from the substrate when heatgglthe cooling rate due to conduction, H is theeise of
Given our assumptions of small displacement lineape lumped thermal mass and P is the laser povher. T
thermoelasticity, the displacement due to heatiyv§ parameters,y and z describe absorption in the device
linearly with temperature. We define the thermogue to the interferometric effect depicted in Fagur.

mechanical coupling of the beam as Parameters are fit using a combination of expertaien
results, analytic calculations, and FEM modeling.

D= UZ center Equilibrium and periodic solutions of the

Tove model are calculated using the numerical contionati

tool AUTO2006*%. Numerical continuation allows us
where UZener iS the vertical component of theto efficiently determine whether self-oscillatiors i
displacement at the center of the beam, agdid the possible in the model for a given laser power. A
average temperature above ambient in the beam. Notgpresentative bifurcation diagram is given in Fagé
that in calculating the coupling, we include onhet using parameters calculated for theuh® beam listed in
displacement due to heating, and not the portitdu Table 3.

pre-stress. See Figure 3 for an illustration of résults Note the presence of hysteresis loops, a

and Table 2 for a list of calculated thermo-mecbtani phenomenon which is seen experimentéllyAs the

coupling values. laser power is increased from zero, we reach a powe
Length [um] | 7 10 15 20 (P4) at which the beam spontaneously goes into self-
D [pm/K] 258 | 351 | 5.08| 6.48 oscillation at a finite amplitude. Once vibratinthe

oscillation will continue as the power is reducediluat

] ) a lower power (P vibration ceases. We also see that
Table 2: Thermo-mechanical coupling of beams by

length Parameter Value Parameter Value
Q 10,900 o, | 5.0 [MHZ]
4. Quas-Static Modeling of Self-Oscillation: H 5,570 [K/W] B 0.112
Variations of the same quasi-static model for self- @ 0.035 Y 0.011
oscillation have been presented befdf&! and p 6.72 . c 0.0159 [K]
analyzed in the context of specific devices: beams, D 8.04x10° [K] P Variable

disks, domes, etc. Further motivation and detailshe
derivation are available in the references, andhia
work we simply present the model in order to illest despite the low thermo-mechanical coupling of
the effect of direct displacement due to heatingelfr ~5[pm/K], direct displacement due to heating reduce
oscillation. Although beams have displacements th#he power at which we first see self-oscillation)(By a
vary in space, the first vibration mode is assurard factor of ~3.5, and the lowest power for which self
the displacement of the center of the beam is neald@s oscillation is possible (B by a factor of ~30. This effect

a one degree of freedom oscillator. The average more pronounced for shorter beams which have
temperature in the device is modeled using a lumpdudgher buckling loads.

thermal model. The absorption is assumed to bedgberi

in half the wavelength of the laser. Model equatiare

given below, where time is normalized by the resbna

Table 3: Model parameters for 15um beam
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Figure 4: Numerical continuation of periodic solutions.liidines represent stable motions, dashed lingsesent
unstable motions. Without direct displacement dueeating, self-oscillation does not occur unti fhser power is
P=44mW slightly greater than the power at which the beamnkles, P=28mW. Direct displacement due to hgatin
reduces the power at which oscillation is firstrsé@,) and the reduces the lowest power for which cailh is
possible (I.)

Electrostatic Operation of Single-Crystal Silicoadéle
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