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Frequency-tunable micromechanical oscillator
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An experimental method, employing a scanning tunneling micros¢8pk) as an actuator and a
scanning electron microscop€SEM) as a motion detector, was developed to study
microelectromechanical systefdEMS) and has been applied to study microfabricated cantilever
beams. Vibrations actuated by an ac voltage applied to the piezodrive are transferred to the sample
by the STM tip, which also provides a constraint at the drive location, altering the fundamental
mode of the oscillation. A continuous change in the resonant frequency of the cantilever is achieved
by varying the position of the STM tip. In contrast to the few percent tunability previously
demonstrated for MEMS oscillators, we have varied the cantilever frequency over a 300% range.
© 2000 American Institute of PhysidsS0003-695000)03146-§

Micromechanical oscillators are the basic component othe cantilever surface was used as a point-like actuator, via a
numerous devices, such as scanning probe micros¢dpessmall ac voltage applied to thepiezoelectrode to drive the
ultrasensitive magnetometet$ electromechanical filted®  STM tip with <0.1 nm amplitude in the direction perpen-
and mass sensofsA fixed resonant frequency limits the ap- dicular to the surface.
plicability of microelectromechanical systerM®dEMS). For The motion is detected by scanning the SEM electron
example, integrated tunable highfilters could significantly beam across the edge of the cantilever and analyzing the
reduce size and power consumption of telecommunicatiogield of the secondary electroitgideo signal. The incident
devices. A broadband variable frequency micromechanicalelectron beam is tilted at 45° to the cantilever surface, so if
oscillator could form the basis of a micromechanical specihe electron beam crosses the edge while the cantilever is
trum analyzer. Magnetic resonance force microscopyscillating out-of-plane, the video signal is modulated at the
(MRFM)?® could also greatly benefit from development of adrive frequency with an amplitude corresponding to the dif-
tunable cantilever detector. ference in the intensity of the secondary electrons emitted

These applications motivate efforts to achieve a broadfrom the cantilever surface or base material. The electron
band tunable micromechanical oscillator. Recently, a fewhbeam is scanned linearl s for a single scan, at least ten
percent tuning of the resonant frequency of MEMS devicescans are used for averagjirayer a distance greater than the
was realized by applying a dc voltage between the movingnotion of the cantilever edge. Thus the ac component is
structure and the fixed base to modify the effective springbserved on the video signal only during the portion of the
constanf? Stoweet al!® used the van der Waals force in scan when the-beam intersects the cantilever edge. During
proximity of a surface to change the resonant frequency of athe e-beam scan the spectrum analyzer repeatedly sweeps the
ultrathin cantileve(spring constants~10"°N/m) by a fac-  STM drive frequency through the resonance in 0.4—0.8 s and
tor of three. However, the low spring constant precludes thgiccumulates the spectrum of the video signal. The position
operation of the device at high-frequencies where tunablgf the peak in the resulting spectrum provides the resonant
resonators are most desirable. frequency of the cantilever oscillations. The height of the

In this letter, we demonstrate that the resonant frequenc¥ccumulated resonance peak should be roughly proportional
can be altered by 300% by applying to the mechanical osciltg the fraction of the time of the-beam scan, during which
lator a local driving force and constraint. Fine tuning can behe a¢ component is present on the video signal, i.e., to the
achieved by moving the constraint location. We believe thissmplitude of the mechanical motion of the cantilever. It is
concept can be successfully applied to very small and highpossible to map the deflection of various MEMS structures
frequency MEMS oscillators. by focusing the electron beam at a series of points along the

The cantilevers were fabricated from low-stress siliconggge of the moving object. This method can be considered as
nitride. Prior to loading into the scanning tunneling micro- complementary to the laser Doppler vibrometry techntgue
scope(STM) chamber the cantilever surface was coated withynq is indispensable for sym-size structures.

a 15 nm Au_—Pd aIIo_y to provide good tunneling conditions.  Figyres 1a) and Xb) show the STM tip engaged at dif-
Data obtained ~with 22820x0.6um and 200¢20  ferent locations along the cantilever. Figure)ishows mea-
x0.6pum cantilevers is presented in this letter. . sured frequency spectra of the video signal. Specttam

Our experimental setup to excite and detect cantilevegas optained with the STM engaged at the “fixed” end of
oscillations is sited in an ultrahigh vacuutdHV) version of  the cantilevefFig. 1(a)]. The tip acts as a conventional pi-

a JEOL 4500XT STM, combined with a scanning electrong,qgrive and excites oscillations with the free cantilever
microscopgSEM). The tungsten tip of the STM engaged at eigenfrequencyfi,=9.69 kHz). Spectruntb) for the tip po-
sitioned in Fig. 1b) (the STM tip is 45um from the canti-
3Electronic mail: maxim@ccmr.cornell.edu lever basg shows a sharp resonance shifted &
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FIG. 2. Experimental data points and result of the calculatidashed ling

for the period of oscillations as a function of the STM tip position. The
period Pyorw @nd active length yorm are normalized by the period of the
free cantilever and the full length of the cantilever correspondingly.

Lnorwm IS the distance from the STM tip to the free end
(active length divided by the cantilever length. A continu-
ously variable threefold increase of the resonant frequency
without significant decrease of the amplitude of the cantile-
ver vibration was detected as the STM was displaced toward
the middle of the cantilever. Beyond the midpoint we found
13.6 13.7 13.8 it difficult to excite and detect oscillations.

T - T We attribute the observed frequency shift to a modifica-
10 a tion of the modes of the oscillator. At the point where the
STM tip is engaged, the amplitude of the cantilever motion is
81 § restricted to less than 0.1 nm, in effect imposing an addi-
9.69 kHz 13.78 kHz . . .
. tional node that changes the boundary conditions and shifts
o 61 . the eigenfrequency. The beam deflectio(x,t) is governed
g by the equation of motidh
S 4 :
El d'u + Adzu 0 1
24 - dx* P T @
0 . . whereE is the flexural modulusl, the moment of inertiap
9.6 9.7 9.8 9.9
f, kHz
FIG. 1. Scanning electron micrograpfszale bar corresponds to 1n) of 1.0 7
the silicon nitride cantilever with the STM tip engaged at the fasand 45
um away from the base of the cantilev®y. Plot(c) shows the correspond- 0.8 o
ing resonant peaks acquired from the intensity of the secondary electrons
(video signal. 0.6 |
z @
2
=13.78kHz and illustrates the concept of the position- Q041 .
dependent eigenfrequency of the cantilever.
Although the two resonance peaks in Figc)lhave the 021 i
same quality factor@~5000), at many locations along the Sl i

cantilever the width of the shifted resonance peak increases. . . ' ' '
We attribute the degradation Qfto the local variation of the 0.0 0.2 0.4 0.6 0.8 1.0
surface contamination layer that acts as a damped spring be-
tween the STM tip and the cantilever. Research to under-
stand the role of surface conditions on the cantileyes in FIG. 3. Deflection curveD yory Normalized to the signal amplitude from
progress. the free end of the cantilever for the 2@@n cantilever with the STM tip

Figure 2 shows the shift of the resonant frequency as §"929ed 5km from the basétip location is indicated by the arrgwThe
. . " . I solid line shows the calculated deflection, and experimental points represent
function of the STM tip positionPyorw IS the oscillation the normalized height of the resonance peak on the spectrum of the video
period normalized by the period of the free cantilever andsignal.
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the density, andA the cross sectional area. Assuming anormalized displacementDyory against the position,
steady state responsgx,t)=V(x)e'“!, yields an equation Xyorm=X/L, of the electron beam. The amplitude of the

for V(x): cantilever vibrations at its free end is large enough so that it
g4 appears blurred on the SEM and can be used to provide an
P s*v=0, 2 order qf magn|tud.é20_0 nm) for the gbs.olu.te vglue of the tip
deflection shown in Fig. 3. The solid line in Fig. 3 shows the
where excellent agreement of the calculated deflection curve with
the experimental data.
54:ﬁw2_ The theoretical model can provide guidance for the gen-
El eral case when a well-localized boundary condifioot nec-

For a cantilever of length and a node located aiL from essarily a nodeconstrains the mechanical oscillator, provid-
the base of the cantilever €y<1), V,(x) describes the ing a tuning mechanism. Our current implementation
deflection forx= 7L, while function V,(x) describes the involving the STM tip is an illustration of this concept. The
deflection forx= L. The full set of eight boundary condi- resonant frequencyo~10'Hz was dictated by the band-

tions is: width of the high-voltage amplifier for the STM piezodrive.
Applicability of the SEM detection method is limited by the
V1(0)=V(0)=0 zero displacement and slope video amplifier bandwidth f(~ 10° Hz). The basic principle
at the fixed end of the local constraint could be scaled down to dimensions

comparable with the STM tip radif&—100 nm. We believe
that tunable micromechanical oscillators will provide the ba-
tip (node sis for the realization of solutions for diverse applications.

V(L) =Vi(7L) matching the slope at node In conclusion, we have developed a new method to drive
and detect the motion of micromechanical oscillators, em-
ploying a STM and a SEM combination. The concept of a
moment at node local drive force and constraint allows the cantilever reso-
nance to be tuned over a 300% frequency range.

Vi(nL)=V,(yL)=0 zero displacement at the STM

Vi(nL)=V3(nL) matching the curvature or bending

V5(L)=0 zero moment at the free end

Vi(L)=0 zero shear force at the free end. This work was supported by the Cornell Center for Ma-
terials ResearchlCCMR), supported by the NSF under Con-
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