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Frequency-tunable micromechanical oscillator
M. Zalalutdinov,a) B. Ilic, D. Czaplewski, A. Zehnder, H. G. Craighead, and J. M. Parpia
Cornell Center for Materials Research, Ithaca, New York 14853-2501

~Received 8 June 2000; accepted for publication 18 September 2000!

An experimental method, employing a scanning tunneling microscope~STM! as an actuator and a
scanning electron microscope~SEM! as a motion detector, was developed to study
microelectromechanical systems~MEMS! 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.
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Micromechanical oscillators are the basic componen
numerous devices, such as scanning probe microscop1,2

ultrasensitive magnetometers,3,4 electromechanical filters,5,6

and mass sensors.7 A fixed resonant frequency limits the ap
plicability of microelectromechanical systems~MEMS!. For
example, integrated tunable highQ filters could significantly
reduce size and power consumption of telecommunica
devices.5 A broadband variable frequency micromechani
oscillator could form the basis of a micromechanical sp
trum analyzer. Magnetic resonance force microsco
~MRFM!2,8 could also greatly benefit from development o
tunable cantilever detector.

These applications motivate efforts to achieve a bro
band tunable micromechanical oscillator. Recently, a f
percent tuning of the resonant frequency of MEMS devi
was realized by applying a dc voltage between the mov
structure and the fixed base to modify the effective spr
constant.6,9 Stowe et al.10 used the van der Waals force
proximity of a surface to change the resonant frequency o
ultrathin cantilever~spring constant,k;1026 N/m) by a fac-
tor of three. However, the low spring constant precludes
operation of the device at high-frequencies where tuna
resonators are most desirable.

In this letter, we demonstrate that the resonant freque
can be altered by 300% by applying to the mechanical os
lator a local driving force and constraint. Fine tuning can
achieved by moving the constraint location. We believe t
concept can be successfully applied to very small and h
frequency MEMS oscillators.

The cantilevers were fabricated from low-stress silic
nitride. Prior to loading into the scanning tunneling micr
scope~STM! chamber the cantilever surface was coated w
a 15 nm Au–Pd alloy to provide good tunneling condition
Data obtained with 22532030.6mm and 200320
30.6mm cantilevers is presented in this letter.

Our experimental setup to excite and detect cantile
oscillations is sited in an ultrahigh vacuum~UHV! version of
a JEOL 4500XT STM, combined with a scanning electr
microscope~SEM!. The tungsten tip of the STM engaged
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the cantilever surface was used as a point-like actuator, v
small ac voltage applied to thez piezoelectrode to drive the
STM tip with ,0.1 nm amplitude in the direction perpen
dicular to the surface.

The motion is detected by scanning the SEM elect
beam across the edge of the cantilever and analyzing
yield of the secondary electrons~video signal!. The incident
electron beam is tilted at 45° to the cantilever surface, s
the electron beam crosses the edge while the cantileve
oscillating out-of-plane, the video signal is modulated at
drive frequency with an amplitude corresponding to the d
ference in the intensity of the secondary electrons emi
from the cantilever surface or base material. The elect
beam is scanned linearly~8 s for a single scan, at least te
scans are used for averaging! over a distance greater than th
motion of the cantilever edge. Thus the ac componen
observed on the video signal only during the portion of t
scan when thee-beam intersects the cantilever edge. Duri
thee-beam scan the spectrum analyzer repeatedly sweep
STM drive frequency through the resonance in 0.4–0.8 s
accumulates the spectrum of the video signal. The posi
of the peak in the resulting spectrum provides the reson
frequency of the cantilever oscillations. The height of t
accumulated resonance peak should be roughly proporti
to the fraction of the time of thee-beam scan, during which
the ac component is present on the video signal, i.e., to
amplitude of the mechanical motion of the cantilever. It
possible to map the deflection of various MEMS structu
by focusing the electron beam at a series of points along
edge of the moving object. This method can be considere
complementary to the laser Doppler vibrometry techniqu11

and is indispensable for sub-mm-size structures.
Figures 1~a! and 1~b! show the STM tip engaged at dif

ferent locations along the cantilever. Figure 1~c! shows mea-
sured frequency spectra of the video signal. Spectrum~a!
was obtained with the STM engaged at the ‘‘fixed’’ end
the cantilever@Fig. 1~a!#. The tip acts as a conventional p
ezodrive and excites oscillations with the free cantilev
eigenfrequency (f 059.69 kHz). Spectrum~b! for the tip po-
sitioned in Fig. 1~b! ~the STM tip is 45mm from the canti-
lever base!, shows a sharp resonance shifted tof *
7 © 2000 American Institute of Physics
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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513.78 kHz and illustrates the concept of the positio
dependent eigenfrequency of the cantilever.

Although the two resonance peaks in Fig. 1~c! have the
same quality factor (Q;5000), at many locations along th
cantilever the width of the shifted resonance peak increa
We attribute the degradation ofQ to the local variation of the
surface contamination layer that acts as a damped spring
tween the STM tip and the cantilever. Research to und
stand the role of surface conditions on the cantileverQ is in
progress.

Figure 2 shows the shift of the resonant frequency a
function of the STM tip position.PNORM is the oscillation
period normalized by the period of the free cantilever a

FIG. 1. Scanning electron micrographs~scale bar corresponds to 10mm! of
the silicon nitride cantilever with the STM tip engaged at the base~a! and 45
mm away from the base of the cantilever~b!. Plot ~c! shows the correspond
ing resonant peaks acquired from the intensity of the secondary elec
~video signal!.
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LNORM is the distance from the STM tip to the free en
~active length! divided by the cantilever length. A continu
ously variable threefold increase of the resonant freque
without significant decrease of the amplitude of the cant
ver vibration was detected as the STM was displaced tow
the middle of the cantilever. Beyond the midpoint we fou
it difficult to excite and detect oscillations.

We attribute the observed frequency shift to a modific
tion of the modes of the oscillator. At the point where t
STM tip is engaged, the amplitude of the cantilever motion
restricted to less than 0.1 nm, in effect imposing an ad
tional node that changes the boundary conditions and s
the eigenfrequency. The beam deflection,u(x,t) is governed
by the equation of motion12

EI
d4u

dx4 1rA
d2u

dt2
50, ~1!

whereE is the flexural modulus,I the moment of inertia,r

FIG. 3. Deflection curve,DNORM normalized to the signal amplitude from
the free end of the cantilever for the 200mm cantilever with the STM tip
engaged 51mm from the base~tip location is indicated by the arrow!. The
solid line shows the calculated deflection, and experimental points repre
the normalized height of the resonance peak on the spectrum of the v
signal.

ns

FIG. 2. Experimental data points and result of the calculations~dashed line!
for the period of oscillations as a function of the STM tip position. T
periodPNORM and active lengthLNORM are normalized by the period of the
free cantilever and the full length of the cantilever correspondingly.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



a

-

ld
ne

p
h
th

ac
M

ro
e

e
t it
an

he
ith

en-

d-
on
e
-
.

e

ns

a-
.
ive
m-

f a
so-

a-
-

the
al

g-

and

and

H.

nt.

nd

G.

.

.

3289Appl. Phys. Lett., Vol. 77, No. 20, 13 November 2000 Zalalutdinov et al.
the density, andA the cross sectional area. Assuming
steady state responseu(x,t)5V(x)eivt, yields an equation
for V(x):

d4V

dx42s4V50, ~2!

where

s45
rA

EI
v2.

For a cantilever of lengthL and a node located athL from
the base of the cantilever (0<h<1), V1(x) describes the
deflection for x<hL, while function V2(x) describes the
deflection forx>hL. The full set of eight boundary condi
tions is:

V1~0!5V18~0!50 zero displacement and slope

at the fixed end

V1~hL !5V2~hL !50 zero displacement at the STM

tip ~node!

V18~hL !5V28~hL ! matching the slope at node

V19~hL !5V29~hL ! matching the curvature or bending

moment at node

V29~L !50 zero moment at the free end

V29~L !50 zero shear force at the free end.

The general solutions of Eq.~2! are

V1~x!5A1 cos~sx!1B1 sin~sx!1C1 cosh~sx!

1D1 sinh~sx!, ~3!

V2~x!5A2 cos@s~x2hL !#1B2 sin@s~x2hL !#

1C2 cosh@s~x2hL !#1D2 sinh@s~x2hL !#.

~4!

Substitution of Eqs.~3! and~4! into the boundary conditions
leads to a matrix equation for the coefficientsA1 ,B1 , –D2 .
Solving the resulting nonlinear eigenvalue problem yie
the period versush, the position of the node. The dashed li
in Fig. 2 shows the calculated result, which forLNORM51
2h.0.45 replicates the almost linear dependence of the
riod as a function of the normalized cantilever length. T
calculations do not involve any fitting parameters and
agreement with the data is excellent.

Further comparison with the theoretical model was
complished by acquiring the deflection curve at a fixed ST
tip location, 51mm from the base of the 200mm cantilever.
Spectra were acquired by shifting the focus of the elect
beam to different points,x, along the cantilever. We plot th
Downloaded 17 Feb 2002 to 132.236.61.16. Redistribution subject to A
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normalized displacement,DNORM against the position,
XNORM5x/L, of the electron beam. The amplitude of th
cantilever vibrations at its free end is large enough so tha
appears blurred on the SEM and can be used to provide
order of magnitude~200 nm! for the absolute value of the tip
deflection shown in Fig. 3. The solid line in Fig. 3 shows t
excellent agreement of the calculated deflection curve w
the experimental data.

The theoretical model can provide guidance for the g
eral case when a well-localized boundary condition~not nec-
essarily a node! constrains the mechanical oscillator, provi
ing a tuning mechanism. Our current implementati
involving the STM tip is an illustration of this concept. Th
resonant frequencyf 0;104 Hz was dictated by the band
width of the high-voltage amplifier for the STM piezodrive
Applicability of the SEM detection method is limited by th
video amplifier bandwidth (f ;106 Hz). The basic principle
of the local constraint could be scaled down to dimensio
comparable with the STM tip radius~1–100 nm!. We believe
that tunable micromechanical oscillators will provide the b
sis for the realization of solutions for diverse applications

In conclusion, we have developed a new method to dr
and detect the motion of micromechanical oscillators, e
ploying a STM and a SEM combination. The concept o
local drive force and constraint allows the cantilever re
nance to be tuned over a 300% frequency range.
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terials Research~CCMR!, supported by the NSF under Con
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