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Decrease of the resonance bandwidth of micromechanical oscillators
by phase control of the driving force
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A method for controlling the amplitude response of micromechanical oscillators is presented. The
micromechanical oscillator is driven by two forces acting both in phase, a fixed sinusoidal force and

a feedback force whose amplitude depends on the phase shift. This dependence exhibits a
pronounced maximum when the phase shift is 90°, i.e., at the resonant frequency. Experiments
performed with a microcantilever prove that this class of active control decreases the bandwidth of
the amplitude response about two orders of magnitude. The noise of the microcantilever, mainly of
a thermal nature, is not increased at resonance, and it is moderately increased at both sides of the
amplitude peak. Moreover, the noise can be tuned by adjusting the ratio between the two driving
forces. © 2003 American Institute of Physic§DOI: 10.1063/1.1571228

There is an increasing interest in systems based on mkor sinusoidal movement of the cantilever, the feedback
cromechanical oscillator@MMOs) and nanomechanical os- driving force is proportional to the oscillator velocity, partly
cillators for communications, small force detection, andcanceling the damping force and giving a higher effective
ultrasensitive biochemical sensdrghus, resonating micro- quality factor Q¢)- The price to pay for the enhanced sen-
cantilevers are used for sensitive mapping of attractive anditivity is that (i) the oscillation amplitude is also increased
repulsive forces at nanometer scale in atomic forceaccordingly, so the amount of feedback that can be applied is
microscopy’ for ultrasensitive nanomechanical biosensors, jimited by the maximum amplitude tolerated by the system,
for charged-particle detectidhand in detectors of gravita- (i) the thermal noise is amplifiedd;/Q)¥2 times?*% and
tional waves to name a few applications. A commonly em- (iji) the time needed to reach the steady oscillation is propor-
ployed scheme is the excitation of the MMO by applying ational to Q., making the measurement slower.
sinusoidal driving force, and the monitoring of the oscillation Here, we present a different control to decrease the

changes due to the interaction between the MMO and thgngyigth of the MMO amplitude response, which does not
near environment. The measurement of the oscillation can bre

; d byt thod h litud rbcﬁcessarily increase the amplitude of the oscillation, it pro-
p;:r orn:e Ythwo me tot S,tr?nejmeas%cres et "’;an' ude a : ces a tolerable increase of the oscillator noise that can be
phase fag with respect to the driving force at the resonariuned, and it does not affect the MMO constant time to reach
frequency(or neaj, and the other method measures the reso- N . . .

. ..~ the steady oscillation. Briefly, the concept is to drive the
nant frequency, that is, the frequency where the oscillation is_~ . . . . .
. . cantilever with two forces, both in phase, one is a fixed sinu-
out of phase with respect to the driving force. Independently

of the method employed, the sensitivity of the detection isSOidaI force Foe'*") that allows measuring the phase shift,

proportional to the quality factor), or more precisely, is the second is a feedback for&_aelwt with an emphtude Q
inversely proportional to the MMO bandwidth response. Inthat depends on the phase shift of the oscillatiph having
fact, both magnitudes are directly related through the expre Pronounced maximum when the phase shift is 90°, that is,
sion Q=1.74f,/Af,,, wheref, is the resonant frequency at the resenant frequency. The frequency dependence of the
andAf,, is the bandwidth at which the amplitude decays to@MPplitude isA(w) = x(w)[Fo+C(¢)], wherey is the mod-
the half. The quality factor is determined by the internalule of the harmonic oscillator transfer function anal
losses of the MMO and the viscous damping between th& 27f. The phase shift response of the harmonic oscillator
MMO and the environment. The operation of MMOs in lig- is not affected as both driving forces are acting in phase.
uid environments and microfabrication in soft materials such ~ To test the concept, we chose a system composed of a
as polymers are representative cases, in which @hés microcantilever(Digital Instruments, Veegavhose displace-
low.%” Moreover, microelectromechanical systems are evolvment is measured with subnanometer resolution by using the
ing to nanometer dimensions emerging dissipation phenonwell-known optical beam deflection method. The microcan-
ena due to the high surface-to-volume rétfo. tilever was coated with a 25 nm thick layer of cobalt on both
Recently, methods have been developed to change trsides to allow magnetic excitation and the experiments were
effective quality factor by using a mixed driving force com- performed in air. The nominal spring const&without coat-
posed of a fixed sinusoidal component and a feedback conirg) and the experimental resonant frequency were 0.05 N/m
ponent proportional to the MMO oscillation shifted 9091 and 21440 Hz, respectively. The feedback driving force is
produced by a function generator whose output is controlled
“Author to whom correspondence should be addressed; electronic maiPy & Personal computer. The transfer function chosen for the
jtamayo@imm.cnm.csic.es feedback was
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FIG. 1. Amplitude of a microcantilever as function of the driving frequency
without (dotted line,G=0) and with phase control fo& equal to 10 and 21100 P Tio - iimo P )
300. The measurements were performed in air. Frequency (Hz)
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FIG. 2. (a) Average(dotted ling and rms(solid line) of the amplitude as a
Clp)= Ffbe_G cos @ (1) function of the driving frequency(b) Average(dotted ling and rms(solid
line) of the amplitude as a function of the driving frequency when the phase
. . . . control is applied forG equal to O(that is without phase contiollO and
This function displays a pronounced maximum at reso-300. Fifty measurements per driving frequency were taken to calculate the

nance(o=90°) where the feedback driving forcefg, and it ~ mean and rms values.
exponentially decays at frequencies off resonance. For sim-

p||C|ty, this active control will be so-called phase control. magnitude of the thermal force can be approximated as
Figure 1 shows the experimental frequency dependencgr, = (2kkyTB/ wQf,)¥2 wherek is the spring constant,
of the amplitude for two values o&. From the measure- k; is the Boltzmann constant, anfl is the temperatur
ments without feedbactdotted line in Fig. 1 a quality fac-  Thus, the mean and rms values of the amplitude are the
tor of about 67 was determined, which corresponds with &roduct of the module of the transfer function of the oscilla-
bandWidthAf1/2=560 Hz. For the correct performance of the tor (X) and the driving force andFth respectiveiy_ The am-
phase control, a small sinusoidal driving ford&) was ap-  plitude noise exhibits a more complex behavior when the
plied that gave a root-mean-squdrens) amplitude of 0.12  phase control is appliekFig. 2(b)]. The noise is not signifi-
nm at resonance, allowing the phase shift measurement. Th@ntly increased near resonance and it exhibits two maxima
bandwidth of the resonance peak decreased to 84 Hz and I¢hen the amplitude falls to about 40% of the peak value.
Hz for G equal to 10 and 300, respectively. Note that this  Since the phase-controlled driving force is a function of
active control allows narrowing of the resonance peak bythe phase shift of the oscillation, there are now two sources
ianeaSingG without ianeaSing the oscillation amplitude, of noise in the ampiitude7 one is the cantilever motion pro-
and hence it can works with small oscillation amplitudes Ofduced by the k|Ck|ng thermal forces, and the other arises
~0.1 nm as it is shown in Fig. 1. The frequency dependenc@om the phase fluctuations. The amplitudeAigw) = x(w)
of the phase shift is not affectédata not shown The effect X[Fo+ Fg,exp(—G cog ¢)], thereby, the amplitude noise
of G on the oscillator bandwidth can be analyzed by makingcan be split into two termsA= y(w) SFy+ (dA/de) Se.
a few simplifications. Firsty(w)=x(wo)=Q/k, owing to  Since the dominant source of noise is the Brownian cantile-
the frequency variation of, is negligible with respect to ver motion, the phase fluctuatiafp is produced by the in-
C(¢) at resonance, and second, @@saround resonance can coherent thermal forcedF,,, which act equally in and out
be approximated asQ(f—fo)/fo. Thus, the bandwidth of of phase with respect to the driving force. Thug is ap-
the amplitude response can be approximatedAdg,/fo  proximately equal to the ratio betweei,, and the ampli-

~0.42/GYQ). tude of the driving force. Therefore, the amplification of the
Active control of the MMO oscillation also brings an amplitude noise can be written as

increase of the noise of the cantilever motion signal, as this

is fed back as excitation force. The amplified noise can arise ~ dA,,— A 2G|cose sing|
from the cantilever displacement sensor and amplification SAt - Fo gug
stages, and from the Brownian motion owing to the thermal £ e+l
coupling between the MMO and the surrounding medium. o

The noise of the cantilever was measured by acquiring 5@&here 6A,, o are the amplitude noise with and without
samples per frequency value, and calculating the rms valughase control, respectively. The numerator of &j.is zero
Figure 2a) shows the amplitudeX) and its noise §A) asa at resonance and approximately increases linearly with
function of the frequency without the control feedback. The(f—f,)/f, andG near resonance. However, the denominator
noise is primarily partitioned around the resonant frequencyshows at minimum at resonance, and exponentially increases
indicating that the dominant source 6A is the Brownian with the square of {—f,)/f, and G near resonance, ap-
cantilever motion. In fact, the cantilever behaves as an hamproximately. The interplay between these factors gives two
monic oscillator, which responds to the driving force andsymmetric maxima at both sides of the resonance peak. More
also to the random thermal kicking forces whose spectrainterestingly, the increase of the noise, owing to the feedback

density is uniform. Given a measurement bandwidh, the  driving force, is a function ofs andF,/Fy,. Thus, given a
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significant decrease of the bandwidth of the amplitude re-
sponse when the phase shift dependence of the amplitude of
the driving force shows a pronounced maximum at 90° that
is, at resonance. It highlights that the amplitude noise at reso-
nance is not increased, and the noise off resonance can be
tuned by controlling the ratio between the fixed and feedback
driving forces. The application of this active control ranges
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T M T

T T T T 1 . . .
21350 21400 21450 21500 21550 from scanning probe microscopy and nanomechanical sen-

(b) sors, for the detec'gion of small in'Fera.ctions thgt gives a reso-
V- A nant frequency shift, to communications for signal process-
' “‘ ing and filtering. Moreover, the concept can be extended, and
ry more complex amplitude patterns can be obtained. Thus, in
2 the case presented here, if the feedback driving force is sub-
- tracted from instead of added to the fixed driving force, an
. . d X : s amplitude minimum at resonance would be obtained. This
21350 21400 21450 21500 21550 makes this class of controls potentially useful for smart ac-
Frequency (kHz) tuation. For instance, the MMO can be placed in near prox-
_ o _ . imity to a signal carrier such as electrical connecting element
FIG. 3. Average amplitudé) and its noise(b) as function of the driving o g optical waveguide. An external stimulus that shift the
frequency for a ratio between the amplitudes of the fixed and feedback . o
driving forces € /Fy) of 0.25(solid triangles and 2.5(circles. The total  resonant frequency would cancel or set into oscillation the

driving force (Fo+Fg) was kept constant. The dotted line (a) is the ~ MMO, switching or modulating the electrical or optical
amplitude without phase control. signal.l“
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