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Enhanced functionality of cantilever based mass sensors using higher
modes

Seren Dohn,? Rasmus Sandberg, Winnie Svendsen, and Anja Boisen
Department of Micro and Nanotechnology, Technical University of Denmark, DK-2800 Lyngby, Denmark

(Received 19 November 2004; accepted 10 June 2005; published online 3 Jupe 2005

By positioning a single gold particle at different locations along the length axis on a cantilever based
mass sensor, we have investigated the effect of mass position on the mass responsivity and
compared the results to simulations. A significant improvement in quality factor and responsivity
was achieved by operating the cantilever in the fourth bending mode thereby increasing the intrinsic
sensitivity. It is shown that the use of higher bending modes grants a spatial resolution and thereby
enhances the functionality of the cantilever based mass sensp@0® American Institute of
Physics [DOI: 10.1063/1.1948521

The demand for sensors with high sensitivity, improvedmass responsivity. The experimental data are compared to
functionality, and reduced analyte usage as well as thsimulations performed using finite element software.
demand for portable devices is driving the development of  The experimental setujfrig. 2) consists of a HeNe laser,
sensors from the micro- to the nanoregime. Cantilever baseghich is focused on a micrometer sized cantilever. The can-
sensors have been a part of this development since théever chip is clamped on top of a piezoactuator which is
method was proposed by Chen allin 1995. Today canti- driven by a HP4194A gain/phase analyzer and placed in a
levers are used widely in sensor applications in the staticustom built vacuum chamber capable of maintaining a
mode where a reaction on the surface creates surface streggcuum of 0.5 mbar at which all experiments are performed.
which in turn causes a bending of the cantile¥2Also, the  The position of the reflected beam is registered by a photo-
use of vibrating cantilevers shows great promises for sensatiode, and the signal is after amplification measured using
applications and recently systems capable of detectinghe HP4194A gain/phase analyzer. By actuating the cantile-
masses in the I8 g range have been reportédHere we  ver using a piezoactuator driven by the gain/phase analyzer
report on the investigation of cantilever sensitivity using athe amplitude and phase of the resonating cantilever can
movable point-mass, and experimental results are comparésk detected. Data from the gain/phase analyzer are trans-

with simulations. ferred through a general purpose interface bus interface to a
The resonant frequencies for a cantilever is given by personal computer.
— The cantilever used in the experiment is fabricated in
f. = wpl2m= (2m) Wi, (1) P

SiO, and subsequently coated on the topside with 10 nm Ti

wherem, is the effective mass of theth mode of vibration. and 100 nm Au(the fabrication process is described
The higher the mode of vibration the smaller the effectivein Ref. 1. The cantilever dimensions are measured in a
mass due to the increasing number of nodal points. Schemaicanning electron microscop€SEM) yielding a length,

ics of the first four bending modes are shown in Fig. 1. It iswidth, and thickness of approximately 153, 11, and 105,

seen that certain regions of the cantilever do not take part ifespectively. A rather large cantilever with a large surface
the vibration and the positions of these are changing witirea was chosen because it facilitates easy manipulation of
the mode of vibration. The resonant frequency Chang@articles on the cantilever surface and it gives high resolution
caused by added mass therefore depends on the mdgsthe Iength direction. The metal Coating was used to
position. This has previously been investigated theoretically

on the macroscopic scale® The sensitivity of cantilever

based lrg1ass sensors hgs been investigateq by several 1st /

group§' and the terminology used here is adopted

from the work of Ekinci et all® The mass respons- .

ivity is R=2wAf/Am, and the intrinsic sensitivity is ond ) 1
dm, xR N1/w,Q, (assuming the energy in the cantilever
is constant . 3

As an alternative to use the entire cantilever surface for 31 /
molecular adsorption we propose to use only certain areas of

the cantilever and positioning these for optimum sensitivity. -/\\_/
We investigate the concept by adding a point-mass to a /
microcantilever. By moving this point-mass in small 4th /\

steps along the length direction of the cantilever, and simul- -

taneously determining the resonant frequency for several

bending modes, we can locate the positions yielding hig}‘FIG. 1. Schematics of the first four bending modes of a cantilever seen from
the side. Due to the nodal points certain parts of the cantilever do not take
part of the vibration, and the particle depicted approximately 3/4 from the
dElectronic mail: sd@mic.dtu.dk base of the cantilever is in theory not detectable in the second mode.
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TABLE |. The resonant frequency measured and simulated for the first four
bending modes of the cantilever together with the experimentally observed
maximum change in frequency and relative sensitivity for the specific mode.

Detector

Vacuum chamber . Mode 1 2 3 4
g e NG Gain/phase-analyzer
! Cantilever chip i fexp (H2) 30712 192 493 539 060 1056 640
1 —4 fym(H2) 31734 198 815 556 486 1089 920
, i Afp(H2) 480 2541 6059 9864
@ | Piezoactuator /\ Out In dmy/ om, 1 23 102 276

FIG. 2. Schematic of the setup used in the experiments. The micro cantile- The resonan_t freque_nwexp)_ of the first four bendlng
ver chip is clamped on a piezo actuator driven by a gain/phase analyzefnodes of the microcantilever is measured before the gold
Both cantilever and piezoactuator are placed in a vacuum chamber. A laser Bead is positioned on the cantilever. The results are shown in
focused on Fhe cantilever a_nd thg positic_)n of the re_flected beam is detectefigple | together with the simulated resonant frequencies
by a photodiode, and the signal is feed into the gain/phase analyzer. (fsim)- The simulated resonant frequencies are within 3.5% of
the experimental values for all the measured bending modes.
When adding the single gold bead to the tip of the
cantilever the resonant frequency of all four modes decrease
AS expected from Ed1). Typical examples of the recorded
cantilever[Fig. 3(@)] using a manipulation setup based on aamplltude resonance peaks are depicted in Fig. 4. The_se
particular resonant peaks are taken from the second bending

high resolution optical Navitar microscope: A Newpy Z X L

; . e ; mode, and the numbering of the peaks refers to the position
stage is used for cantilever positioning, while an etched tung(—)f the gold bead on the cantilev@fig. 1). The fitted peaks of
sten tip with a tip diameter of roughly Am mounted on 9 g. - P

. . . : : the first four bending modes all have an average standard
a Burleigh PCS-5400 piezomicromanipulator is used fo.rdeviation of less than 0.01%, and the standard deviation of

manipulating the gold bead. The position of the gold bead i§ ;. essive experiments with no movement of the bead is
determined from optical images with an estimated accuracyithin this limit. From measurements at all positions an
of £1um. After positioning 01_‘ the gold bead the reso”am_averageQ factor was calculated for each motfg. 4). The
frequency of the cantilever is measured, and the bead i§ tacior increases almost a factor of 3 going from the first to
pushed with the tungsten tip to a new location where thgne second bending mode and the fourth mode Hagactor
resonant frequency is measured again. - _ that is more than five times larger than the first mode. There
The cantilever structure on which simulations are perig no significant difference between ti@ factor of the
formed using the finite element software, CowentorWare, i§gaded and unloaded cantilever.
shown in Fig. 8b). The simulated cantilever has the same  The change in resonance frequency for the first four
dimensions as the cantilever used in the experiment and isending modes of the cantilever as a function of particle
also metal coatetf. The mesh generated for the calculationsposition along the length axis has been recorded. The experi-
consists of bricks which are Am in the length direction of mentally observed relative change in resonance is compared
the cantilever. The gold bead is simulated as a gold box witho the values obtained by simulations and excellent agree-
sidewalls of 1.8um in length, and this causes two problems.ment is obtained for all bending modé¢Eig. 5. For all
The mass of the box is too big, and since the contact aremodes the highest change in frequeridy,,,,) is obtained
between a surface and box is much larger than betweewhen the gold bead is positioned at the tip of the cantilever
a surface and a sphere, a stiffening of the cantilever wil(experimental values listed in Tablg The absolute change
occur. Therefore the density of the box is reddéesb the in frequency and thereby the responsivity increases with the
weight matches that of the gold bead. Also Young’s modulusnode number giving a mass responsivity -6 fg/Hz in
of the box was reduced to a 100th of that of gold, since nghe fourth mode for the added mass of 60 pg. The relative
stiffening was observed at this value. sensitivitiesdm, / Sm, have been calculatd@able ), and the
sensitivity is seen to increase by a factor-e800 using the
fourth mode.

improve the reflectivity of the Si@cantilevers.
A single gold bead with a radius of 08m, correspond-
ing to a mass of approximately 60 pg, is positioned on th
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FIG. 3. (3 SEM image showing part of the micro cantilever with a gold 189 180 191 192 19 1.2 3 4
bead positioned close to the apex. The scale baris5 The inset shows a F(kHz) Mode

close-up of the gold particlescale bar 500 njn(b) Simulated structure used

for calculation of the theoretical shift in resonance as a function of mas$-IG. 4. Resonant peaks for the second bending mode as function of position
position. The simulated cantilever has the same dimensions as the cantilevand the averag® factor for the recorded bending modes. The positions are
used in the experiment, and the mesh generated for the calculations consistslicated in Fig. 1. Only part of the recorded second bending mode peaks

of bricks which are Jum in the length direction of the cantilever. are shown for clarity.
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0.0t e oo || a cantilever based mass sensor it is therefore important to
0.4 — Model operate it at higher modes.
08l 1 The experimentally observed changes in resonant fre-
12l 1 quency when adding a point mass show excellent agreement
R A ] with the simulations for the first four bending modes. From
-1.6 the measurements it follows that a single cantilever operated
0.0r in the fourth mode has four positions for high sensitivity
-0.4 mass sensing. The number of sensitive positions can be
08l further increased by operating at even higher modes.
=12l The method presented can be used for enhancing the
% : performance compared to conventional cantilever based
g '(1)'8 mass sensors since tefactor degrading gold coating of the
5 t entire cantilever can be avoided. Using higher bending
-0.4¢ > ] modes for detection it is possible to achieve a significant
0.8 N increase in the intrinsic sensitivity compared to the funda-
420 | mental bending mode and moreover the method in principle
16l 3 ] grants a spatial resolution to the cantilever based mass
0.0 . sensor. By measuring different modes of vibration it should
I T be possible to locate the position of the added mass on the
-0.4 A . . S
i . cantilever. One possible application could be to detect more
-0.8¢ than one specific molecule using a single cantilever, by
12| position several particles or coated areas functionalized
16 for recognition of different molecules individually on the
0 20 40 60 80 100 120 140 cantilever.
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