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Nanomechanical devices with very small mass and size have the potential for mass sensing at the
level of individual molecules. In the present study, we designed nanomechanical mass sensors,
demonstrated their operation under ambient pressure and temperature, and achieved
femtogram-level mass sensitivity. Our nanomechanical resonators were gold-coated silicon

cantilevers with resonance frequencies in the range of 1 to 10 MHz, characteristic thicknesses of

50-100 nm, and force constants of about 0.1 N/m. Using a cantilever with a resonant frequency of

2.2 MHz that was excited photothermally, we measured a mass change of 5.5 fg upon chemisorption
of 11-mercaptoundecanoic acid. Our analysis indicates that, by decreasing the mass of the cantilever
and increasing the excitation amplitude, even higher mass sensitivity can be realized in an easily
accessible frequency rangd<<100 MH2z. © 2003 American Institute of Physics.
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Anticipated applications of nanotechnology are vast, anaantilevers. Binding of thiol molecules with a total mass of a
they include the possibility to address many challenges ofew femtograms could be monitored in air. Comparable mass
chemical, environmental, and biological analysis. One of thesensitivity achieved experimentally using cantilever-type
approaches to implement this possibility is associated withransducers in vacuum has been reported rec&htly.
the use of nanomechanical resonators that may function as The as-supplied cantileve(&00 um long, 50um wide,
ultrasensitive transducet$. Micromechanical and electro- and 1.5um thick) were coated with a 35-nm gold layer on
mechanical resonators, such as flexural plates, quartz crystahe side to increase optical reflectivity and response to pho-
microbalances and surface acoustic wave devices have abthermal actuation. Using an focused ion be@itB) mill-
ready found numerous applications as mass sensitiviag instrument(FEI 200, we obtained cantilevers that mea-
transducersin chemical and biological sensors. It is impor- sured 2 to Gum long, 50 to 100 nm thick, and had resonance
tant to note that sensor designs based on these electronfeequencies in the range of 1 to 6 MHEig. 1). The experi-
chanical transducers have been thoroughly refined over sevnental setup used in our measuremefig. 2) consisted of
eral decades and the demonstrated figures of merit closebptical components for interferometric readout and photo-
approach their theoretical limitatiofidn the case of cantile-  thermal actuation of cantilevers, a vacuum-compatible cell, a
ver resonators, however, dramatic improvements in analytinigh-speed avalanche photodio@éD) detector, and a net-
cal figures of merit can be achieved merely by scaling theifvork analyzer(HP4195A. Interferometric readout included
sizes down to the nanoscale. Predictions of mass sensitivities3-mwW HeNe laser, a beam expander, a spatial filter, a 50%/
at the level of individual molecules are especially intriguing. 50% cube beam splitter and a *80microscope objective
A series of more recent studies demonstrated, both theoreflens. The interferogram was focused on the APD detector
cally and experimentally, that smaller cantilever transducerghich had an integrated transimpedance amplifier. Photo-
have indeed significantly improved performance in terms ofhermal actuation of the cantilevers was provided by a 4-mwW
minimum detectable foréeand mas$:® modulatable diode laséwavelength of 670 ninfocused on

In our previous work, we used cantilevers in boththe cantilever and driven by the output signal from the net-
resonanc¥ and static deflection modéS.By using either  work analyzer.
standard or modified microcantilevers, we have measured |n order to measure adsorbate-induced changes in the
optical,” chemicali® and fluidic* stimuli. In the present cantilever resonance frequencies, cantilevers were mounted
work, we explore the opportunity to develop nanosized mejn an open cell which was equilibrated with ambient air and
chanical structures that exhibit ultrahigh mass sensitivity, U"permitted exposure to vapors of volatile analytes, small
timately approaching detection of various analytes at thymounts of which could be placed in proximity to the canti-
level of a single molecule. In addition to analytical implica- |eyer. Alternatively, the cell could be connected to a vacuum
tions, single-molecule detection is also very important forj,e equipped with a thermocouple vacuum gauge and a me-
many fundamental areas of physics, chemistry, an¢nanical vacuum pump.

biology.'® By using photothermal laser actuation and inter- e found that all our fabricated resonators exhibited
ferometric read-out, we were able to measure resonance frg—ery similar normalized widths of the resonances in air,
quency shifts that accompany the chemisorption of 11y hich were almost independent of the cantilever thicknesses
mercaptoundecanoic acid on the surface of gold-coated,y shapes. A possible explanation of this observation is that,
for the cantilevers in air, viscous damping by the medium is
3Electronic mail: datskospg@ornl.gov the predominant energy dissipation mechanism. Based on the
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mercaptoundecanoic acid vapor. We measured the resonance
frequency of the cantilever mounted in an open cell both
before and after exposure to vapors of 11-
mercaptoundecanoic acid. Adequate vapor pressure was gen-
erated by heating small amounts of powdered analyte to
60°C. Upon exposure of the cantilever to 11-
mercaptoundecanoic acid vapors, the resonance frequency
underwent a readily measurable resonance frequency shift
(Fig. 3), attributable to chemisorption of the analyte mol-
ecules onto the gold-coated surface of the cantilever. In order
to estimate an additional cantilever mass due to attached 11-
mercaptoundecanoic acid molecules, we used a model of a
weakly damped resonatdf:

A Gk(l 1) GkAf @
m= — ~ ,
=\ ) T

where f, and f, are, respectively, the cantilever frequency
before and after chemisorption of thiol moleculésis the
spring constant of the cantileve,(~1.37) is a geometrical
factor of the cantilever, and the frequency instabilityAi§
=fyo—f,. Based on the resonance frequency shiff

fG 1| ) ) h obtained usi B inst e =2 KHz (shown in Fig. 3 and using Eq(1), we found the
o e o et "added mass to be 5:80™2g. This value is very close to 2
rial for FIB milling in order to create much smaller cantilevers with reso- 00% coverage of a monolayer of 11-mercaptoundecanoic
nance frequencies in the range of 1 to 10 MHz. Approximate values of thewith a total mass of & 10™1° g over the area of the cantile-
resonance frequencies are indicated for each cantilever. ver, which is 12,um2.

In our efforts to estimate the threshold of mass sensitiv-
width of the measured resonance curve-factor of 25 ity for cantilever resonators, we explored two different ap-
was estimated. In order to verify whether viscous dampingoroaches. In the first approach, an assumed frequency insta-
by the medium rather than intrinsic mechanical losses wability Af=(f;—fy) was substituted into Ed1). A ratio of
responsible for the lowQ-factor, we measured cantilever Af/fy=10"* is a reasonable assumption for the relative
resonances at reduced pressures. We observed changes infgonance frequency instability in the case of cantilevers
shape and position of the resonance curve when we lowereslith moderate to low mechanical quality factorsQ (
the cell pressure from ambient down to 0.7 Pa. The measured 1000). In order to investigate the effect of geometrical
resonance curve exhibited at least a fivefold increase in thecaling, we assumed a fixed cantilever length-to-width ratio
Q-factor. A very important conclusion that can be drawnof 3:1, while cantilever thickness varied to satisfy the re-
from these observations is that minimization of intrinsic me-quirement of a fixed force constant of 0.1 N/m. Our calcula-
chanical losses may not be practical in the case of nanomdions of resonance frequencies and force constants were
chanical mass-sensitive transducers operating in air at roofased on the classical models of rectangular thin pites.
temperature and atmospheric pressure. These assumptions allowed us to predict mass sensitivity of

We used a rectangular gold-coated silicon cantilevethe fabricated nanomechanical resonatse Fig. 4. As can
with a resonance frequency of 2.25 MHz with approximatelybe seen in Fig. 4, femtogram-level sensitivities can be
2 um width and 6 um length and exposed it to 11- achieved using cantilevers with resonance frequencies in the
range of 1 to 5 MHz. Our second approach in predicting
cantilever mass sensitivity accounts for the fundamental fac-

) I tors that limit resonance frequency stability. As it was dis-
ﬁltselza;;a(li I lEaNe st cussed previousR¥?°the noise due to thermal excitation
e _ 632.26nm (i.e., continuous exchange between thermal and mechanical
expander‘ baltllflltgfss APD energy of the oscillatgrimposes an absolute theoretical limit
: i rl' Ny~ - on the frequency stability and, in turn, threshold mass sensi-
=Y ] tivity of any nanomechanical resonator. Therefore, the mini-
m mum detectable massmy, can then be expressed as

llﬂ 670 nm ... Network 86 my* [ksTB

oy ) g, diode - analyzer Amth:W? @ N g 2
N O laser —

Xyz staxe \—/_ ; .
yzstag wherekg is the Boltzmann constant, is the temperature of

FIG. 2. Schematics of the experimental setup for photothermal actuati0|t|he cantileverB is the bandwidth of the measuremektis

and interferometric readout of the FIB modified cantilevers. the cantilever force constan@ is the mechanical quality
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FIG. 3. A frequency shift in the cantilever resonance curve was observed
after adsorption of 11-mercaptoundecanoic acid under ambient conditions.
The measure frequency shift corresponds to an added mass of 5.5 fg. Tl
experiments were conducted at ambient temperature and pressure.

m, (9)

rﬁG. 4. Comparison of mass detection thresholds for a resonating rectangu-
lar Si cantilever withk=0.1 N/m defined by a fixed frequency instability of
10™“ (solid line) and by the cantilever intrinsic thermal noigtashed lings

factor. m. is the initial cantilever mass an<c22>1/2 is the Thermally Iimiteg2 lrg)ass-detection thresholds are calculated for the two
» 1o - 1 © ] casesi(i) zna{=(Z)"%)=0.6 nm, Q= 25, that is, weakly excited resonator
root-mean-square amplitude of the cantilever motion. Ac-{upper dashed lineand (ii) strongly excited resonator witf,,,=60 nm,
cording to Eq.(2), the thermally limited mass sensitivity E2=|%5 (Iowe; dashed cyr\)eTIhengperimelnta"y n;easur:ed massdchan_ge
H @rf _ solid squarg Is approximately times larger than the mass-detection
fzgisr:ﬁ:j é?hi?vggzeg% aaflflchsetl’)gtzrll pa?acrt‘r?;té\:_gvceeg;h%e ¢ é’rl]reshold(solid circle calculated for the cantilever withy=2.25 MHz used

, I I “our experiments.
lored to compensate for the higher susceptibility of lower
Q-factor nanomechanical resonators to thermally induce
noise.
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