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ABSTRACT

We demonstrate the operation of radio frequency nanoscale flexural resonators in air and liquid. Doubly clamped string, as well as singly
clamped cantilever resonators, with nanoscale cross-sectional dimensions and resonant frequencies as high as 145 MHz are driven in air as
well as liquid with an amplitude modulated laser. We show that this laser drive technique can impart sufficient energy to a nanoscale resonator
to overcome the strong viscous damping present in these media, resulting in a mechanical resonance that can be measured by optical
interference techniques. Resonance in air, isopropy! alcohol, acetone, water, and phosphate-buffered saline is demonstrated for devices having
cross-sectional dimensions close to 200 nm. For operation in air, quality factors as high as 400 at 145 MHz are demonstrated. In liquid, quality
factors ranging from 3 to 10 and frequencies ranging from 20 to 100 MHz are observed. These devices, and an all-optical actuation and
detection system, may provide insight into the physics of the interaction of nanoscale mechanical structures with their environments, greatly
extending the viscosity range over which such small flexural resonant devices can be operated.

Because of their extreme sensitivity to external forces, small an optical drive technique to increase the driving energy
mechanical resonators have been used in a number of sensingmparted to these resonant devices. This optical drive is
applications. Biological masses approaching the single- sufficient to overcome the strong viscous damping present
molecule level have been detecteflapping-mode atomic  in these fluids, resulting in resonant motion that is detectable
force microscopy (AFM) has allowed for high-resolution using interferometric techniques.
imaging of soft material3.The properties of the environ- Beam-type resonators, both doubly and singly clamped,
ments in which these resonant devices are operated have alswere fabricated with electron-beam (e-beam) lithography.
been measured, including viscosity and gas composition, These devices were made using FOX-16 as a negative
pressure, and temperatdrin all of these applications, itis  e-beam resist, with a 100 keV exposure. The device substrate
useful to be able to operate the sensing resonator in as wideconsisted of a 105-nm-thick stoichiometric silicon nitride
a range of environmental conditions as possible, while layer, over an 800-nm-thick sacrificial oxide layer, on single-
utilizing the smallest possible resonator for maximum crystal silicon. After patterning, devices were etched in a
sensitivity to forces. When operating resonant devices of CHR/O, plasma, released in buffered hydrofluoric acid, and
shrinking dimensions in the sorts of viscous environments then coated with a metal layer consisting of 5 nm Cr and
most relevant to biological systems, such as water or buffer 10—15 nm Au. The resulting devices ranged from 1 to 10
solutions, losses resulting from viscous drag become sizableum in length, 100 to 500 nm in width, and 12025 nm in
in comparison with the total energy stored in the resonant thickness. Figure 1 shows a scanning electron micrograph
motion. This problem of viscous damping has prevented truly of a doubly clamped beam resonator with lenggm®, width
nanoscale flexural resonators, with cross-sectional dimensionsl50 nm, and thickness 125 nm. For resonance in liquid, chips
on the order of 100 nm, from being operated in liquid are placed in a small fluid cell consisting of two pieces of
environments. plastic that press an O ring between a piece of cover glass
We demonstrate the operation of flexural nanoscale and the device chip. Liquid is pipetted onto the chip within
resonators in air, as well as liquids including alcohol, water, the O ring, the cover glass is then pressed onto the O ring,
and buffer. A thin metal layer is used in conjunction with thereby sealing in the liquid, and the chip and glass are
tightened together by the outer plastic pieces.
:ggrreSponding author. E-mail: hgcl@cornell.edu. The optical drive and detection system used consists of
partment of Physics and the Cornell Center for Materials Research. an amplitude-modulated driving diode laser at 432 nm and
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Figure 1. Scanning electron micrograph (SEM) image of a (b) -

suspended metallized silicon nitride string. The string dimensions
are 5um x 150 nmx 125 nm. ] :»;gs Q273
analyzer is used to sweep the amplitude modulation fre- B
quency (drive) of the blue laser, while monitoring the
reflected red laser power detected by a photodiode. Modulat-
ing the amplitude of the driving laser at the appropriate
frequency leads to resonant actuation of the device. This
technique has been shown previously to work for single-
material resonators made of either silicon or silicon nitfide,
as a primarily thermal mechanism. This technique effectively
drives our high-stress nitride devices in vacuum without a L IE R T

metal coating. Bare nitride devices can be actuated in air Frequency (MHz)

with this technique, but with a thin metal coating the response

is enhanced significantly. This enhancement is a combinationFigure 2. Normalized optical response of a pair of strings,
of two effects. An increase in optical signal is observed for representing the AC component of the reflected red detection laser

th flecti tallized ¢ This i ident power. The absolute, as well as relative, scales between peaks are
e mo.re refiective meta 'Ze_ resonators. 'S_ IS eviden arbitrary. A 2um x 165 nmx 125 nm string is shown in part a,

when signals from both metallized and nonmetallized beamsjth resonances in air (sharp pedks 145 MHz, Q = 400) and

are compared in vacuum, driven by piezo actuation at water (broad peak,= 95 MHz,Q =5). A4um x 125 nmx 120

identical levels (piezo drive was found to ineffective for the nm string is shown in part b, with resonances in air (sharp peak,
nanoresonators studied in air and liquid environments, = 27 MHz,Q = 273) and phosphate-buffered saline (broad peak,

leading to large background levels that obscure resonancef = 38 MHz,Q = 4).
signals). In addition to this increase in signal, the optical
drive mechanism is enhanced by the presence of the metafactor Q) of ~400. In water, the frequency is reduced to 95
film. The metallized devices act as a bimorph material, with MHz, with Q ~ 5. This reduction inQ is comparable to
different thermal expansions for the silicon nitride and metal what has been observed with larger flexural resonators that
layers, leading to flexural displacement at the modulation have been operated in both air and lighfdn Figure 2b is
frequency of the drive. Optical methods have been demon-the resonance of a gm-long, 125-nm-wide, and 120-nm-
strated previously for the effective drive and detection of thick device in air and phosphate-buffered saline (PBS), with
nanomechanical resonators in &ifhis particular use of  a frequency of 57 MHz in air and 38 MHz in buffer. Tl
amplitude-modulated laser drive with a bilayered beam has value for this device shrinks from 273 in air to 4 in buffer.
also been demonstrated for actuation of nanomechanicalThis Q, and the demonstrated frequency shift from air to
resonators in aif We show that the effectiveness of this all- buffer, are comparable to what we see for the same device
optical drive and detection technique resulting from the operated in water. This is a direct demonstration that devices
presence of a thin metal film not only enhances the signal of this scale can be operated in buffer solutions of relevance
in air but also makes it possible to actuate and detectto biological molecules. Devices have also been resonated
nanomechanical resonators in liquids as well. in isopropyl alcohol and acetone. Slightly high@rvalues,

In Figure 2, we show the resonances of a pair of doubly up to 10, have been observed with resonance in acetone,
clamped beams, in both air and liquid. These plots representwhich would be expected from the lower viscosity of acetone
the amplitude of the AC component of the reflected detection in comparison to water.
laser over frequency ranges spanning the resonant frequencies It has been observed that significant frequency shifts result
of the beams. In Figure 2a is the resonance peak ofilm2-  from the operation of nanoscale resonators in liquids. It is
long, 165-nm-wide, and 125-nm-thick beam in air and water. interesting to consider the amount of added mass, in a simple
In air, this device has a frequency of 145 MHz, with a quality model, to which these sorts of frequency shifts would

0.50+

0.25 Q~4

Normalized response amplitude
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correspond. Consider the case of the 95 MHz resonator, 190
whose response is displayed in Figure 2a. Assume for
simplicity that the mass loading of the liquid does not alter
the spring constant of the beam. Then we have the following y 050

. I = ]
rglatlon between the |n|t|all frequency and massn(), and I Er=—rr—e——
final frequency and effective masg'( m): [l A 500 nm wide
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For this device, which has dimensiongtth x 165 nm x

125 nm, assuming a nitride density of 2700 kg/which

we have determined from frequency-length data for the
silicon nitride used), we calculate a resonator mass of1.1 | = _
10 16 kg. For the frequencymass relationship given, a shift 010 015 020 025 030 035 040 045 050 055 060
from 145 to 95 MHz would correspond to an added mass of Lenath™! ( m'1)

1.5 x 10718 kg. Hence, a mass of fluid on the order of the 9 &
mass of the resonator is entrained to the resonant motion Figure 3. A plot of frequency vs inverse length for strings of
Consider fluid mass simply as a rectangular shell around thewidths 175 ¢25) nm and 5004£25) nm is shown in the bottom
nitride beam, locked tightly to the motion of the resonator, _panel, for operation in both air and water. The ratio of frequency

with entrained fluid mass given by the simple geometric N Water (f") to frequency in air €) is shown in the top panel for
equation these two sets of strings.

Frequency (MHz)

nm (25 nm) and lengths from 2 to/am, as well as identical
m —m={(w+ 2A%)(t + 2A%) = Wt x | X pjquig = length beams with 500 nmtQ25 nm) widths. These resona-
{2(w + )AX + 4A%%} x | x Pliquid tors are made from a silicon nitride material with very high
tensile stress;v1200 MPa, so the frequencies are expected
in terms of widthw, thicknesst, length |, and liquid  © P& proportional to inverse length. Operation of high-
penetration deptix from the resonator surface. For the 95 tensile-stress nitride devices in vacuum has been discussed

MHz resonator, given an added liquid mass of £.20716 elsewheré.Without a metal layer, these devices demonstrate
kg, solving this equation yieldAx ~ 82 nm. From basic quality factors as high as 200 000 in vacuum for resonator
considerations of an incompressible viscous fldiae would lengths of 6Qum, at room temperature. In vacuum, a 20 nm

expect that a device resonating in liquid should have a metal layer reduce® significantly. In gaseous environments,

viscous penetration depth into the surrounding medium given Where viscous damping is the dominant loss mechanism, no
by the equation difference in quality factor between metallized and nonmet-

allized devices is evident. It is clear in Figure 3 that there is
a systematic frequency shift when beams operated in air and
0= ./% water are compared for devices of all lengths (and hence
frequencies) considered. The linear dependence on inverse
length holds fairly well in both air and water. The ratio of
wherev is the kinematic viscosity of the surrounding medium frequency in liquid to frequency in aif,/f, is also shown to

(defined as the ratio of dynamic viscosity,to density,0) ~ pe essentially constant for the lengths of resonator considered,
andw is angular freguezncy. For a resonance at 95 MHz in g1 for a given width, as shown in the top panel of Figure
water ¢ ~ 1 x 10°° m*¥s at room temperature, ~ 58 3. This ratio, however, depends on beam width at all

nm, comparable to the 82 nm result from the simple frequencies considered and is inconsistent with the simple
consideration given above. Thus, the resonator plus entrainedictyre of mass loading we have described in which there is
fluid comprises an “effective resonator” whose dimensions oy a viscously coupled mass that gives rise to the frequency

are only slightly larger (on the order of 100 nm) than the gpjf. I this were the case, then we would expect that
dimensions of the nanobeam itself. It should be noted that

we do not differentiate between a “natural” resonant fre-
quency, and a “damped” resonant frequency for our devices. fr_ \/E = /&
As Q approaches order unity, this becomes an important f m Mpeam ™ Miiscous

distinction to make. But even foQ ~ 3, these two

frequencies differ by less than 3%, and hence do not where mjscousis interpreted as the mass of the fluid shell

significantly change our correlations of frequency shift to viscously “locked” to the beam, penetrating a distarces

mass loading. viscous penetration depth, into the fluid. The beam nmass
In the bottom panel of Figure 3, we show data for is linear in width, whereas the viscous mass, in the geometric

frequency as a function of inverse length for two sets of model described, would be a sum of three terms, one of

doubly clamped beam resonators, with average widths of 175which is linear in width, with the other terms independent
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Figure 4. An optical response curve for guln x 450 nmx 125 nm cantilever is shown in part b, with an SEM of a similar device shown
in part a. A plot of frequency vs the square of inverse length is shown in part c for cantilevers of length,11%m, and 750 nm, and
width 450 nm.

of width. Thereford '/f should increase for increasing beam 125-nm-thick cantilever beam is shown in Figure 4b, with
width within this simple viscous model. From the upper panel an SEM of a beam of this size in Figure 4a. Frequency is
of Figure 3, however, it is clear that this is not the case, and plotted against length for cantilevers with lengths of 750 nm,
in fact the wider beams are observed to have smaller valuesl um, and 1.5um in Figure 4c, showing the expected

of f'/f. In reality, this observed frequency shift is not only a proportionality of frequency to thequareof inverse length.
result of viscous effects. There is an inertial term that must  Nanoscale resonators that can be driven and detected with
also be considered, which is related to the volume of fluid all optical techniques in gas and liquid have potential utility

the resonator must displace during its motiéithis termis  in a number of applications. Resonators of such small masses
manifested as an extra mass term, yielding that can be operated in air with quality factors of several
hundred could be quite useful for chemical sensing in

£ \/ Moo ambient environments, making. costly vacuum packaging

—= unecessary. Although the quality factors of these devices
f Mheam ™ Muiscous T Minerta operated in liquid are small (on the order of 5), they might

also be useful for the sensing of biological molecules in
The precise form of both the viscous and inertial terms would liquid. Consider once again the 95 MHz resonator already
depend on the cross-sectional geometry of the resonator beingpresented. This device, including entrained liquid, has a mass
considered, as well as additional factors including surface of 2.6 x 1071¢ kg. The resonant frequencies of several of
roughness and surface hydrophobicity, which might alter the our resonators of this size and frequency operated in water
boundary conditions relevant to the syst&8uch a careful have observed stabilities of better than 1 MHz for tens of
analysis would yield important information for precisely minutes, without considering temperature fluctuations that
understanding the performance of liquid-compatible sensorslimit the frequency stability of these high-stress devices.
built from these resonators Shown in Figure 5 is a series of resonant peaks for a 300-

Singly clamped beams of the same nanoscale dimensionsim-wide string, withQ ~ 4, resonating at-57 MHz in

have also been studied, with quality factors and frequency water. Representative peaks are shown for 0, 4, 7, and 10
shifts comparable to those observed for the doubly clampedmin (the amplitudes have been scaled to make the peaks
beams. A response peak for a 450-nm-widgni-Hong, and clearly distinguishable). Frequency was measured at 8 points
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favg=56.8 MHz and fgqe,=0.3 MHz

and even electrochemical reactions could occur, complicating

s A interfacing to these devices. Our demonsration of an all-
(7} —— 0 min . . . .
N %\l el optical actuation and detection system for nanomechanical
E 0.8- \M 7 min resonators in liquid might also prove technologically useful
2 i —— 10 min for AFM imaging. We found piezo actuation to be an
g n o L ineffective drive technique for the operation of our nano-
£ 0.6 s e i W scale resonators in air and liquid, wi ackground levels
2 06 i A | t d liquid, with backg d level
% i Al u " W <1J, associated with high piezo drive level obscuring the small
2 o4 N'l;,ﬂy-;‘h*”* o " resonant signals from our devices. Laser drive, which has
g 047 il "‘“MHL been shown here to be effective in liquid for both doubly
§ " M’r clamped beams and cantilevers, might similarly be more
& ua ————— effective than piezo drive for the actuation of traditional AFM
35 40 45 50 55 60 65 70 75 cantilevers in liquid, as well as cantilevers of shrinking
Frequency (MHz) dimensions.

In all of the applications discussed, quality factors higher

Figure 5. Overlay of four different response peaks for a 300-nm- ; :
wide, 57 MHz doubly clamped beam resonator i 4. Peaks than those demonstrated in this letter would be useful. We

shown represent resonance at 0, 4, 7, and 10 min. The average ~PrOPOSe that a nonli_near feedback technique could be used
frequency over this time period (eight frequency measurements t0 increase the quality factors of these nanoresonators by 1
taken in total, each from a Lorentzian fit to an average of ten 0.5 or 2 orders of magnitude, yielding higher force sensitivities

s sweeps over the frequency range shown) was 56.8 MHz, and theyhen combined with improved thermal stabilization of
standard deviation was 0.3 MHz. resonant frequency. This technique has been used to enhance
o ] . . ) - the quality factors of cantilever resonators used for atomic
in time spread out during this 10 min period, by fitting & force microscopy, and effective quality factors exceeding
Lorentzian to the peak and extracting the center frequency. 1000 in air for nanomechanical resonators have been obtained
Each peak represents an average of 10 sweeps of th%sing a parametric amplification technicfue.

spectrum analyzer over the range shown in Figure 5, with 1, conclusion, we have demonstrated that an all-optical

each sweep taking 0.5 s. The average frequency obtainedyriye and detection system can be used for the operation of
over this 10 min period was 56.8 MHz, with a standard fjeyyral nanomechanical resonators in air, as well as viscous
deviation of 0.3 MHz. Hengea 1 MHz shift represents 3 igs including alcohol, water, and buffer. Bilayered nano-
times the standard deviation in the average frequency for yaams of Au/Cr on silicon nitride have been driven into
this device over a 10 min period. A frequency resolution of esonance by modulating the amplitude of a focused blue
this magnitude for our highest frequency resonator is |aser at the appropriate frequency, leading to differential
equivalent to an added masse10**kg, or 1 femtogram  gypansion of the device materials and a harmonic flexural
(fg). corresponding to the mass of a single medium-sized gigpjacement at the drive modulation frequency. An inter-
virus, and is comparable to the state of the art in terms of faromentric technique using a red laser was then used to
absolute minimum measurable mass as performed With getect the motion of beams with cross sections on the scale
flexural beam-type resonators operated intait,as well as of 100 nm, at radio frequencies. Quality factors in air as
electrical nanowire detection in liquid.Detection in liquid high as 400 at 145 MHz, and in liquid from 3 to 10 with
could allow for real-time measurement of individual binding frequencies from 20 to 100 MHz, have been demonstrated.
events and perhaps even direct measurement of nonequiliby has peen shown that the mass of the fluid entrained to the
rium binding information that might not be accessible using ,otion of these devices is on the scale of the device mass
other techniques. Operation in biocompatible liquids could itself, with a single resonant device having the potential to
also preserve the full biological form and function of the yatect a single femtogram mass in real time. The potential
molecules being detected, avoiding potentially harmful for increasing the force sensitivity of these devices by
drying out of these molecules. increasing effective quality factors with nonlinear drive

Because of the small size of the nanobeam resonatorsyechniques, as well as creating arrays of many such mass-
thousands of devices can readily be placed within the on- sensitive pixels to increase mass sensitivity per unit area,

chip real-estate typically occupied by a single quartz crystal pa5 peen discussed. These devices, and the all-optical drive
microbalance (QCM), which is on the order of millimeters  4nq getection system used, greatly extend the viscosity range
on a side, and is the typical tool of choice for sensitive Mass e which such sensitive resonant devices can be operated,

detection in gas and liquid environments. Hence, arrays of hytentially providing insight into the physics of the interac-
nanobeam resonators could be used to produce enhancegyn of such small mechanical devices with their environ-

surface sensitivity or mass sensitivity per unit area by creating jents.
a large number of mass-sensitive resonator pixels.

Optical drive and detection for mechanical resonators is  Acknowledgment. The e-beam lithography was per-
attractive for operation in liquid for a number of reasons. formed and the thin films were deposited and characterized
This noninvasive technique avoids any possible complica- at the Cornell Nano-Scale Science & Technology Facility.
tions that could arise from operating electrical elements in Research was supported by the CCMR under NSF Grant
conducting liquid environments, where electrical shorting, DMR 0520404.
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