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ight mechanical structures that oscil-

late at high frequencies with a very

pure tone have become the basis of a
variety of fascinating applications that in-
clude signal processing,’ > force sensing,**
biological and chemical sensing,’'® and
observation of quantum effects in mechan-
ical systems.>'” These structures that are
referred to as nanomechanical resonators
can be shaped as cantilevers, bridges, and
membranes and can even integrate micro-
and nanofluidic channels.? A key element in
these applications is the displacement
transduction technique that translates the
vibration of the nanomechanical resonator
into a measurable electrical signal. The at-
tainment of the last performance of these
applications requires ultrahigh displace-
ment sensitivity down to the atom size
and the minimization of the “observer ef-
fect”; that is, the physical “probe” used for
measuring the resonator displacement neg-
ligibly alters the mechanical state of the
resonator, in this case, the resonant fre-
quencies.

Optical techniques such as interfero-
metry'?'® and the laser beam deflection
method'®%° are widely used for measuring
nanomechanical displacements. These tech-
niques exhibit the advantages that they do
not require electrical connections, possess
the highest resolution (in the 10—100 fm/
Hz'’? range), and can be implemented for
measurements of the resonators in vacuum,
gas, and liquids. In addition, it has been
found that the laser beam has a negligible
influence on the resonant frequencies of
relatively large nanomechanical resonators
such as microcantilevers with volumes on
the order of 1000 um?* (e.g., 100 um long,
10 um wide, and 1 um thick).”' However,
this may not be true in the case of nano-
cantilevers, in which the volumes lie in the
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ABSTRACT The detection back-action phenomenon has received little attention in physical,
chemical, and biological sensors based on nanomechanical systems. We show that this effect is very
significant in ultrathin bimetallic cantilevers, in which the laser beam that probes the picometer
scale vibration largely modifies the resonant frequencies of the system. The light back-action effect is
nonlinear, and some resonant frequencies can even be reduced to a half with laser power intensities
of 2 mW. We demonstrate that this effect arises from the stress and strain generated by the laser
heating. The experiments are explained by two-dimensional nonlinear elasticity theory and
supported by finite element simulations. The found phenomenology is intimately connected to
the old unsolved problem about the effect of surface stress on the resonance frequency of singly
clamped beams. The results indicate that to achieve the ultimate detection limits with
nanomechanical resonators one must consider the uncertainty due to the detection back-action.

KEYWORDS: cantilevers - nanomechanical sensors - optomechanics - surface stress

1-10 um?® range** The use of smaller
mechanical structures is crucial for ultrasen-
sitive mass sensing,®”*"" stiffness spectr-
ometry,'> and ultrasensitive force dete-
ctors,” to name a few applications, because
of the small active masses and high reso-
nance frequencies. In particular, the eigen-
frequencies of cantilevers with nanometer-
scale thickness can be influenced by the
optical pressure and photothermal force
generated by the laser beam probe?* 2*
The elucidation of this issue is fundamental
for the development of applications based
on nanomechanical resonators. Thus, the
extraordinary fundamental detection limits
promised by these tiny structures can be
significantly impaired if the light signifi-
cantly modifies the resonant frequencies.
Conversely, this detriment can turn into a
relevant advantage in applications consist-
ing of active signal filtering,>>*° parametric
amplification,®® and postfabrication tuning
of the mechanical properties.?” 3°

In this article, we demonstrate that the
laser beam used for probing the mechanical
state of nanomechanical resonators can
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Figure 1. (a) Schematic depiction of the structure and dimensions of the fabricated bimetallic cantilever and of the laser beam
deflection technique used to measure the cantilever deflection. The following component labels are used: L, laser; BS,

beamsplitters; CP, Peltier cell; 01-2, microscope objective; PD, photodetector; C, camera. The path of the laser (L) is shown in
red, while that of the camera light (C) is shown in yellow. In the top inset, a schematic drawing of the bimetallic cantilever used
for the experiments is plotted. (b) Scanning electron microscopy of one of the fabricated cantilevers. (c) Frequency spectrum
of the thermomechanical fluctuations of a cantilever. Beside each resonance peak is shown a depiction of the vibration mode

shape calculated by finite element simulations.

extraordinarily shift the resonant frequencies of bime-
tallic ultrathin cantilevers. Strikingly, the eigenfre-
quency shift due to the laser back-action follows a
nonlinear behavior, which reveals a new mechanism of
resonance frequency shift due to in-plane stress.

RESULTS AND DISCUSSION

Here, we have fabricated arrays of bimetallic cantile-
vers consisting of a 50 nm thick low-stress silicon-rich
silicon nitride (SiN) and 20 nm thick gold layers. The
cantilevers were 30 um long and 12 um wide. The Au
layer enhances the reflectivity of the cantilevers, and it
can be easily functionalized by using self-assembly
chemistry for sensing applications. A schematic of the
cantilever structure and the optical detection is shown
in Figure 1a. A scanning electron microscopy image of a
cantilever is shown in Figure 1b. To measure the vibra-
tion properties of the cantilevers, we used a homemade
laser beam deflection setup (Figure 1a).'° The measure-
ments were carried out in air, and the temperature of
the cantilevers was controlled by means of a Peltier cell
beneath the cantilever chip and a thermocouple tem-
perature placed near the cantilever chip. The results are
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based on experiments carried out with eight cantilevers
from three different chips.

A typical frequency spectrum of the thermomecha-
nical noise of the fabricated cantilevers is shown in
Figure 1c. The spectrum reveals the first four resonant
frequencies. Simulations based on the finite element
method (FEM) show a good agreement between the
experimental and theoretical resonant frequencies.
The FEM calculations show that the first and third
resonant frequencies correspond with the first and
second flexural vibration modes, whereas the second
and fourth correspond with the first and second tor-
sional vibration modes.

Let us now focus our attention on the fourth vibra-
tion mode that is the most sensitive to the light power.
Figure 2a shows how its frequency largely shifts to
lower frequencies when the power of the laser used to
probe the mechanical state of the cantilever is in-
creased from 1.2 to 1.4 mW for a constant temperature
of about 17 °C. The laser power increase gives rise to a
decrease of the resonant frequency of about 30%. To
get insight into the origin of the laser-induced fre-
quency shift, we measured the resonant frequency of
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Figure 2. Evolution of the resonance peak of the fourth
vibration mode as the laser power intensity used to mea-
sure the cantilever displacement is increased from 1.2 to 1.4
mW in even steps at a temperature of approximately 17 °C
(@), and as the temperature is decreased from 17 to 2 °Cin
even steps at a laser power intensity of 1.2 mW (b). The laser
beam is focused near the cantilever base.

the fourth vibration mode for a laser power of 1.2 mW
as a function of the temperature (Figure 2b). The
resonant frequency increased about 35% by decreas-
ing the temperature from 17 to 2 °C. The results
suggest that the laser cantilever heating is the mechan-
ism responsible for the downward frequency shift. The
absorbed power depends on the optical frequency of
the excitation laser, the imaginary part of the refraction
index of the cantilever layers, and the angle between
the incident beam and the cantilever.?* In our condi-
tions, we estimate a theoretical light power absorption
of about 13%. By applying the heat diffusion equation
to a Gaussian heating source to mimic the experimen-
tal laser spot, we calculate the distribution of tempera-
ture across the cantilever induced by 1T mW incident
laser beam (Figure 3). When the laser beam is focused
near the free cantilever end, the temperature quickly
decays toward the support, whereas it approximately
remains constant toward the tip. This arises from the
low heat transfer by air convection that forces the heat
to flow toward the chip. Thus, when the laser is focused
near the clamping region, the induced temperature
increase is uniform along the cantilever except
near the base. Since the optical displacement sensing

PINI ET AL.

technique is sensitive to discern the resonant frequen-
cies from the thermomechanical noise even for the
laser beam incident near the base, hereinafter, we will
discuss the case in which the laser is focused near the
cantilever base. In this case, in order to simplify the
theoretical model, we can consider the temperature
distribution across the cantilever to be approximately
constant and on the order of 0.01 K/uW, which is
consistent with our experimental results. As discussed
below, this assumption allows us to connect this
phenomenon with the controversial problem of the
effect of surface stress on the cantilever eigenfrequen-
cies.

Figure 4a shows the first four resonant frequencies
of a microcantilever plate as a function of the laser
power. In Figure 4b, the relative frequency shifts are
plotted. The uncertainty in both the laser spot position
on the cantilever and spot size gives rise to an error in
the frequency of 0.2% that is smaller than the symbol
size in Figure 4. Interestingly, the resonant frequency
shifts follow a nonlinear behavior with the laser power.
In addition, the relative frequency shift depends on the
vibration mode index and on the kind of motion. The
torsional modes, second and fourth vibration modes,
are more sensitive to the laser power than the flexural
modes (first and third mode). In this nanomechanical
system, the second torsional mode is the mode that
shows more laser back-action effect. Its frequency is
reduced 40 £ 10% by illuminating the cantilever with a
power intensity of 2 mW, reaching a state in which the
third and fourth eigenmodes are close to being de-
generated in frequency. Thus, this extraordinary light-
tuning of the eigenfrequencies can lead to “exotic”
situations in the dynamic response of these nanome-
chanical resonators such as the alteration in the fre-
quency order of the vibration modes.

Most of the methods to tune the resonance fre-
quency of nanomechanical resonators are based on
controlling the stress of the beam by mechanical,*
electrical,”® and thermal effects.?’' Here we use the
light to control the stress of the beam. However, the
most relevant difference is that the applicability of the
aforementioned methods is limited to constrained
structures such as doubly clamped beams where the
stress cannot relax by expanding or contracting. In our
case, the mechanical structure is an ultrathin micro-
cantilever plate, and since the cantilever free end is
unrestrained, most of the axial force along the beam
can be relieved through the beam deformation 333
Well-established mechanisms that can modify the
resonance frequencies of singly clamped beams are
the temperature dependence of the Young's modulus
and the thermal elongation of the cantilever.3* Both
mechanisms induce a linear change of the resonant
frequencies below 107> K~' that is between 1 and 2
orders of magnitude lower than the values found here.
In addition, the frequency shifts follow a nonlinear
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Figure 3. Cross sections along the cantilever of the simu-
lated laser-induced heating for a Gaussian spot at 6 um from
the base (blue line) and at 3 um from the cantilever tip (red
line). The x-axis origin is the clamped cantilever end. The
laser power is 1 mW, and the beam waist is 3 um. The two-
dimensional intensity color maps of the temperature in-
crease across the cantilever and chip are also shown.

behavior. To unveil the mechanism responsible for the
frequency tuning in singly clamped beams, we model
the effect of a uniform temperature change, induced
by the laser beam, on a bimetallic rectangular canti-
lever by using large deformation two-dimensional
elasticity. It is interesting to emphasize that the phe-
nomenology found here is qualitatively the same if the
change of temperature was substituted by a change of
strain-independent surface stress on the opposite
surfaces of the cantilever. This is a classical problem
in mechanics that has been largely studied during the
last three decades, in which a consensus on the solu-
tion has not been achieved yet.3>*3

The problem can be simplified to a two-dimensional
isotropic beam subject to a biaxial bending moment
per width unit (My,) due to the difference in thermal
expansion of the SiN and Au layers and a biaxial in-
plane force per width unit (Ny,) due to the thermal
expansion of the beam given by>>

Eth¢h
M= o1 + 1) — as(1+0)JAT (1)
2(1 —vf?)
Nth_ (ES(X.ShS I Ef(X.fhf)AT (2)
1T—vs 1 —vs

where Eis the Young's modulus, v is the Poisson's ratio,
a is the thermal expansion coefficient, AT is the
temperature variation, h is the layer thickness, and
the subscripts s and f denote the substrate (SiN) and
the deposited film (Au), respectively. The bending
moment, My,, causes the cantilever to bend with a
curvature radius, k, that is approximately given by k =
M./D, where D is the flexural rigidity of the beam. So
far, the influence of My, on the resonance frequency of
cantilevers has been neglected, pointing out the biax-
ial stress, Ny, as the main suspect in the resonance
frequency shifts. The reasoning is based on simplifying
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Figure 4. First four resonant frequencies of a microcantile-
ver plate as a function of the laser power intensity; (a) the
frequency values are shown, and (b) the relative frequency
shifts are calculated with respect to the extrapolated fre-
quency value at zero laser power intensity.

the cantilever as a taut string whose frequency largely
depends on the string tension. However, as mentioned
above, this approach is not physically justified as the
free cantilever end is unrestrained>® and most of the in-
plane stress relaxes except in a small region near the
clamp that induces a moderate change of the funda-
mental resonance frequency.*? In our case, this effect
should induce an eigenfrequency increase of about
0.03% per Kelvin. This shift is of opposite sign to our
experimental results and between 1 and 2 orders of
magnitude smaller than the experimental values.

The finite element simulations show no effect of the
temperature on the eigenfrequencies when a linear
relation between strain and displacements is assumed.
However, a significant effect is obtained by applying
nonlinear von Karman's strain/displacement relations:>®

1(0ou; ou; duk du
L [t i A T, B, 3
& =5 < P + ax; + ) (3)

X an
where ¢;is the Lagrangian finite strain tensor (ij=1, 2, 3),
u; is the displacement vector, and x; is the Cartesian
coordinates. Figure 5a shows the simulation results of
the eigenfrequency shifts versus the temperature var-
iation. Except for the first vibration mode when the
temperature increases below 5 K, the resonant fre-
quencies decrease for positive and negative variations
of the temperature. Notice that the zero-temperature
variation corresponds in our simulations to the canti-
lever without thermal strain (i.e., null deflection).

VOL.5 = NO.6 = 4269-4275 =

A AN

WWww.acsnano.org

J1O1LdV

4272



quency shift (%)

—ii— 1st mode
—¥—2nd mode
—a&— 3rd mode
—o— 4th modle

Relative frequency shift (%) Relative fre

T y T v T y
-10 -5 0

Temperature variation (K)

Figure 5. (a) Finite element simulations of the relative shift
of the first four eigenfrequencies as a function of the
cantilever temperature. In these simulations, the zero tem-
perature corresponds with the cantilever without thermal
strain. The simulated cantilever consists of a bilayer of

20 nm of Au and 50 nm of silicon nitride (inset). The vertical
dashed line approximately indicates the value of initial
stress measured in the fabricated devices at room tem-
perature. (b) Finite element simulations of the relative shift
of the first four eigenfrequencies as a function of the
cantilever temperature for a cantilever consisting of a
trilayer of 10 nm of Au, 50 nm of silicon nitride, and 10 nm of
Au (inset).

Experimentally, the cantilever is in a prestressed state
at room temperature as a consequence of the fabrica-
tion residual stress. White light interferometry experi-
ments show that the cantilevers are initially bent
downward (toward the SiN) about 1T um at room
temperature with a bending responsivity to the tem-
perature of about 60 nm/K. The found residual deflec-
tion is obtained in our simulations at AT = 8 K (vertical
dashed line in Figure 5a). The theoretical eigenfre-
quency shifts for temperatures above this value are
similar to those found experimentally. Consistent with
the experiments, the torsional modes are more sensi-
tive to the temperature. It is important to emphasize
that the presented phenomenon is strongly nonlinear,
and the initial residual stress then determines the
dependence of the eigenfrequencies on the tempera-
ture and surface stress. For instance, if the cantilever
would be initially bent upward (toward the Au), the
eigenfrequency shifts would be positive with the
temperature. The main discrepancy between the the-
ory and the experiments is found for the first torsional
mode (second eigenfrequency) that shows, in the
simulation, a temperature sensitivity similar to the
second torsional mode (fourth eigenmode), whereas
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in the experiments, this sensitivity is significantly smal-
ler (Figure 4b). These discrepancies are reasonable as
the heating induced by the laser beam is not uniform
near the base (Figure 3).

As described above, the temperature induces a
bending moment (eq 1) and an unreleased axial stress
near the clamp (eq 2). To decouple both effects, we
simulate the effect of the temperature on a cantilever
in which half of the gold layer is adhered to the bottom
surface and the other half to the top (Figure 5b). In this
symmetric trilayer structure, the temperature does not
induce a cantilever bending, and the only effect that
can shift the eigenfrequencies is the unreleased axial
stress. The simulations show that the resonant fre-
quencies linearly depend on the temperature. The
absolute frequency shifts are about 1 order of magni-
tude smaller than in the bimetallic cantilever. The data
for the first flexural mode are similar to those obtained
by applying the previous model of unrelieved surface
stress effect on the resonance frequency.>? The simula-
tions indicate that the effects of the bending moment
and unrelieved axial stress on the resonance frequen-
cies can be distinguished by their temperature depen-
dence: the axial stress effect is odd, whereas the
cantilever bending effect is even. Our results indicate
that the previous model of strain-independent surface
stress effect is valid for cantilevers with low residual
stress and small deflection induced by the surface
stress.3? However, it fails to explain the effects when
either large surface stress (residual and adsorption-
induced) occurs or ultrathin cantilevers are used. In
fact, surface stress mechanics usually assumes that
cantilever displacements are small with regard to the
cantilever thickness. However, this assumption is ex-
tremely restrictive from the experimental point of view
where large deflections are sought for small surface
stress variations. This restriction is particularly critical
not only for ultrathin microcantilevers but also for
nanowires and nanotubes that are able to deflect
orders of magnitude of their thicknesses with very
small stresses/forces.

CONCLUSION

In conclusion, nanomechanical resonators increas-
ingly smaller are pursued to achieve unprecedented
detection limits in mass sensing, stiffness spectro-
metry, and force measurements. The mechanical
state, that is, displacement and vibration, can be
sensitively measured by optical techniques. Here
we show that the optical beam significantly alters
the eigenfrequencies of the singly clamped nano-
beams. The same phenomenon is expected for the
static deformation, although it has not been exam-
ined here. The measurement back-action imposes a
limit in the accuracy of the measurement, and it may
prevent the achievement of the fundamental
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detection limits established so far.! This coupling is
also expected for electrical detection techniques that
inherently generate Joule heating. Therefore, when
ultrathin cantilever, nanowires, or nanotubes are
used, methods must be developed to reconstruct
the unperturbed mechanical state in order to achieve
a highly sensitive and reliable measurement. More-
over, the results shed light on the effect of surface
stress on nanomechanical sensors. Surface stress (or

EXPERIMENTAL METHODS

Cantilever Fabrication. A 4 in. 380 um thick, double side
polished (100) Si wafer was coated with 300 nm of wet-thermal
silicon dioxide (SiO,) and 50 nm of low-stress silicon-rich silicon
nitride (SiN) by means of low-pressure chemical vapor deposi-
tion (LPCVD). A first microlithography procedure was then carried
out to define the cantilever patterns on a photoresist layer on
the front-side of the wafer, followed by a dry (CHFs + O,)
etching of the SiN to etch the exposed silicon nitride film. This
etching step was controlled to stop on the SiO, film. Afterward,
the photoresist was stripped in an oxygen plasma. Subse-
quently, the second microlithography procedure, followed by
e-beam metal evaporation, and standard lift-off technique were
carried out to pattern the Au areas on the cantilevers. The
evaporated Au film had a thickness of 20 nm with an adhesion
layer of 5 nm thick chromium. Then, windows were aligned and
created on the back-side of the wafer by the third microlitho-
graphy procedure, followed by a through-wafer dry etching
step (using a Bosch process with a SF¢/O, gas mixture). This
through-wafer etching is controlled to stop when a sacrificial
film of SiO; is reached. The front-side (Au and nitride films) was
protected during the dry etching procedure by a photoresist
layer. Next, the photoresist film was stripped in an oxygen
plasma oven, followed by wet etching of the SiO, layer in a
diluted buffered oxide etch solution to reveal the free-standing
SiN/Au bimetallic cantilevers. It should be noted that the
cantilever wafer was transferred directly from the wet-etch
solution into a beaker containing distilled water and several
surfactants to reduce surface tension. This procedure drastically
improves the fabrication yield from about 50% (without this
step) up to 90%. Finally, the wafer was manually separated into
single chips with dimensions of 3 mm x 1.7 mm containing four
cantilever beams.

Optical Setup. To measure the vibration properties of the
cantilevers, we used a homemade laser beam deflection setup19
(Figure 1a). The measurements were carried out in air, and the
temperature of the cantilevers was controlled by means of a
Peltier cell beneath the cantilever chip and a thermocouple
temperature placed near the cantilever chip. The beam from an
intensity-modulated laser diode (1 = 780 nm) was directed to
the sample through a 20x objective with a numerical aperture
of 0.42. The spot size was 2—3 um. The light reflected off the
cantilevers was collected by a second objective (10x, NA =0.28)
and then by a quadrant photodetector. The segment photo-
currents were amplified by low-noise current to voltage pre-
amplifiers and acquired by a high-speed voltage digitizer
connected to a PC.

Finite Element Simulations. Finite element simulations were
performed with commercial software Comsol 4.0. The simula-
tion process consists of two sequential steps. First, we calcu-
lated the static cantilever displacement when the cantilever is
subject to a temperature change uniformly distributed. This
study includes the calculation of large deformation effects that
arise from the geometric nonlinearity. In this case, the Green
strain tensor and the second Piola—Kirchhoff stress tensors are
used and the solution is achieved by using a total Lagrangian
formulation. In the second part of the simulation, we obtain the
cantilever eigenfrequencies by including the static cantilever
deformation calculated previously. In order to avoid long-time-
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bimetallic) effect on cantilevers has two components:
(i) the unreleased axial stress and (ii) the deflection
induced by the bending moment. The second effect,
which has been traditionally ignored, has been re-
vealed as the most important contribution in the case
of ultrathin cantilevers. These two effects can be
distinguished by studying their functional parity;
the axial stress effect is odd, whereas the bending
moment effect is even.

consuming simulations and to obtain accurate solutions, the
meshing of the cantilever structure that has large aspect ratio
must be individually adapted to each direction. We applied a
customized free tetrahedral meshing. In addition, since the stress
and strain near the clamping region play a critical role in the
vibration response of the cantilevers, the clamping region was
refined with an extremely fine meshing. A convergence study was
performed by refining the mesh element size until the relative
error in the cantilever eigenfrequency was below 10~ This
corresponds to a mesh of 500 000 elements, approximately.
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