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ABSTRACT: Development of efficient and sensitive motion transducers for arrays of nanoelectromechanical systems (NEMS)
is important for fundamental research as well as for technological applications. Here, we report a single-wire nanomechanical
transducer interface, which relies upon near-field optomechanical interactions. This multiplexed transducer interface comes in the
form of a single-mode fiber taper on a fiber-optic cable. When the fiber taper is positioned sufficiently close to the NEMS array
such that it can attain evanescent optical coupling with the array, individual NEMS resonances can be actuated using optical
dipole forces. In addition, sensitive detection of nanomechanical motion can be realized when the evanescent waves confined
around the taper are scattered by the motion. We have measured resonances from an array of 63 NEMS resonators with a

displacement sensitivity of 2—8 pm-Hz '/

at a detection power of ~100 #W (incident on the entire array).
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Nanoelectromechanical systems (NEMS)-based fundamental
metrology” and technological applications®™® are poised to
benefit from the development of efficient and sensitive
nanomechanical transducers. This is because useful signals are
encoded in nanomechanical motion in a typical sensing or
measurement endeavor involving a NEMS resonator. Exciting
and measuring the small NEMS motion at low input power
levels and with as little added noise as possible, therefore,
remains of paramount importance to the NEMS community.
Impressive nanomechanical displacement sensitivities have
been achieved by exploiting both optical’™"® and elec-
tronic">'®"** phenomena. Much of the reported work,
however, remains on single NEMS resonators with a few
notable exceptions.'®**™?% Yet, it is clear that arraying NEMS
devices at the chip scale will be the way of the future. What is
needed, therefore, is an efficient multiplexed transducer for
NEMS arrays, which preferably comes in the form of a seamless
single-wire interface.

In this article, we describe such an optical transducer
technology for NEMS arrays. Our transducer is based upon
near-field (evanescent) optical interactions. Near-field optical
interactions suit the NEMS domain well because they are
typically not limited by diffraction. Both actuation®'>**? and
sensing”' ' 713**7>? of NEMS motion have been realized using
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near-field interactions with modest coherence and stability
requirements. Our array transducer, which is based on a fiber
taper, aims to circumvent some of the imitations encountered
in earlier NEMS array work, such as free-space optical
components,”*** off-chip circuit components,'” magnetic field
requirements,” requirements for high-index materials** and so
on. First and foremost, the taper provides a single-wire
multiplexed transduction interface between the NEMS chip and
the measurement equipment. Because the taper can easily be
fabricated on a fiber optic cable, our approach obviates the need
for free-space optics and is straightforward to implement. This
simple off-chip transducer can be fully integrated for large-scale
distributed NEMS arrays by replacing the fiber taper with an
on-chip waveguide. Finally, the transducer provides high
displacement sensitivity and actuation efficiency at low optical
power levels.

Figure la shows an illustration of our single-wire interface
and the block diagram of the measurement setup. Our
transducer comes in the form of a fiber taper; the taper has a
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Figure 1. (a) Schematic of the experimental setup superimposed on the SEM image of a NEMS cantilever array. Light from two different diode
lasers is combined in a pump—probe scheme and directed into the fiber taper. The transmitted light is separated by wavelength and the probe
portion is sent onto a high-speed photodetector (PD). The actuation circuit comprises of an electro-optic intensity modulator (EOM), an erbium-
doped fiber amplifier (EDFA), variable optical attenuators (VOA), fiber polarization controllers (PC), and wavelength division multiplexers
(WDM). A spectrum analyzer (SA) is used for noise measurements; phase-sensitive detection (PSD) using a network analyzer is employed to
measure the driven response. (b,c) Normalized optical transmission T and its numerically calculated derivative 10T/0zl as a function of the taper-

device separation z, respectively.

diameter of d & 1 pm. The fiber taper is positioned above the
NEMS array by a distance z using calibrated stages. Low-
frequency drifts of the taper during measurements are nulled
using a digital feedback loop. All the measurements are
performed in a custom built variable pressure chamber with a
base pressure p & 2 X 107> Pa. Two tunable laser sources
operating in the telecom band are used for detection and
actuation. The output of the actuation laser is intensity
modulated using a commercial LiNbO; modulator and
amplified with an erbium-doped fiber amplifier (EDFA) before
entering the input coupler. In our approach, the displacement
sensing mechanism is based on the scatterin(g of evanescent
optical waves localized outside the taper.”* " Optical dipole
forces due to the field gradients around the taper allow for
actuation of nanomechanical motion,'>**2¢>73!

The resonator arrays are patterned on a silicon-on-insulator
(SOI) wafer (with a sacrificial SiO, layer of 3 um) using
standard electron-beam lithography and a fluorine based plasma
etch. In order to isolate the mechanical devices from the rest of
the chip, a mesa structure is defined using optical lithography
followed by deep silicon etching. Finally, the devices are
released by a hydrofluoric acid (HF) vapor etch. The undercut
of the cantilevers in the array is ~1 pm.

The Si NEMS resonators in the array scatter the evanescent
tail around the fiber-taper when the taper is positioned
sufficiently close to the NEMS array. This reduces the
transmission T of the taper.””*° For small oscillations of the
N individual resonators in the array as well as the taper, the
optical power Py4(t) detected on the photodetector can be
expressed as>>

dz¢(t)

2=z

oT
de(t) ~ By, T(ZO) + ‘g

1 |oT

N | 0z

N
Y. 8z,(t)

z=2) p=1

(1)

Here, P,, is the incident (probe) power on the fiber taper; the
z-derivative of the transmission, 10T/0zl, is evaluated at the
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static gap value z = zy; 6z(t) and 6z,(t) are the time-dependent
oscillation amplitudes of the taper and the n™ nanomechanical
resonator, respectively. Assuming that the oscillation frequen-
cies of the individual resonators are well-separated, nano-
mechanical motion can be detected®® by simply monitoring the
high-frequency spectrum of P, in a narrow band. The
detection mechanism is insensitive to the phase of the light
and can therefore be implemented using inexpensive
incoherent light sources.”

In order to apply the above displacement detection principle
to a NEMS array, we first measure the transmission T though
the fiber taper as a function of the gap z between the array
plane and the taper. In the experiment, we use a NEMS array
comprised of 63 cantilever beams; the shortest 20 cantilevers in
the array are shown in the scanning electron microscope
(SEM) image of Figure la. The lengths of the cantilevers vary
from § ym < I, < 18.8 ym, while the widths and thicknesses are
equal for all: w = 500 nm and ¢t = 230 nm, respectively. The
variation in the length along with the typically high quality-
factor of NEMS resonators ensures that the resonance
frequencies will be well-separated. The fiber is first aligned to
the tips of the cantilevers; it is subsequently brought toward the
array plane while P,4 is monitored in a dc measurement. The
resulting T versus z curve is shown in Figure 1b. The
transmission is normalized to unity when the taper is far above
the device. T decreases monotonically with decreasing z, except
in the final ~5 nm of the approach when the fiber snaps to
contact accompanied by an abrupt change in T. The zero gap is
taken as the z value where T &~ 1 X 107% however, the exact
location of the zero gap is not important since the transducer is
typically operated far from the zero gap limit. The slope of the
transmission curve with respect to the gap, |0T/0zl, is shown in
the Figure 1c. This slope along with the array size N determines
the inverse displacement detection responsivity per (individual)
resonator, (1/N)I0T/0zl, as expressed in eq 1 above. It is worth
noticing that |0T/0z| shown in Figure 1lc has a well-defined
maximum at z & 270 nm. This maximum emerges because of
two competing effects as z is reduced: the evanescent coupling
increases while the transmitted power decreases. Using the
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Figure 2. (a) Thermal noise spectra (backgrounds subtracted) for the first 42 cantilevers along with the theoretically expected envelope (red dashed
line) proportional to f%'% (b) Representative thermal noise peak (blue) for one cantilever having dimensions I X t X w = 15.6 ym X 230 nm X 500
nm and stiffness of k & 6 X 1072 N-m™". The solid line is a fit to a Lorentzian line-shape with a resonance frequency of f ~ 1.13 MHz and a quality
factor of Q ~ 3800. A displacement responsivity of R &~ 1.2 X 107> m-V ™' is obtained by using the approach outlined in the main text with the device

parameters. This gives a measurement noise floor of S,/

~ 4 pm-Hz_l/ 2 for this device.
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Figure 3. Optically actuated response showing measured displacements of 63 cantilevers taken with an actuation power of 50 W and a probe power
of 100 W. The blue (green) spectra correspond to fundamental (first harmonic) flexural resonances. The dashed red line is proportional to f>% and
is calculated from the device geometry and material properties of the resonators. The inset shows the expected (dashed line) and measured
resonance frequencies of both the fundamental (diamonds) and first harmonic (circles) resonances as a function of cantilever length.

maximum value of 10T/dzl one obtains (1/N)IdT/0zl ~ 0.024
um™; this value provides the maximum displacement detection
sensitivity for each element of the array as discussed in more
detail below.

For displacement detection, we position the fiber taper at the
maximum sensitivity point, z & 270 nm, found in the dc
transmission measurements. We then monitor the spectrum of
the transmitted power using a spectrum analyzer. Figure 2a
displays the high-frequency spectrum of the noise measured on
the array with P, & 100 yW. Well-separated thermal peaks
from the fundamental out-of-plane resonances of the first 42
cantilevers are noticeable. These thermal peaks provide a
reliable calibration for the displacement detector (see below).
Each individual resonator n exhibits a thermal peak with a
Lorentzian line-shape, such as the one shown in Figure 2b. The
measured resonance frequencies and quality factors are 0.75
MHz < f, £ 2.6 MHz and 3500 < Q,, < 6000. Not shown are
the two orthogonal low-frequency modes of the fiber taper
itself® at f} ~ 2.548 kHz and f ~ 2.555 kHz. The particular
fiber (with transmission loss of ~1.5 dB) used in this work has
a spring constant of k¢~ 0.74 X 107> N-m™", resulting in an rms
thermal amplitude of (5z2)"/* ~ 2.3 nm. This stiffness k is
smaller than that of most of the cantilevers in the array.
However, it is large enough that the deflections of the fiber
induced by optical and van der Waals forces can be neglected,”
except when the gap is very small, z ~ S nm.

In order to calibrate the oscillation amplitudes, we assume
that each NEMS resonator in the array can be described as a
one-dimensional damped harmonic oscillator with stiffness k,,
effective mass m,, and mechanical resonance frequency f,. Also
implicit is the relation k, = m,w,’, where @, = 2xf,. Given the

~
~

displacement noise spectral density S, (f), the equipartition
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theorem provides the mean-square displacement (5z;) of the
n™ mechanical resonator as (5z;) = [&°S, (Adf = (ks0)/(k,).
Here, kg is the Boltzmann constant and 0 is the absolute
temperature. In the experiments, a voltage due to the motion of
a resonator is measured. For calibration, we need the overall
displacement responsivity R, (in units of m-V'); this can then
be used to convert any voltage to a displacement or vice versa.
The calibration procedure is as follows: The voltage noise
spectral density Sy (f) (in units of V2Hz ') of an undriven
resonator is measured as a function of frequency at the output.
R, is extracted from R> = (kp0/k,)/( / Sy (Ndf) using the
measured Sy, calculated k, and the ambient temperature values.
This calibration procedure is valid for a given optical probe
power and taper-resonator separation and is repeated for each
device. The minimum attainable displacement sensitivity can be
expressed as Szl/ 2= RT,S‘l,/ 2. The dominant noise mechanism in
our setup is the laser intensity noise. At this limit, 2 pm-Hz />
< $Y* < 8 pm-Hz /2 Ideally, the detector should provide the
same displacement sensitivity for all the individual resonators in
the array since the responsivity R, depends upon the scattered
light, which is only a function of the individual resonator
width.* In reality, however, R, varies by 30% among
resonators. The variation observed is due to the nonuniform
noise floor in the relatively broad frequency band of the
measurement and the slight misalignment of the fiber taper
with respect to the resonators. In addition, the undercut of the
structures affects the calibration because of k,; R, varies by 15%
from its nominal value. Finally, returning to eq 1, we note that
the R,’s found from the thermal calibration agree to within 20%
with those obtained independently from the transmission (T
versus z) curve of Figure 1b . In this approach, the R,’s are
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found using (1/N)(10T/0zl) (after accounting for the
responsivity and gain of the photodetector). This close
agreement gives us confidence that the approximation in eq 1
describes the displacement sensor well.

The dashed envelope curve in Figure 2a, proportional to
f°/% is a theoretical fit to the experimentally measured S, (f)
values using an average quality factor for the whole array. The
measured rms displacements and hence S, (f) decrease at
higher frequencies due to the increased stiffness. For the n™
device, the displacement noise spectral density S, (f) at f = f,
simplifies to

4kg0Q ,
Sz,,(fn )=

m,(2af, )’ @)

The effective mass m, for the fundamental (out-of-plane)
flexural mode of a cantilever with linear dimensions I, X w X t
and density p can be calculated as m, = 0.25pwtl,; the
resonance is at a frequency f, = (w,/27) = 0.162(E/p)"/*(t/12),
where E denotes the Young’s modulus. Realizing that only the
length I, changes for array elements and using the relations for
m, and f,, one obtains

Q,

S/2

) ®
where = (wEY*%¥*/*)™ (in kg™"s"?). The measured Q,
remain in the range 3500 < Q, < 6000. If one simply assumes
an average quality factor of Q, ~ 4500 for all the resonators in
the array and uses E and p for Si along with the device
dimensions, one obtains the envelope in Figure 2a.

In Figure 3, the driven response of the NEMS array is shown.
In these measurements, experimental parameters such as the
fiber taper position, dc light levels and polarization states are
optimized and kept as close as possible to the thermal noise
measurements for a reliable displacement calibration. Using the
same fiber taper, a second intensity-modulated laser source is
used to resonantly excite devices through the optical gradient
force. The intensity modulation signal is provided by a network
analyzer. The excitation path originating from the intensity
modulated laser is shown in blue in Figure la. The entire array
is driven by an optical power of S0 W (in addition to the
probe power of P, ~ 100 uW) at z &~ 270 nm. The detection is
performed as described above. The peaks observed in Figure 3
correspond to all the fundamental flexural resonances of the 63
cantilevers in the array along with a number of first harmonics
of the softer cantilevers. The decrease of resonance amplitudes
at higher frequencies can be attributed both to higher stiffness
and to slight misalignments of the taper. The inset to Figure 3
displays the dependence of resonance frequency f, on the
device length ! for all the measured fundamental (diamonds)
and first harmonic (circles) modes.*

The displacement calibration is obtained from the
thermomechanical motion of the 42 cantilevers shown in
Figure 2a. As discussed above, first the responsivity R, is
obtained for each resonator separately. For driven motion,

5Z,(f) = RV, (f) where 6Z,(f) is the rms displacement
amplitude of the n™ resonator and V,(f) is the rms voltage

S, (f,) = 0.161pkg0

measured at the drive frequency f. The on-resonance magnitude
of the optical force driving the n™ resonator can then be found

from F, = k,6%,,(f,)/Q, with Q, obtained from the resonance
line-shape and k, from elasticity theory.
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It is a good approximation to assume that the dropped
actuation power and hence the actuation force on each
cantilever in the array is the same, given that the width of
the cantilevers are identical. In order to support this statement,
we have calculated the envelope curve in Figure 3. The
calculation uses identical considerations as above and results in
the following on-resonance amplitude §%Z,(f,) for driven
motion

Q,
3/2
n

8Z,(f,) = 0.258F,
(4)

Taking an average Q, ~ 4500, the best fit provides F, = 45 fN.
The slight discrepancy between the data and the fit is mainly
due to fact that Q, and F, are assumed the same for each
resonator. Furthermore, as discussed above the uncertainty in
R, also propagates into the calculations. We have also
determined from finite element method (FEM) simulations
that when the array is excited at frequency f,, there is negligible
mechanical coupling between devices and the majority of the
mode energy stays within the n™ device.

We now discuss the temperature rises induced by our
transducer. First, when a mechanical resonator interacts with a
nearby fiber taper, it absorbs some of the optical power from
the taper. In vacuum, this is expected to generate a localized
temperature rise on the device; heat is subsequently conducted
to the clamps. Neglecting scattering effects and assuming that
the device absorbs all the power the taper loses, an upper limit
for the local temperature rise can be estimated. Due to the high
aspect ratio of the mechanical device (I/w,l/t > 1), a one-
dimensional temperature distribution, 6,(x) (see coordinate
axes in Figure 2a) can be assumed. For a single cantilever with
heat flux q” at the free-end,®* the maximum temperature is
found as 6,(I) = (q'l/x) + 6, where k is the thermal
conductivity of the device and the clamp is at 6, (6, ~ 300 K).
For a device of width w = 500 nm with 1.5 yW of dropped
power (P, ~ 100 W) and an absorption rate'” of a@ ~ 0.2
dB-cm™’, we find an absorbed power of P, & 3.5 pW over the
width of the device. Thus, the heat flux is q” &~ (P,/wt) where w
X t is the cross-sectional area. This expression results in a
temperature increase of A, ~ 4 uK at the tip of the longest
cantilever with [ X w X ¢t = 18.8 um X 500 nm X 230 nm and
will be smaller for the others. Second, an upper limit for the
temperature rise of the isolated fiber taper can also be found by
assuming that all the lost optical power is absorbed by it. Since
the length L of the taper is much larger than its diameter, a one-
dimensional model can be used. Using typical x and a values
for silica, and the fiber dimensions of L % 1 mm and d % 1 ym,
we obtain an absorbed power of 7 pW (for a probe power of P,
~ 100 4W). This leads to a temperature increase Afy~ 1 mK
around the center of the taper. When operating in a fluid such
as air, the temperature rise in both the fiber taper and the
cantilever are expected to be smaller.

Some future applications require that the single-wire
transducer interface work well in an ambient environment.*®
In order to demonstrate this capability, we measure the
resonant response of single NEMS resonators using the same
measurement configuration under atmospheric pressure. The
NEMS resonators here are doubly clamped beams and the fiber
taper is aligned perpendicular to the length of the beam
approximately at its center.’® Figure 4a shows the thermal noise
spectrum measured for a w = 1000 nm doubly clamped beam
resonator using a probe power of ~100 yW at a gap z & 75 nm.
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Figure 4. (a) Thermal peak of a doubly clamped beam resonator with /
X tX w =15 pm X 230 nm X 1000 nm measured in air at the same
probe power (P, &~ 100 4W) at a gap z & 75 nm. A broadening in the
peak is observed due to fluidic damping (Q ~ 40), whereas the
resonance frequency does not change significantly from its vacuum
value. At this power level and separation, a displacement sensitivity of
SY? & 56 fm-Hz '/? is obtained. (b) Optically driven response of the
same device for three different actuation powers of 15, 25, and 35 yW.
The inset shows the linear dependence of the NEMS amplitude on the
actuation power at two different separations, 7S nm (diamonds) and
150 nm (triangles).

At this power level and separation, a displacement sensitivity of
SY? ~ 56 fm-Hz /2 is obtained. This increased displacement
sensitivity is mainly due to the fact that the single NEMS beam
interacts with most of the power incident on the fiber taper, as
opposed to arrayed resonators where the power is shared
between N beams. Furthermore, under atmospheric pressure,
the taper can handle more optical power (up to ~5 mW)
without failure, leading to increased detection sensitivity. We
note that, in the case of a single NEMS resonator, we do not
observe a maximum in the transmission T versus gap z curve.
Rather, an exponentially decaying T versus z curve is obtained
with a monotonically increasing 10T/0z1.>° In Figure 4b, we
display the optically driven resonances of the same device with
the expected linear relation extracted in the inset. We notice no
degradation in the coupling for either the detection or the
actuation under atmospheric pressure.

As presented, the technique here is simple to implement for
quick off-chip interrogation of a NEMS array. It could be
improved in several respects. First, as encountered in past
arrayed NEMS work,'**** it is not possible to multiplex
signals from different resonators if their resonance frequencies
are not well-separated. To the best of our knowledge, the only
NEMS array read-out, where degenerate frequencies in the
array could be resolved, is based on full-field free-space optical
detection.” Here, this issue could be solved by perhaps relying
on scattered (detected) power levels by fabricating resonators
with the same frequency but different scattering cross sections,
for example, fabricated out of different materials or different
coatings.*® This way degenerate resonators could be identified
based on detected light levels. Second, a more robust device
could be achieved by securing the fiber taper to on-chip support
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structures.’ Alternatively, a separate waveguide chip could be
bonded®” to the NEMS chip or a buried channel waveguide
could be fabricated under the device layer.*® Finally, the
displacement sensitivity could be further enhanced by employ-
ing shorter wavelength light sources or smaller, higher index
waveguides. The resonator material is also not limited to high
index dielectrics and could be replaced by metals or polymers.*
In short, with such advances, the technique demonstrated here
could be useful in a variety of new technological applications.
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