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Near-field optical transducer for nanomechanical resonators
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We show that a single-mode tapered-fiber waveguide can be used as a sensitive transducer to couple
to the motion of a nanomechanical resonator. When the waveguide and the resonator are sufficiently
close to each other, small mechanical oscillations of the resonator can be actuated efficiently by the
optical dipole force. Scattering of evanescent waves confined around the waveguide and the ensuing
modulation in the optical transmission through the waveguide allow for sensitive detection of the
resonator oscillations. Using this technique, we have measured high-frequency nanomechanical
resonances with a ~150 fm Hz~!" noise floor at a detection power of ~100 wW. The tapered-fiber
waveguide provides a single seamless transduction interface between the device chip and the
measurement equipment, thus offering potential for use outside of the research laboratory. © 2070

American Institute of Physics. [doi:10.1063/1.3530432]

Nanomechanical resonators, commonly referred to as
nanoelectromechanical systems (NEMS), are expected to im-
pact many future technologies, extending from
biomedicine” to computation.3 Yet, the development of
NEMS-based nanotechnologies is still hindered by the diffi-
culties in exciting and measuring the small NEMS motion. In
the past decade, both 0ptical4_9 and electronic'®" phenom-
ena have been exploited to actuate and sense nanomechani-
cal motion. While impressive sensitivities have been re-
ported, there has yet to emerge a versatile and simple
transducer for NEMS—similar to the capacitive transducer
for microelectromechanical systems. Typical NEMS trans-
ducers require complex experimental setups or delicate nano-
structures or both. In electronic coupling, parasitic imped-
ances typically impose limitations on signals and necessitate
enhanced materials,11 impedance matching,12 or modulation
techniques.13 In the optical domain, alignment, positioning,
and stability requirements along with the diffraction limit 9
pose challenges.

Near-field (evanescent) optical interactions provide an
attractive avenue for nanomechanical motion transduction.
Near-field interactions fit the length scale of NEMS well by
retaining sensitivity beyond the diffraction limit. They can be
used in noninterferometric approaches with less stringent co-
herence and stability requirements. Both actuation™®'* and
sensing:{“*ﬁ’“‘*17 of motion can be realized based on near-field
optical interactions. In this paper, we describe a simple, ro-
bust, and sensitive near-field interface in the form of a
tapered-fiber waveguide for NEMS motion transduction. Our
off-chip tapered-fiber waveguide provides a seamless single-
wire interface between the NEMS chip and the measurement
equipment, obviating the need for free-space optics.

In this approach, the displacement sensing mechanism is
based on scattering of evanescent optical waves outside the
waveguide. Optical dipole forces due to the field gradients
around the waveguide allow for actuation of nanomechanical
motion. Figure 1(a) shows an illustration of our single-mode
tapered-fiber waveguide interface along with the block dia-
gram of the measurement setup. The waveguide is positioned
a distance z above a silicon doubly clamped beam resonator.
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The taper region is formed by heating and pulling a single-
mode silica glass fiber'” and has a diameter of d=~1 pm.
Two different diode lasers are used in a pump-probe scheme.
The light from the detection laser (A,=1580 nm) passes
through the taper, interacts with the NEMS resonator, and is
sent onto a high-speed photodetector. Light from a second
laser (A;,=1530 nm) is intensity-modulated and is also di-
rected into the taper to actuate the resonator. A spectrum
analyzer is used for noise measurements; a network analyzer
is used to measure the driven response.

We first focus on detection of nanomechanical motion.
Along the tapered-fiber waveguide, the optical mode be-
comes weakly guided. When a high-index dielectric such as
silicon is present in the vicinity, the evanescent tail around
the waveguide couples to the dielectric, reducing the trans-
mission 7 through the waveguide. If there are small high-
frequency oscillations in the gap between the dielectric and
the waveguide, this will induce a modulation on the intensity
of the transmitted light. By monitoring the high-frequency
spectrum of the transmitted signal, mechanical motion can be
detected. The optical power P,,(t) on the photodetector can
be expressed as

T
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where Pj, is the incident (probe) power on the waveguide.
The derivative |dT/dz| is evaluated at the static gap value z
=zo; Oz;(t) correspond to the small time-dependent oscilla-
tions of the relevant modes of both the waveguide and the
nanomechanical resonator.

Figure 1(b) shows the normalized dc transmission T
through the tapered-fiber waveguide as it is slowly brought
toward a 15 wm X230 nm X500 nm (IXtXw) doubly
clamped nanomechanical beam using a calibrated position-
ing stage. When the NEMS-waveguide separation z is large,
the optical power is directly transmitted to the photodetector.
However, as z is decreased, T decreases exponentially until
the waveguide snaps onto the NEMS at z= 0. The numerical
z-derivative of the T curve is shown in the inset; the fit in the
inset is an exponential. [9T/dz| is the quantity which deter-
mines the displacement sensitivity (see below).
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FIG. 1. (Color online) (a) Schematic of the experimental setup superimposed on the scanning electron microscopy image of a (IXrXw=15 um
X230 nm X500 nm) doubly clamped beam. The transduction circuit comprises of an electro-optic intensity modulator, polarization controllers, wavelength
division multiplexers, and photodetectors. The measurements are performed using a spectrum analyzer or a network analyzer. (b) Normalized transmission T
and the numerical derivative |9T/dz| (inset) as a function of z with theoretical exponential fits (solid lines). (c) Displacement noise spectral density Sj/ 2(f) of
the waveguide (left) and the NEMS resonator (right) measured in vacuum. (d) Integrated optical noise powers Pj (circles) and P, (diamonds) vs z with

exponential fits (solid lines).

Even when there are no external forces on the system,
the thermomechanical motion of both the tapered-fiber
waveguide and the NEMS will modulate the optical signal.
Assuming that the waveguide and the resonator have well-
defined thermal noise peaks at their respective resonance
frequencies, the measured noise power will be prominent at
the sidebands of these resonances. Indeed, the measured
spectrum of the transmitted optical signal in Fig. 1(c) shows
several noise peaks corresponding to the modes of the
tapered-fiber waveguide and the doubly clamped beam. The
measurement is performed in vacuum at a gap z=100 nm
with P;,=~100 uW. While the fundamental modes of the
fiber are expected to be in orthogonal planes and degenerate
in frequency, asymmetries in the taper structure result in
two well-separated modes at f}% 2.548 kHz and f;ﬁ
~2.555 kHz. Of these two, the mode at ﬁ moves mostly
along the z direction and hence has the larger response. The
high-frequency peak at f.~5.55 MHz corresponds to the
fundamental out-of-plane mode of the doubly clamped beam.

|0T/ dz| and thermal noise measurements can provide a
displacement calibration as well as the stiffnesses k; of the
mechanical modes in question. From Eq. (1), the noise pow-
ers P’; and P, at the sidebands can be approximated as

P,,|0T/ z9z|Z (512)1/ 2, where (8z7)!/? is the rms thermal ampli-
tude of the mode Given that <5z2>” 2 is constant (temperature
rise is estimated to be A@=40 wK), the noise power in each
out-of-plane mode should closely follow |dT/dz| when mea-
sured as a function of z. This is indeed the case for both the
waveguide and the NEMS, as shown in Fig. 1(d). Here, the
(integrated) noise power at f; and f, obtained from spectrum
measurements is plotted as a function of z. Using the inde-
pendently obtained |dT/ dz| from the inset of Fig. 1(b) and the
experimental P;,=~100 uW value, we obtain <5zf>” 2
~2.3 nm and (8z2)">~31 pm for the tapered-fiber wave-
guide and the nanomechanical resonator, respectively. The
equipartition relation (5z,-2>:k30/ k;, with @ being the tem-
perature and kp being the Boltzmann constant, then provides

kg ~0.74X 103 Nm™' and k,~4.1 Nm~'. Using the ex-
tracted (&f) and (&z7) values, one can readily convert mea-
sured signals into displacements, as done for the y-axis in
Fig. 1(c). The displacement sensitivity (noise floor) is S/
~290 fm Hz™'? at z=100 nm, further improving to S.”*
~150 fm Hz "2 at z=30 nm.

We now consider the sensitivity of the displacement
transducer as a function of the relevant NEMS size. Figure
2(a) shows T as a function of z measured as the waveguide
was approached to silicon doubly clamped beams with iden-
tical lengths and thicknesses (I X¢=15 wm X230 nm) but
varying widths of 500=w=1500 nm. At any given gap
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FIG. 2. (Color online) (a) T and |dT/dz| (inset) vs z with exponential fits
(solid black lines) for five doubly clamped beam resonators with different w.
(b) |dT/dz] as a function of w at fixed values of z=50, 100, 200 nm. The
solid lines are fits.
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FIG. 3. (Color online) (a) Optically driven response of a (IXtXw
=15 um X230 nm X500 nm) doubly clamped beam. The response is mea-
sured at z=100 nm with an actuation power of 25 uW and a probe power
of 100 uW. (b) Normalized optical gradient force (normalized by interac-
tion length w and actuation power) measured as a function of z. Open
symbols are obtained from experiments, and the solid line is the result of
FEM simulations. The inset displays the optical force as a function of ac-
tuation power. The force was obtained from measurements at z=50 nm
(triangles) and z=150 nm (diamonds).

value z, the larger the device width, the smaller the transmis-
sion; this is consistent with the fact that the waveguide
samples a larger dielectric area for a larger device width.
|9T/ dz| vs z for each device is shown in the inset of Fig. 2(a).
Figure 2(b) shows the dependence of |dT/dz| on the device
width w at three fixed gap values. A linear relationship is
observed; |dT/dz| and hence the displacement sensitivity in-
creases with increasing w. For a given resonator, the dis-
placement sensitivity increases as the device-waveguide gap
is reduced.

Using the same interface, a second laser source can be
used to resonantly excite devices through the optical gradient
force. Figure 3(a) shows the optically excited response of the
doubly clamped beam resonator of Fig. 1 detected by eva-
nescent wave scattering at z=~ 100 nm. In a series of similar
measurements shown in Fig. 3(b), we keep the actuation
power fixed and measure the optical drive force (symbols) as
a function of z. Force calibration is obtained by using the
known displacement calibration and the k, value. The solid
line is calculated numerically18 using two-dimensional finite-
element-method (FEM) simulations. The complementary set
of measurements in the inset shows the optical force versus
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the optical actuation power. Experimental data and theoreti-
cal calculations indicate a strong exponential dependence of
the force on z and are in good agreement. We note that for
the power levels used in this work, negligible power is dis-
sipated in the resonator and A@=40 K. Hence thermal ef-
fects do not play a significant role in actuating the devices.’

Our transducer is insensitive to the phase of the light and
can be implemented using an incoherent light source.!” For
further robustness, one could anchor the tapered-fiber wave-
guide to fabricated support structures on the device chip or
flip-chip bond a separate waveguide chiplg over the device
chip. Even before such advances, our technique could be
used in NEMS applications.
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