APPLIED PHYSICS LETTERS 91, 093112 (2007)

Nanomechanical displacement detection using fiber-optic interferometry
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We describe a fiber-optic interferometer to detect the motion of nanomechanical resonators. In this
system, the primary technical challenge of aligning the fiber-optic probe to nanometer-scale
resonators is overcome by simply monitoring the scattered light from the devices. The system
includes no free-space optical components, and is thus simple, stable, and compact with an
estimated displacement sensitivity of ~0.3 pm/\Hz at optical power levels of ~0.75 mW. © 2007
American Institute of Physics. [DOI: 10.1063/1.2776981]

Nanomechanical resonators or nanoelectromechanical
systems' (NEMS) present interesting possibilities in a num-
ber of applications as well as in fundamental research. With
very small masses, high frequencies, low intrinsic dissipa-
tion, and compatibility to batch fabrication, applications of
these devices span from ultrasensitive mass” and force® de-
tection to quantum information processing.4

There is a relentless effort to develop efficient and sen-
sitive transducers for NEMS.”® Optical techniques remain
among the most sensitive even for the smallest devices.” One
usually uses free-space optical components, e.g., lenses and
beam splitters, to assemble an optical detection system. The
principal challenges associated with operating such systems
are the stringent alignment requirements, large susceptibility
to external perturbations, and the insertion loss of the optical
components. Fiber interferometry, on the other hand, pro-
vides a cheap and robust alternative to free-space-based op-
tical detection. Here, the probe laser beam is guided toward
the moving surface in a fiber-optic medium. The reflected
light from the moving surface is collected with the same
fiber and is guided back onto a photodetector, where it inter-
feres with a reference beam. Fiber interferometry has been
used in a number of applications, such as atomic force
microscopy,10 magnetic resonance force microscopy,3 and
Casimir force detection."

The application of fiber interferometry to detect NEMS
motion involves challenges. The principal one is approaching
and aligning the fiber tip to the submicron NEMS structures.
Given the size of a cleaved fiber tip, the orthogonal fiber-
sample geometry and the typical fiber-sample separation, it is
not practical to use an optical imaging system. Previously,
fiber interferometry has been demonstrated on NEMS
through the use of a fiber focuser,'? which results in a spot
size well below a micron. In this letter, we simplify and
extend this approach to bare-cleaved fibers. First, we show
that, it is indeed, possible to image nanoscale devices and to
align the macroscopic fiber to them by simply monitoring the
scattered light. Then, we study the optical displacement sig-
nal as a function of the system parameters.
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A schematic of our experimental setup is shown in Fig.
1(a). The setup accomplishes two purposes: it images the
sample devices for alignment and it allows high frequency
displacement measurements. The main component of the in-
terferometer is the 3 dB fiber coupler which acts similar to a
beam splitter. A diode laser with wavelength A =658 nm and
coherence length /.~4.3 mm is coupled into port 1, which
splits the power evenly between ports 3 and 4. Port 3 is
connected to a photodetector to monitor the laser power. The
inset of Fig. 1(a) shows the bare-cleaved end of the fiber,
which originates from port 4 of the 2 X2 fiber coupler. To
approach the bare-cleaved fiber to the NEMS chip, a three-
axis translation stage is used. Parallelism between the bare-
cleaved fiber and the chip surface is achieved using a tilt
platform. The high frequency optical displacement signal is
collected by the same bare-cleaved fiber, and carried through
port 2 of the fiber coupler to a second photodetector. This
photodetector is connected to the input port of a network
analyzer. The nanomechanical resonators are actuated elec-
trostatically using the oscillator output from the network
analyzer.

The nanomechanical resonators used in this study are
fabricated using standard techniques.9 The device chip is
coated uniformly with a 10-nm-thick Al film for electrostatic
actuation. After fabrication and wire bonding, the chip is
placed on the translation stage. Imaging and alignment is
accomplished by a point-by-point raster scan of the cleaved
fiber tip along the sample surface. Figures 1(b) and 1(c)
show scanning electron microscope (SEM) and optical im-
ages of the device area of the sample chip, respectively.
Since feature depths are significantly less than the Rayleigh
range and all surfaces have uniform reflectivity, we estimate
that contrast in the optical images is primarily due to diffrac-
tion of light. The flat large structures appear to have uniform
brightness with dark edges, while the narrow beams appear
completely dark. Given that the diameter of the fiber spot is
~5 um, our optical images are adequate for alignment.

Figure 2 shows resonance measurements on a doubly
clamped beam of width (w) X thickness (%) X length (1)
=360 nm X 230 nm X 8 um, under ambient conditions. The
resonance frequency and the quality factor of the out-of-
plane fundamental flexural mode are (,/27~35.5 MHz
and Q= 175, respectively. In Fig. 2(a), the incident optical
power is decreased between successive frequency traces. The
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FIG. 1. (Color online) (a) Block diagram of the experimental setup. The inset shows a closeup of the fiber and the NEMS device. (b) SEM and (c)
fiber-scanned image of 500 nm wide doubly clamped beams. The field of view in both images is =30 X 30 um?. Fiber-scanned image is obtained through a
raster scan with step sizes of 100 and 250 nm along the x and y axes, respectively. The slight disagreement in the y scales may be due to the drift in the

translation stage.

displacement signal amplitude is roughly linear with the in-
cident laser power [Fig. 2(a) inset]. Figure 2(b) shows the
resonant response of the same beam measured at different
fiber-sample separations zpg [see Fig. 1(a) inset]. To deter-
mine zrg, we gently touch the fiber tip to the chip surface
(zpg=0), and then calibrate against the interference fringes
formed between the light reflecting from the surface and the
fiber-air interface, as zpg is increased. We note that the con-
tact with the chip surface may sometimes contaminate the
cleaved fiber tip. The sign of a contamination is usually a
reduction in the optical signal.

In an effort to understand the limits of displacement de-
tection in this system, we have measured the optical spot
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FIG. 2. (Color online) (a) Resonance of a NEMS beam with dimensions
(wX hx1) 360 nm X230 nmX 8 um, measured at varying laser power
level Py=1.25, 1, 0.75, 0.50, and 0.25 mW and constant zpg. The inset
shows the signal amplitude as a function of P. (b) Same measurement at
constant P,=0.75 mW but varying fiber-beam distance zgg=1.5, 4, 6, and
10 um. The inset is a plot of the signal amplitude as a function of zgg. The
dashed lines in both (a) and (b) are linear fits.

diameter d of the cleaved-fiber as a function of the distance
between the fiber tip and the probed surface. The measure-
ments are performed using an optical knife-edge technique13
on a photodetector with lithographically defined Cr patterns.
Figure 3 displays the spot diameter d as a function of the
separation zpg between the fiber tip and the photodetector.
The dashed line is a best fit to the Gaussian beam'* with
d(zpg) =do[ 1 +(zpg/20)*]"?. The beam shape with the relevant
parameters is illustrated in the lower inset of Fig. 3. In the
fitting, the fiber mode diameter d,, and the Rayleigh range z,
are taken as fit parameters and are determined to be d,
~5.14 pm and z,=~33.85 um. For the fiber used, the manu-
facturer specifications are dy=~4 pum and z,=~20 wm. The
discrepancy may be due the deformation of the fiber during
the cleaving process. The upper inset of Fig. 3 shows the
displacement signal amplitude as a function of the optical
spot diameter. The data in Fig. 2(b) and the d vs zpg function
obtained from Fig. 3 (main) are used in generating the plot.
As the spot becomes larger, the displacement signal goes
down, indicating that it is advantageous to keep the fiber tip
close to the chip.

We now turn to a simplified analysis of the displacement
signal. First, due to Fresnel reflection,'* ~4% of the optical
power arriving the cleaved end is reflected back into the
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FIG. 3. (Color online) Optical spot (1/¢%) diameter d measured as a func-
tion of the distance zpg between the cleaved end of the fiber and the surface
where the spot forms. The dashed line is a fit to d=d[ 1+ (zpp/70)*]"* with
dy=5.14 pm and z,=~33.85 um. The lower inset is an illustration of the
light exiting the fiber with the relevant parameters. The upper inset shows
the displacement signal amplitude as a function of the optical spot diameter
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fiber. The remaining light impinges upon the chip and is
reflected from both the moving nanomechanical beam and
the substrate below, as demonstrated in the inset of Fig. 1(a).
The resulting optical power on the photodetector can be ex-
pressed as

Ppp ~ P0|eiw’(w"rf'+ V/r_he—Ziko(ZFB—ﬁ) + V/r_se_2ik0(zFB+ZSB))|2’
(1)

where kg is the wave number in air, & is the (time-dependent)
beam displacement and P is the incoming optical power.
The coefficients rg, r,, and ry, respectively, represent the nor-
malized optical power reflected from the fiber-air interface,
the nanomechanical beam and the substrate, and collected
back in the fiber. For instance, r P, is the optical power
collected in the fiber reflecting from the substrate. From re-
flection measurements, we estimate that up to 90% of the
power exiting the fiber is coupled back into it, i.e., r;~ 0.9,
when the reflective surface is within zpg~5 wm. Note that
ry~0.04. Since 6<<A, the high frequency /@sp/lgcement sig-
nal _can be reduced to ~2koPyoNry[\rysin(2kozgp)
- \E sin(2kyzgg)]- Thus, the high frequency displacement
signal should only depend linearly on the incoming laser
power P, in agreement with the data in Fig. 2(a). In Fig.
2(b), when zgg is decreased, a steady increase in the signal
amplitude is observed. Given that r,<<r, the increase in the
amplitude suggests that collection efficiency increases as the
fiber tip approaches the chip.

At the optical power levels used here, the displacement
sensitivity is limited by the 0.5 nV/yHz voltage noise in the
amplifier. To estimate the displacement sensitivity of the fi-
ber interferometer for a typical nanomechanical beam reso-
nator, we first calibrated the absolute displacement of the
resonator against the drive force in a path-stabilized Michel-
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son interferometer. By using similar drive levels in the fiber
interferometer, we converted the optical signal in the fiber
interferometer to an absolute displacement. This exercise re-
sulted in _an estimated displacement sensitivity —of
~0.3 pm/\Hz at an optical power level of ~0.75 mW.

In conclusion, we have demonstrated a simple, robust,
and sensitive fiber interferometer that can be used in the
NEMS domain.
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