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We describe a simple approach to detect small mechanical displacements by scattering evanescent optical waves
confined around an optical waveguide. Our experimental setup consists of a microcantilever brought into the proxi-
mity of a tapered optical fiber. The scattering of evanescent waves and hence the optical transmission through the
tapered fiber is strongly dependent on the separation between the fiber and the microcantilever, allowing for sen-
sitive detection of the small oscillations of the microcantilever. Our approach does not require a coherent laser
source, yet it provides a displacement sensitivity of ~260 fm Hz−1=2 at a small power level of 38 μW. It is suitable
for scanning probe microscopy and could eventually be adapted to nanomechanical resonators. © 2010 Optical
Society of America
OCIS codes: 120.7280, 120.4880, 120.5820.

Detecting the oscillations of micrometer- and nanometer-
scale mechanical resonators [1,2] is an important
component of many applications and fundamental
measurements involving these devices. Most commonly,
optical techniques are employed, providing very high sen-
sitivities. These techniques can be implemented both on-
chip [3–5] and off-chip [6–8] and have been demonstrated
to work sensitively even for resonators with nanometer-
scale linear dimensions. We can broadly classify optical
techniques as either interferometric or noninterfero-
metric. In interferometric detection, the resonatormotion
causes small detectable phase changes in the light re-
flected from its surface. Noninterferometric techniques,
such as optical beam deflection [9] and knife-edge techni-
ques [10], typically rely on changing or blocking the path
of an optical beam, which is tightly focused onto the
device. As such, both methods are often realized using
coherent light sources.
In reality, noninterferometric techniques do not require

coherent light sources, relaxing one of the stringent re-
quirements of optical detection. Recently, for instance,
an incoherent light source was used to demonstrate
sensitive displacement detection in nanocantilever wave-
guides by relying on evanescent wave coupling [3]. In this
Letter, we further these noninterferometric approaches:
we demonstrate a near-field optical (evanescent wave)

technique, which is suitable for scanning probe micro-
scopy and could eventually be adapted to nanomechani-
cal resonators. Our technique exploits evanescent optical
coupling between the weakly guided mode of an optical
fiber taper and a microcantilever when the two are
positioned in close proximity. The approach is sensitive
enough to resolve the thermomechanical oscillations of
the microcantilever and robust enough to spatially map
out its first two resonant modes.

Our experimental configuration is shown in Figs. 1(a)
and 1(b), consisting primarily of an optical fiber taper
and a commercial tipless microcantilever, each being
held in place by precision stages. The silicon microcan-
tilever is approximately 230 μm long, 38 μm wide, and
7 μm thick and is mounted on a small piezoelectric trans-
ducer for actuation. The optical microscope image in
Fig. 1(c) shows the orientation of the microcantilever
with respect to the fiber taper. The taper is formed by
pulling a standard single-mode silica glass fiber with a
core diameter of 9 μm and an outer diameter of 125 μm
in a custom apparatus. This pulling apparatus simulta-
neously heats a portion of the fiber with a flame and pulls
the fiber at opposite ends, creating a∼1 mm long tapered
region with an outer diameter of ∼1 μm. Light from a
broadband amplified spontaneous emission source is
divided equally between a power monitor and the fiber

Fig. 1. (Color online) (a) Schematic of the experimental setup. (b) Cross-sectional view showing the coordinate system. (c) Micro-
scope image of the fiber taper and microcantilever. Visible light is passed through the fiber taper in this image.
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taper. In the experiments, a total input power of 125 μW
at wavelengths ranging from 1400 to 1700 nm is sent
through the fiber taper and onto a photodetector. The re-
sulting power on the photodetector is 38 μWowing to the
losses in the taper.
The optical modes in the fiber become weakly guided

along the tapered section, with evanescent tails around.
When the microcantilever comes sufficiently close to the
fiber taper, these evanescent waves are coupled into the
higher index Si and are lost [11]. The coupling and hence
the optical power transmitted through the fiber taper is
strongly dependent on the position of the microcantile-
ver, i.e., the fiber taper-microcantilever separation. Given
the taper diameter, we estimate the decay length of the
evanescent field around the fiber taper to be ∼600 nm
[12]. We first study the transmission T through the fiber
taper-microcantilever system by monitoring the trans-
mitted dc optical power as a function of the vertical
microcantilever position zc [Fig. 1(b)]. The results from
these measurements are shown in Fig. 2(a). The trans-
mission is plotted as a function of the fiber taper–
microcantilever gap z, where z ¼ zc − zf [Fig. 1(b)]. An
attractive force Fa between the fiber taper and the micro-
cantilever is expected to pull the fiber taper a small
distance Δzf ¼ Fa=κf toward the microcantilever as
the microcantilever is stepped a distance Δzc toward
the fiber taper. Here, κf is the mechanical stiffness of
the fiber taper. Both optical gradient forces [13,14] and
van der Waals type forces [15] have been considered
to obtain Fa ∼ 1 pN for z > 100 nm. A calculation based
on measured taper dimensions and the theory of elasti-
city [16] yields κf ≈ 1 mN=m (the resonance frequency of
the fiber, in agreement with this κf value, is measured
as f f ≈ 420 Hz), and subsequently, Δzf ∼ 1 nm. Thus we
conclude that we are operating in a regime where
Δz ≈ Δzc, except when the fiber taper and microcantile-
ver are very close. We note that our thermal noise mea-
surements and analysis below provide strong support for
the above conclusion. Returning to Fig. 2(a), we observe
a unity transmission when there is no coupling between
the fiber taper and the microcantilever. The transmission
starts to decrease monotonically as z is decreased. Final-
ly, it drops to a small value once the fiber taper snaps to
the microcantilever. A small hysteresis region [Fig. 2(a)
inset] is typically observed in the transmission as the two
are separated.
Next, we turn to the detection of small thermomecha-

nical oscillations of the microcantilever by monitoring
changes in the transmitted signal. A point close to the free
end of themicrocantilever is brought into the proximity of
the fiber taper until a desired dc transmission is observed.
This dc transmission value,whichwecall bias, is kept con-
stant. Low-frequency drifts in the system, e.g., due to the
stages, are nulled by using a computer-controlled digital
feedback loop. With the feedback on, the high-frequency
spectrumof the transmission ismonitored byusing a spec-
trum analyzer. The same measurement is repeated at
multiple z values [symbols in Fig. 2(a)]. A representative
thermal noise spectrum takenat z ≈ 0:58 μm[arrow inFig.
2(a)] is displayed in the inset of Fig. 2(b). The resonance
frequency and the quality factor of the fundamental mode
are f 1 ≈ 158:7 kHz and Q1 ≈ 460, respectively. The displa-
cement calibration was done by using the equipartition

theorem result, hδz2ci ¼ kBθ=κc, where kB is the
Boltzmann constant, θ is the absolute temperature, and
κc is the stiffness of the microcantilever mode. Given

Fig. 2. (Color online) (a) Normalized optical transmission T as
a function of the separation z (solid curve). Symbols corre-
spond to z values at which thermal noise spectra are measured.
The inset shows a typical hysteresis behavior obtained from ap-
proach and retract curves. (b) Detection of small oscillations
using the transmission properties of the system in (a). The solid
curve is calculated from Eq. (1) by using experimental para-
meters, and data shown by symbols are obtained from spectrum
analyzer measurements. The inset shows the thermal noise
power spectral density of the microcantilever in its fundamental
mode. The solid curve is a fit to a Lorentzian line shape. The
data are taken at z ≈ 580 nm.

Fig. 3. (Color online) Displacement amplitudes in the first two
out-of-plane modes of the microcantilever measured by posi-
tioning the fiber taper along the length of the microcantilever.
Solid curves are fits obtained from theoretical calculations. The
inset shows the resonance line shapes measured close to the
free end of the microcantilever. For all the measurements,
the dc component of Pout is ∼32 μW.
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the dimensions of the microcantilever, we obtain κc ≈
30 N=m, which results in an rms oscillation amplitude
δzc ≈ 11:2 pm close to its free end.
We now turn to a more quantitative discussion of the

displacement detection. If there are small changes in the
gap as a function of time, the optical power Pout on the
photodetector can be approximated as

PoutðtÞ ≈ Pin

�
T þ

����∂T∂z
����δzðtÞ

�
: ð1Þ

The derivative is evaluated at the bias point; Pin is the
dc input power. Pout has a dc background and a small
time-dependent component. The derivative j∂T=∂zj
determines the displacement sensitivity. Small oscilla-
tions of both the microcantilever and the fiber taper
with respective amplitudes δzcðtÞ and δzf ðtÞ cause a
modulation in T . However, they are at very different fre-
quencies (f 1 ≈ 158:7 kHz and f f ≈ 420 Hz), and both are
sharply peaked. The derivative j∂T=∂zj can be obtained
by numerically differentiating the transmission versus z
data of Fig. 2(a). Figure 2(b) shows the result of this dif-
ferentiation multiplied by experimental parameters of
Pin ≈ 38 μW and δzc ≈ 11:2 pm, as suggested in Eq. (1).
The symbols in Fig. 2(b) represent the experimentally
measured integrated noise power of microcantilever fluc-
tuations at various bias points [see Fig. 2(a)]. The agree-
ment between the curve obtained by using Eq. (1) and the
experimental data suggests that the approximations and
the analysis above are sound.
The displacement sensitivity in this measurement is de-

termined by j∂T=∂zj and the noise coming from the ampli-
fied spontaneous emission source. The maximum
sensitivity is obtained at z ≈ 580 nm. This maximum is
achieved because, with increasing z, the evanescent cou-
pling decreases while the transmitted power increases.
Using the maximum value j∂T=∂zj ≈ 1:1 μm−1, we obtain
a noise floor ∼260 fmHz−1=2 with 38 μW input power
(15 μW incident on the photodetector).
To show the versatility of the approach, we map out

the first two out-of-plane modes of the microcantilever.
Prior to these measurements, we carefully calibrated the
oscillation amplitude of the microcantilever by using a
Michelson interferometer, while it was excited coher-
ently by the piezo transducer. In Fig. 3, we display the
rms oscillation amplitude as a function of position x
along the microcantilever at its fundamental and first-
harmonic resonances as measured by using the fiber ta-
per setup. The data are obtained from swept frequency
measurements [Fig. 3 inset] at various fiber positions x
along the microcantilever. The resonance frequencies
of the first two modes are f 1 ≈ 158:7 kHz and f 2 ≈
979:6 kHz. The extracted quality factors are Q1 ≈ 460
and Q2 ≈ 590, consistent with air damping [17]. The gray

(red) curves in the plots are nonlinear least-square fits to
the theoretical mode-shape functions for a cantilever
beam [16]. Here, the clamping position is taken as an ad-
ditional fitting parameter, since motion around the
clamps is not detectable.

In summary, we have demonstrated a simple and sen-
sitive noninterferometric displacement detection techni-
que based on evanescent wave scattering. The technique
does not require a coherent optical source and may find
use in scanning probe microscopy and nanomechanical
displacement detection.
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