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Abstract: We report a temperature-insensitive microdisplacement sensor with a locally bent
microfiber taper interferometer. The microfiber taper waist diameter can be optimized to
minimize the spectral shift of the sensor owing to the environmental temperature change.
With a ~1.92 — um-diameter microfiber taper, a bimodal fiber interferometer is proposed and
experimentally fabricated. The transmission spectrum shows substantially small temperature
dependence matching well with the theoretical estimation. The transmission spectrum is red-
shifted in response to microdisplacement with a high sensitivity of 102 pm/um but without
requirement for temperature compensation.

Index Terms: Microfiber taper, optical microdisplacement sensing, temperature-insensitive
sensor, modal interferometer.

1. Introduction

In many industrial and scientific processes, microdisplacement sensing is required for precisely
monitoring the movements in microelectromechanical systems (MEMS) and atomic force micros-
copy [1]-3]. Due to the advantages of compact structure, low cost, easy fabrication, and high
sensitivity, several optical fiber modal interferometer based microdisplacement sensors with a bent
single-mode-fiber (SMF)-multimode fiber (MMF)-SMF [4], an embedded SMF-photonic-crystal-fiber
(PCF)-SMF [5], and a SMF-polarization maintaining fiber (PMF)-SMF [6] structures were proposed
recently. The bent SMF-MMF-SMF structure based sensor [4] provides superior sensitivity in
comparison with the SMF-PCF-SMF [5] or SMF-PMF-SMF [6] based one due to the spectral
interference. Optical fiber-taper-based modal interferometer can also be used for microdisplace-
ment (or strain) sensing [7]-[9]. However, since a fiber taper is sensitive to both temperature and
displacement (or strain) [7]-[10], it may cause great cross sensitivity and decrease the
measurement accuracy when they are used for sensing displacement (or strain) in a variable
temperature environment. Therefore, a concern associated with the use of fiber-taper-based modal
interferometer sensors for displacement (or strain) measurement is removal of the thermal effect.
Previously, we have reported the use of the locally bent microfiber taper structure [11] to construct a
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Fig. 1. Experimental setup and configuration of the sensor.

refractive index (RI) sensor that allowed for a higher sensitivity but a lower insertion loss than the
S-tapered fiber interferometer based devices [9]. In this paper, we present the theoretical analysis
and experimental study on the temperature dependence of a locally bent microfiber taper struc-
ture and its application to realize a temperature-insensitive microdisplacement sensor. The result
shows that the temperature dependence of a locally bent microfiber taper strongly depends on
the taper waist diameter and is possible to be minimized at a certain diameter range from 1.836 um to
2.058 um. Using a ~1.92 um-diameter-waist microfiber taper, we demonstrate a temperature-
insensitive microdisplacement sensor in the temperature range from 20 °C to 80 °C. The depen-
dence of transmission spectrum on microdisplacement is theoretically and numerically analyzed. A
high sensitivity of about 102 pm/um is experimentally observed, which is approximately 17 times
higher than that of the bent SMF-MMF-SMF structure based displacement sensor [4] while its high
temperature stability is comparable with respect to the one presented in [5] or [6].

2. Device Structure and Operating Principle

The experimental setup using a locally bent microfiber taper structure for microdisplacement
sensing is shown in Fig. 1. The transition region of the microfiber taper was locally bent while the
waist was pulled straightly. The X-shaped crossing section of the jacketed fiber was fixed by epoxy
to a fiber holder. The locally bent microfiber taper structure was placed between two translation
stages. One stage was fixed while the other was tuned to apply an incremental displacement to the
device through the bent transmission region. The device is under temperature control for thermal
stability test.

As described in [10], the light injected into the uniform taper waist from a locally bent transmission
region excites high-order modes successively propagating in the waist. When these modes are
coupled back into the fundamental mode in the output locally bent region, as a result of interference,
the wavelength-dependent transmission spectrum is obtained.

When only one dominant high-order mode is considered, the phase difference ¢ between the
fundamental mode (i.e., the HE{1 mode) and the first excited high-order mode (i.e., the HE>1 mode) is

Y= 2776neffL//\ (1)

where, L is the interferometer length, A is the wavelength of light in vacuum and 6ngs = ny — n, with
ny and n. being the effective indexes of the HE;1 mode and HE,>1 mode, respectively. The attenua-
tion peak wavelength A\, of the locally bent microfiber taper modal interferometer can be expressed
as [12]

Am = 28nexL/(2m + 1) @)

where m is the interference order.

The temperature variation changes the phase difference due to the temperature dependence of
dnes and L. Suppose that the thermooptic coefficients are (; and (, for the two modes, respectively,
thus Aénes and AL induced by the temperature variation AT can be given by Adnes =
({101 — ) AT and AL = aLAT where « is the thermal expansion coefficient of the silica fiber
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Fig. 2. (a) Calculated nes/ T of the modes HEyy and HE,¢ for the wavelength 1.55 1, as a function of
the microfiber taper waist diameter. (b) Calculated temperature sensitivity varying with microfiber taper
waist diameter for temperature range of 20 °C—80 °C (AT =60 °C).

being independent on optical modes. Therefore, the wavelength shift in response to temperature
change can be expressed by

AN = [(a+ )ATIA 3)

where, ¢ = (¢1n — (2n2)/6nes, Which corresponds to the thermal-induced variation of the effective
index difference of the two modes.

We use the finite-element method (FEM) to numerically calculate the two propagating modes in
order to analyze the taper geometrical effects on ngf. Fig. 2(a) shows the calculated 0ng+/0T of the
modes HE;; and HE,;for the wavelength of 1.55 um as a function of the microfiber taper waist
diameter. The constants of the thermal coefficient of the Rl and thermal expansion coefficient in
silica glass are One /0T = 1.1 x 107°/°C and a = 5.5 x 10~7/°C [13]. From Fig. 2(a), it can be
seen that ¢ being a function of the fiber profile can be either positive or negative depending on the
fiber diameter, which is in contrary to the thermal change of the Rl alone. At a particular diameter,
the negative ¢ can compensate the thermal expansion effect, i.e., —( = «. In consequence, the
wavelength shift can be zero. Fig. 2(b) shows the calculated temperature-dependence sensitivity
varying with microfiber taper waist diameter for temperature range of 20 °C-80 °C (AT =60 °C). It
is noted that the wavelength shift becomes less than 1 pm/°C in the diameter range from 1.836 um
to 2.058 um marked in Fig. 2(b).

When a displacement of ¢ is incrementally applied on the sensor, the bending radius of the
transition region of the microfiber taper is increased from Ry to R. As a result, the effective inter-
ference length is decreased by ¢. According to the fiber geometry shown in Fig. 3, the change of the
bend radius (AR) can be expressed by

Roe + €2

AR:R—ROZR .
o — €

(4)
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Fig. 4. Calculated dependence of éne on the initial bend radius (Ry) and fiber diameter (d) of the bent
transition region at the wavelength of 1.55 pm.

The above equation shows that the change of the bend radius (AR) is approximately a linear
function of the applied displacement, i.e., AR =~ ¢ since ¢ < Ry.

Due to the change of the bending radius (AR), the condition for the fundamental mode coupling
with the high-order mode suffers variation, leading to the variation of the effective index difference of
the two modes. The wavelength shift A) induced by the change of the bend radius can be given by

AN (1 déngs 1dl
3o <_<sneff—dn +zﬁ)m ®)

To determine the effects of displacement on éng« of the fundamental mode and the high-order mode,
we numerically calculated the dependence of 6ne¢ on the initial bend radius (Rp) and fiber diameter of
the bent transition region at the wavelength of 1.55 m. The simulated results are shown in Fig. 4. In
the calculation, the equivalent RI distribution for the bent microfiber taper section is
n=n[1+ (14 x)x/R] [14], where n, is the RI profile when the fiber is straight, R is the bend
radius, x is a transverse co-ordinate along a line joining the center of curvature and the center of the
fiber, and y = —0.22 denotes the elastooptic effect for silica [14]. From the results, one can see that
the bent transition region of the fiber taper with higher diameter d or smaller initial bend radius Ry
exhibits higher sensitivity. The larger the bend radius R, the smaller the effective index difference 6neg.

3. Experimental Investigation

Experimental investigations were carried out for the proposed microdisplacement sensor. The
microfiber taper was drawn from a standard Corning SMF-28 fiber with the flame-heated taper-
drawing technique [15], [16]. The SMF has the core (cladding) diameter of 8.2 um (125 m) and the
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Fig. 5. (a) SEM image of the fiber taper waist with diameter of ~ 1.92 um. (b) Transmission spectrum of
the optical fiber before and after bending.
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Fig. 6. Measured transmission spectra under different temperatures.

RI of the core (cladding) of 1.454 (1.4505) at the wavelength of 1.55 um. The taper waist is about
8 mm in length and ~1.92 um in diameter. Each side of the transition region is about 17 mm long.
Fig. 5(a) shows the SEM image of the taper waist. The bending occurs symmetrically in the two
transition regions with bending radius Ry = ~3 mm, while the waist remains straight. The
transmission spectrum of the interferometer ranging from 1.51 um to 1.59 um is measured using a
broadband light source and an optical spectrum analyzer (OSA) (Yokogawa AQ6370B). As shown
in Fig. 5(b), the transmission spectrum before bending corresponds to the transmission loss of the
fiber taper itself, which means the tapering process is adiabatic and there is no power transfer
between different modes [17]. In comparison, after bending, the HE>; mode is mainly excited and
an interference transmission pattern between the fundamental mode (HE{1 mode) and the excited
high-order mode (HE>1 mode) is obtained [10]. The total insertion loss is around 4.2 dB due to
bending loss at both bent transition regions. The extinction ratio of the pattern is about 10 dB.
First, we measured the temperature independence of the interferometer by placing it inside a
temperature-controlled chamber. The attenuation peak at the wavelength of 1.5559 pm red-shifts
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Fig. 7. (a) Measured spectra for various displacements. (b) The wavelength shift of the transmission
dips versus the displacement of the locally bent fiber taper structure.

slightly toward longer wavelength when temperature changes from 20 °C to 80 °C, as shown in
Fig. 6. The temperature coefficient of the transmission dip is estimated to be ~0.45 pm/°C, which
agrees well with the theoretical results. So temperature influence on the interferometer can be
neglected when operated in normal environmental condition.

Second, different displacement was applied to the device through the tunable translation stage
with a motion accuracy of 1 um (see Fig. 3). Fig. 7(a) demonstrates the measured transmission
spectra of the same attenuation peak under different displacement ¢. It is noted that an obvious
wavelength red-shift of the transmission spectrum (dip) can be observed even when the
displacement ¢ is only 1 um. The displacement not only shortens the interference length L but
also increases the bending radius R, which results in a decrease in the 6neg. According to (2), the
attenuation peak wavelength shifts toward longer wavelength with displacement increasing.
Fig. 7(b) summarizes the wavelength shift of the spectral dip as a function of the displacement ¢.
The black squares are the measured results and the red solid line represents a least-squares linear
fitting. In the displacement range of 0—-30 um, the wavelength shift was linearly proportional to the
displacement. The displacement sensing sensitivity is deduced to be 102 pm/um.

4. Conclusion

In summary, we have proposed a fiber microdisplacement sensor by using a locally bent microfiber
taper modal interferometer as the sensing element. Theoretical investigation shows that the
temperature dependence of a locally bent microfiber taper strongly relates to the microfiber taper
waist diameter and it is possible to minimize the temperature dependence at a certain diameter
range from 1.836 ym to 2.058 um. A fabricated locally bent microfiber taper with diameter of
~1.92 um shows an ultralow temperature sensitivity of ~0.45 pm/°C in the temperature range
from 20 °C to 80 °C. The dependence of the spectrum shift in response to displacement has been
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derived and its sensitivity of 102 pm/um has been experimentally characterized. This performance
can be improved, for example, using the locally bent microfiber taper structure with a smaller initial
bend radius. Compared with other fiber modal interferometer based microdisplacement sensors
[2]-[9], the proposed one is insensitive to temperature eliminating the requirement for temperature
compensation, and provides higher sensitivity due to the spectral measurement.
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