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Abstract: A novel fiber-interface directional waveguide coupler was inscribed on the surface of
a coreless fiber by femtosecond laser, and was successfully applied to highly sensitive refractive
index (RI) measurements. The primary arm was first inscribed to couple light from a lead-in
single mode fiber to the fiber interface, then back to a lead-out single mode fiber. A side arm was
inscribed parallel and in close proximity to the primary arm. Light propagating in the primary
arm could then be efficiently coupled into the side arm when a phase-matching condition was
met, which produced a dramatic spectral dip at the coupling wavelength. The proposed device
achieved a sensitivity as high as ~8249 nm/RIU over an RI range of 1.44-1.45, due to strong
evanescent fields excited in fiber-interface waveguides. The proposed in-fiber directional coupler
exhibits high mechanical strength, a compact configuration, and excellent RI sensitivity. As such,
it has significant potential for practical applications in biochemical sensing.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Optical fiber-based refractive index sensors have shown significant potential for biochemical
applications due to advantages such as a compact size, fast response, and immunity to electromag-
netic interference [1-3]. Microfiber directional couplers (MFCs), a specific type of micro-optic
device, have been widely used in liquid refractive index (RI) sensing [4-7]. These devices have
achieved sensitivities as high as 4155 nm/RIU by measuring interactions between evanescent
fields leaking from silica fibers and the surrounding medium [4]. However, conventional MFCs
are often fabricated by fusing and tapering two adjacent fibers, which often leads to low machining
repeatability and poor mechanical strength. As such, a novel design offering increased durability,
accuracy, and design repeatability would be highly beneficial for ensuring strong evanescent
fields of the optical waveguide (WG).

Direct femtosecond (FS) laser inscription provides a viable solution as it is capable of forming
precise optical waveguides in glass with high flexibility and spatial accuracy [8—12]. FS lasers
have been successfully used to inscribe waveguides in fiber claddings, near the center of the fiber
[13—16]. Our group has previously proposed a fiber-interface waveguide configuration and, since
2017, has successfully produced several fiber sensors based on a surface waveguide. This has
included fiber-surface Bragg grating, fiber-interface Mach-Zehnder interferometer, and surface
plasmon resonance devices [17-19]. In these studies, the waveguides fabricated on the cladding
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interface supported light propagation with enhanced evanescent fields, providing a new technique
for RI measurements.

In this study, we demonstrate a fiber-interface directional coupler, as a research continuing of
Ref. [18], which was fabricated in a coreless fiber spliced between two single mode fibers (SMFs).
As shown in Fig. 1, a U-shaped waveguide (WG) was first fabricated as the primary arm. It was
formed using two s-bend waveguides and a straight waveguide, which transfers light from the
lead-in SMF to the fiber interface and then back to the lead-out SMF. The other straight waveguide
(WG@Gy), forming the side arm, was fabricated parallel to WG at a distance of ~6 um. As light
propagates into the straight section of WGy, a fraction of the signal is coupled into WG, when a
phase-matching condition is met [16,20,21]. The light propagating into WG, cannot be recoupled
back to WG, and will eventually be emitted into the cladding, resulting in a transmission loss.
The proposed fiber-interface directional coupler exhibits a high sensitivity of ~8249 nm/RIU
over an RI range of 1.44-1.45. In addition, the waveguide is non-destructively inscribed inside
the fiber, preventing damage to the exterior and ensuring high mechanical strength.

SMF,

Z

Fig. 1. A schematic diagram of the femtosecond laser-inscribed fiber-interface directional
coupler.

2. Device fabrication

A device fabrication flowchart is shown in Fig. 2. In this process, a section of the coreless fiber
is spliced with two SMFs (Corning, SMF-28). This provides a platform for fabrication of the
U-shaped waveguide (WG ), which is inscribed in a coreless fiber and connects the cores of two
SMFs. The two ends of WG are then stretched into the cores of two SMFs over a length of
~15um (L;), to increase the coupling efficiency. The radius of the curved components (R) is set
at S0 mm to decrease bending loss in WG1. The optimal parameters of L; and R, adopted in this
paper, have been demonstrated in [18]. The straight waveguide (WG;) was inscribed parallel to
WG;.

During inscription, a femtosecond laser (PHAROS, 513 nm/290 fs/200 kHz) was used to
inscribe the waveguides and an oil-immersed objective lens (NA = 1.4) was included to eliminate
aberrations caused by the cylindrical fiber morphology. The fixed fiber was then translated
relative to the focused laser beam via a 3D air-bearing motion stage (Aerotech). The laser pulse
energy was optimized at ~120 nJ and the translational velocity of the fiber was set to 200 um/s.
Propagation loss of the inscribed waveguide of ~0.1 dB/mm and coupling loss at the joint point
of ~0.6 dB have been demonstrated by Zhang et al. under the same laser inscription parameters
[18].

Figure 3(a) shows a top-view optical microscope image of fiber-interface directional coupler,
corresponding to the coupling region in Fig. 2(d), two parallel waveguides were inscribed
horizontally with a separation of ~6 um. This distance is critical for ensuring adequate coupling
efficiency, which increases as the distance between the waveguides decreases. An insufficient
separation may lead to overlapping, which can diminish performance [11]. The length of WG,
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Fig. 2. A flowchart of the device fabrication process. (a) The coreless fiber was spliced
between two SMFs. (b) WG1 was inscribed in the coreless fiber. WG, was inscribed parallel
to WG, with a separation distance of d from side-view (c) and top-view (d). Optimized pa-
rameters included: L =10.6 mm, L{=15um, R =50 mm, L,=3.7 mm, h=60.8 um, d = 6 pm
and L3=3 mm.

was optimized at 3 mm to achieve a significant directional coupling dip for improved sensing
capabilities. The fabricated device was connected to an amplified spontaneous emission (ASE)
light source and the transmission spectrum was measured using an optical spectrum analyzer
(OSA). As shown in Fig. 3(b), transmission dips were produced by directional coupling between
WG and WG;. The intensities of dip A and dip B were measured to be ~12.7 dB and ~12.5 dB,
respectively. The intensities of other coupling dips are not as strong as dip A and dip B that can
be explained by the spectra superposition and compensation of the two orthogonal polarization
modes.

A cross-sectional view of the coreless fiber embedded with a directional coupler is shown in
Fig. 4, where the Fs laser, incident from the top surface, inscribed two waveguides at the bottom
of the fiber interface. To enhance the evanescent field of the waveguides, the laser beam was
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Fig. 3. (a) An optical microscope image of the top view of the fiber-interface directional
coupler, with WG| and WG inscribed by a femtosecond laser with incident direction
perpendicular to XY plane. The inset figure provides a high-magnification image of the
waveguides. (b) The transmission spectrum of the fiber-interface directional coupler.

focused at different distances away from the center of the fiber. When the focal spot, is ~60.8 pm
away from the center of the fiber, it ensures the waveguide very close to but not beyond the fiber
surface. The size of these two waveguides is ~14 pm in depth and ~3 um in width. There are
segments of both negative (black) and positive (white) RI modifications in the laser inscribed

Fig. 4. (a) An optical microscope image of the fiber-interface directional coupler cross-
section. (b) Magnification of the waveguides region.
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waveguide, and the focal spot of the laser beam is located at the positive RI modification area
[18,22].

The RI distribution of the laser-inscribed waveguide is further studied by a 3D reconstruction
system [23]. The cross-sectional RI distribution of a single laser-inscribed waveguide is clearly
presented in Fig. 5, where it consists of both negative and positive RI modulation segments. The
largest magnitude of the negative RI modulation is measured to be ~3x1072, and the positive RI
modulation is up to ~5x1073, which ensures good confinement of the guided light.
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Fig. 5. (a) Three dimensional and (b) two dimensional cross-sectional RI difference
diagrams of the laser-waveguide. The dotted circle indicates the boundary of the coreless
fiber. (c) Magnification of the waveguide region.

3. Device characterization and discussion

The mode profile of WG| and WG, was tested using a tunable laser light source (Agilent, Model
81940A) and a camera (Newport, LBP2-HR-IR2). The output facet, used for mode profile testing,
is the end of the coupling region for the directional coupler, which is prepared by cutting off
another sample fabricated with the same parameters. These two cases are illustrated in Fig. 6,
which shows light coupling between the two waveguides. When light at 1520 nm is incident in
the coupler, as shown in Fig. 6(a), most of the power is located within WG;. As the wavelength
of incident light is increased to 1533.7 nm, as shown in Fig. 6(b), the center of the power profile
shifts toward WG;. Light coupling between WG; and WG, then occurs via the evanescent field.
Figure 6 demonstrates that mode coupling between the fiber-interface waveguides occurs over a
wide range of wavelengths, due to comparable material dispersion.

The RI response of the fiber-interface directional coupler was investigated at room temperature
by immersing the device in a series of standard liquids (Cargille Labs) with RI values increasing
from 1.440 to 1.450 in increments of 0.002. An additional rinsing step was included before
each measurement to ensure the fiber surface was cleaned completely. The evolution of the
transmission spectrum for dip B in Fig. 3(b) is plotted in Fig. 7(a). The measured dip wavelength
was fitted as an exponential function of the surrounding RI. Results showed that its sensitivity
increased significantly as the surrounding RI value approached that of the fiber cladding, due to
an enhanced evanescent field. The fiber-interface directional coupler exhibited an average RI
sensitivity as high as 8249 nm/RIU over an RI range of 1.44-1.45. A maximum sensitivity of
~16983 nm/RIU was achieved at 1.45.

The influence of temperature on the fiber-interface directional coupler was also investigated
by placing it in an electric oven. A heating treatment was applied over a range of 25-95 °C,
as depicted in Fig. 8(a). A blue shift was observed in dip B as the temperature increased. The
relationship between dip wavelength and temperature is presented in Fig. 8(b), where the data
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Fig. 7. The liquid RI response of the fiber-interface directional coupler. (a) The transmission
spectra produced by the device when immersed in different RI liquids. (b) The exponential
relationship between the wavelength of the coupling dip and the RI of the liquid.

exhibit a linear relationship and the temperature sensitivity was calculated to be ~15 pm/°C. This
value is small enough to be neglected during RI measurements.

In addition, the mechanical strength of the coupler was investigated experimentally. First,
a series of bending resistance tests were conducted by bending the device 360° along marker
pens with varying diameters (all >20 mm). Secondly, a strain limitation test was conducted
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Fig. 8. (a) Transmission spectra evolution for the proposed device as the temperature
increased from 25-95°C. (b) The relationship between temperature and dip wavelength.

by stretching the coupler until it broke, yielding a maximum strain of 5450 pe. These results
confirm negligible degradation of fiber mechanical strength after femtosecond laser inscription.

4. Conclusion

A fiber-interface directional coupler was produced using direct femtosecond laser inscription for
application to refractive index sensing. This coupler can measure the RI of a surrounding medium
without requiring any chemical etching or tapering of the fiber. The device also exhibits a high
sensitivity of ~8249 nm/RIU over an RI range of 1.44-1.45. Its temperature sensitivity is as low
as 15 pm/°C, allowing temperature cross-sensitivity to be neglected during RI measurements.
As a practical RI sensor, this fiber-interface directional coupler exhibits several advantageous
mechanical properties, such as simple and repeatable fabrication, excellent mechanical strength,
ultra-high RI sensitivity, and low temperature cross-sensitivity. As such, it could be a valuable
new tool for applications in trace biochemical detection.
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