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Refractive index (RI) sensors are of importance in many applications since many physical,
biochemical, and environmental parameters can be detected by examining RI variations. In this
paper, we describe an intensity-modulated RI sensor using a bismuth telluride (Bi,Tes)—
integrated tilted fiber Bragg grating (TFBG) configuration. Bi,Te; is deposited on the fiber
cylindrical surface using magnetron sputtering technology. The light-matter interaction of
Bi,Te; is activated, and the optical tunable feature is used for RI measurement. The maximum
RI sensitivity is ~333.4 dB/RIU. Furthermore, when the intensity difference between the
cladding mode and the core mode is used for RI measurement, the result is immune to light
intensity fluctuation. Moreover, the area occupied by all cladding modes is used in the RI
sensitivity calculation, thus a wide RI range measurement is realized. To the best of our
knowledge, this is the first time that Bi,Tes is used for an optical fiber sensor, and we hope that
the idea presented can be found interesting by the sensing community.

1. Introduction

Various refractive index (RI) sensors have been studied for different applications. The main
reason is that many physical, biochemical, and environmental parameters can be detected by
examining RI variations.(1:?) Over the past decades, the optical fiber sensor has been booming
owing to its well-known advantages, namely, compact size, chemical robustness, immunity to
electromagnetic interference, and real-time sensing.)) Many optical fiber RI sensors have been
employing technologies such as the tilted fiber Bragg grating (TFBG),® long-period grating
(LPG),® microfiber interferometer,® photonic crystal fiber (PCF),”) and surface plasmon
resonance (SPR)® have been demonstrated. The TFBG sensors are always based on the
wavelength shifts of different cut-off modes, which result in large errors.®) A hybrid fiber
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grating cavity using TFBG to form an all-fiber interferometer has been proposed.!” With this
special and interesting configuration, the intensity modulation technique based on total reflected
power monitoring is realized. A self-functionalized and high-sensitivity LPG has also been
proposed for RI measurement.(!") The sensor consists of a D-shaped optical fiber fabricated by
wet chemical etching and an LPFG fabricated by a UV laser periodically writing the polystyrene
onto the flat surface of the fiber. Its sensitivity is around 700 nm/RIU for R/ = 1.33.
Unfortunately, the LPG suffers from the cross-sensitivity of RI and temperature, and the
temperature fluctuation leads to a large measurement error.(!2) For RI sensors based on PCF and
SPR, high cost and a complex manufacturing process are always required.®) In addition, most of
these sensors are based on wavelength modulation instead of intensity modulation, where
complex and expensive demodulation devices are required.(!¥)

In recent years, two-dimensional (2D) layered materials, which include graphene,
molybdenum disulfide, and black phosphorus (BP), have attracted significant attention.(%1%)
Owing to the exceptional properties of a large surface-to-volume ratio, atomic-thin-layer
structure, and high carrier mobility, 2D materials show superior performance in optical
modulation for realistic applications in ultrafast lasers, gas detection, and biosensing.(!®17)) With
the development of Lab-on-Fiber technology, these materials are combined with optical fibers
and applied to high-performance sensing of a variety of parameters.(!819 For example, BP has
been introduced as a material for an intensity-modulated optical fiber RI sensor.*” The BP film
is deposited onto the fiber surface by an in situ layer-by-layer deposition technique. However,
film deposition of 2D materials is challenging owing to the cylindrical geometry and thin
diameter of the optical fiber. Apart from 2D materials, topological insulators (TIs) are another
type of promising optoelectronic material.*!) The TIs are materials with gapped insulating bulks
and metallic conducting surfaces. The strong spin-orbit coupling in TIs lowers the surface
resistivity and leads to the formation of a topologically protected surface state. The surface state
in TIs has a Dirac electronic spectrum like that of graphene and shows optical properties similar
to those of 2D materials. The recently discovered three-dimensional (3D) TIs such as bismuth
telluride (Bi, Te;) and bismuth selenide (Bi,Se;) are referred to as second-generation TIs. These
3D TIs are composed of layered structures in which the adjacent layers are bonded together by
weak van der Waals forces.(>?) The surface conduction of the material can be further enhanced
by making 3D TIs into nanostructures, since the large surface-to-volume ratios of nanoscaled
materials maximize the surface contribution to the total conduction.

In this work, we report an integrated Bi,Te;—TFBG configuration as an optical tunable
platform for RI measurement. The Bi,Te; film is deposited on TFBG by magnetron sputtering.
As a result of the interaction between the Bi,Te; film and the cladding mode of TFBG, unique
optical tunable properties are observed. The Bi,Te;—TFBG sensor exhibits the ability of RI
measurement by intensity demodulation.
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2. Materials and Methods
2.1 Bi,Te; deposition on TFBG

The TFBG is inscribed in a photosensitive fiber (Fibercore PS750) by the phase-mask
technique. The schematic illustration of the TFBG is shown in Fig. 1(a), where 4 is the normal
period of the grating and € denotes the tilt angle of the grating planes relative to the plane of the
fiber cross section. The core mode resonance wavelength Ag,,., and the ith cladding mode

wavelength 4; .,z are governed by phase-matching theory, which gives the wavelength position

i, cla
of the resonance band corresponding to the coupling between two modes.??

The schematic of the TFBG with a thin Bi,Te; film is shown in Fig. 1(b). Magnetron
sputtering is used for Bi,Te; film deposition. Before deposition, the optical fiber over the TFBG
region is rinsed with pure acetone to clean the surface of any contaminants. Then, the optical
fiber is immersed in deionized water and washed thoroughly. Thereafter, the Bi,Te; film is
deposited on the optical fiber by the magnetron sputtering system. During the deposition
process, both sides of the optical fiber are held by the holder, as shown in Fig.2. The optical fiber
rotates around its axis while rotating around the center of the magnetron sputtering system to
obtain a uniform deposition effect. The working pressure is 7.5 mTorr in a pure argon
atmosphere. The radio frequency power is set to 60 W. The Bi,Te; target is 2 inches in diameter
and 99.999% pure (ZhongNuo Advanced Material). The thickness of the Bi, Tes film is calculated

from the deposition rate and experimentally determined under the same conditions.
2.2 Experimental setup
The experimental setup is shown in Fig. 3. A broadband source (BBS) with a wavelength

range of 1520 to 1570 nm is utilized as input light. The light passes down the integrated Bi, Te;—
TFBG sensor through the three-ring polarization controller (PC). The PC is used to adjust the
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Fig. 1. (Color online) Schematic of Bi,Te;—~TFBG configuration as an optical tunable platform for strong light—
matter interaction. (a) Schematic of TFBG. (b) Schematic of Bi,Te;—TFBG configuration.
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Fig. 2. (Color online) Photograph of optical fiber fixed in magnetron sputtering system.
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Fig. 3. (Color online) Experimental setup for RI measurement using the Bi,Te;—TFBG sensor.

polarization state of the input light. The three rings of the PC are a 1/4-wave plate, half-wave
plate and 1/4 wave plate. By adjusting the positions of the three rings, the polarization state of
the input light is kept stable. In this way, the measurement error caused by the change of
polarization state can be eliminated. The optical fiber with Bi,Te;—TFBG 1is pasted onto the
stainless-steel plate. The Bi,Te;—TFBG is immersed in glycerol solution. Different RI can be
provided by using different concentrations of the glycerol solution. The output spectrum of the
Bi, Te;—TFBG is detected with an optical spectrum analyzer (OSA: AQ6317B, YOKOGAWA)
with a wavelength resolution of 0.02 nm. The experiment is carried out at a constant room
temperature of 24.5 °C. Since the amplitude of the TFBG cladding mode is not affected by
temperature,® the measurement results caused by temperature fluctuations can be ignored.

Here, the overlapped transmission spectra of the TFBG before and after Bi,Te; deposition are
shown in Fig. 4. The thickness of the Bi,Te; film is 60 nm. As can be seen from the figure, the
cladding mode shows a clear intensity decrease after the Bi,Te; deposition. This phenomenon is
attributed to the intense light absorption of Bi,Te;, which reduces the coupling efficiency of the
light from the fiber core to the cladding. Four cladding modes (marked as “C17”, “C2”, “C3”, and
“C4”) and the core mode (marked as “B1”) are chosen for intensity monitoring in the following
experiments.

3. Experimental Results and Discussion
The Rl response of a bare TFBG without the Bi, Tes film is studied first. The experiments are

conducted with the setup shown in Fig. 2. The transmission spectra of the bare TFBG at different
RIs are shown in Fig. 5. It can be seen that, as the RI increases, more and more cladding modes
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Fig. 4.  (Color online) Transmission spectrum of TFBG before and after Bi, Te; deposition.
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Fig. 5. (Color online) Transmission spectrum of bare TFBG versus RI.

in the short-wavelength direction no longer exist. On the other hand, the intensity of the existing
cladding modes is almost stable, as shown in the inset. The result is consistent with the RI
response of TFBG reported previously.®)

The RI response of Bi,Te;—TFBG with the film thickness of 60 nm is studied. Figure 6
presents the evolution of the transmission spectra with respect to RI. The spectra measured at
different RIs are drawn on the same graph with an offset. It is clear that the RI response in Fig. 6
is completely different from that in Fig. 5. The intensity of the cladding mode changes as the
surrounding R1I increases, but no cladding mode disappears. Moreover, different cladding modes
show different intensity tendencies with the change of the surrounding RI.
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Fig. 6. (Color online) Transmission spectra of Bi,Te;—~TFBG versus RI: (a) 1.3958-1.4125, (b) 1.4180-1.4370, and
(c) 1.4420-1.4611.

Five repeated measurements are conducted under the same experimental conditions. The
intensity tendencies of the cladding modes Cl1, C2, C3, and C4 are illustrated in Figs. 7(a)-7(d),
respectively. The standard deviation characterizing the stability of the sensor characteristics is
indicated by error bars in the figure. It can be seen that the intensity of the cladding modes
decreases gradually in a specific RI range. The cladding mode C3 in Fig. 7(c) shows the
maximum sensitivity of ~333.4 dBm/RIU with RI increasing from ~1.43 to ~1.45. The reason for
the intensity decrease comes from two aspects. The first one is Bi,Te;’s exceptional properties of
large surface-to-volume ratio and high carrier mobility. Secondly, the carrier concentration of
Bi,Te; is changed since the detected solution molecules are absorbed onto the surface of Bi,Te;.
In this way, the local RI of Bi,Tes is affected. The result is consistent with that of TFBG coated
with graphene.?¥) However, as clearly shown in Figs. 7(a)-7(d), each cladding mode is only
sensitive to a certain RI range. The authors did not determine the causes of this phenomenon. A
link to the phase-matching condition of each cladding mode was assumed but not confirmed. On
the basis of this special characteristic, a specific cladding mode can be selected for RI
measurement in accordance with the RI range to be measured.

Figure 7(e) shows the intensity change of core mode B1, which is almost stable in the same RI
range. This means that the intensity of Bl is insensitive to the surrounding RI. In this way, when
the intensity difference between the cladding mode and the core mode is used for RI
measurement, the result is immune to intensity fluctuation. This is important because intensity
fluctuation always leads to a large measurement error in the intensity-modulated measurement
system.
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Fig. 7. (Color online) Intensity tendencies of cladding modes (a) C1, (b) C2, (c) C3, (d) C4, and (e¢) core mode BI.
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In addition to using the cladding modes C1, C2, C3, and C4, the area occupied by all cladding
modes is also used in the RI sensitivity calculation. Figure 8 shows the total area changes—
normalized to the total area of cladding modes of the sensor in air—for the RI range from 1.3958
to 1.4611. The area occupied by all cladding modes decreases as RI increases. The green line
presents the cubic nonlinear fitting of the normalized area versus RI. For applications where a
wide measurement range is required, the area changes of all cladding modes can be used.

4. Conclusions

We described an integrated Bi,Te;—TFBG configuration for RI sensing based on the light—
matter interaction of Bi,Te;. The light coupling of TFBG can be modulated with Bi,Tes
deposition. The maximum RI sensitivity of ~333.4 dBm/RIU is demonstrated in glycerin
solution. The proposed configuration proves that the light-matter interaction of Bi,Te; can be
used for RI sensing, providing a promising platform for chemical and biochemical applications.
Compared with 2D layered materials such as BP, the deposition and thickness of the Bi,Te; film
are easier to control, which is more conducive to the consistency and commercialization of the
Sensor.
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