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Residual thickness enhanced core-removed
D-shaped single-mode fiber and its application
for VOC evaporation monitoring
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Abstract: A core-removed D-shaped structure with different residual thickness (RT) was
manufactured on a single mode silica fiber (SMF) to enhance the sensitivity by using of ultra-
precise polishing technology. With six different RTs ranging from ~55 pm to ~28 um, the RT
enhancement effect in a D-shaped SMF was researched in detail. The influence of the RT on
its transmission spectra was investigated both theoretically and experimentally. Considering a
compromise between the multimode interference efficiency and optical power loss, an optimum
RT value of 34.09 um was achieved. The obtained refractive index (RI) sensitivity was 10243
nm/RIU in the RI range of 1.430-1.444, corresponding to a RI resolution of 1.9x107° RIU. A
high-performance all-fiber sensor was developed to monitor the evaporation process volatile
organic compounds (VOCs) based on the RT-enhanced D-shaped SMF. As proof of concept, a
2-hour continuous monitoring was carried to monitor the chloroform and alcohol mixture. As a
result, the evaporation of alcohol and chloroform were clearly identified and monitored. The
developed RT-enhanced D-shaped fiber sensor provides an alternative way for chemical process
monitoring and industrial applications.

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

1. Introduction

The refractive index (RI) sensor based on an optical fiber with the advantages of no electromagnetic
interference, compact structure and high sensitivity has been widely researched in the past [1].
Of the optical fiber sensors, multimode interference (MMI) is an effective approach to improve
the detection sensitivity, which was investigated in the past years [2]. Multimode interference in
optical waveguide refers to light of each conduction mode which interferes with each other. This
causes an optical field distribution in the cross section of the fiber which changes periodically
along the longitudinal transmission distance. The surrounding refractive index (SRI) affects
the multimode interference effect in the optical waveguide and transmission spectra. The MMI
plays an important role in various fields such as fiber sensors [3—10], couplers [11-13], optical
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filters [14,15] and fiber lasers [16]. For MMI-based fiber RI sensors, efficient excitation of
high-order modes and a strong evanescent field in the multimode waveguide section is desirable,
since the RI changes are related to the MMI spectra shift. Various kinds of fiber sensors such
as coreless fiber [17,18], tapered fiber [6] and small core fiber [19] were reported. Among
them, the side-polished fiber (SPF) [20] was a fiber made by polishing a section of the fiber
cladding with optical micro-machining technology. To fabricate the SPF, the part of cladding
of single-mode fiber (SMF) was side-polished to make the remaining cladding as a D-shaped
multimode waveguide. The cladding thickness of the fiber was polished to an area of only a few
microns in the core. The light transmitted in the core will leak out in the form of an evanescent
wave field, providing a strong interaction with external media. The SPF based on MMI was
sensitive to surrounding refractive index. Based on this principle, the material to be tested was
positioned in the side-polished area and the evanescent wave field was able to interact with the
material. The SPF provides a wonderful platform for refractive index sensing. According to the
MMI principle and the D-shaped structure, several RI sensors based on MMI were reported, such
as the side-polished single mode-multimode-single mode fiber [21], a multi-D-Shaped optical
fiber [22], and side-polished plastic optical fiber [23]. However, most of the D-shaped fibers are
based on multi-mode fibers or plastic fibers with large cores.

In this paper, a core-moved D-shaped structure was fabricated on a single mode silica fiber
by a custom ultra-precise polishing system. The whole core of the SMF was removed to obtain
high multimode interference. Six different RTs from 55 um to 28 um was researched to optimize
the RT-enhancement in detail. The transmission spectra through the RT-enhanced D-shaped
SMF were investigated both theoretically and experimentally. With an optimized RT of 35 um, a
RT-enhanced D-shaped fiber sensor was developed for VOCs mixture evaporation monitoring.
The VOC monitoring principle and performance was analyzed in detail.

2. Principle
2.1.  Structure of RT-enhanced D-shaped SMF

The basis of a fiber-optic index sensor is the interaction between the analyte and evanescent
wave fields in the fiber. In order to get access to evanescent wave fields it is necessary to remove
portions of the fiber cladding. The removal can be performed by fiber fusing and a tapering
technique, a fiber side polishing technique and femtosecond laser pulses. Fibers with cladding
removed on one side are referred to as side-polished fibers (SPF), as shown in Fig. 1(a). The
vertical dimension from the polished surface to the fiber surface, which is referred to as the
residual thickness (RT) in Fig. 1(a), is an important parameter which determines the strength of
the interaction of the evanescent wave fields with external media. In our previous publications,
various fiber sensors based on SPF were reported such as fiber couplers [24], modulators [25],
attenuators [26], switcher [27], humidity sensors [28,29] and a temperature sensor [30]. However,
the previous publications report only the partial removal of the fiber cladding. This work reports
the removal of the whole fiber core as shown in Fig. 1(b), which is referred to as the RT-enhanced
D-shaped SMF. Figure 1(c) shows the three-dimensional structure of a RT-enhanced D-shaped
SMEF. Both the cladding and core were polished by the precisely controlled fiber fabrication
system. Five minutes of rough polishing was carried out to fabricate the SPF. An additional
finishing polishing procedure was carried out to fabricate the RT-enhanced D-shaped SMF. The
fiber fabrication can be done within 10 mins using our custom polishing system. Figure 1(d)
depicts the side view of the RT-enhanced D-shaped SMF. The RT-enhanced D-shaped SMF can
be divided into five sections: lead-in SMF, transitional section 1, coreless flat section, transitional
section 2 and a lead-out SMF. As described by the simulations in the next manuscript section,
the coreless flat section worked as a D-shaped multimode waveguide. The curve polished surface
of the transitional section 1 provided an efficient way to excite the high-order modes by multi
reflection and scattering. The strong evanescent field on the fiber polishing surface provide a high
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sensitivity sensing area for the surrounding refractive index. The fiber core in the transitional
section 2 collects the light from the coreless flat section for the output measurements.
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Fig. 1. (a) Transverse plane of conventional D-shaped fiber; (b) transverse plane of RT-
enhanced D-shaped SMF; (c) isometric view of RT-enhanced D-shaped SMF; (d) front view
of RT-enhanced D-shaped SMF.

Figure 2(a) shows the diagram of RT-enhanced D-shaped single mode fiber. Figure 2(b) is the
cross section at the coreless flat section of CD-SMF observed by scanning electron microscope
(SEM). As shown in the picture, the cross section of CD-SMF was D-shaped with a residual
thickness of ~45 pm, indicating that the core of the SMF was removed. Figure 2(c) is a picture
of the coreless flat section taken by the microscope (Zeiss, Axio Scope A1) with a 20X objective
lens and a 0.63x eye lens. Figure 2(d) is a 1x1 pm image with a data resolution of 5k x 5k
points obtained by the atomic force microscope (Bioscope Catylyst Nanoscope V). It is indicated
that the surface of the flat section of RT-enhanced D-shaped SMF fabricated by our custom
fiber-polishing system was smooth.

(c) LN (d)

Fig. 2. (a) Diagram of RT-enhanced D-shaped SMF, (b) cross section at the coreless flat
section of CD-SMF observed by scanning electron microscope (SEM), (c) coreless flat
section of CD-SMF observed by a microscope, (d) coreless flat section of CD-SMF observed
by atomic force microscope (AFM).
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Since the sensitivity of the RT-enhanced D-shaped SMF is closely related to the residual
thickness, six single mode fibers with different RTs from 54.85 um to 28.22 ym were fabricated
by our custom fiber-polishing system. Figure 3(a) shows the pictures of D-shaped areas obtained
with a microscope with a 20X objective lens. Figure 3(b) showed the parameters of the six

RT-enhanced D-shaped SMFs.
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Fig. 3. (2) Microscopic image of the flat section of the RT-enhanced D-shaped SMFs. The
RTs were measured as 54.85 pm, 50.85 pm, 46.31 pm, 39.40 pm, 34.09 pm, and 28.22
um, respectively. (b) Variations of residual thicknesses for the six fabricated RT-enhanced
D-shaped SMFs.

2.2. Analysis of multimode interference (MMI)

The light transmission path in the RT-enhanced D-shaped SMF is shown in the Fig. 4. The
high orders in the fiber was induced by the multi reflections with angles of incidence on the
curved surface in the transitional section 1. The efficiency of the MMI in the RT-enhanced
D-shaped SMF was closely related to the RT. The RT-enhanced D-shaped SMF with different
RTs leaded to different angles of incidence #. The input optical field of the coreless flat section
of the RT-enhanced D-shaped SMF can be written as:

M N
En(,0)= > > bua¥n (.6) ()

where W,,,(y, 0) was the guided mode of TE,,, or TM,,, in the coreless flat section. The
subscripts m and n denote the node numbers of specific guided mode, where the mode field
distribution varied with the azimuthal angle and along the radial direction respectively. The
exciting by, coefficient for the W, ,(y, ) mode. The evolution of optical field along the coreless
flat section was determined by the interference between the excited high-order modes:

E(.6.0= > boa¥ou(y. 0)exp(iBosc) @)

where 3y, was the propagation constant of TMy, and TEy, modes.
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Fig. 4. Schematic of estimating the tilted angle 6 (slope t =tan 6) of polished surface to
excite the highest order mode in the cladding of RT-enhanced D-shaped SMF using an
optical ray approximation.

3. Experiment

Figure 5 schematically illustrated the experimental setup used to evaluate the performance of
the RI sensor based on RT-enhanced D-shaped SMFs. In order to make sure that coreless flat
section of the fiber is fully in contact with the certified RI liquid (CRIL), the RT-enhanced
D-shaped SMFs were positioned in a glass groove. The lead-in SMF and lead-out SMF were
fixed on the glass substrate using ultra-violet glue. The lead-in SMF of the fiber was connected
to a supercontinuum light source (SCS YSLSC-5-CFS). The lead-out SMF of the fiber was
connected to the spectrometer optical spectrum analyzer (OSA YOKOGAW AQ6370D) with a
resolution of 20 pm. The supercontinuum light source can provide light in the wavelength range
of 450 nm-2400 nm with a peak power of 9 dBm at 1064 nm. The refractive index matching
liquids (Cargille Labs) with a RI range from 1.430-1.444 were used as the standard samples to
evaluate the sensor based on the RT-enhanced D-shaped SMF. Each time the refractive index
matching liquids with the volume of 10 uL was added to the glass groove, the corresponding
transmission spectrum of RT-enhanced D-shaped SMF was recorded. Then the RT-enhanced
D-shaped SMF was cleaned with 99.99% alcohol (Aldrich) before next test. The experiment was
carried out in a fume hood.

Supercontinuum light source

% S Chloroform and alcohol mixture

RT-enhanced D-shaped S

Optical spectrum analyzer

Fig. 5. Schematic diagram of experimental setup to evaluate the performance of the sensor
based on the RT-enhanced D-shaped SMF.

4. Results and discussions

4.1. Sensor evaluation of Rl sensor based on RT-enhanced D-shaped SMF

The RI sensing performance of the fabricated RT-enhanced D-shaped SMFs with five different
RTs were evaluated theoretically and experimentally. Since the D-shaped fiber with RT of 28.22
um shows a power of < 70 dB, the transmission spectrum was covered by the noise. This may be
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the caused by the great insert loss resulted from such a small fiber residual thickness. Figures
6(a), 6(c), 6(e), 6(g) and 6(i), corresponding to RT-enhanced D-shaped SMF with the RT of 54.85
pm, 50.85 pm, 46.31 um, 39.4 um and 34.09 um, showed transmission spectra with a RI range of
1.430~1.444. Since the residual thickness has a significant influence on the mode interference in
the fiber, as a result the dip wavelength shows a shift over a large range. In order to short the
sensor response time, the authors measured only the effective wavelength ranges spanning the
dip. Figures 6(b), 6(d), 6(f), 6(h) and 6(j) showed the simulated transmission light field along the
optical fiber with RT of 54.85 um, 50.85 um, 46.31 um, 39.40 pm and 34.09 um, respectively. It
can be seen from the subgraphs the MMI efficiency of RT =34.09 um is denser than others. A
beam propagation module (Rsoft Inc.) was employed to simulate the transmission spectra and
field evolution of the RT-enhanced D-shaped SMF. The geometrical parameters are: length of
the flat section Lf = 8 mm, lengths of the two transitional sections Ltl = Lt2 =4 mm; the core
RI=1.4681 and a cladding RI = 1.4628. The core diameter was 8.2 um and the cladding diameter
was 125 pym. Here, the RTs in the simulations were set the same to analyze the RT-enhanced
D-shaped SMF with different MMI efficiency. The curved polished surfaces of the transitional
section 1 and 2 were modeled by a surface of an elliptic cylinder with a major axis of Ltl and a
minor axis of (125 - RT) um. With increasing of the RI, the wavelength dip shifted to longer
wavelengths with an increasing slope.

According to the characteristic dips indicated by the arrows in Fig. 6, we could observe the
shift of the dips and obtained the dependencies of the dip wavelength on the surrounding RI.
Figure 7(a) shows the dip wavelength as a function of the surround refractive index from 1.305 to
1.444 obtained experimentally. The dip wavelength increased exponentially with the surrounding
refractive index. In the RI range of 1.430~1.444 where the Rl is close to the fiber core, the slope
of the curve changed dramatically. The RI is high as the fiber core induced a strong evanescent
wave on the fiber polishing surface, resulting in the interaction between the coreless flat section
and surrounding refractive index matching liquid. As shown in Fig. 7(b), we calculated the
sensitivity of sensor for different RTs in different RI ranges. With respect to the RT of 34.09 um,
the sensor sensitivity in the RI range of 1.305-1.402 reached 487 nm/RIU which is 2.8 times
larger than that of the 54.85 um. In the range of 1.430-1.444, the sensor sensitivity reached up to
10243 nm/RIU. Such a sensitivity can be attributed to the high multimode interference efficiency
of the RT-enhanced effect in a D-shaped fiber.

4.2. VOC evaporation monitoring

Chloroform (CHCIl3) and alcohol (C;HsOH) are important organic compounds in organic
industrial chemistry and biology [31]. A short duration exposure of 50 ppm of chloroform can
cause damage to human health. In this section, the residual thickness enhanced fiber sensor was
developed for chloroform and alcohol mixture evaporation monitoring. Photodecomposition
of chloroform occurs with light wavelength from 260 nm to near-UV (~345 nm) [32]. The
experiment was carried in the dark room with negative pressure. The RI of a 99% chloroform
and 1% alcohol mixture is measured to be ~1.44 at room temperature [33]. Considering the
ultrahigh sensitivity of sensor in the RI range of 1.430-1.444, the sensor system was developed
for chloroform liquid monitoring based on a RT-enhanced D-shaped SMF with a RT of 34.09 pm.
The diagram of the sensor system was schematically shown in Fig. 5. The RT-enhanced D-shaped
SMF was fixed on a glass subtract and embedded in the chloroform and alcohol mixture. The
optical spectrum analyzer was used to record the spectra to trace the dip wavelength monitoring
in real time. The spectrum spanning from 1250 nm to 1600 nm with the points of 1750 was
record every 1 min.

Figure 8(a) is the variation of transmission spectra during the whole evaporation process of
chloroform. The dip wavelength of the sensor showed a sharp redshift to > 1550 nm in 30 mins
and then a gradual blueshift to ~1450 nm in 2 hours. Figure 8(b) depicts the variation of the
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Fig. 6. The measured transmission spectra of the RT-enhanced D-shaped SMFs with RTs
of (a) 54.85 um, (c) 50.85 pm, (e) 46.3 pum, (g) 39.40 um and (i) 34.09 um, respectively.
Transmission of the light field along the optical fiber of (b) 54.85 pum, (d) 50.85 um, (f) 46.31
um, (h) 39.4 ym and (j) 34.09 pm, respectively.
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refractive index; (b) the calculated sensor sensitivities in three RI ranges.

shift of sensor transmission spectra. As a comparison, the transmission spectra of the sensor
without chloroform was recorded at T =0 min. A1 was defined as the shift of dip wavelength.
According to the evaporation process of the liquid mixture, Fig. 8(b) was divided into four zones.
Zone A and D represent the immersing and separating process of the fiber in liquid chloroform,
respectively. Compared to the fiber sensor exposed to air, the immersion of chloroform resulted in
a wavelength redshift of ~175 nm. In Zone B, starting from 6 min to 27 min, the dip wavelength
shifted to a longer wavelength with a A1 of 267.6 nm. In a period of 128 minutes, the chloroform
completely separated with the fiber sensor.
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Fig. 8. On-line monitoring of the evaporation of chloroform and alcohol mixture.

The explanation of the phenomenon can be explained by the change of effective refractive
index in the MMI. The schematic of Zone B of Fig. 8(b) can be described by Fig. 9(a), in which
the fiber core was completely immersed in the mixture. The effective refractive index neg of
external media can be expressed as:

e = f(n1, n2) 3)

where n; and n; are the refractive index of chloroform and alcohol respectively. Considering that
the refractive index of alcohol and chloroform are ~1.36 and ~1.44 respectively, in this case the
evaporation of alcohol resulted in an increasing n.g in Zone B. Around the dividing line between
Zone B and Zone C the wavelength shift A2 becomes horizontal gradually. The schematic of
Zone C of Fig. 8(b) can be described by Fig. 9(b), in which the fiber core was partly exposed
to the air. With the evaporation of chloroform, the air started to dominate, and the effective



Research Article Vol. 28, No. 10/11 May 2020/ Optics Express 15649 |
Optics EXPRESS b Ny \

refractive index decreased gradually:

neg = f(n1, n3) 4)

where n3 is the refractive index of air. Since the dip wavelength increased as the surrounding
refractive index, the dip wavelength shows a red-shift in Zone B and a blue-shift in Zone C. The
small deviation between the beginning and the ending of the dip wavelength was attributed to the
impurity of the liquid mixture attached to the fiber.

Light —_ chloroform n,: alcohol n, core
(a) cladding
air : n;

Light —_ core
chloroform : n,

(b) cladding

Fig. 9. The schematic diagram of Zone B (a) and Zone C (b).

5. Conclusions

An RT-enhanced D-shaped structure was manufactured on a single mode fiber for high sensitivity
index sensing by means of custom-made ultra-precise side polishing system. Compared to other
D-shaped fiber sensor, the developed D-shaped structure was on a communication single mode
fiber with a cladding diameter of ~125 um and a core diameter of ~9 pm. Ultra-precise wheel
machining was used to polish the cladding and core of the single mode fiber. The absence of the
fiber core leads to multi-reflection induced multi-modes interference in the D-shaped fiber wave
guide. In this manuscript, the residual thickness (RT) enhancement effect in D-shaped fiber was
investigated in detail. The RT enhancement was firstly quantified from 54.85 um to 28.22 um. It
was found that the residual thickness of the RT-enhanced D-shaped SMF showed a significant
impact on the transmission spectra and optical power loss of the fiber. Therefore, six different
residual thicknesses from ~55 pum to ~28 um were fabricated on different D-shaped SMF to
evaluate the sensor performance. The transmission spectra of the six RT-enhanced D-shaped
SMFs were investigate both theoretically and experimentally. Considering a compromise between
the MMI efficiency and optical power loss, the optimum RT was determined to be ~34 pm.
Benefiting from the RT-enhancement, the extinction ratio of ~15 dB and the senor sensitivity
of 10243 nm/RIU in the range of 1.43-1.44 was achieved, corresponding to a refractive index
resolution of 1.9x107° RIU. Based on the RT-enhanced D-shaped fiber, a high-performance
all-fiber sensor was developed for VOCs mixture evaporation monitoring. As proof of concept,
the RT-enhanced D-shaped fiber sensor showed >2 hours continuous on-line monitoring of the
evaporation of chloroform and an alcohol mixture. The evaporation of alcohol and chloroform
can be clearly distinguished in the monitoring process. The high sensitivity and fast response
indicate that the RT-enhanced D-shaped fiber has a great potential in the real time monitoring
in analytical chemistry and industrial applications. Compared to the index sensor based on
gold-coated D-shaped photonic crystal fiber with a higher sensitivity of 21700nm/RIU [34], the
advantage of RT-enhanced D-shaped SMF is the easier fabrication, more cost-effective price and
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better compatibility with the communication fiber systems. The using of single mode silica fiber
will benefit the long-distance and large-scale distribution measurement. The sensor performance
can be further improved by surface plasmon resonance by depositing specific materials on the
D-shaped fiber surface [35].
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