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Effective Liquid-Filled

Leaky-Guided Fiber

Mach—Zehnder Interferometer With a
Side-Polished Fiber

Cheng-Ling Lee ™, Chun-Yu Yeh, and Yu-Xin Jiang

Abstract—We first propose an effective liquid-filled leaky-
guided fiber Mach-Zehnder interferometer (LGFMZI) utilizing
a side-polished fiber (SPF) for high-sensitivity liquid material
sensing. The structure features a side-polished single-mode
fiber (SMF) sequentially spliced to large-core (HCF{) and
small-core hollow-core fibers (HCF»), with a terminal SMF
segment. The SPF, connected to HCF;, forms a microslit
that facilitates effective liquid injection into HCF>. In the
design, the refractive index (RI) of the liquid (n¢), being lower
than that of the silica cladding (ns), induces a leaky-guided
(LG) fiber waveguide in the tiny HCF, section, enabling the
core and cladding modes generation. HCF; functions as a
beam splitter, expanding the light into the core of HCF, and
cladding to balance their intensities, thereby enhancing the
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interference extinction ratio (ER). Experimental results demonstrate that high sensitivity of 11.93 nm/°C and an ER
exceeding 30 dB with a tunable free spectral range (FSR) of interference spectra are achieved by adjusting the lengths of
HCF, and HCF»>. Furthermore, the interference spectra exhibit a linear thermal response across an ultrawide wavelength
range (1250-1650 nm), offering significant advantages for sensing applications.

Index Terms— Fiber Mach-Zehnder interferometer (FMZI), fiber-optic sensors, leaky-guided (LG), side-polished fiber

(SPF).

[. INTRODUCTION

OLLOW-CORE fibers (HCFs) have attracted consid-

erable attention in recent years due to their hollow
central core structure, which allows for the accommodation of
various specimens such as liquids [1], [2], [3], [4], gases [5],
and polymers [6], [7]. This feature provides more significant
development potential compared to solid-core optical fibers.
HCFs can be classified into photonic crystal fibers (PCFs)
and capillary optical fibers (COFs). PCFs exhibit unique and
advantageous properties due to the periodic air hole structure
in the cladding region. They are considered promising optical
fiber structures with large birefringence, high-temperature (T)
stability, controllable sensitivity, and significant flexibility in
fiber waveguide design. To date, a range of functional optical
fiber devices have been developed by infusing the air holes of
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PCFs with liquid or other materials to induce desired optical
effects: compact fiber polarizers [8], tunable photonic bandgap
fiber passive devices [9], and optical fiber sensors [10], [11],
[12], [13]. However, the challenges of PCFs for fabrication
mainly include: 1) maintaining the air holes at a specific size
and position of indifferent rings and 2) precisely controlling
the T and the drawing speed during the drawing process to
prevent the collapsing of the air holes [14]. In summary, the
structure of PCFs makes their fabrication more complex and
costly than traditional fibers, which prevents their widespread
application. Therefore, the straightforward structure and low
manufacturing cost of COFs render them a more favorable
option. COF is a simple glass structure that utilizes the
antiresonant reflecting mechanism from the inner and outer
walls, allowing light to propagate through the air core [15].
Capillary fibers are used in various sensing fields, including
the refractive index (RI) [16], temperature (T) [17], [18],
[19], [20], [21], liquid level [22], pressure [23], thermal
optics coefficient (TOC) [24], [25], relative humidity [26], and
magnetic field strength [21].

Recently, many techniques have been developed to facil-
itate the sample’s introduction into the core of the HCEF.
For instance, in 2019, Liu et al. [16] developed a simple
fiber sensor based on the COF to measure both the RI and
T simultaneously. The method for this optical fiber sensor
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Fig. 1. (a) Configuration of the proposed LGFMZI with the SPF.
(b) Micrograph of the proposed sensor structure. (c) Microscopic image
of the cross section of HCF;.

involves using capillary action to fill the hollow core and then
splicing the infiltrated fiber into single-mode fibers (SMFs) at
both ends to retain the liquid within the core. However, it is
important to note that this approach may lead to evaporation
during the fusion splicing process, potentially leaving a section
of the unfilled area near the joint, consequently resulting in a
low T sensitivity of only —42.7 pm/°C. In 2020, Lee et al. [24]
proposed a microhole-pair HCF Fabry—Perot interferometer.
They achieved quick liquid access to the HCF by symmet-
rically microdrilling two microholes in the sidewall of the
fiber using a femtosecond (fs) laser micromachining technique.
However, the fabrication of microholes requires high precision
and stability of the stage in the machining system. Due
to the substantial expense and complex maintenance needs
of the fs laser, this manufacturing method is not widely
adopted. An ultracompact leaky-guided (LG) liquid-core fiber
Mach—Zehnder interferometer (LLCFMZI) was presented in
2022. The sensor structure is based on a microsized HCF
splicing a tilted endface SMF to create a miniature oblique
gap to access different liquids effectively [27]. However, the
proposed LLCFMZI is easy breakage because it utilizes slant
cleaving on the SMF endface, and it needs tiny core-offset
splicing to achieve a good extinction ratio (ER) of interference.
In 2024, Lu et al. [28] proposed a novel LG FMZI based
on connections of two discrepant HCFs to improve these
limitations. The FMZI structure is based on a tiny HCF with
a small diameter of 10 um, connected to a larger-core HCF
as a beam splitter to expand the optical beam. By precisely
adjusting the lengths of both HCFs, it can perform ultrahigh
ER, ultracompact, and broadband interference characteristics.
The fiber interferometer configuration can achieve an ultrahigh
ER exceeding 50 dB, with an arbitrary free spectral range
(FSR) in the transmitted interference spectra over an extensive
wavelength range of 1250-1650 nm [28]. Nevertheless, this
method cannot allow for the measurement of the properties of
the materials in the HCF.

In this article, we presented an effective liquid-filled leaky-
guided fiber Mach—Zehnder interferometer (LGFMZI) assisted
by a side-polished fiber (SPF) capable of sensing liquid
materials with high sensitivity. The structure consists of a
side-polished SMF sequentially spliced to large- and small-
core hollow-core fibers (HCFs), followed by a final segment
of the SMF. The proposed SPF connected to the large-core
HCF (HCF)) can create a microslit to effectively access liquids

into the small-core HCF (HCF,). Specifically, HCF; also
serves as a beam splitter and balances the cladding and core
modes’ intensities of HCF, to achieve a better ER of the
interference. Experimental results showing a high sensitivity of
11.93 nm/°C and a high ER over 30 dB with arbitrary spectra
of interference can be achieved by adjusting the lengths of
HCF; and HCF,. The results also show that the interference
spectra linearly respond to thermal effect. They also can
achieve a single-wavelength dip over an ultrawide wavelength
measurement range, making it a wideband tunable optical fiber
filter.

II. FABRICATION AND PRINCIPLE

The proposed LGFMZI with the SPF is elaborately designed
as follows: Initially, a segment of HCF; with a diameter of
50 um is fusion-spliced to a prefabricated SPF to create a
microslit. This microslit serves as a critical interface for liquid
filling. The opposite end of HCF; is then fusion-spliced with
another segment of HCF,, which has a smaller diameter of
10 pum. Finally, HCF, is fusion-spliced to another segment
of the SMF, forming the complete optical waveguide device.
In this structure, the lengths of HCF; and HCF, are referred to
as L and L,, respectively. The detailed structure is illustrated
in Fig. 1. In this experimental setup, the presence of a microslit
between HCF; and the polished SMF allows for capillary
action to effectively fill the cores of both HCF; and HCF, with
the sample. This innovative approach utilizes polishing and
fusion splicing techniques under carefully controlled parame-
ters, resulting in a method that is not only cost-effective but
also facilitates easy fabrication.

Fig. 2 depicts the experimental setup for measuring the ther-
mal characteristics of the LGFMZI. The measurement system
comprises an optical spectrum analyzer (OSA, ADVANTEST-
Q8381A) and a broadband light source (BLS) that operates
within the wavelengths of 1250-1650 nm. As the light from
the BLS propagates through the SPF and into HCFy, it dis-
perses within the large hollow core. Due to the LG fiber
waveguide phenomenon, the light gradually separates into two
distinct portions as it propagates through HCF,, with each
beam propagating through either the silica cladding or the
leaky liquid core. These two beams subsequently recombine
at the HCF, end, resulting in superimposed. An output SMF
is employed to collect the optical signals for measurement.
In summary, the optical response of the LGFMZI is char-
acterized by the interference of two beams: one from the
cladding mode and the other from the leaky guided core mode,
effectively achieving such a tiny all-fiber FMZI configuration
that produces a sinusoidal interference pattern over the broad
wavelength range.

The optical intensities of the cladding and core beams within
HCF, in the proposed SPF LGFMZI (SPF-LGFMZI) structure
are denoted as I, and I, respectively, while the total intensity
of the interference beam, represented as I, is defined by

27
I=1o+Ig+I0ly Cos(TAneﬁLg) 60

eff _  eff

e — ng'l is the effective index difference

where An®f = |n )
between cladding (n&") and core modes (n¢ff). A denotes the
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Fig. 2. Schematic of the experimental setup for the SPF-LGFMZI.

wavelength of the light. When the optical phase difference
(/M) An®t - L,) conforms to the condition of destructive
interference, the dip wavelength of minimum power (A, ) can
be deduced as
2

Aiin = 5~ " 1AneffL2. 2)
Here, m is the order of the interferential mode and it is
an integer. The FSR of the interferometers means the wave-
length difference of two continuous interference dips or peaks
between the front and the rear. Afterward, we can utilize the
relationship of interference phase difference to obtain the FSR,
which can be expressed as

FSR = |4 — 4| = Mk

 [ngl = gL

3)

where A; and A, represent the wavelengths of two adjacent
interference dips. n°T and nf" are the effective RI of the

cladding and core modes in the interference.

I1l. EXPERIMENTAL RESULTS AND DISCUSSION

Two different configurations were performed and measured
to investigate the impact of the used HCF, on the interference
spectra of our designed sensor. The first structure, SMF-
HCF,-SMF, is based on the fusion-splicing of the SMF
at both ends, incorporating HCF,, with L, of HCF, being
30.5 um. On the other hand, the second structure, designated
as SMF-HCF,-HCF,-SMF, consists of HCF; fused with
HCF,, followed by fusion splicing with the SMF at both
ends, where L; of HCF; is round 93.0 um, while L, of
HCF, remains 30.5 um. The LG waveguide means the filled
liquid whose RI is lower than that of the silica cladding.
It gradually causes the core light to leak into the cladding
along HCF,. As illustrated in Fig. 3, the first configuration’s
ER is notably lower than that of the second structure while
their FSRs are similar due to the same HCF,. It is attributed
to the fact that the SMF-HCF,—-SMF configuration does not
achieve a significant interference length, leading to a shallower
ER of only 12.15 dB, compared to the ER of the interference
spectrum in the SMF-HCF,-HCF,-SMF configuration, which
reaches a value of 28.41 dB. Conversely, the SMF-HCF,—
HCF,-SMF configuration demonstrates an advanced design
with a deeper ER. It is approximately 2.33 times greater
than that in the SMF-HCF,-SMF design. This significant
improvement is primarily due to the incorporation of HCF,
which effectively assists in splitting the optical light into core
and cladding beams that are subsequently launched into the
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Fig. 3.  Optical interference spectra of the proposed SPF-LGFMZI
(a) without the segment of HCF{ and (b) with the segment of HCF;.
Insets individually show their structures.

leaky HCF, with appropriate intensities. In summary, HCF,’s
role in enhancing the ER performance of the interferometer is
crucial.

Fig. 4 illustrates the interference spectra of the proposed
interferometers with different HCF; and HCF, arrangement
lengths. Notably, the corresponding lengths of L; are 116.5,
40.1, 40.3, 48.2, 37.0, and 78.9 um when the connected
HCF, with L, is 22.1, 35.2, 64.2, 66.2, 88.6, and 91.1 um,
respectively. The observations in Fig. 4(a)—(f) reveal a key
role: as L, increases from 22.1 to 91.1 pum, the FSR decreases
from 198.4 to 44.8 nm. This inverse relationship between
L, and FSR, as indicated by (3), is a significant finding.
It suggests that HCF, primarily contributes to the region-of-
light interference; on the other hand, the varying length of
HCF, serves a specific function as a beam splitter or beam
expander in the designed structure. This emphasis on the
role of HCF; informs us about its function in the designed
interferometer. Consequently, the length of L, only influences
the ER of the interference spectra and does not affect the FSR
of the interference spectra.

Furthermore, upon examining the thickness of the SPF fused
to HCF; and the length of HCF; to the corresponding spectral
losses, it becomes apparent that a thinner-diameter SPF or a
longer HCF,; results in higher interference losses. One can see
in the cases of Fig. 4(a), (b), and (f) that longer HCF, has
greater loss with the thickness of the SPFs similar to around
80 pum. In two similar cases in the results of Fig. 4(c) and (d),
the thickness of the SPFs approaches 72-73 pum/L, around
64-66 pum, and the associated spectral losses are around
20 dB. On the other hand, in Fig. 4(e) and (f), the SPFs are
thicker near 80 wm, and a high loss of about 20 dB also can
be observed since the longer L, than those of the conditions
in Fig. 4(c) and (d). The phenomenon occurs because the
evanescent wave reduces optical light from the SPFs and
the leaky features by the long-waveguide HCF,. Therefore,
in our designed aim, the current effective method is to prevent
too thin SPF when L, is fixed which can improve spectral
transmission.

To investigate the dynamics of liquid filling in the two
connected HCFs’ structures via the used SPF, we employed
@(Cargille optical liquid with an RI of np = 1.35 to illus-
trate this process. The unique design of HCF;, which is
fusion-spliced to a side-polished SMF, facilitates the creation
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Fig. 4. Interference spectra obtained from the designed interferometer (air core) under different lengths of HCFy and HCF, with the SPF thickness
of (a) 86.0 um, (b) 84.2 um, (c) 73.1 um, (d) 72.8 um, (e) 79.1 um, and (f) 82.9 um.

of a microslit. This configuration allows direct liquid access
and enhances the interaction between the liquid and HCFs.
The filling mechanism is primarily driven by the liquid’s
adhesive forces and surface tension, which generates a sig-
nificant capillary effect within the hollow core of HCFs.
This capillary action enables the liquid to ascend into the
core, filling it over time. Fig. 5(a)—(e) illustrates a series of
microphotographs documenting the gradual filling of the HCFs
with the filled liquid from the microslit. Their corresponding
temporal evolutions of the interference spectra are captured
and plotted in Fig. 5(f)—(j), highlighting the changes in optical
characteristics as the liquid progressively fills the HCFs. Each
spectrum reflects the dynamic interaction between the light and
the varying liquid volume, providing insights into the optical
behavior during the filling process. As the liquid occupies
more of HCF;, we observe a noticeable increase in the filled
area, which correlates with alterations in the interference
patterns. This phenomenon can be attributed to the presence of
liquid within HCF; modifying the optical path length during
beam expansion, impacting the ER associated with the optical
interference performance. Also, it is important to note that
the FSR remains nearly constant as long as the liquid has
not infiltrated HCF,, as shown in Fig. 5(f)-(h). However, once
the liquid infiltrates HCF,, the FSR and ER of the interference
spectrum undergo significant changes, driven by the interaction
between the core mode and the cladding mode. Ultimately,
when two HCFs are filled, the optical spectra will stabilize
and remain unchanged. It can be seen that once HCF, is
filled with the liquids, the FSR significantly increases. The
LG mechanism can be achieved when the HCF, core is filled
with a liquid with an RI lower than the cladding.

According to the experimental results, the proposed interfer-
ometer can effectively vary different interference wavelength
dips over a broadband wavelength range with good interfer-
ence performance by precisely adjusting the lengths of HCF,

and HCF, and by introducing liquid as the core materials. This
adjustment also makes an interference wavelength dip with
exceptionally high ER, as shown in Fig. 6(a)—(c). Notably, the
insertion loss is around —10 dB for the various combinations
of HCF,/HCF, filled with the Cargille liquids (np = 1.30).
Subsequently, the device was heated, with the temperature (T)
incrementally increased from 25 °C to 45 °C to investigate
the impact of thermal variations on the interference spectra.
The results demonstrate that the spectral wavelength shifts
(AA) toward longer wavelengths as T increases and exhibits
extremely linear responses and steady characteristics. This
situation can be understood by the following T-sensitivity (S =
AMAIAT) equation [27]:

. eff _ . peff
S = )L(kcl g (T) kCO Neo (T)) (4)

né(T) — nef(T)

where kg is the TOC for the silica cladding of the fiber
(TOC = +10.5° x 107¢ °C~!) and k., is TOC for the optical
liquid (TOC = (dnp/dt)/np = (—3.33/1.3) x 10~* °C~! for
np = 1.3) [29]. A is the monitoring wavelength dip. n°f(T)
and ngff(T) are the effective indices of the liquid core and silica
cladding at a specific T, respectively. Based on the theoretical
relationship described by (4), the T-sensitivity of the proposed
SPF-LGFMZI increases as the liquid’s RI approaches the
cladding RI. In (4), nsff(T) — ngg(T) is positive, and k¢, is
typically negative. Consequently, the S values are positive,
meaning the interference wavelengths shifted to longer wave-
lengths. The corresponding sensitivities (S) of the different
structures of the sensors shown in Fig. 6(d)—(f) are measured
at 3.54, 3.44, and 3.32 nm/°C across an ultrabroad wavelength
range, respectively. We further calculate the theoretical values
using (4) to obtain the corresponding S, which are 3.30,
3.64, and 3.45 nm/°C, by their monitoring wavelength dip of
1430.8, 1566.8, and 1486.8 nm at 25 °C, respectively. It is
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(a)—(c) Interference spectra corresponding to the SPF-LGFMZI of the different lengths of HCFy and HCF, with the filled-liquid Cargille liquid

(np = 1.30). (d)—(f) Corresponding T-sensitivities of the wavelength shift from 25 °C to 45 °C for the cases of (a)—(c).

noteworthy that the experimental results have agreement with
the theoretical results.

To study the impacts of the SPF-LGFMZI under conditions
involving the HCF core with different Rls, a series of liquids
were systematically tested to evaluate the FSR and ER of
the interference spectra. Fig. 7(a)—(e) illustrates the measured
interference spectra for the Cargille liquids of np = 1.30, 1.35,
and 1.40, in addition to for DI water and ethanol, by the
SPF-LGFMZI with the structure of L/L, = 40.7/64.6 um.
It was observed that the FSR broadens as the RI of the
filling liquids increases, as depicted in Fig. 7(f). This trend
can also be estimated using (3), the optical path of liquid-core
approaches to that of the cladding, allowing for a significantly
high FSR. Specifically, the FSR can exceed 520 nm when
utilizing Cargille liquids with np = 1.4. Furthermore, upon
examining the interference spectra of different liquids, it was
found that the ER exhibited varying depths due to the different
RI of the core; for instance, the ER for Cargille liquids with
np 1.40 recorded a minimum value of only 7.37 dB,

while the ER for ethanol can reach a maximum of around
3491 dB. This variation can be attributed to the superim-
posed interference lights by different RI material dispersion
of the various liquids. To investigate the thermal effect of the
proposed SPF-LGFMZI, the filled liquids with different RIs
were tested to evaluate the T-sensitivity and obtain the TOCs
of the fillers. The above experimental results can be obtained
by analyzing AA in the interference dips. Fig. 8(a)-(e) shows
the measured interference spectra with T variation for Cargille
liquids (np = 1.30, 1.35, and 1.40), DI water, and ethanol,
respectively. The corresponding experimental T-sensitivities
are 3.44, 4.30, 11.93, 1.57, and 7.12 nm/°C, for the Cargille
liquids (np = 1.30, 1.35, and 1.40), DI water, and ethanol,
respectively, as plotted in Fig. 8(f). Notably, the sensor filled
with the Cargille liquid of np = 1.40 did not exhibit complete
dips in the interference spectrum due to the huge FSR,
making it impossible to estimate T-sensitivity by measur-
ing the wavelength dips. However, it can also evaluate the
variations of spectral wavelength shifts by observing a fixed
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Fig. 7. Interference spectra of the SPF-LGFMZI with the structure of L1/Ly = 40.7/64.6 um corresponding to filling Cargille liquids of np = (a) 1.30,
(b) 1.35, (c) 1.40, (d) DI water, and (e) ethanol. (f) Relationship between np and the FSR for different liquids filled.

TABLE |
COMPARISONS OF THE TOCS FOR DIFFERENT TYPES OF LIQUIDS BETWEEN THE EXPERIMENTAL RESULTS PROPOSED BY
THIS STUDY AND THAT OF THE REFERENCE DATA

Liquids TOC: ke ('€ TOC: koo (C1)
(measured in the study) (reference data)
DI Water (at 1550 nm) —-9.78 x 1075 —7.657 x 1075 [25]
Ethanol (at 1550 nm) -3.19 x 107* —3.688 x 107* [25]
Cargille-Liquid (np = 1.30) —2.12 x 107* —2.53 x 107* [29]
Cargille-Liquid (np = 1.35) -1.82 x 107* —2.52 x 107* [29]
Cargille-Liquid (np = 1.40) -3.20 x 107* —2.94 x 107* [29]

transmission at —11 dB in the interference spectrum covering
the 1550-nm wavelength band, as shown in Fig. 8(c). Subse-
quently, we further estimate the TOCs of the measured liquids
by the following TOC equation [27]:

(5-1)-

where A and A’ are the corresponding two wavelengths of
interference dips at specific T and T’ after heating 1 °C,
respectively. The obtained TOCs of DI water, ethanol, and
Cargille liquids are —9.78 °C x 107 °C~!, —3.19 °C x
1074 °C1, —=2.12°C x 107#°C~!, —1.82 °C x 107* °C~!,
—3.20 °C x 107* °C~!, respectively. The parameters of
ne(T) (T = 25 °C, A = 1550 nm) are set at 1.444 for the
lowest-order cladding mode and the LG core mode, ncff(T)
(T =25°C, A = 1550 nm) would be a complex number that
also depends on the RI of filled liquids. Due to the tiny size of
the tens of micrometers and the anti-guided characteristics of
HCF,, the estimated values of n¢ are approached as 1.3223,

co

1.348, 1.2946, 1.3434, and 1.3905 for DI water, ethanol, and

A
2

eff

eff’ eff
co — M ) + g ke

kco = off (5 )

ng

the Cargille liquids with np 1.30, 1.35, and 140 (T =
25 °C, A = 1550 nm). The above-determined TOCs calculated
by (5) were further compared with those in the literature, and
the results show their consistency, as shown in Table I. Based
on the results in Fig. 8(e), the high ER and broadband (over
400 nm) single-wavelength dip of spectra can be obtained.
This exceptional performance has great advantages for making
broadband measurements to avoid overlapping of the wave-
length dips when T varies. We believe that the proposed
interferometer sensor presented in this study can be further
applied to simultaneous temperature (T) and RI measurements.
For simultaneous measurement of the parameters, Lu et al.
[30] demonstrated a technique using a feature matrix in a
tapered fiber interferometer to simultaneously measure RI and
T, allowing for effective decoupling of these two parameters.
Later, Jing et al. [31] proposed a method to analyze the RI
characteristics of a sensor and eliminate the RI-induced effects
on T sensing, further improving measurement accuracy. The
approaches offer valuable insights that could be incorporated
into future work to enhance the sensing capability of our
proposed interferometer.
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Fig. 8. Interference spectra corresponding to the T variation for Cargille liquids of np = (a) 1.30, (b) 1.35, and (c) 1.40. (d) DI water and (e) ethanol.

(f) T-sensitivities under different liquids.

IV. CONCLUSION

We have demonstrated an innovative sensing configuration
based on an SPF-LGFMZI with an effective filling tech-
nique for measuring the TOC and T-sensitivities of liquids.
By introducing a side-polished SMF fusion spliced to HCF,
a microslit is created. HCF; connected with the interference
section HCF, to generate broadband interference spectra with
high ER and arbitrary FSR by adjusting the HCF, and HCF,
lengths and the RI of fillers. This designed configuration
effectively allows different fillers to access the HCFs through
capillary action. Moreover, owing to the different disper-
sion refractive indices of the filled liquids, we can achieve
the desired wavelength interference spectra by selecting the
lengths of the HCFs. Additionally, due to the TOC and RI
dispersion of the liquid core, the interference spectra of the
SPF-LGFMZI exhibit highly modulated characteristics and
exceptional T-sensitivity. This configuration provides a stable
linear response to thermal effect across a wide wavelength
range of 1250-1650 nm. When controlling the lengths of
the two HCFs and varying the RI of the liquids, the high
ER and broadband single wavelength dip with high sen-
sitivity would be obtained. This unique characteristic has
excellent advantages for broadband measurement to avoid
the interference wavelength dips from overlapping to make
identification impossible. Finally, the proposed fiber sensor can
have ultracompact, cost-effective, and single-wavelength dip
with broadband-sensitive measurement, high ER performance,
and arbitrary FSR. It has the potential to be applied in various
fields of sensing technology.
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