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Abstract: We present an ultrahigh-sensitivity liquid-core (LC) fiber Mach—Zehnder interferom-
eter (FMZI) enabled by modal dispersion engineering and side-polished hollow-core interfaces.
The proposed device integrates a 10 um-core liquid-filled hollow-core fiber (HCF/g) between
two side-polished large-core HCFs, forming an open microchannel that enables efficient filling
with high thermo-optic coefficient (TOC) liquids. The modal dispersion of the liquid core is
tailored such that the effective index difference between the core and cladding modes increases
with wavelength (A), resulting in a temperature-induced redshift in the interference spectrum.
The optical interference behaviors of the dispersion-engineered structure reverse from those
of conventional silica-core FMZIs. To the best of our knowledge, this is the first study to
derive an explicit analytical formulation that quantitatively relates temperature sensitivity to
the spectral dispersion of the effective index difference between the core and cladding modes
under arbitrary refractive index dispersion conditions. Experimental results exhibit excellent
agreement with theory, with average temperature sensitivities exceeding +80 nm/°C across
multiple interference dips using Cargille liquid (np = 1.46) as the core medium. Our findings
further demonstrate that temperature sensitivity strongly depends on the interference wavelength
and the order of core—cladding mode coupling: shorter wavelengths and lower-order cladding
modes produce higher sensitivities. The results of the agreement support the robustness of the
proposed dispersion-engineered configuration for realizing predictable and adaptive temperature
sensitivity in liquid-core fiber interferometers.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Optical fiber Mach-Zehnder interferometer (FMZI) sensors have garnered significant attention
recently due to their sensitivity, flexibility, and compact size, making them ideal candidates for
various sensing applications. One of the primary reasons for their growing popularity is their
remarkable advantages over traditional sensors. Unlike other types of fiber sensors, FMZI sensors
enable multi-parameter sensing—such as temperature, strain, and refractive index—with high
resolution and spectral stability. Their all-fiber transmission configuration allows convenient
cascading or multiplexing along a single fiber link, facilitating distributed or multi-point sensing.
They also support highly flexible structural configurations, including core—core, core—cladding,
and core-hollow-core interference schemes, allowing precise tailoring of sensitivity for specific
applications. Moreover, when compared with other interferometric schemes such as Fabry—Pérot
or Sagnac interferometers, FMZIs offer relatively straightforward fabrication via standard splicing
or side-polishing processes, without requiring reflective coatings, mirrors, or fused fiber couplers.
These features make FMZI sensors highly versatile and suitable for application in various fields,
including aerospace, biomedical engineering, environmental monitoring, and structural health
assessment. Leveraging these advantages, researchers have developed and explored various
Mach-Zehnder interferometric (MZI) sensor structures tailored for different sensing applications.
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A wide range of fabrication techniques have been employed to create FMZI structures, including
V-shaped cores (VCs) [1], core-offset splicing [2-5], tapered fibers [6—10], polished fibers
[11-13], micro-bending cores [14], liquid-filled cores [15,16], optical fiber splicing techniques
[17-20], and angled fiber cleaving [21]. These structures were designed to enhance the sensors’
sensitivity to various parameters, such as temperature, refractive index (RI), and curvature. For
instance, several FMZI configurations have been optimized for temperature and RI sensing
[8,14,15], as well as for specific applications like concentration sensing [5,16], temperature
sensing [2,3,6,7,11,12,20], RI sensing [1,4,9,13], curvature sensing [17,19], and such as combined
curvature and temperature sensing [18]. The adaptability of FMZI sensors to different sensing
requirements highlights their potential for widespread industrial and scientific applications.
The FMZI sensors are particularly effective in achieving high-accuracy measurements for
tiny variations in environmental parameters such as temperature and displacement. Due to their
high sensitivity and reliability, these optical fiber sensing devices have been applied in various
fields, including structural health monitoring, chemical sensing, and biomedical diagnostics.
Among the many FMZI sensor designs, liquid-filled structures have been especially promising
for temperature measurement. Many studies have proposed liquid-filled FMZI designs that
demonstrate enhanced temperature sensitivity. For example, an FMZI sensor that combines a
spliced joint between a single-mode fiber (SMF) and a hollow-core fiber (HCF) infiltrated with
isopropanol has achieved temperature sensitivities of -42.7 nm/°C [15]. While this design is
simple to fabricate and cost-effective, its T-sensitivity is somewhat limited. To improve this, a
core-offset spliced fiber sensor based on the FMZI principle, filled with refractive index-matching
liquids, was developed and achieved a high T-sensitivity of 21.2 nm/°C [3]. Despite the enhanced
sensitivity of this sensor, the low thermo-optic coefficient (TOC) of the material limited its
T-sensitivity, preventing it from reaching optimal performance. Another design involves an FMZI
sensor with a D-shaped fiber cavity filled with a liquid refractive index of 1.482, which exhibited
ultrasensitivity to temperature, with a sensitivity of -33.72 nm/°C for RI of 1.456 [12]. However,
the complex splicing process posed challenges for practical implementation. Additionally, a
fused tilt-angle FMZI filled with various liquids of different refractive index, such as deionized
water, ethanol, and Cargille liquids with refractive indices of 1.305 and 1.40, demonstrated
temperature sensitivities of 0.8869, 4.4754, 4.8229, and 13.87 nm/°C, respectively [21]. These
results indicate that liquids with higher TOCs lead to better T-sensitivity modulation. However,
the above temperature sensitivities of several reported designs (with the exception of [12]) remain
inadequate for high-precision and high-resolution applications requiring detection of temperature
variations below 0.01 °C, such as biochemical reactions in microfluidic systems, ultra-stable
photonic devices, or thermally tunable optical filters with stringent stability requirements.
Although prior studies have focused on manipulating either the core or cladding materials
to tailor the sensing response of FMZI structures, few have investigated the control of modal
dispersion via the refractive index dispersion characteristics of the materials themselves. Therefore,
this study, we propose and experimentally demonstrate a novel dispersion-engineered liquid-core
fiber Mach—Zehnder interferometer (LCFMZI) that achieves ultrahigh temperature sensitivity by
combining tailored modal dispersion with thermally induced refractive index modulation. The
device integrates a 10 pm-core hollow-core fiber (HCF) with dual side-polished large-core HCF,
forming an open microchannel that allows efficient filling with high-TOC, dispersion-engineered
liquids. This configuration enables a temperature-induced redshift in the interference spectrum
using Cargille liquids (np = 1.46), demonstrating exceptional T-sensitivities exceeding 80 nm/°C,
(and in some cases greater than 100 nm/°C). To the best of our knowledge, this is the first work to
derive an explicit analytical formulation that quantitatively relates the temperature sensitivity of
LCFMZI sensors to the spectral dispersion of the effective index difference between the core and
cladding modes, under arbitrary refractive index dispersion conditions of the filled medium. This
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breakthrough lays a theoretical foundation for optimizing next-generation FMZI sensors across a
variety of waveguide designs.

2. Theoretical analysis of dispersion-engineered LCFMZI

The configuration and interference principle of the proposed LCFMZI is illustrated in Fig. 1.

Cargille-liquid L=1lem
: e —————— >
BLS V4 =
SMF HCF 45 HCF,, HCF 5 SMF

Fig. 1. Schematic diagram of configuration and interference principle of the proposed
LCFMZI.

Here, HCF75 and HCF denote to the core diameters of the hollow-core fibers, measuring 75
um and 10 um, respectively. The broadband optical light source (BLS), with a wavelength range
of 1250-1650 nm, is launched into the input SMF and propagates into the first HCF;5 segment,
where the optical field expands before entering the HCF( - serving as the main interference
region. Within the first HCF75 region, the light splits primarily into two paths: the cladding and
the core. Unlike obliquely incident light, which would excite higher-order core modes (e.g., LP11)
[22], the weakly guided single-core mode configuration here supports only the fundamental
LPy; mode. However, multiple cladding modes can be simultaneously excited in the waveguide
structure. Due to the effective optical path difference (OPD) between the core mode and cladding
modes, multimode interference is generated. The optical fields from all excited modes recombine
in the second HCF75 segment, creating constructive and destructive interference patterns in the
output SMF. These interference spectra are subsequently measured and analyzed.

To enhance the understanding of the proposed dispersion-engineered waveguide characteristics,
we conducted a theoretical analysis and compared it with a standard single-mode fiber 28 (Corning
SME-28). First, we derived the relationship between the effective index of the guided modes
and the interference wavelength shifts during optical transmission in the FMZI waveguide. The
effective indices of the core and cladding modes were calculated using fiber waveguide theory.
Figure 2(a) illustrates the material dispersion curves of the refractive indices (RIs) for the optical
fibers and liquid used in the setup. The RIs of the silica core, and silica cladding, corresponding to
a wavelength (1) range of 1250~1650 nm, are denoted as Ngjjica_core, and Ncjad, respectively. The

Sellmeier equation is used to describe the RI as:n’= ( ;‘2':1;1) + ( ;22_’1;2) + ( /fff;) + 1(hisinum)
The coefficients aj, ap, a3, by, by and b3 are Sell meier coefficients [22]. The cladding
RI, ncjaq is calculated with the parameters a; =0.6961663, a; = 0.4079426, a3z =0.8974994,
b; =0.004679148, by, =0.01351206 and bz =97.934002. Similarly, the silica core RI for a general
SMF-28 is determined using a; =0.700071, a; =0.421598, a3z =0.888017, b; =0.004596176,
b, =0.01448869 and b3 =98.203859 [23]. For the liquid core (nere) using the Cargille liquid
with np = 1.46 and its RI in the proposed configuration is determined using the Cauchy equation:
n=A+53+5, where A=1447925, B =4.0734 x 10, C =4.1636939 x 107 with the wavelength
A in nm [24].

The dispersion equations for the linearly polarized (LP) modes describe the approximate
solutions for weakly guided fiber, where the longitudinal electric and magnetic field components
(E; and H,) are nearly zero, making the modes primarily transverse. For the LPy,, mode with
single mode m =0 and £=1, the characteristic equation governing optical waveguides, particularly
for cylindrical waveguides, is given as [25]:

Jow) — Ko(w)
uli(u) — wKi(w)

ey
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Fig. 2. (a) RI dispersion curves for silica core, silica cladding, and liquid core. (b) Effective
indices of the fundamental silica and liquid core modes, and the first seven cladding modes.
(c) Wavelength dependence of Ang”ﬁ for the silica core waveguide. (d) Corresponding results
for the liquid core, showing an inverse trend of An.g compared to (c). (e) Temperature-
dependent variations in the silica-core effective index. (f) Temperature-dependent variations

in the liquid-core effective index, greater sensitivity due to its high TOC.

Here, Jo(u) and J;(u) are Bessel functions of the first kind, which describe the behavior of
electromagnetic fields inside the waveguide core. Ky(u) and K;(u) are modified Bessel functions
of the second kind representing the decaying field in the cladding region. u and w are parameters
that define the radial field distribution as u = av/k*neoe? — B2 represents the transverse wave
propagation in the core and is associated with the Bessel function J(«), while w = a+/p? — k?n¢jaq2
represents the transverse decay in the cladding and is associated with the modified Bessel function
K(w). In these expressions, k= 27” is the free-space wavenumber and A is the wavelength of
light. 8 is the propagation constant and a is the core radius of a hollow-core fiber (HCF) with a
diameter of 10um. The actual diameter of the HCF has a manufacturing tolerance of about + 2um

[26]. From Eq. (1), the propagation constant: § can be determined by solving the characteristic
equation for the given waveguide structure and material dispersion curves of the RI shown in
Fig. 2 (a). In Fig. 2(a), we can see that the silica core and cladding of SMF-28 are more dispersive
to the wavelength (L) than those of the filled Cargille-liquid of np = 1.46. The RI profile (red
line) of the liquid core shows much flat material dispersion with wavelength.

Thus, once {} is obtained, the effective index (n.g) of the mode can be calculated using the
following relation: neg= B/k. . Figure 2(b) shows the effective index of the fundamental silica
core mode (Neﬂﬁgica) of a Corning SMF-28 fiber, LPy; fundamental liquid core mode (Nefflcigmd.),
and the first seven order cladding modes (Nef’fgl‘:"7) [27]. To further study the sensitivity
of the proposed LCFMZI, the T characteristics of the materials need to be analyzed. The
temperature derivative of the refractive index of the Cargille-liquid with np = 1.46 in the liquid
core with — 3.89 x 107* °C~! [24] has a negative characteristic which is almost two orders of
magnitude higher than that of the silica core fiber. The difference in effective index is defined
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as Anll, =Neff$l'® — Neff}='~7, between the fundamental silica core mode and the m'"-order
cladding modes (m = 1-7) at 25°C is calculated and presented in Fig. 2(c).

Subsequently, An™. = Nefflaud _ Neffm='"7, the difference of effective index between the LPy,
liquid core and the m"-orde(m = 1-7) cladding modes at 25°C are determined and they are shown
in Fig. 2(d). The results in Fig. 2(c) and Fig. 2(d) illustrate the contrasting behavior of the An’f
for the silica-core and liquid-core waveguides, respectively. In Fig. 2(c), which corresponds to the
silica-core case, the curves exhibit a monotonic decrease with increasing wavelength, indicating
that the An’j; decreases as the wavelength increases.

Conversely, in Fig. 2(d), representing the liquid-core case, the curves show an inversely
increasing curve, where An’j;. increases with wavelength. This opposite behavior is attributed to
the unique dispersion properties of the liquid-core medium, where the refractive index contrast
between the core and cladding grows with increasing wavelength, leading to enhanced mode
confinement. When the T changes from 25°C to 26°C, the RI of the silica core mode (ngijica_core)
changes, but it only has a minimal effect on the effective index of the silica core (Neﬁigica) due to
its small TOC, as shown in Fig. 2(e). However, in Fig. 2(f), the RI of the liquid core mode (n¢ore)
changes, leading to a corresponding reduction in the Nefflcigmd with significant variations. In the
condition, the cladding modes remain almost unchanged when the T varies since the TOC of
the fused silica + 8.6 x 107 °C~! is relatively small. After formulating the theoretical model
and determining the modes of the proposed optical fiber waveguide structure with the specific
liquid core, the next step is to analyze its interference characteristics. The following Eq. (2)
describes the interference mechanism. I.,and I} indicate the light intensity of the liquid core
and the m™-order cladding modes, respectively. Here, the parameter I can be regarded as the
transmission output of the interference.

I=1Ieo + I + 24/Leo I coS(ém) 2)

Here, the phase difference (¢y,) between the core and m'"-order cladding modes can be deduced
as Eq. (3) with the transmission path of interference L of HCFyy.

¢m = ZTR(NeffCO — Neffj))L = 2T”Ang"ffL 3)

Here, Neff,, is the effective index of the liquid core mode, A represents the wavelength of
light in a vacuum, and Anj; denotes the difference in the effective index between the liquid core
mode and the m™-order cladding modes. As this difference in effective index changes, it also
influences the wavelengths that must meet the same phase difference condition. In other words,
during constructive or destructive interference, the locations of the interference wavelengths in
the spectra adjust, leading to shifts in the interference peaks and dips. As a result, the wavelength
corresponding to the interference dip in the spectra (Ag; p) can be determined from the condition of

destructive interference (i.e., ¢, = (2p + 1)7). In the following section, by deriving Eq. (4), the

An’f, with p being a positive integer representing the interference orders in the optical spectra.
(2p+ 1) X Ay
m p
Any = — L “)

Based on the Anj; corresponding to m = 1-7 in Fig. 2(d), we further evaluate the interference
orders p over wavelengths ranging from 1250 nm to 1650 nm, using the actual interference
length L =1 cm by Eq. (4). The calculation results, shown as colored lines in Fig. 3, illustrate
the distribution of different p values across the measured wavelength range. The intersections
of these curves correspond to the interference wavelength dip locations for their respective
m™"-order cladding mode interferences. However, when the LPy; core mode couples with multiple
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Fig. 3. Difference of effective refractive index (Ang[lf) between the core mode and m =1 to
7 cladding modes over the interference order of p =15 to 35.

m™-order cladding modes, it leads to a complex superposition of modes, resulting in a composite
interference pattern.

To investigate the unique dispersion properties of the proposed LCFMZI, we analyze the
interference behavior for each m™ cladding mode under a temperature variation from 25 °C to
26 °C with 0.1 °C increments. The corresponding results are presented as black line groups in
Fig. 4(a)—(c), where each line represents the first- to third-order cladding modes. We assessed
the theoretical sensitivity by identifying the intersection points of selected p-values with different
m-order cladding mode interference curves within the 1450-1550 nm spectral band, as shown in
Fig. 4(a)—(c) with p =19, 20, and 22 corresponding to m =1, 2, and 3. As illustrated in the insets
of Fig. 4(a)—(c), a temperature increase of +0.1 °C (from 25.0 °C to 25.1 °C) leads to notable
redshifts of approximately 8.15 nm, 7.14 nm, and 6.65 nm, indicating a strong thermal response
across multiple interference orders. The total wavelength shifts over the whole temperature
range (25 °C to 26 °C) were also calculated, yielding T sensitivities of approximately 76.29
nm/°C, 74.55 nm/°C, and 71.34 nm/°C. We further applied the same calculation method used in
Fig. 4(a)—(c) to evaluate the m =4 to 7 cladding modes, obtaining corresponding sensitivities
of 70.01 nm/°C, 67.15 nm/°C, 60.72 nm/°C, and 56.60 nm/°C, as shown in Fig. 4(d). These
results demonstrate that higher cladding mode orders (larger m) reduce thermal sensitivity.
Moreover, regardless of the interference order, the dip wavelength A3 remains highly responsive
to temperature changes, highlighting the exceptional thermal sensitivity of the proposed fiber
structure, which is enabled by its tailored dispersion engineering.

Building upon the theoretical analysis presented in Fig. 4, we further employ Eq. (1) to derive
the temperature dependence of the effective refractive index (n.g) of the waveguide liquid core
mode (Neff,,). The derivation begins with the characteristic equation involving Bessel functions,
which relates to the radial field distribution of the core and cladding regions Eq. (1). The
equation is expressed in terms of two variables, u and w, which are functions of the refractive
indices of the core, cladding, and effective core mode. By differentiating these variables with
respect to temperature (7)), we obtain expressions for du/dT and dw/dT, which incorporate the
thermal-optic coefficients (dn/dT) of the core and cladding materials, as Eq. (5). The temperature
derivative of the characteristic equation is then evaluated by applying the chain rule to both
sides, yielding a relationship between the partial derivatives of the Bessel function ratios and
the temperature-dependent shifts of # and w. These partial derivatives are denoted as weighting
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Fig. 4. (a)-(c) show the temperature dependence of the effective refractive index difference
(Anemff) between the core mode and the first three cladding modes (m = 1 to 3), along with their
corresponding interference orders p. The intersection points indicate temperature-dependent
behavior from 25 °C to 26 °C. (d) Corresponding temperature sensitivities were extracted by
linear fitting the intersection points for cladding modes m = 1-7.

factors (F| and F3), as Eq. (6), which quantifies the respective contributions of the core and
cladding refractive index variations to the overall thermal sensitivity of the effective index.
Finally, by solving the resulting equation, we derive a closed-form expression for dNeff,,/dT,
as shown in Eq. (7). This formulation clearly reveals how the thermal responses of the core and
cladding refractive indices in association influence the waveguide’s effective index of the liquid
core mode, providing valuable understanding into the thermal behavior of the proposed structure.

0 [Jow) \|du _| 9 [ Ko(w) \|dw )
Ou\uJi(u)]| dT | dw \wK(w) || dT
_ 0 [ Jo(w) _ 0 [ Ko(w)
' u (u]l(u)) 2= dw (a)Kl(w)) ©)
dNeff,, _ Tcore dr:;;,-c Fy — nclad dﬁﬁf‘d F i
dr Neff.o(Fy + F>) )

After determining the temperature dependence of the effective refractive index of the liquid
core mode (Neff,,/dT), we proceed to apply the Eq. (7) to analyze the relationship between
the resonance wavelength dip (/l:Z'p) and the temperature variation. By differentiating Eq. (4)
with respect to temperature, the resulting expression is presented as Eq. (8). To the best of our

knowledge, Eq. (8), d;"" = §,, represents temperature sensitivity, which is the first analytical

formulation in the literature that explicitly evaluates the thermal performance of fiber Mach-
Zehnder interferometer (FMZI)-based optical fiber waveguide structures incorporating arbitrary
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refractive index dispersion profiles.

A(An™. ONeffeo aNEH‘S
dar G - (T -
dip _ oT _ (8)
dT a(Aneﬁ) (2[7+ 1) a(Aneﬂ“) (217+ 1)
7 2L o1 2L
Nefl]
To further analyze Eq. (8), the terms al\i;’;f“’ and 2 o7 represent the temperature dependence of

the effective refractive indices of the liquid core and silica cladding modes, which are associated
with their TOCs. In this studied waveguide structure, Mefleo g o significant negative value of

- ONeff™
the liquid core, whereas —+< of the silica cladding is a relatively small positive value. As

a result, the numerator in Eq. (8) remains positive. Moreover, the denominator contains the

O(An™. . . o o
term ( 635“), which characterizes whether the resonance wavelength shift in the FMZI exhibits

. P I(An"
a redshift or blueshift in response to the temperature. The parameter ( 6’;”) represents the
wavelength-dependent variation of the effective refractive index difference between the core and

the cladding mode of order m. In this study, the filling liquid with dispersion characteristic can
™)
aa

achieve the positive and redshift. As demonstrated in Fig. 2(d) above, our proposed fiber

. . . . L A(A
interferometric configuration yields a positive ( a’; ) while the term (217 +1)

(e.g.,L= 1 cm =107 nm), resulting in a positive denominator overall. Here the denominator
term —2- ( e represents the rate of change of the effective refractive index difference (AnZ;)

with respect to wavelength (1), which is influenced by the dispersive properties of the material

m
dip

is a small constant

refractive index. Taken together, when both the numerator and denominator are positive, —- is
also positive, indicating a redshlft of the interference spectrum, which agrees with the trends

shown in Fig. 4. Conversely, 1f 3 /fﬁ) dT

be negative, corresponding to a blueshift. Therefore, this work, for the first time, proposes that

. . . ..o
by tailoring the dispersion characteristics % and the thermo-optic coefficient 6Neff‘° of the

used materials, the thermal response of the FMZI-based interference spectra can be flexibly

and precisely engineered. These findings also demonstrate that in the proposed LCFMZI, the

T-sensitivity characteristic exhibits a redshift in wavelength as T increases. Compared to the

previously mentioned optical fiber sensors [12,15], this structure exhibits a distinct thermal

response characteristic, further confirming its potential for sensing applications. In the following
aam

analysis, we determine the m-order T-sensitivity (S, d;”’, quantifying

the resonance wavelength shift induced by temperature variation. By substituting the values
into Eq. (8) with cladding mode orders m = 1-7 and their corresponding interference orders
p=19,20,22,23,25, 30 and 34 the T-sensitivity values /l[’Z- for interference dips located around
1500 nm are obtained. The results are presented in Fig. SP(a), showing that S; =81.75 nm/oC,
S>=80.43 nm/oC, S3 =78.53 nm/oC, S4 =72.81 nm/oC, S5 =67.40 nm/oC, Se¢ = 64.76 nm/oC,
and §7=59.69 nm/oC for m = 1-7, which closely match the results in Fig. 4. Furthermore,
we investigated the relationship between T-sensitivity and wavelength. Figure 5(b) presents
theoretical results for p =20, with dips located at approximately 1300 nm and 1500 nm. At
A~1300 nm, the T-sensitivities are significantly higher: S; =121.90 nm/oC, S, = 115.72 nm/oC,
S§3=106.04 nm/oC, S4 =94.60 nm/oC, S5 =82.90 nm/oC, S¢ =71.91 nm/oC, §7 =62.10 nm/oC.
In contrast, when the dips are located near 1500 nm, the values decrease to S; = 83.80 nm/oC,
S> =80.43 nm/oC, S3 =75.00 nm/oC, S4 =68.34 nm/oC, S5 =61.22 nm/oC, Sg = 54.24 nm/oC,
S7=47.75 nm/oC. Figure 5(c) extracts the sensitivities (S,,) from Fig. 5(a) at /lC’Z.paﬂSOO nm and
plots them directly against cladding-mode order of m = 1-7, enabling a one-glance valuation of
how m influences S, for the same wavelength. Figure 5(d) repeats the analysis for Fig. 5(b) but
separates the two wavelengths (/lg;pz1300 nm and 1500nm), highlighting the difference in the
wavelength variation of S, as m increases. The results indicate lower cladding mode orders, m
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and shorter resonance wavelengths lead to higher T-sensitivity, whereas higher m values and
longer wavelengths result in lower T-sensitivity in the proposed fiber waveguide structure. The
results demonstrate that shorter wavelengths yield significantly higher T-sensitivities across all m

values.
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Fig. 5. T-sensitivity d;’” vs. wavelength, determined by Eq. (8), for cladding modes
m=1-7. (a) T-sensitivity trends for different m with /ll’z.pz1500 nm, using their corresponding

interference orders p (b) Comparison of T-sensitivity at two wavelengths /l"Z. ~1300 nm and
AzzszSOO nm for fixed interference order p = 20. (c) The sensitivities at A"Z.pzlSOO nm for
m = 1-7 based on (a). (d) The sensitivities at /l:i”iszSOO nm for m = 1-7 based on (b) with
the same interference order (p = 20).

3. Fabrication, experimental results, and discussion

To validate the theoretical analysis, a series of experiments were conducted to investigate the
interference characteristics and temperature sensitivity of the proposed dispersion-engineered
LCFMZI. The fabrication procedure, illustrated in Fig. 6(a), consists of four key steps. Step 1: A
standard single-mode fiber (SMF) was spliced to a large hollow-core fiber (HCF75, core diameter:
75 um), which was subsequently polished to remove the cladding and exposed a tiny hole.

Step 2: The cleaved end of the HCF75 was flattened to retain a micro-scale open region, then
fused to a flat-cleaved SMF, forming a polished HCF75 segment with a typical length of Lg ~ 300
um. Step 3: A short segment of small-diameter hollow-core fiber (HCFg, core diameter: 10
um, length L = 1 cm) was inserted between two polished HCF75 segments and fusion-spliced to
establish the liquid-core region. Step 4: Steps 1 and 2 were repeated on the opposite end of the
HCF to complete the microchannel structure. The sensor was then filled with Cargille liquid
(refractive index np = 1.46). To avoid air bubble formation and ensure reliable liquid infiltration
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into the main liquid-core region (HCFjp, L = 1 cm), we suspended the sensor horizontally with
both ends exposed. The liquid was filled from only one side, while the opposite port is left
open to allow pressure equalization and continuous capillary flow. As a result, capillary-driven
filling proceeded smoothly, with no visible air bubble formation observed under microscope
examination. Microscope images of the fabricated LCFMZI structure before and after liquid
filling are shown in Figs. 6(b) and 6(c), respectively. As previously reported [15], performing
fiber fusion after liquid injection may cause liquid evaporation due to high-temperature arc
discharge, often resulting in fabrication failure. To address this issue, we adopt a pre-fusion
approach that uses ultra-short, pre-polished HCF75s segments at both ends of the HCFg section
before filling. This design creates a micro-scale open channel that facilitates stable and efficient
post-filling with various liquids [28], thereby greatly improving the flexibility and success rate of
LCFMZI sensor fabrication.

HCF,,  HCF.

O s ) =t
e

HCF+: HCF Ls L Ls
cleaving cleaving Fusing
N + I (c) — ———
sz [ aml - Y el
T
HCF;; HCF;;
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Fig. 6. (a) Schematic of the LCFMZI fabrication process comprising four steps to form a
microchannel structure suitable for post-filling. (b) Microscope image of the sensor before
liquid injection: the inserted HCF( has a length of 1 cm, and the polished HCF75 segments
at both ends have lengths Lg ~ 300 um. (c) Microscope image of the completed structure
after filling with Cargille liquid (np = 1.46).

Our experimental setup consists of a broadband light source (BLS) SLED module, which
generates an interference spectrum through the LCFMZI. The temperature (T) is precisely
controlled using a TE-cooler with a resolution of 0.05 °C to induce a thermal effect. The resulting
spectral response is recorded using an optical spectrum analyzer (OSA) (Advantest Q8381A)
with a resolution setting of 0.4 nm due to its high sensitivity. Figure 7(a) shows the initial optical
interference spectrum of the fabricated LCFMZI device with L = 1 cm and Lg = 300 pm. To
further analyze the spectral characteristics, the transmission spectrum is converted into a linear
scale, as shown in Fig. 7(b), and subsequently processed using the Fast Fourier Transform (FFT)
method, as plotted in Fig. 7(c). The FFT spectrum reveals multiple interference contributions
and their associated spatial frequencies. A dominant primary peak appears at a spatial frequency
of 51 =0.015nm™", corresponding to a free spectral range (FSR) of approximately 66.66 nm.

The dominant frequency indicates the strongest interference contribution and is considered for
further analysis. The FSR of the LCFMZI is defined as the wavelength spacing between adjacent
interference dips or peaks and is given by:

Mo

FSR =
(Neffeo — Neff™ )L ©)

Here, A; and A, (=M + FSR) represent the wavelengths of neighboring peaks or dips in the
interference spectrum. L denotes the length of the HCF g, while Neff., and Neff} correspond to
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Fig. 7. (a) Transmission spectrum of the fabricated LCFMZI (L = 1 cm, Lg ~ 300 pm).
(b) Spectrum converted to linear scale for FFT analysis. (c) FFT spectrum showing a
dominant peak at spatial frequency fs; =0.015 nm™!, corresponding to FSR = 66.66 nm,
primarily attributed to interference between the core mode and cladding modes m = 3-5. (d)
Calculated FSR vs. wavelength for cladding modes m = 1-8, indicating that m = 3-5 best
matches experimental results.

the effective refractive indices of the liquid core and the m™ order cladding modes in the LCFMZI,
respectively. The calculated FSR values vs. wavelength corresponding to core—cladding mode
interference for m = 1-8 by Eq. (9) are shown in Fig. 7(d). Notably, the experimentally observed
FSR of 66.66 nm aligns most closely with the theoretical curves of m = 3-5, indicating that these
mid-order cladding modes contribute most significantly to the interference effect. These results
confirm that cladding modes with m = 3-5 dominate the interference pattern in the fabricated
LCFMZI, shaping the transmission spectrum across the wavelength range of 1250-1650 nm.

To further investigate the effect of the microchannel length (Ls) on the interference, an
additional LCFMZI device was fabricated under identical conditions, except with a longer HCF75
section yielding L ~ 400 um. The resulting transmission spectrum and its corresponding FFT
analysis are presented in Fig. 8(a—c). A distinct primary peak is observed at a spatial frequency
of fs; =0.0225 nm™!, corresponding to a free spectral range (FSR) of 44.44 nm. Compared to
the previous result in Fig. 7, this smaller FSR indicates a change in dominant cladding mode
contribution. According to the theoretical curves shown in Fig. 8(d), the experimental FSR
matches most closely with the m = 7 order cladding mode.

The result suggests that increasing L effectively would modify the interference condition,
thereby enabling mode-selective transmission of specific cladding modes in the output spectrum.

To experimentally validate the theoretical predictions regarding temperature sensitivity pre-
sented in earlier sections, we performed thermal measurements on fabricated LCFMZI devices
with two different side-polished segment lengths (L ~ 300 um and 400 um). As illustrated in
Figs. 9 and 10, we tracked the wavelength shifts of selected interference dips (dip1 and dip2) over
a controlled temperature range of 25.0 °C to 26.0 °C, with 0.1 °C increments. The selected dips
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Fig. 8. (a) Transmission spectrum of the fabricated LCFMZI (L = 1 cm, Lg ~ 400 pum).
(b) Spectrum converted to a linear scale for FFT analysis. (c) FFT spectrum showing a
dominant peak at spatial frequency fs1 = 0.0225 nm~!, corresponding to FSR =44.44 nm,
primarily attributed to interference between the core mode and cladding modes m = 3-5. (d)
Calculated FSR vs. wavelength for cladding modes m = 1-8, indicating that only m =7 best
matches experimental results.
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Fig. 9. (a) Evolution of the interference spectra as the temperature increases from 25.0 °C
to 26.0 °C, showing the wavelength shift of selected dips (dip1 and dip2) in the range of
1450-1570 nm for the case of Lg ~ 300 pm. (b) Measured T-sensitivities of 88.04 nm/°C
(dip1) and 75.49 nm/°C (dip2), demonstrating the agreements of experimental and theoretical
results.

were located in distinct spectral regions—dip1 in the short-wavelength range (1250-1350 nm)
and dip2 in the long-wavelength range (1500-1600 nm)—to examine the spectral dependence of
temperature sensitivity. In Figs. 9(a) and 10(a), only the spectra corresponding to 25.0, 25.5,
and 26.0 °C are presented, as excessive overlap of interference dips at intermediate temperatures
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Fig. 10. (a) Evolution of the interference spectra under the same T range for the case of
L =~ 400 um, showing a comparable dip shift trend. (b) Measured T-sensitivities of 72.45
nm/°C (dip1l) and 61.27 nm/°C (dip2), further confirming the reliability of the proposed
sensor configuration.

would obscure their identification. The measured temperature sensitivities for the device with Ly
~ 300 um were 88.04 nm/°C for dip1 and 75.49 nm/°C for dip2, as shown in Fig. 9(b). In contrast,
Fig. 10(b) shows the device with Lg ~ 400 um exhibited sensitivities of 72.45 nm/°C and 61.27
nm/°C for dipl and dip2, respectively. These results confirm that interference dips at shorter
wavelengths demonstrate higher temperature sensitivity than those at longer wavelengths. This
trend is attributed to the spectral dispersion of the liquid-core—cladding mode interference, where
the effective refractive index contrast exhibits a steeper spectral slope at longer wavelengths (see
Fig. 2(d)). This behavior corresponds to a smaller —6(27/’{&) at longer wavelengths, thereby resulting

in a reduced sensitivity 3;”’ , as described in Eq. (8). Additionally, the slightly lower sensitivity
observed in the longer Ly configuration is likely due to the altered excitation of higher-order
cladding modes (larger m), which exhibit lower temperature sensitivity. These findings suggest
strong experimental support for the theoretical model proposed in Eq. (8) and demonstrate
excellent agreement with the simulation results in Fig. 5, affirming the accuracy and reliability of

the proposed LCFMZI configuration in obtaining precise thermal responses.

4. Conclusion

We have demonstrated a dispersion-engineered liquid-core fiber Mach—Zehnder interferometer
(LCFMZI) with ultrahigh temperature (T) sensitivity, potentially exceeding 100 nm/°C. By
integrating a Cargille liquid with a high thermo-optic coefficient (TOC) and a low-dispersion
refractive index (RI) profile, the proposed sensor exhibits exceptional responsiveness to T
variations. The uniquely engineered dispersion structure effectively tailors the OPD, thereby
enhancing modal interference and temperature sensitivity. Both theoretical predictions and
experimental results show excellent agreement, confirming the reliability and effectiveness of the

proposed design. A notable feature of the proposed LCFMZI is its inverse spectral response to
N . o .
temperature changes with — = positive, that induces a redshift in the interference spectrum.

This phenomenon is attributed to the dispersion engineering of the liquid-core fiber, which
ensures that the effective refractive index contrast between the core and cladding modes increases
with wavelength. The key parameter governing this behavior is the spectral dispersion of modal
index difference. A positive slope of this term leads to redshift under heating, while a negative
slope results in blueshift. We further experimentally compared devices with different lengths
(Ls) of side-polished HCF75 and analyzed dips located in both short and long wavelength regions.
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The results revealed that interference dips at shorter wavelengths exhibit higher T-sensitivity.
Conversely, dips at longer wavelengths show reduced T-responses that show the inverse spectral
response to general fiber-based interferometers. Moreover, the lower sensitivity in the long L_s
configuration is observed which is attributed to mode excitation favoring higher-order cladding
modes. Lastly, the integration of the HCF with dual side-polished segments forms an open
microchannel, enabling rapid and stable liquid infiltration. The configuration not only supports
high-performance sensing but also allows precise optical phase tuning across a broad spectral
range. Owing to its compatibility with diverse liquids, high sensitivity, and wide tunability, the
proposed LCFMZI represents a promising platform for next-generation high-precision fiber-optic
sensing applications.
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