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ABSTRACT

This paper presents an advanced liquid-core fiber Mach-Zehnder interferometer (LCFMZI) designed to have the
ultra-low light absorption properties of the liquid core for achieving ultrasensitive spectral responses. The device
structure features a micro-sized hollow-core fiber (HCF) with a core diameter of 10 pm, spliced between two
single-mode fibers (SMFs) with tilted ends. This configuration minimizes Fresnel reflections and creates a
miniature oblique gap for liquid filling. The interference mechanism is based on the superposition of core and
cladding modes, with a 5 pm core offset strategically introduced to enhance mode coupling and achieve a high
extinction ratio in the output interference spectra. When irradiated by a 980 nm laser diode (LD), the liquid core,
serving as an absorber, undergoes a temperature-induced refractive index (RI) change, which alters the optical
path difference in the LCFMZI. This results in a substantial wavelength shift in the interference pattern.
Experimental results demonstrate remarkable spectral shifts of over 124 nm over the broadband range of
1250-1650 nm with an LD input power as low as 0.566 mW. The proposed LCFMZI achieves an exceptional
sensitivity of + 219.08 nm/mW and 3.647 nm/mA with a highly linear response. A theoretical analysis was also
performed, demonstrating good agreement with the experimental results. These results validate the effectiveness
of the LCFMZI's low light absorption mechanism in achieving ultrahigh sensitivity.

1. Introduction

Numerous configurations for the FMZIs have been proposed in the
literature and have demonstrated their effectiveness. An offset fusion

All-fiber optic sensors offer significant advantages, such as high
sensitivity, compactness, resistance to harsh environments, and multi-
plexing capabilities, driving their rapid adoption in fields like environ-
mental monitoring, structural health assessment, biomedical
diagnostics, and industrial automation. Among these fiber optic sensors,
fiber Mach-Zehnder interferometer (FMZI) is particularly attractive
because they are simply operated in a transmission system, and are
highly sensitive. The principle of interference is where an input light
signal is split into two paths, one of which interacts with the external
environment, before being recombined to produce interference patterns.
External factors such as temperature (T), strain (g), pressure (P), and
refractive index (RI) variations induce wavelength shifts in the inter-
ference spectra, enabling precise measurements of these parameters.
This makes FMZIs ideal for real-time, remote, and high-sensitivity multi-
parameter sensing in advanced technologies.
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method is generally used to achieve two paths of light for better inter-
ference in many FMZI configurations. An FMZI using large offset fusion
has been shown to exhibit high sensitivity in gas refractive index (RI)
measurements [1], an SMF’s RI sensor based on the core offset attenu-
ators [2], and an arc-fused small lateral offset fiber sensor has shown its
remarkable sensing capabilities[3]. Another configuration that uses
thin-core fiber to cause light splitting has been reported. An RI sensor
based on transmission and reflection thin-core fiber modes has also
demonstrated excellent performance [4]. An in-line Mach-Zehnder
interferometer using thin-core fiber for ammonia gas sensing with high
sensitivity has been presented in [5]. High-performance optical fiber
sensors employing immersed-oriented liquid crystals have demonstrated
their effectiveness [6]. When a standard optical fiber is spliced with a D-
shaped fiber to form an FMZI, its asymmetric structure creates a path
difference at the section where it is located [7]. A liquid core fiber
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interferometer for simultaneous measurement of RI and T has been
proposed. Unfortunately, the filled liquid would disappear and be
challenging to retain due to the fiber fusion splicing process [8].
Therefore, SMF-microfiber-SMF structures have been used to achieve
high sensitivity with liquid-assisted cooperation to assist filled liquid
over the microfiber section for forming the FMZIs [9,10]. After that,
FMZI sensors fabricated by femtosecond laser micromachining on SMF
[11], microstructured optical fiber (MOF) [12], and hollow-core fiber
(HCF) [13] have demonstrated their advancement in the measurement
with liquid and gas, respectively. It indicates that the structure of optical
fibers with microholes allows for the infusion of materials, making it
more flexible to combine other materials with a high thermal expansion
coefficient and a high thermo-optic coefficient, enabling the achieve-
ment of high sensitivity of measurement [14]. Moreover, it is particu-
larly advantageous for measuring precious and rare materials, requiring
only a picoliter volume. An FMZI is fabricated by selectively filling
liquid into one air hole of the innermost layer of a photonic crystal fiber
(PCF). Due to the high thermo-optic coefficient (TOC) of the liquid,
interference modes can be significantly modified to obtain extreme
variations of the optical spectra. The only drawback is that after infusing
liquids into microholes, the PCF and SMF cannot be directly fusion
spliced; instead, the direct manual gluing method must be used, which
may result in a less stable configuration [15]. The sizeable lateral offset
and open-cavity structure provide excellent RI sensing sensitivity
(—13,703.63 nm/RIU) and are optimized for seawater monitoring,
making them highly suitable for applications in marine science and
environmental monitoring. However, their application range is rela-
tively narrow (1.3370-1.3410), and the open-cavity structure makes the
sensor more susceptible to environmental influences [16]. The piece-
wise interference spectrum was proposed to mark the interference valley
positions and was tested using a glycerol aqueous solution for refractive
index measurement. However, due to the eccentric-hole dual-core
structure, fabrication is more challenging and requires precise fusion of
dual-core optical fibers [17]. To overcome the limitation of direct fusion
splicing after liquid infusion, Lee et al. proposed an ultracompact, leaky-
guided liquid-core FMZI. This design employs a micro-sized HCF spliced
to tilted-end SMFs, forming a miniature oblique gap for liquid infusion
[18].

In this study, we advance designing an ultrasensitive FMZI with

(a) cleaved %\? |cleaved ‘
SME l HCF l

= L
4

(b) fused

\SME |, HCF |

= Yoffset ~Sum
\ 4

(©) fused

Optics and Laser Technology 188 (2025) 112919

inherently slight laser light absorption at a wavelength of 980 nm in the
liquid core. The LCFMZI incorporates a tilted and offset core configu-
ration between the SMF and the HCF to create a microchannel, facili-
tating rapid liquid filling in approximately 5.3 s. Using Cargille liquid
with an RI of np = 1.46 [19], the liquid core maintains fiber waveguide
transmission properties, and the liquid’s high thermo-optic coefficient
(TOC) significantly modulates the fiber core mode. In contrast to pre-
vious studies, such as [9], where light-responsive liquids were exposed
in an open configuration with external laser excitation, our work in-
tegrates the laser light directly into the liquid-filled core of the fiber
waveguide. When irradiated with a 980 nm laser diode (LD), the filled
liquid absorbs the light, inducing a temperature (T) rise that alters its RI,
thereby modifying the optical path difference in the LCFMZI to vary the
optical interference spectra. Experimental results demonstrate a 124 nm
spectral shift across a broadband wavelength range of 1250-1650 nm
with a 980 nm LD power as low as 0.566 mW, or even lower, due to the
imperfect alignment of the core offset in the waveguide structure. A
sensitivity of + 219.08 nm/mW and 3.647 nm/mA with the linear
response (r> = 0.9993), validating the proposed LCFMZI’s effectiveness
in achieving ultrahigh sensitivity controlled by a low light absorption.

2. LCFMZI fabrication and Operating principle

The LCFMZI fabrication flowchart is displayed in Fig. 1. First, we use
a fiber cleaver to create flat end faces on both sides of a section of HCF
with a length of approach 1 cm. The HCF has an inner core diameter of
10 pm and an outer cladding diameter of 125 pm. Next, slant-cleaving
techniques are applied to the SMF endfaces using a Fujikura CT-100
fiber cleaver, followed by biased fusion splicing to the HCF with a 5
pm core offset using a Fujikura FSM-90 s fusion splicer. The process
creates a tiny gap between the HCF and SMF. Similarly, the other end of
the HCF is spliced with an obliquely cleaved SMF, forming a symmet-
rical structure that facilitates liquid filling, as illustrated in Fig. 1(a)-(c).
A micrograph of the fabricated device is shown in Fig. 1(d). Following
this, we fill the device with Cargille-liquid with an RI of np = 1.46 via
capillarity. The filling process is depicted in Fig. 1(e) to (g). In the filling
step, we employ a custom-designed holder with a central V-groove,
allowing the device to remain slightly suspended during encapsulation.
When one open end of the tiny gap encounters the liquid drop, capillary
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Fig. 1. (a)-(c) The fabrication flow chart for the proposed device. (e)-(g) Schematic evolutions of the device for infusing with Cargille liquid (np = 1.46). (d) and (h)

are the microphotographs that are non-filled and filled with the liquid.



C.-L. Lee et al.

action drives spontaneous liquid transport through the hollow core to-
ward the opposite open end, ensuring uniform filling without needing
external force-driven methods. The entire capillary filling process has
been observed under a microscope to monitor its behavior in real time.
An open, unobstructed exit at the opposite end generally allows
continuous liquid flow and prevents trapped air bubbles. Finally, the
microscopic photographs of the non-filled and filled liquids are shown in
Fig. 1(d) and Fig. 1 (h), respectively.

To better understand the interference mechanism of the LCFMZI, we
conducted theoretical simulations of the fiber waveguide structure. In
the calculation, the liquid core and cladding diameters of the LCFMZI
are set to be 10 pm and 125 pm, respectively, and their Rls curves of
liquid core N,,(4) and fiber cladding N(4) are based on the dispersion
equations of the as shown in [20] and [21], respectively. The calculated
refractive index (RI) based on the following equations N.,(A) =
1.44792544073,102 4 4163690910 °()  jn  pm) and, Na(A)
VLt s + e + A= O in pm), respectively.
The Ris of the liquid core and the fiber cladding at 25 °C are plotted in
Fig. 2(a). The effective index of the core and cladding modes can be
obtained by further calculating the proposed fiber waveguide with the
dispersion equations of the LP modes, which is expressed as follows
[22]:

Ja(u)
an,1 (u)

_ Ka(w)
T WK (w) M

The above Eq. (1) is utilized to derive the relationships between the
effective index of the liquid core mode and the cladding modes, as
shown in Fig. 2(b). n denotes the azimuthal mode number. The Bessel
function formulas J_;(u) = - J;(u) and K_;(w) = K;(w) are applied to
Eq. (1) for the LPy; mode (n = 0), for the LP;; modes (n = 1), the same
dispersion equation is approximately satisfied.

Here, the parameters u and w are defined asu = a (k2 foo) -

w=ay/p?* — (k2 x Nfl), k represents the wave number, § is the propa-

gation constant, and = k Neff, and a = 5 pm is the liquid core radius.
The Ngz and Nﬁ}f denote the effective indices of the core and cladding
modes, respectively. The Bessel function relationships facilitate the
analysis of propagation mode characteristics in the liquid core fiber
waveguide.

Here, the effective indices for the liquid core modes of LPy;, and LP1;

and the first five-order cladding modes are displayed, and they are

denoted as Ngg. | ,4;, Negr

results will significantly benefit our subsequent analysis of the

_,py; and fo}'f'":l’s, respectively. The obtained
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transmission interference spectrum in the proposed LCFMZI, providing a
precise means of interference measurement and spectral control in the
proposed optical fiber waveguide.

The interference mechanism of the proposed LCFMZI is primarily
based on the superposition of the core mode(NCej?f) and the m-th order

cladding mode (N;l,}m). In this structure, the interference occurs as these
modes propagate through the hollow-core fiber (HCF) with a length L.
The optical phase difference (¢,,) between the core mode and the m-th
order cladding mode is expressed as:

27 0 Lm 2z
I = <Nfo ~ N )L = ANgL )

Here, ) represents the wavelength of light in a vacuum, and AN is
the effective index difference between the core mode and the m-th order
cladding mode (ANg, =Ngg, 7Nzl""). The optical path difference (OPD) is
denoted as AN;'}fL. Variations in the effective index difference (AN;'f’f)
influence both the phase difference and the wavelengths that satisfy the
interference conditions. As a result, the spectral position of interference
peaks and dips shifts correspondingly. For constructive interference (¢,,
= 2pn), the wavelength of maximum output power (1) can be deter-
mined. The values of effective index difference ANy, for constructive
interference can be expressed in terms of the interference order p
(positive integer):

x A
ANz}f :p Lmax (3)

By substituting the interference orders (p = 3 to 8) into Eq. (3), the
measured wavelengths from 1250 nm to 1650 nm are used to match the
calculated ANg,. The actual interference length is measured as L = 0.92

cm. The values of pxﬁ“ over this wavelength range are depicted as

rainbow-colored lines in Fig. 3(a). On the other hand, the black line in
Fig. 3(a) represents AN;}f:l (for coupling m = 1 cladding mode), which is

derived from the difference between N;‘ZFLPHand.NZ}éc'":1 in Fig. 2(b). We

can see from the results that the range of the interference order (p) that
intersects with the AN in the measured wavelength band can be

observed. The black line AN’e}f:l, whose intersections with different
interference orders of p, represent correspondingly the wavelengths of
the constructive interference peaks A, with orders of p = 3 to 8. Based
on the intersections in Fig. 3(a) and the experimental result shown in
Fig. 3(b), agreements are found to confirm the effectiveness of the
proposed model. Comparing the wavelengths of the interference peaks
of interference spectra by theoretical simulation from Fig. 3(a) and the

experimental transmission spectrum reveals six resonance peaks in the
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Fig. 2. (a) Refractive index dispersions of the used liquid and silica cladding. (b) The effective index of the core mode and the first 5th-order cladding modes in the

proposed waveguide structure.
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Fig. 3. Comparison of theoretically calculated peaks and experimental results. (a) The relationship between ANT(black line) and &Lm“ with p = 3-8 interference
orders (rainbow-colored lines). (b) The experimental interference spectrum of the proposed LCFMZI was measured by OSA. (c) Linear scale interference spectrum. (d)

FFT Spectrum analysis of the interference spectrum.

range of the 3rd-8th interference orders. The theoretical and experi-
mental results agree perfectly with the results of Fig. 3(a) and 3(b).
Moreover, to further analyze the interference performance, spectral
interference’s visibility and mode coupling are investigated. Fig. 3(c)
presents the interference spectrum of the LCFMZI converted from a
logarithmic (dB) to a linear scale. This transformation is essential for
accurately evaluating interference visibility and extracting meaningful
spectral characteristics. From the results of Fig. 3(c), the best interfer-
ence visibility can be obtained as follows: V =
(oD SRS = 0.9945 = 99.45 04 Here, Ly and Iy are
maximum and minimum transmission, respectively. Based on the visi-
bility evaluation, the highest visibility reaches 99.45 %, demonstrating
the strong interference characteristics of the proposed device. A Fast
Fourier Transform (FFT) of the interference spectrum is also performed
to extract the dominant spatial frequency, as displayed in Fig. 3(d). The
resulting FFT spectrum exhibits a single dominant peak and indicates
the interference pattern is highly periodic which demonstrates that the
interference pattern is primarily governed by two-mode interference.
Based on the above analysis in Fig. 3, the two-mode interference
mechanism in this device can be attributed to the interference between
the core mode and the first-order cladding mode. Once the proposed
LCFMZI absorbs the laser light and is heated, the temperature-
dependent refractive index variation varies the optical path difference

(OPD) between these two modes, leading to a shift in the interference
spectrum. The OPD and T variation can be expressed as follows:

doro) _ (f@N”f‘f) dﬂ)

dT oA dT “)

Lm

Here, a., = %andacl,m = dzz{f Are the thermal dependence of the
effective refractive indices for the liquid core and cladding are given by
their thermos optic coefficients.

The effective refractive index difference AN;% is a function of
wavelength (as shown in the black line of Fig. 3(a)) and varies with A.
Based on Eq. (4), the optical path difference (OPD) of the proposed
LCFMZI device can be effectively tuned by selecting liquids with
different thermo-optic coefficients (a.,) and refractive index dispersion

(a (anm)

5) characteristics. This flexibility makes the developed device
highly adaptable for various applications.

3. Experimental results and discussion

The experiment was performed to evaluate the effectiveness of the
slight light absorption process by the filled liquid in the proposed liquid
core fiber Mach-Zehnder interferometer (LCFMZI). A laser diode with a
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wavelength of 980 nm, typically used to pump an erbium-doped fiber, is
coupled with a broadband light source (BLS) into the proposed fiber
device via wavelength division multiplexing (WDM). The experiment’s
ambient temperature was strictly maintained at 25 °C to ensure thermal
stability, allowing the device to be isolated from external conditions and
focus solely on the laser heating effect. The packaged fiber device was
placed in a thermally insulated chamber to eliminate external thermal
influences of the surroundings, minimizing heat transfer via conduction,
convection, and radiation. Although the 980 nm LD can provide over
100 mW of output, significant temperature changes occur with less than
1 mW of light power. To better understand the absorption of the weak
power of the LCFMZI, we fusion spliced about 1.2 m of optical
communication commercial fiber, SMF 28 as an attenuation section to
enhance the loss of the LD power, as shown in Fig. 4. The experimental
setup for the measurement, illustrates Fig. 4. Here, the BLS with wave-
lengths of 1250 ~ 1650 nm is incident. An optical spectrum analyzer
(OSA) is used to measure the variations of interference spectra by the
slight light influence.

The setup indicates that the SMF-28 can decrease the incident light of
980 nm into the LCFMZI. The red line of Fig. 5(a) displays the Light-
Current (LI) curve measurement of the 980 nm LD as it was ready to
enter into the fiber device (point A in Fig. 4). The blue line is according
to information from the official website of @Cargille lab to have the
information of the filled liquid with a length of 1 cm can have about 5 %
absorption of light with wavelength 980 nm [19]. The blue line in Fig. 5
(a) plots the light power that the liquid core would absorb. The liquid’s
absorbance was further analyzed using UV-VIS spectroscopy to evaluate
its light absorption properties. The absorbance (A) is calculated using
the relation A = — log;0(T;), where T, represents the transmittance of
the liquid sample with a length of around 0.92 cm, as shown in Fig. 5(b).
Based on the results in Fig. 5(b), the absorbance of approximately 0.04
corresponds to a transmittance T; of around 0.912. This confirms that
the filled optical liquid, with a refractive index of np = 1.46, exhibits
minimal absorption at a wavelength of 980 nm.

To verify the light absorption of the LCFMZI, we vary the driven
current (Ig) of the 980 nm-LD to control the light power. As the liquid
core absorbs the light power, it can be heated, and its RI is reduced due
to the TOC being negative. In this condition, the effective index of the
core mode is modulated significantly to change the optical path differ-
ence of the interference of the LCFMZI. Fig. 6 shows the experimental
results of the device when the driven current of LD from 0-70 mA with
an interval of 2 mA to evaluate the slight light absorbing effect on the
obvious variation transmission spectra. Due to the threshold current (I5)
of the used LD around 38 mA, the interference spectrum shows nearly
fixed when the driven current I; is below 38 mA, as illustrated in Fig. 6
(a). While the Iy approaches the threshold current, the interference
spectra significantly shift to a longer wavelength (redshifted), displayed
in Fig. 6(b) and Fig. 6(c). We monitor one wavelength dip within the

Cargille-liquid

BLS
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range of around 1480 nm-1640 nm to determine the optical responses
by the 980 nm light absorption. Fig. 6(d) shows the wavelength shift
over 124 nm can be achieved with an absorption power of merely 0.566
mW. The sensitivity of + 219.08 nm/mW and 3.647 nm/mA with the
linear response (r? = 0.9993) is obtained. The unique characteristics of
the wavelength redshifted can be realized by the thermal effect on the
liquid increasing its T to reduce the RI and Ngg;, as well as lowering the
effectiveindexdifferenceANgs. In the experimental results, the thermal
optics coefficient (TOC) of the Cargille-liquid (np = 1.46) in liquid core
with — 3.89 x 10*°C! is much higher than that of silica fiber (+8.6 x
10" °C™1). It has negative characteristics, resulting in highly ultra-high
sensitivity to the device.

It is worth mentioning that the RI of the liquid core reduces by
absorbing the laser light. It gets smaller and has lower values than the
original black line in Fig. 3(a). In this condition, the intersection points
of the curve with each interference order (p) of peaks will move to
longer wavelengths (redshifted). Fig. 6(e) plots the estimation of the
curve (red line) of effective index differenceANg}f heated by the 980 nm

light. We can understand that with the same order p, the intersection
points of the red line are located at longer wavelengths to verify redshifts
of the optical spectra.

To ensure the effectiveness of the experimental design for liquid
filling with the oblique gap and light absorption by the liquid core, we
conducted a thorough study of the real-time capillary action in the HCF
structure. The 1550 nm laser is coupled into the fiber device, and the
measurement results by an oscilloscope are plotted in Fig. 7(a), showing
that the liquid fully fills the HCF core in approximately 5.31 s. A
noticeable noise is observed in the measurement, particularly before the
liquid fills the core of HCF. This is likely caused by the significant
refractive index discontinuity between the tilted fiber gap and the HCF,
leading to more substantial optical perturbations. As the liquid gradu-
ally fills into the HCF, the signal perturbations diminish and eventually
stabilize. In another experiment, we evaluated the transient responses of
the proposed LCFMZI affected by the 980 nm laser light. The signal light
was launched into the LCFMZI, and its response was detected and
measured by an oscilloscope. The 980 nm LD “off” and “on” switch al-
ternates every cycle, and the corresponding responses are shown in
Fig. 7(b). It takes only ~ 2.91 s to rise to the steady state of power ab-
sorption at the first cycle. Subsequently, LD is turned off so that the
measured power returns to the initial state at the beginning, and the
dropping response time is longer ~ 9.95 s. The second cycle of laser turn
on and off indicates the responses of 3.58 s and 12.08 s for the rise and
fall times, respectively. The transient responses of the proposed LCFMZI
affected by the LD switching can achieve the rise and fall times averages
of 3.25sand 11.01 s, respectively. As the liquid absorbs the 980 nm laser
light, it converts the absorbed light into thermal energy, causing its T to
rise. When the laser is turned off, the liquid’s heat needs to dissipate,
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Fig. 4. Experimental setup for measuring the LCFMZI affected by 980 nm light absorption.
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primarily through conduction, convection, or radiation. If the environ-
ment around the liquid has poor thermal conductivity or limited heat
dissipation mechanisms, the heat loss rate will be slower, leading to a
longer fall time.

Furthermore, it can be realized that during the cooling process, the
liquid’s T decreases more slowly to return to its initial state, which ex-
tends the fall time. We have successfully developed an ultrahigh-
sensitivity liquid-core fiber interferometer. This advanced device of-
fers flexibility in selecting appropriate filling materials tailored to spe-
cific sensing applications across diverse fields. Materials with high
thermo-optic coefficients (TOC) or unique optical anisotropic proper-
ties can be utilized. Moreover, this device enables light-controlled
modulation of the optical spectrum, further emphasizing its significant
potential for high-value applications.

NZ)lff curve (red line) heated by the light.

4. Conclusion

This study successfully demonstrates a novel liquid-core fiber
Mach-Zehnder interferometer (LCFMZI) that takes advantage of the low
light absorption of the liquid core to achieve ultrasensitive spectral re-
sponses. The device utilizes a liquid core filled with Cargille liquid (np =
1.46) featuring a high thermo-optic coefficient (TOC) of — 3.89 x 10
#°C7! and inherent absorption at a wavelength of 980 nm. The little
absorption of the 980 nm laser diode (LD) induces a localized T increase,
resulting in a reduction in the liquid’s refractive index (RI) and a cor-
responding reduction in the optical path difference within the LCFMZI.
This mechanism produces a significant wavelength shift in the inter-
ference pattern. Experimental results confirm remarkable spectral shifts
of 124 nm across a broadband wavelength range of 1250-1650 nm with
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Fig. 7. (a) Dynamic response of filling process with Cargill-liquid (np = 1.46) into the core of the HCF. (b) Transient responses of the LCFMZI with successive laser

cycles on and off.

absorbing power as low as 0.566 mW, validating the LCFMZI’s ultrahigh
sensitivity. It achieves an impressive + 219.08 nm/mW and 3.647 nm/
mA with excellent linearity. The transient response analysis reveals rise
and fall times averaging 3.25 s and 11.01 s, respectively, under the in-
fluence of the laser light. Moreover, the developed device provides
remarkable flexibility in selecting appropriate filling materials for
various sensing applications. It allows using materials with high TOC,
notable absorbance (A), or unique optical anisotropic properties,
enabling precise light-controlled modulation of the optical spectrum.
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