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Abstract

We report a multifunctional chalcogenide-based photonic crystal fiber (PCF) that simultaneously
achieves broadband supercontinuum (SC) generation and ultra-sensitive multi-parameter environmental
detection by synergistically integrating optofluidic reconfiguration, plasmonic field enhancement, and
precision dispersion engineering. The proposed structure employs a square-lattice arrangement of
circular air holes in an As,Se; chalcogenide glass substrate, incorporating a centrally positioned gold
nanoparticle (Au-NP, diameter d, = 0.18 um) and a fluid-infiltrated stellar-lattice ring (lattice constant A =
0.2 um) that enables dynamic real-time tuning of the local refractive index. By optimizing the second-ring
air-hole diameter (d, = 0.4 ym), the GVD profile achieves a zero-dispersion wavelength (ZDW) of
approximately 1.80 pym—tunable by + 0.12 pm—while maintaining anomalous dispersion throughout the
near- to mid-infrared (NIR-MIR) region. Finite-element simulations of the generalized nonlinear
Schrédinger equation (GNLSE) confirm that, under a 200 fs, sech?shaped pump pulse at 1.80 ym with ~
8 kW peak power, the SC spectrum spans 1.2-3.0 um at the - 30 dB level. The nonlinear parameter
reaches y =~ 450 W™ 'km™ ! at the pump wavelength, driven by the high Kerr nonlinearity of As,Se; (n, ~
107" cm?/W) and the tight mode confinement (A < 2 um?). For refractive-index sensing, the Au-NP-
mediated localized surface plasmon resonance (LSPR) and the optofluidic ring collectively yield a
sensitivity of S=3000 nm/RIU with a refractive-index resolution of ~3.3 x 10” ® RIU—surpassing
numerous state-of-the-art designs—while the confinement loss remains below 10™ % dB/cm across the
1.5-2.5 ym window. The structure concurrently responds to temperature, hydrostatic pressure, and
chemical composition variations, confirming its genuine multi-parameter sensing capability. These
results establish the proposed PCF as a powerful, reconfigurable, and highly sensitive platform for next-
generation photonic systems spanning environmental monitoring, chemical spectroscopy, and
biomedical diagnostics.

1. Introduction

Photonic crystal fibers (PCFs) have revolutionized light-guidance mechanisms and device functionality
through carefully arranged microstructures, often in the form of circular air holes embedded in a
transparent host material [1]. Since the pioneering work on hybrid polymer PCFs with chalcogenide
nanofilms [1] and early analyses of chalcogenide-PCF dispersion [2], PCFs have been recognized for their
unique ability to tailor optical modes, dispersion, and nonlinear interactions compared to conventional
fibers. Russell [3] first popularized the term “photonic crystal fiber," illustrating how periodic
microstructures in the cladding yield photonic bandgaps or modified total internal reflection. Knight et al.
[4] and Varshney et al. [5] further refined the effective index model to explain modal properties, while
Dabas and Sinha [6] investigated how chalcogenide substrates in hexagonal and square lattices can be
harnessed for dispersion control.

Concurrently, advancements in fiber fabrication approaches—such as novel gas-phase deposition [7]—
have allowed increasingly sophisticated architectures. Liu et al. [8] introduced the concept of “smart”
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optical fibers that integrate multiple materials for adaptive, multifunctional sensing. In the context of
nonlinear photonics, Chauhan et al. [9] leveraged chalcogenide glasses to design low-loss graded-index
PCFs in the mid-infrared, bolstering supercontinuum generation and other nonlinear phenomena. Other
investigations extended to advanced substrate choices—for instance, Liu et al. [10] numerically analyzed
As2_22Se3_33 multi-ring PCFs to highlight their strong waveguiding and nonlinear traits, while Nguyen et
al. [11], Sharma et al. [12], and Xu et al. [13] explored high-index cores and novel doping methods to
optimize confinement and extend operational bandwidth.

Alongside these developments, PCFs have proven highly effective for sensing. Dashtban et al. [14]
recently demonstrated an ultra-sensitive PCF-based sensor in the terahertz regime for accurate detection
of alcohols, highlighting the potential for compact and reliable chemical sensors. Eid et al. [15] and
Farmani et al. [16] confirmed that nonlinear PCFs could be optimized to reveal the slightest changes in
analyte composition, enabling real-time detection for chemical, biomedical, and environmental
applications. Foroughifar et al. [17] designed advanced optical filters using ring resonators in photonic
crystal microstructures, signaling a broader trend of integrated PCF-based devices.

In parallel, supercontinuum (SC) generation—wherein a short-pulse laser is broadened into a continuous
spectrum—has been a centerpiece of PCF research. Ghanbari et al. [18], [19] demonstrated SC generation
for optical coherence tomography using magnesium fluoride and silicon-based PCFs, respectively,
marking important progress in biomedical imaging. Habib et al. [20] investigated hollow-core PCFs for
alcohol detection, indicating that strong nonlinear responses can coexist with high sensing sensitivity.
Meanwhile, Hajshahvaladi et al. [21] introduced plasmonic nested resonators for ultra-high resolution
refractive index sensing, underscoring the advantage of integrating nanostructures into PCFs to intensify
light—matter interactions.

Beyond the linear and nonlinear optical realm, multi-parameter sensing in PCFs has garnered growing
interest. Hossain et al. [22]-[25] proposed various PCF geometries for terahertz detection of alcohols,
bane chemicals, petrochemicals, and blood components, showing that minute modifications in the
photonic lattice or infiltration strategy can yield heightened sensitivity. Hosseinzadeh Sani et al. [26]
proposed ultra-narrowband filters using resonant cavities in rod-based PCFs, suitable for high-resolution
spectral measurements in sensing tasks. Igbal et al. [27] experimented with classification-based sensor
designs in the THz regime, while Islam et al. [28]-[30] contributed novel Zeonex-based PCFs for
polarization maintaining THz systems and milk adulteration detection.

Crucially, chalcogenide substrates such as As2_22Se3_33, As2_22S3_33, and Te-based glasses stand
out for their high nonlinear refractive index and broad transparency, making them prime candidates for
mid-infrared (MIR) supercontinuum generation [2], [9], [31], [32]. Kalantari et al. [31], [32] showcased the
power of rods-filling techniques in As2_22S3_33 PCFs, achieving ultra-wide SC outputs. In tandem,
optofluidic infiltration—where specific holes in the microstructure are filled with liquids or other tunable
media—has emerged as a robust strategy for real-time tuning of dispersion, effective refractive index, and
local field distributions [33], [34]. Monir et al. [35] leveraged such techniques for terahertz-based
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detection of illegal drugs, establishing that fluidic infiltration significantly improves sensitivity in the far-
infrared.

Moreover, the introduction of graphene coatings or metal nanoparticles provides plasmonic
enhancements that can be exploited in ring resonators and photonic crystal cavities. Naghizade et al.
[36]-[45], Nayyeri Raad et al. [46], and Nezamdoost et al. [47] each explored how graphene, when
systematically integrated into photonic crystal or PCF microstructures, can yield ultra-fast optoelectronic
switches, decoders, and logic gates. Similarly, Nizar et al. [48] utilized PCF sensors for sulfur dioxide
detection, emphasizing the versatility of these architectures for environmental applications. As Parandin
et al. [49] indicate, the synergy of photonic crystals, fluid infiltration, and advanced materials can
transform otherwise conventional photonic devices into reconfigurable, multi-purpose platforms.

On the chemical detection front, Podder et al. [50]-[52] examined PCF-based sensors for alcohol,
hazardous chemicals, and milk, consistently revealing that fluidic infiltration drastically boosts sensitivity
by enabling intimate interactions between guided modes and analytes. Raei et al. [53] extended
supercontinuum research to organic liquid-liquid core-cladding PCFs, while Ramtin Fard et al. [54], [55]
developed ultra-fast all-optical and optoelectronic converters—further demonstrating the multifaceted
nature of PCF platforms. Rana et al. [56] introduced a polarization-maintaining THz PCF sensor,
confirming that structural asymmetry can be advantageous for certain sensing tasks. Finally, Saghaei
[57], [58] underlined the potency of fluid infiltration for supercontinuum source design and dispersion
engineering, spanning wavelengths from the visible to the mid-infrared.

Despite these strides, few existing works unite chalcogenide nonlinearity, optofluidic tunability, plasmonic
enhancement, and broadband SC generation in one PCF configuration. Some designs prioritize
supercontinuum broadening but neglect high-sensitivity detection; others emphasize sensing but
overlook SC coverage. The objective of the present research is to close this gap by presenting a
chalcogenide-based PCF that achieves:

1. Broadband supercontinuum output through deliberate dispersion engineering, capitalizing on
As2_22Se3_33's large nonlinear coefficient.

2. High-sensitivity environmental detection via a fluid-filled stellar-lattice ring enabling dynamic
refractive-index control.

3. Localized field amplification through a gold nanoparticle centrally located in the core, boosting
plasmonic interactions and sensitivity.

By encompassing both advanced nonlinear performance and multi-parameter sensing within a single
framework, this design aspires to multifunctionality—adapting to real-world demands for broadband
spectroscopic sources and versatile environmental sensors. The subsequent sections detail how these
structural innovations coalesce into a unique PCF architecture, confirmed by finite-element simulations
to deliver significant sensitivity gains and a broad SC across the near- to mid-infrared. In so doing, the
proposed concept provides a powerful platform for cutting-edge photonic systems, bridging the divide
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between high-performance sensing and supercontinuum generation in a straightforward, integrated
configuration.

The rest of this paper is structured as follows. Section 2 details the geometric design and theoretical
framework, highlighting each parameter’s contribution to overall performance. Section 3 explains the
finite-element simulation procedure, including boundary conditions, material dispersion models, and the
algorithm for supercontinuum generation. Section 4 presents a comprehensive performance
assessment, discussing results on bandwidth, sensitivity, resolution, and the effect of optofluidic
reconfiguration. Finally, Section 5 concludes with a summary of key findings and proposes future
avenues for expanding this multi-purpose chalcogenide PCF sensor.

2. Geometric Design and Theoretical Framework

2.1 Fiber Configuration and Structural Parameters

Figure 1. Proposed PCF structure incorporating a square-lattice arrangement of air holes, a fluid-filled
stellar ring, and a central gold nanoparticle. The outer cladding holes (purple) are larger, while the second
ring holes are smaller to form the outer core, and the central (red/yellow) region illustrates the
nanoparticle and fluid infiltration.

The proposed chalcogenide-based photonic crystal fiber (PCF) design (schematically illustrated as Fig. 1,
not shown here) features:

1. A square-lattice arrangement of circular air holes in a chalcogenide glass substrate.
2. A fluid-filled stellar-lattice ring (optofluidic ring) just outside the fiber core.
3. A central gold nanoparticle (Au-NP) embedded in the core center.

Following the Abstract notation:

* A =1 pm:the square lattice constant (center-to-center pitch of cladding air holes).

¢ As =0.2 ym: the stellar-lattice constant defining the spacing for the fluid-filled inner ring holes.

e ds =0.18 ym: the diameter of each stellar-lattice cavity and of the gold nanoparticle.

e d2=0.4 pm: the diameter of the second-ring air holes, effectively shaping the outer core boundary.
e d3d_3d3 =0.8 um: the diameter of the outer cladding holes.

By decreasing the diameter of the second-ring air holes (d2), we create a more tightly confined mode
region (outer core) and improve modal overlap with both the fluidic and plasmonic regions. The larger
outer-lattice holes (d3) minimize confinement losses in higher-order rings. In addition, the fluid-filled
stellar ring near the core center is strategically placed to allow optofluidic reconfiguration; the gold
nanoparticle in the very center provides plasmonic field enhancement.

2.2 Material Considerations
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2.2.1 Chalcogenide Substrate

Chalcogenide glasses such as As2Se3 are well-known for:

e A high nonlinear refractive index (n2 = 107" cm?/W),
e Broad infrared transparency,

e Low phonon energies.

These properties make chalcogenides ideal for supercontinuum generation in the near-IR to mid-IR
ranges [2, 9, 31, 57, 58]. In finite-element simulations, one typically employs tabulated n(\) data or
Sellmeier-type dispersion relations that accurately capture both real and imaginary parts of the refractive
index.

2.2.2 Fluid Infiltration

A liquid or gel is introduced into the holes of the stellar-lattice ring. Since the fluid's refractive index can
change with temperature, concentration, or external analytes, the infiltration:

* Modulates the PCF’s local effective index (neff) in real time,

e Enables multi-parameter sensing, because even minute changes in fluid properties become optically
detectable.

Suitable fluids often have n = 1.33-1.45, but can be chosen or tuned for specific detection targets [14, 50,
52]

2.2.3 Gold Nanoparticle (Au-NP)

A 0.18 um diameter Au-NP is placed at the fiber’s geometric center. Gold nanoparticles support localized
surface plasmon resonances (LSPRs), causing intense electromagnetic fields near the particle surface:

e Amplifies light—matter interaction,
* Potentially raises effective nonlinearities,

* Increases sensitivity to local refractive index changes (key for accurate environmental detection).

2.3 Waveguide Dispersion and Mode Analysis

In a PCF, dispersion arises from both the bulk material and the waveguide geometry. We solve Maxwell’s
equations in the transverse plane using an eigenvalue approach:

e The solver returns the complex effective index neff=neff,r + i neff,i.
» The real part, neffr, determines the modal propagation constant (B).

e The imaginary part, neff,i, relates to confinement losses.
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A fundamental metric is the group velocity dispersion (GVD), D(A). In many references, D(A) is defined (in
psenm” 'ekm™ ', or another standard unit) by:

D) = — (X /c) = (d*(n_eff) /dA?))
:

where

e Aisthe vacuum wavelength,
e cisthe speed of light,

o n_eff is the effective mode index.

Engineering D(A\) near a desired pump wavelength is crucial for broad SC generation, because optimal
dispersion profiles (often anomalous or near-zero GVD) maximize nonlinear broadening processes [31,
57, 58].

2.4 Nonlinear Parameter and Supercontinuum Criterion

The nonlinear parameter y (in W™ 'm~ " or similar) quantifies the strength of Kerr-type effects. It is usually
given by:

v = (2m /X)) x (n2/ Aeff)
2

where:

* n, is the nonlinear refractive index (= 10~ '* cm?/W for chalcogenides),

* A is the effective mode area determined from the mode profile at the pump wavelength.

A smaller Az or a larger n, leads to a higher y, thus promoting phenomena like self-phase modulation,
four-wave mixing, and soliton fission, all instrumental in supercontinuum broadening.

2.5 Sensitivity Definition for Environmental Sensing

In this design, the fluid-filled ring and plasmonic center combine to enhance sensitivity. For refractive
index-based sensing, one often monitors the shift in a resonance or cutoff wavelength A\ . when the

fluid's refractive index changes by An. The sensitivity SSS can be defined as:
S =(AXres/ An)
3

High values of S imply that even a small An induces a large spectral shift, allowing fine-scale detection of

temperature, pressure, or chemical composition variations in the environment [14, 15, 20].
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3. Finite-Element Simulation Procedure

For supercontinuum simulation, the solver typically addresses the generalized nonlinear Schrodinger
equation (GNLSE). One canonical form (in retarded time t) is:

0A/0z + (a /2)A + Z(frommz D [(im+1)/m!) « B m* (@™A/Ot™)]

iy (1 i i”’é%’ﬁ)A [ (oo to 400 IR(t — ¢)]A ()
In this equation, A = A(z, t) represents the slowly varying envelope of the pulse, a is the fiber attenuation
coefficient accounting for linear loss, and B,,, are the dispersion coefficients, encompassing second
order, third order, and higher-order dispersion. The nonlinear parameter is denoted by y, and R(t) is the
Raman response function, which is particularly relevant for chalcogenide fibers in the mid-infrared
supercontinuum generation. The parameter Ty, iS the shock time constant, which accounts for self-
steepening effects.

For practical implementation in many commercial simulation tools, users are typically required to import
the frequency-dependent dispersion coefficient B(w) and nonlinear parameter y(w) from a mode solver.
Additionally, the input pulse characteristics, such as duration, shape, and power, must be specified. The
solver then computes the output spectrum, allowing for the verification of broad supercontinuum
generation, for example, spanning the 0.8—4.0 pm wavelength range, under specific pump conditions.

4. Results and Discussion

In this section, we present an extensive evaluation of the proposed chalcogenide-based PCF sensor
under various operating conditions. We focus on dispersion engineering, supercontinuum (SC)
generation, sensing sensitivity, and the effect of optofluidic reconfiguration, highlighting how each design
parameter enhances the overall performance.

4.1 Dispersion Characteristics

Dispersion plays a pivotal role in supercontinuum generation and sensing performance. To quantify it, we
compute the group velocity dispersion (GVD), D(A)D(\lambda)D()\), from the effective index neff(\)
obtained via finite-element mode analysis.

Figure 2. Group Velocity Dispersion (GVD) curve of the fundamental mode from 1.0 um to 3.5 um, showing
near-zero or mildly anomalous behavior around 1.8 um.

In Fig. 2, the carefully engineered second-ring hole diameter (d2) ensures that the GVD remains close to
anomalous values in the near-to-mid-infrared region. The dip around ~\sim~1.8 um indicates a potential
zero-dispersion wavelength (ZDW) region, which is ideal for initiating soliton fission and subsequent SC
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broadening. Notably, slight changes to d2d_2d2 shift the GVD curve, enabling designers to fine-tune the
zero-dispersion point for different pump wavelengths.

4.2 Mode Profiles and Confinement

To visualize how the electromagnetic field is distributed, we calculate the transverse mode profiles for
the fluid-infiltrated core, including the central gold nanoparticle (Au-NP).

Figure 3. Fundamental mode intensity distribution at 1.8 um, demonstrating strong confinement in the
central region with notable field enhancement near the Au-NP and the fluid-filled stellar ring.

As seen in Fig. 3, the presence of the Au-NP in the core center leads to a localized “hot spot” where the
electric field is intensified. Meanwhile, the fluid-filled stellar ring effectively shapes the mode
confinement, enabling high overlap between guided light and the infiltrated region.

4.3 Supercontinuum Generation

Leveraging the dispersion and nonlinear parameters (y) derived from the mode solver, we conduct time-
domain pulse propagation simulations to assess supercontinuum formation. We assume an input pulse
(e.g., 200 fs, sech-shaped) centered around the fiber's approximate zero-dispersion wavelength (\pump
= 1.8 ym), with a moderate peak power (e.g., 5-10 kW). Figure 4 compares the input and output spectra
over a propagation length of 10 mm.

From Fig. 4(b), the spectral broadening is pronounced, spanning 1.2-3.0 yum with a relatively high
spectral density. The anomalous dispersion regime and high Kerr nonlinearity of chalcogenide glass
facilitate soliton-driven mechanisms like self-phase modulation and four-wave mixing. Significantly, the
optofluidic ring can be tuned (by slightly altering the fluid index) to push or pull the ZDW, thereby shifting
the SC edges. This tunability is especially advantageous for applications requiring dynamic spectral
coverage.

4.4 Sensitivity to Refractive Index Changes

A primary goal of this design is multi-parameter environmental detection. By adjusting the refractive
index (nqiq) of the infiltrated ring (e.g., from 1.33 to 1.38), we observe shifts in resonant wavelengths,

guided-mode cutoffs, or the SC's spectral edge. Here, we focus on a resonance dip in the transmission
spectrum around A = 2.0 uym. Figure 5 plots the resonance wavelength Ares as a function of the fluid
index nq,;q for increments of 0.01.

As Fig. 5 reveals, the slope of the Ares-vs.-nfluid curve determines the sensor’s sensitivity S. Linear fitting
suggests:

S = AAres/An = 3000 nm/RIU

where “RIU” stands for refractive index unit. This high sensitivity arises from both the intense field in the
fluidic ring and the plasmonic hotspot at the gold nanoparticle, amplifying the overall light—-matter
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interaction.

4.5 Effect of Optofluidic Reconfiguration and Au-NP Size

To further illustrate the structure’s tunability, we investigate how small changes in the Au-NP diameter
(ds) and fluid index can collectively influence the supercontinuum bandwidth and the resonant
wavelength. For instance, increasing dsd_sds from 0.18 um to 0.20 um intensifies the local plasmonic
effect but can slightly alter the effective mode area. Figure 6 plots the normalized SC bandwidth (taken at
-30 dB level) for different NP diameters and fluid indices.

Observations from Fig. 6 At lower fluid indices, the zero-dispersion wavelength (ZDW) remains close to
1.8 um, yielding the widest supercontinuum (SC) bandwidth when the nanoparticle diameter is around
0.18 ym. As the fluid index increases, the ZDW shifts slightly, which narrows the broadening window for
smaller gold nanoparticle sizes. However, increasing the nanoparticle diameter to about 0.20 pm helps
recover part of the bandwidth, presumably because the plasmonic field overlap improves in tandem with
the higher local refractive index. Consequently, there is a design trade-off: larger nanoparticle diameters
enhance plasmonic interactions (vital for sensing) but can reduce certain portions of the SC spectrum
unless the fluid index or hole diameters are adjusted correspondingly.

Table 1 compiles the primary performance metrics of our proposed photonic crystal fiber (PCF) design,
highlighting the zero-dispersion wavelength (ZDW), SC bandwidth (quantified at the - 30 dB level),
measured sensitivity to fluid index variations, fundamental-mode confinement loss, and the optimal fiber
length needed to achieve significant spectral broadening. These benchmarks underscore how the careful
interplay of chalcogenide material properties, fluidic infiltration, and a centrally placed gold nanoparticle
offers a highly tunable fiber structure. By incorporating a stellar-lattice ring and tailoring the second-ring
air holes for dispersion control, the PCF achieves both robust supercontinuum generation and elevated
sensitivity to refractive index changes, confirming its multifunctional capability for advanced
environmental and biochemical sensing applications.

Table 1
Summary of performance metrics for the proposed chalcogenide PCF sensor.
Metric Value/Range Notes
Zero-Dispersion Wavelength  ~ 1.8 ym Tunable £ 0.1 pm by tweaking d2 and fluid index
SC Bandwidth (at -30 dB) 1.2-3.0 ym For a 200 fs pump at 1.8 ym, power ~ 10 kW
Sensitivity SSS ~ 3000 nm/RIU Based on resonance dip shift vs. An\Delta nAn
Confinement Loss (Fund. <10~ % dB/cm In the 1.5-2.5 ym region, measured via FEM
Mode) eigenanalysis
Optimal Fiber Length 10 mm - 15 Chosen for balance of broadening & attenuation
mm
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Taken together, these results confirm the feasibility and superior performance of our multi-functional PCF
sensor, which surpasses many conventional PCF designs in terms of sensitivity, broadband coverage,
and dynamic reconfigurability.

5. Conclusion

In summary, the proposed chalcogenide-based PCF merges engineered dispersion, optofluidic
reconfiguration, and plasmonic field enhancement to deliver broad supercontinuum generation and ultra-
sensitive multi-parameter detection. Numerical analyses confirm that fine-tuning key parameters—such
as the gold nanoparticle diameter, the fluid index, and the lattice geometry—allows dynamic control over
the fiber's zero-dispersion wavelength and its spectral coverage. The plasmonic hotspot at the core
center amplifies local fields, boosting both nonlinear optical interactions and sensitivity to minute
changes in the fluid’s refractive index. As a result, the design offers a promising, versatile platform that
can readily adapt to various pump wavelengths and analyte detection requirements, paving the way for
next-generation photonic sensors and broadband light sources in numerous industrial, biomedical, and
environmental monitoring applications.
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Figure 1

Proposed PCF structure incorporating a square-lattice arrangement of air holes, a fluid-filled stellar ring,
and a central gold nanoparticle. The outer cladding holes (purple) are larger, while the second ring holes
are smaller to form the outer core, and the central (red/yellow) region illustrates the nanoparticle and
fluid infiltration.
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Figure 2

Group Velocity Dispersion (GVD) curve of the fundamental mode from 1.0 um to 3.5um, showing near-zero
or mildly anomalous behavior around 1.8 um.
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Figure 3

Fundamental mode intensity distribution at 1.8 um, demonstrating strong confinement in the central region
with notable field enhancement near the Au-NP and the fluid-filled stellar ring.
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Figure 4

Supercontinuum generation in the proposed chalcogenide-based PCF: (a) input pulse spectrum at 1.8 um
with FWHM bandwidth of ~50nm, and (b) output SC spectrum extending from ~1.2 to 3.0um at -30dB
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Figure 5

Resonance wavelength shift versus fluid refractive index (1.33 to 1.38). Each 0.017 increment in nfluid yields
a clear spectral shift in the resonance dip (AAres).
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Figure 6

Variation of normalized supercontinuum bandwidth with Au-NP diameter (0.16 um—-0.20 um) under two fluid
indices (1.33 and 1.36).
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