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ABSTRACT

This paper presents a novel silicon-based hollow-core surface-normal photonic crystal waveguide with an air-core even mode and high
group index in the meta structure. This mode is proposed for gas detection in the mid-infrared range. The structure’s bandgap map and
guided modes were calculated through numerical simulations, allowing for design optimization to enable slow-light propagation of the guided
modes. The design enhances light-matter interaction by leveraging large group indices and dispersion control. In experimental simulations
of photonic crystal waveguide structures, an ultra-high group index of 1424 was achieved at a wavelength of 3.31 ym, matching with methane
absorption. This high group index—i.e., the realization of extremely slow light—facilitates enhanced interaction with analytes of interest. The
result reveals that 60.1% of the energy of the fundamental mode resides within the center air hole, providing a high overlap with analytes. The
device geometry can be customized to introduce the absorption wavelengths of various analytes, enabling arrays of different device geometries
on the same chip for simultaneous detection of multiple gas species.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0277786
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. INTRODUCTION

Since the advent of photonic crystal fibers (PCFs) in the
1990s,"” they have attracted attention for their unique optical prop-
erties unattainable with traditional optical fibers. Conventional opti-
cal fibers guide light through total internal reflection (TIR) in a core
with a higher refractive index than the surrounding cladding. How-
ever, directing light through a hollow core can significantly reduce
losses from scattering and material absorption.” To confine and
guide light in this low-index region, hollow-core photonic bandgap
fibers (HC-PBGFs) were developed. HC-PBGFs utilize the photonic
bandgap effect—instead of index-guiding—to confine light within
the hollow core via Bragg reflection from periodic cladding lay-
ers. This architecture enables single-mode guidance, customizable
dispersion, larger mode areas, and increased confinement factors.

The photonic bandgap offers numerous fascinating proper-
ties, such as light confinement at low index point and line defects,

constraints on operating frequencies, and the slow-light phe-
nomenon. By modifying the medium, one can manipulate the dis-
persion characteristics, decelerate the light, or even effectively halt
it.” Known for providing slow light propagation in line-defect wave-
guides, photonic crystals are poised for a wide array of applications.”
These include optical storage, switching, and sensing, where the
slow-light effect can be particularly advantageous.””

Despite significant progress in photonic crystal-based sensing,
current approaches face fundamental limitations that restrict their
practical implementation. Existing HC-PBGFs, while demonstrat-
ing gas sensing capabilities through enhanced light-matter interac-
tions in air-filled cores,'” are constrained by the inherently narrow
photonic bandgaps achievable with silica-based materials due to
low-index contrast. On the another hand, leveraging the high core-
cladding index contrast in Si based photonic crystal platform, signif-
icant improvement in sensitivity through slow-light enhancement
has been reported,'’ yet these implementations primarily utilize
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in-plane waveguide geometries that present critical challenges: (1)
complex optical coupling requirements that limit system integra-
tion, (2) restricted access to the sensing volume for gas injection and
collection, (3) moderate group index enhancements that are insuf-
ficient for ultra-high sensitivity applications, and (4) incomplete
bandgap coverage that limits operational bandwidth and slow-light
performance. Furthermore, no previous work has demonstrated
surface-normal photonic crystal configurations that can simulta-
neously achieve ultra-high group indices exceeding 1000 while
maintaining direct surface access for gas interaction—representing
a significant gap in the field.

In the past, the predominant material of choice for the fabrica-
tion of photonic crystal fibers has been silica-based glass, owing to
the well-established nature of silica glass-based optical fiber manu-
facturing processes. With a refractive index (ngic,) of ~1.44, silica
inherently yields only narrow photonic bandgaps. However, recent
years have witnessed remarkable advancements in semiconductor
manufacturing technologies, catalyzing the progression of silicon
photonics. Consequently, the utilization of silicon as a waveguide
material has emerged. Silicon boasts a considerably higher refractive
index (7gicon )> thus enabling larger refractive index contrast (An)
values when employed as the foundational material for photonic
crystals. This attribute empowers silicon photonic crystals to exhibit
broader photonic bandgaps, representing a pivotal advancement in
the field. Addressing these critical limitations, there is an urgent
need for a photonic crystal gas sensing platform that combines the
advantages of silicon’s high refractive index contrast with a surface-
normal configuration for practical implementation. Such a platform
must achieve unprecedented slow-light enhancement while provid-
ing direct access to the sensing volume—capabilities that remain
absent in current state-of-the-art systems.

This work introduces a surface-normal photonic crystal wave-
guide (SUNPCW) made of silicon, designed with a structure akin
to HC-PBGFs, specifically for gas detection leveraging the poros-
ity of the structure. This SUNPCW features a cladding composed
of perfectly periodic air holes yielding a two-dimensional pho-
tonic crystal, creating bandgaps at designed frequencies. Unlike
HC-PBGFs, which are typically constructed from low-index contrast
materials such as silica glass and air and do not support a com-
plete bandgap for both polarizations at small propagation constants
(k),** silicon displays unique dispersion characteristics. It allows
creation of a complete bandgap extending to k = 0, where ultra-low
group velocity (v = dw/dk) is observed. By customizing the defect

ARTICLE pubs.aip.org/aip/adv

core surrounded with microstructured cladding, we can guide light
at specific wavelengths through the air core with a reduced group
velocity. The hollow core of this waveguide is capable of accommo-
dating both the optical mode and gas species, significantly enhancing
interactions between photons and analytes. With its high group
indices (14 = ¢/v,) and large mode area, this device is exceptionally
well-suited for gas sensing applications in the mid-infrared range
with unprecedented sensitivity.

The field of mid-infrared (mid-IR) photonics has a wide range
of applications, including thermal imaging, free-space communi-
cations, medical diagnostics, bio-agent detection, and absorption
spectroscopy. Unlike the near-infrared spectrum, where absorp-
tion peaks are typically overtones, the mid-infrared range allows
for probing gas species at their fundamental resonances. Tra-
ditional commercial absorption spectroscopy systems, such as
non-dispersive infrared (NDIR) gas sensing,'’ Fourier transform
infrared (FTIR) spectroscopy,'* tunable direct laser absorption spec-
troscopy (TDLAS),"” cavity ring-down spectroscopy (CRDS),'® and
photo-acoustic spectroscopy (PAS),"” tend to involve bulky and
costly optical components. An on-chip absorption spectroscopy
approach offers a compact, alignment-free alternative, resulting in
a lightweight spectrometer ideal for applications requiring low size,
weight, power, and cost (SWaP-C).

Il. DEVICE DESIGN AND WORKING PRINCIPLE

To study the peculiar photonic band structure (the dispersion
relation between frequency and wavevector) and the corresponding
guided modes of the SUNPCW, we carried out plane wave expansion
(PWE) simulations using MIT Photonic Bands (MPBs) and finite
difference eigenmode (FDE) simulations using Ansys Lumerical
MODE.

A. Photonic bandgap

MIT photonic bands calculate the dispersion relation and
various electromagnetic modes in periodic dielectric structures,
including modes arising from defects. MPBs have been applied for
calculating two two-dimensional structures: (a) a photonic crystal
made up of a hexagonal lattice of silicon rods and (b) a photonic
crystal made up of a hexagonal lattice of air holes in silicon. For both
structures, the period is set as a and the radius r of silicon rod or air
hole is set to 0.47a, as shown in Fig. 1.

(a)

a
(b) (0

FIG. 1. A two-dimensional photonic crystal structure and the dimension. (a) The structure consists of hexagonal silicon rods, with radius r. The silicon rods are homogeneous
along the z direction. (b) A photonic crystal consisting of air columns is embedded in a silicon substrate, assumed to extend infinitely in the out-of-plane z direction.
Each column has a radius r and a dielectric constant ¢ = 1. (c) A top-down view of the hexagonal lattice, highlighting the unit cell outlined in red. The lattice constant is

denoted as a.
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Figure 2(a) plots the MPB simulation results for the silicon rod
structure, with frequency plotted in dimensionless units as wa/27c,
where w is the angular frequency, a is the lattice constant, and c is
the speed of light. As revealed, there are transverse magnetic (TM)
mode and transverse electric (TE) mode bandgaps without any over-
lap. Figure 2(b) shows the band structure diagram for the photonic
crystal with a hexagonal lattice comprising air holes in a silicon
slab. Cross-hatched regions correspond to bandgaps, and the band
structure diagram exhibits significant bandgaps for both polariza-
tions. As a result, contrary to the silicon rod structure, this photonic
crystal supports a complete and overlapping bandgap for both

0.8

07 _\ /
e - ]

0.6

Frequency(wa/2nc)
o
H

o
N
L

@,

o
=}

._1
<
~
—

o
o
s

o
%
L

[=}
-
s

Frequency(wa/2nc)
[=}
w

0.2

o

0.0 T T

(b)

FIG. 2. (a) Band structure diagram of the photonic crystal with hexagonal lat-
tice silicon rod structure. (b) Band structure diagram of the photonic crystal with
hexagonal lattice air hole structure. Red solid lines represent TE bands, and blue
solid lines represent TM bands. The red area shows the TE bandgap, while the
blue area represents the TM bandgap. The radius of the rods or holes is set to
r = 0.74a, where a is the lattice constant. Unlike the silicon rod structure,
the air hole photonic crystal features a complete overlapping bandgap for both
polarizations.
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polarizations in two dimensions. The TM and TE bandgaps occur
at frequencies of 0.27-0.46 and 0.38-0.40 (wa/27c), respectively,
with the overlapping frequency range extending from 0.38 to 0.40
(wa/2mc).

Figure 3 illustrates that larger bandgaps are associated with
larger refractive indices. This correlation supports the growing trend
of utilizing materials such as silicon for photonic crystal production.
With a refractive index of ~3.43, silicon differs markedly from lower-
index materials such as silica, where it has the potential to develop
wider bandgaps.

The photonic bandgap plays a crucial role in the physics of
photonic crystals. When light encounters a photonic bandgap, it
adheres to the principle of energy conservation and reflects entirely
instead of being absorbed or transmitted. This complete reflection
ensures that there is no loss of energy. In essence, the photonic
bandgap acts as a barrier to certain frequencies of light, preventing
them from propagating through the crystal. In practical applica-
tions, the selection of specific bandgaps is of paramount importance.
In this case, the focus is on the overlapping photonic bandgaps of
TM/TE modes. These modes represent the two fundamental polar-
ization states of light in the crystal. By targeting these overlapping
bandgaps, it becomes possible to manipulate and control the prop-
agation of light within the photonic crystal. Upon introducing a
defect into the crystal, the behavior of light propagation undergoes
a significant change. The defect alters the symmetry of the crystal
structure, creating a localized region where the propagation char-
acteristics differ from the rest of the crystal. What is particularly
noteworthy is that because of the existence of the photonic bandgaps
for both TM/TE modes, light is effectively confined within the defect
structure. Regardless of whether the light is in the TM or TE orienta-
tion, the presence of these photonic bandgaps serves as a boundary
that confines the light within the defect. This confinement enables
the light to propagate within the defect structure, providing a con-
trolled pathway for the light and allowing for the manipulation of its
properties for various applications.

] I
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FIG. 3. The bandgap map for a hexagonal lattice of air holes. The joint region, high-
lighted in green, appears only when the refractive index exceeds 3. The dashed
line indicates the case for a refractive index of 3.43, which corresponds to that of
silicon. High-refractive-index materials play a crucial role in enabling the creation
of significantly wider TM/TE joint bandgaps.
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B. Surface-normal photonic crystal waveguide

While controlling in-plane propagation is advantageous for
many applications, we propose leveraging and controlling out-of-
plane (i.e., vertical) propagation for gas sensing. This approach
offers distinct benefits, including enhanced interaction with target
gas molecules, improved sensor sensitivity, and greater flexibility in
device integration. The following sections will elaborate on these
advantages in detail.

In order to study the effect of the out-of-plane propagation
constant on the complete bandgap width, the band structure com-
putation is performed as the normalized k; is swept from 0 to 2,
where k; is the wave vector along the z-direction and the nor-
malization is given by kza/(2m), with a being the lattice constant.
Figure 4 illustrates the resulting bandgaps occurring between differ-
ent bands (color-coded). As revealed by the bandgap diagram, there
exists a complete bandgap in this structure that does not pinch off
before reaching k, = 0 as the propagation constant decreases. The
blue region represents the bandgap between the second and third
bands, extending to k, = 0, while the orange region corresponds to
the bandgap between the seventh and eighth bands.

Now that the bandgaps have been established, the next step
involves introducing a defect into the crystal structure. By intro-
ducing an enlarged-hole defect, we can achieve both slow light
propagation and the formation of a sizable interaction volume for
gas sensing. A top-view schematic representation of the hexag-
onal photonic crystal with the hollow-core defect is depicted in
Fig. 5.

To investigate the vertically guided defect modes inside the
bandgap, eigenvalues for guided modes were calculated. Using the
MPB software, we computed the band diagram, which plots the nor-
malized frequency as a function of the out-of-plane wavevector for
the hexagonal lattice photonic crystal with a defect. The photonic
crystal structure, as shown in Fig. 5, has a defect radius (D) of 1.22a,
where a is the lattice period constant, and an air-hole radius (r) of
0.47a.

1.0

0.8 w=ck;

0.6

0.4

Frequency(wa/2mnc)

0.2

0.0 T T T T T T T
0.00 0.25 0.50 0.75 1.00 1.25 1.50 175 2.00

Propagate Constant (K,a/2m)

FIG. 4. Bandgaps as a function of normalized propagation constant. Bandgaps
occurring between different color-coded bands. The blue-hatched region repre-
sents the bandgaps that extend to k, = 0.
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(a)
J

(b)

FIG. 5. (a) Schematic illustration of the SUNPCW with hollow-core defect. (b)
Dimension of photonic crystal structure.

Figure 6 demonstrates the bands computed for wavevectors
ranging from 0 to 0.6 (k;a/27), revealing several band lines located
within the bandgap, with frequencies ranging from 0.38 to 0.45
(wa/2mc). To determine the most appropriate guided mode for gas
sensing applications, the interaction between light and gas molecules
must be considered. Effective gas sensing requires that the power
of the light be concentrated in the central air core rather than
propagating within or along the surface of the solid material.

According to Fig. 7, most of the guided modes operate in the
latter manner. An “air-core mode” refers to a guided mode where
light is predominantly confined and propagates through the air-
filled region of the structure. Although these modes conform to
mathematical calculations, in practical applications, they face cou-
pling challenges and have high transmission loss. However, a few of
the modes demonstrate power propagation primarily through the
defect hole (i.e., the hollow core). As depicted in Figs. 7(a)-7(d),
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FIG. 6. Band diagram of the surface-normal photonic-crystal waveguide. Black

solid lines are the computed guided-mode bands; the blue shaded region marks

the projected bandgap of the 2D photonic crystal. The orange curve highlights the

hollow-core even mode (“air-core mode”) under study. The red diagonal line is the

light line, w = ck;. Insets show the corresponding electric field intensity profiles at
those two dots, which indicate the modes plotted in Fig. 7.

these instances show a distinct propagation pattern where the elec-
tromagnetic energy is concentrated in the defect hole of the wave-
guide structure. It is important to note that while the resonant modes
are presented for k; = 0, the out-of-plane propagating modes for
small k; are small perturbations of these modes.

(b)
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C. Guided mode profiles

Subsequently, we observed several intensity patterns of modes,
prompting further investigation into the mode profiles. To achieve
this, we utilized the software Lumerical MODE from Ansys, which
facilitated the identification and evaluation of the modes’ effi-
cacy. This step is crucial for determining which modes are opti-
mally suited for gas sensing and understanding their propagation
characteristics within the SUNPCW structure.

The FDE solver of Lumerical MODE is a numerical tech-
nique used to find the eigenmodes and corresponding eigenfre-
quencies of waveguide structures, optical devices, and other systems
in the context of electromagnetics or photonics. The eigensolver
identifies these modes through the resolution of Maxwell’s equations
on a mesh representing the waveguide’s cross section.

Currently, the finite-difference algorithm serves as the primary
approach for discretizing the waveguide’s geometry, and it possesses
the capability to adapt to various waveguide structures. After the
meshing process is complete, Maxwell’s equations are reformulated
into a matrix eigenvalue problem. Sparse matrix techniques are then
applied to solve this problem, yielding the effective index and mode
profiles for the waveguide modes.'*

The guided mode simulations presented in this study were
conducted using Ansys Lumerical MODE Solutions, employing
the Finite Difference Eigenmode (FDE) solver. The computational
domain utilized a uniform mesh resolution of 10 nm in both the
x and y directions, carefully selected based on convergence stud-
ies to ensure accurate and stable simulation results. The simulation
region spanned five photonic crystal periods in each lateral direc-
tion, with periodic boundary conditions applied to model the infinite

(d)

FIG. 7. Intensity pattern (2 - Re[E* x H]) (k; = 0) (a) wa/2nc = 0.3818 and (b) wa/27c = 0.3820, corresponding to the yellow dot in Fig. 6, and (c) wa/2rc = 0.4277,
(d) wa/27c = 0.4287, and (d) wa/2mc = 0.4221, corresponding to the purple dot in Fig. 6. The intensity patterns (a)-(d) are above the light line and are the air core.

y (microns)

(@)

FIG. 8. Even air-core mode profile, corresponding to yellow dot in Fig. 6. (a) and (b) The electric field components in the x and y directions, respectively, calculated using
FDE method. (c) and (d) The electric field components in the x and y directions, respectively, as computed by MPB method. (e) The electric intensity mode.
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FIG. 9. Odd air-core mode profile, corresponding to purple dot in Fig. 6. (a) and (b) The electric field components in the x and y directions, respectively, calculated using
FDE method. (c) and (d) The electric field components in the x and y directions, respectively, as computed by MPB method. () The electric intensity mode.

periodic nature of the structure and suppress artificial reflections at
the domain edges.

To ascertain the mode profiles of the SUNPCW, specific struc-
tural parameters were defined for the photonic crystal structure,
as shown in Fig. 5. The operating wavelength was set at 3.31 um,
targeting methane sensing applications. The periodicity of the pho-
tonic crystal (a) was established at 0.8563 ym. The radius of the
air holes (r) was set to 0.3682 ym, and the radius of the central
defect hole (D) was configured at 1.0446 ym. These geometric para-
meters are critical as they determine the optical confinement and
propagation characteristics of the guided modes within the photonic
crystal waveguide structure. Material properties used in the simula-
tions were based on standard literature values: the refractive index
of silicon was taken from the material library,"” yielding n = 3.43 at
a target wavelength of 3.31 ym, and the refractive index of air was set
ton = 1.0.

The air-core mode profiles obtained from the FDE simula-
tions are compared with the corresponding results derived using the
MPB method. Figure 8 shows the even air-core mode profile (cor-
responding to the yellow dot in Fig. 6), where Figs. 8(a) and 8(b)
illustrate the electric field components in the x and y directions as
calculated by the FDE method, while Figs. 8(c) and 8(d) showcase
these components as computed by the MPB method. Figure 8(e)
presents the electric intensity mode for this even mode. Similarly,
Fig. 9 displays the odd air-core mode profile (corresponding to the
purple dot in Fig. 6), with Figs. 9(a) and 9(b) showing the elec-
tric field components in the x and y directions calculated by the
FDE method and Figs. 9(c) and 9(d) presenting the MPB method
results. The electric intensity mode for the odd mode is illustrated
in Fig. 9(e). A critical observation from these comparisons is the
remarkable consistency between the two sets of results, particularly
in the representation of both even and odd air-core modes’ electric
fields.

The transportation of electromagnetic power is fundamentally
governed by a vector known as the Poynting vector. This vector
not only represents the direction but also quantifies the magnitude
of the energy flux of an electromagnetic field. Figure 10 illustrates
the Poynting vector results calculated by the FDE method. These
results are focused on the z-direction, which represents the primary
direction of wave propagation along the hollow core waveguide. A
notable observation from Fig. 10 is the pronounced concentration
of electromagnetic energy within the waveguide defect, specifically
located at the center of what is termed the “air core.”
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FIG. 10. Poynting vector calculated by finite difference eigenmode method. (a)
Even air-core mode. (b) Odd air-core mode.

0.7 1.5

This study identifies an air-core mode, as shown in Fig. 10(a)
that exhibits “even mode” characteristics. In our setup, the incident
light generally used is a laser with a Gaussian mode profile carrying
the characteristic of an even function. In terms of optical coupling,
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TABLE I. Group indices for specific gases at absorption wavelengths in a SUNPCW
structure.

Gas" a (ym)h r (ym)° D (;4m)d ng

CH,4 0.8563 0.3682 1.0446 1424
CO, 1.0997 0.4728 1.3416 866
N,O 1.1566 0.4973 14111 698

* Absorption wavelengths: CHy at 3.31 yum, CO; at 4.26 ym, and N, O at 4.54 ym.
®4 s the lattice period.

°r is the air-hole radius.

4D is the defect hole radius.

the efficiency of coupling into an even mode is high. Therefore, iden-
tifying an even mode can enhance the efficiency of transferring the
incident light into the sensing area. The goal is to transmit more
energy through the air for interaction with airborne species, mak-
ing an even air-core mode crucial. The MPB PWE and Lumerical
MODE FDE results confirm these modes.

Our focus extends to the detection of specific gases—methane
(CHy), carbon dioxide (CO,), and nitrous oxide (N,O)—which
absorb light at wavelengths of 3.31, 4.28, and 4.47 um, respectively.
The simulation parameters and outcomes, presented in Table I,
demonstrate that the group indices for these gases can reach values
of 1423, 866, and 698, respectively. These high values are indica-
tive of the air-core mode’s ability to produce a significant slow-light
effect within the vertical photonic crystal waveguide structure. This
slow-light effect is crucial for enhancing sensitivity. By achiev-
ing such high group indices, the SUNPCW is able to maintain
light within its structure for extended periods, which is particularly
advantageous for the detection and analysis of these gases based on
their specific absorption wavelengths. The ability to tailor the wave-
guide to effectively interact with these gases underscores the versa-
tility and potential applicability of this technology in environmental
monitoring and gas sensing.

Ill. GAS SENSING PRINCIPLE AND DEMONSTRATION

The surface-normal photonic crystal waveguide (SUNPCW)
structure enables effective gas sensing by leveraging the wavelength-
selective absorption characteristics intrinsic to target gas molecules.
When mid-infrared (mid-IR) light propagates through the engi-
neered hollow-core defect of the waveguide, it interacts with gas
analytes such as CHy and CO,. These molecules exhibit distinc-
tive absorption peaks at specific mid-IR wavelengths that correspond
to their fundamental molecular vibrational modes. This engineered
hollow-core defect of the waveguide supports slow light modes,
which significantly reduces the group velocity of the propagating
light. This slow-light effect increases the effective interaction time
between the optical field and the gas analytes. Therefore, the absorp-
tion signal is enhanced without increasing the physical footprint of
the sensor.

The fundamental sensing mechanism is quantitatively
described by the Beer-Lambert law. This law relates the opti-
cal intensity transmitted through the sensing medium to the
concentration of the absorbing species according to

I = e W, 6
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where I represents the transmitted intensity, Iy denotes the initial
optical intensity entering the sensing region, a(1) is the wavelength-
dependent absorption coefficient specific to the gas analyte, and L,y
signifies the effective optical length. The effective optical length is
given by

Ly =ng- L, (2)

where ng is the group index and L is the optical length (i.e., the
physical distance over which light interacts with the gas).

The effective optical length is significantly influenced by the
group index, allowing the slow-light effect to substantially increase
the effective optical length and thereby enhance sensing sensi-
tivity. For example, when sensing CHs with a group index of
ng = 1424 and a physical optical length of L =1 um, the effective
optical length becomes Lyy = 1424 x 1 ym = 1.424 mm. This repre-
sents a remarkable sensitivity enhancement factor of 1424 compared
to conventional sensing approaches, where the enhancement fac-
tor directly corresponds to the group index value. The slow-light
enhancement mechanism enables dramatically improved sensitivity
within an extremely compact sensing volume, making the SUN-
PCW structure highly advantageous for miniaturized gas sensing
applications.

Building upon this enhanced sensitivity principle, the SUN-
PCW array (depicted in Fig. 11) can be systematically designed
with varying structural scales to form multiple resonance channels,
each optimized for detecting different gases. In this configuration,
the photonic crystal array incorporates multiple waveguides with
proportionally scaled crystal lattices and defect holes that serve as
sensing sites, exposed directly to the target gas molecules. The scal-
ing of the entire photonic crystal structure—including both the
periodic lattice and the central defect—enables wavelength tunabil-
ity while maintaining optimal optical confinement. These defect
holes enable gas infiltration, facilitating strong interaction with the
guided electromagnetic field.

Vertical Photonic
Crystal Array

FIG. 11. Schematic illustration of a SUNPCW array configured for multiplexed gas
sensing. The sensing process involves (1) gas molecules diffusing into hollow-
core defect holes, (2) broadband LED illumination into the waveguides, and (3)
measurement of transmitted signals at individual SUNPCW outputs by a detector
array.
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During sensing operation, broadband mid-infrared radiation
from an LED source is vertically coupled into the waveguide array.
As the light traverses the gas-filled defect holes, specific wave-
lengths are selectively absorbed, correlating to the gas molecules’
unique absorption spectra. At the output side, a detector array
measures the transmitted intensity across individual waveguides,
each featuring distinct structural scaling to optimize sensitivity and
selectivity toward specific gases. By analyzing and comparing the
relative absorption across the different waveguide channels, the
sensor accurately identifies and quantifies concentrations of gas
species.

This innovative sensing architecture capitalizes on the high
group-index properties and enhanced light-matter interactions
inherent in silicon-based photonic crystal waveguides. As a result,
it demonstrates significant improvements in detection sensitivity
and overall performance for mid-infrared gas sensing applications,
particularly in compact and portable sensing systems.

IV. CONCLUSION

This work details the development and validation of highly effi-
cient photonic crystal waveguides, with particular focus on air-core
modes exhibiting high group indices within vertical photonic crystal
waveguide structures. Our approach involved extensive theoreti-
cal simulations using two complementary methods: the plane wave
expansion method and the finite-difference eigenmode method.
These simulations enabled the successful engineering of photonic
crystal waveguides consisting of two-dimensional hexagonal lattices
of air holes with strategically positioned enlarged air hole defects,
designed for efficient operation in the mid-IR region.

The numerical simulations were instrumental in calculating the
bandgap map of the vertical photonic crystal structure and opti-
mizing the waveguide design to facilitate slow-light propagation of
guided modes based on band structure analysis. Simulation results
for photonic crystal waveguide structures operating at absorption
wavelengths of 3.31, 4.28, and 4.47 ym demonstrate that group
indices can reach values of ~1424, 866, and 698, respectively.

The slow-light effect fundamentally increases the effective opti-
cal length, the photon-analyte interaction length, without enlarg-
ing the device footprint. This enhancement enables significantly
improved absorption sensitivity in compact, chip-scale geometries.
The scalable waveguide geometry allows wavelength-selective sens-
ing operation, and when implemented as an array of waveguides
(Fig. 11), the platform enables multiplexed detection of multiple gas
species on a single chip.

A key advantage of this design is its inherent compactness,
eliminating the need for external spectral analysis components
in spectroscopic sensing systems and making it particularly suit-
able for portable mid-IR applications. By combining ultra-high
group indices, slow-light-enhanced light-analyte interactions, and
wavelength-engineered device geometries, this compact and efficient
design represents a significant advancement in integrated photonic
gas sensing technology.
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