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1. Introduction

Photonic crystals are artificial electromagnetic structures in which the refractive index is periodically or
aperiodically modulated on the scale of the operating wavelength, leading to the formation of photonic band gaps
that prohibit wave propagation in specific frequency ranges. Beyond conventional periodic photonic crystals,
quasiperiodic photonic crystals—such as those based on Fibonacci sequences have attracted considerable attention
due to their unique ability to combine long-range order with the absence of translational symmetry. This structural
property enables the formation of wider and more robust photonic band gaps, including omnidirectional gaps that
are weakly dependent on the angle of incidence.

In parallel, the emergence of metamaterials with unconventional electromagnetic responses has opened new
pathways for manipulating light—matter interactions. Among these, single-negative (SNG) metamaterials—
characterized by either negative permittivity (ENG) or negative permeability (MNG) exhibit unusual dispersion
properties and support novel photonic band gaps, such as the zero-effective-phase (zero-n) gap. These gaps are
fundamentally different from conventional Bragg gaps and are typically insensitive to incidence angle and
structural scaling.

Previous studies have demonstrated that incorporating SNG metamaterials into one-dimensional photonic
crystals can generate new band gaps and defect modes with potential applications in filters, resonators, and sensors.
However, most reported defect modes suffer from limited angular stability, moderate quality factors, and strong
polarization sensitivity, which restrict their practical usability.

In this work, we propose and analyze a one-dimensional quasiperiodic photonic crystal based on a symmetric
Fibonacci sequence incorporating a central defect layer and composed of single-negative metamaterials. The main
objective is to investigate the formation, angular stability, and polarization dependence of defect resonant modes,
with particular emphasis on quality factor enhancement and physical mechanisms governing TE and TM
polarizations.

2. Results and Discussion

The investigated structure consists of a symmetric configuration of the form S7/defect/S7 where S7 denotes the
seventh-order Fibonacci sequence constructed from alternating MNG and ENG layers. The central defect layer is
chosen as a conventional dielectric with positive refractive index. The electromagnetic response of the structure is
analyzed using the transfer matrix method, which provides an exact solution for the transmission spectra under
oblique incidence for both TE and TM polarizations.

The calculated transmission spectra reveal the existence of two distinct photonic band gaps. The first is a zero-
effective-phase gap originating from the single-negative nature of the constituent layers. This gap exhibits
remarkable angular stability and remains nearly unchanged as the incidence angle increases. The second gap
corresponds to the conventional Bragg gap, whose position and width vary significantly with the angle of incidence.

Introducing the defect layer at the center of the structure leads to the emergence of sharp and well-localized
defect modes inside the zero-n band gap. These resonant peaks exhibit strong field confinement within the defect
layer, confirming the formation of localized cavity modes. A pronounced dependence on polarization is observed.
For TE polarization, the defect modes demonstrate excellent angular stability. The quality factor increases
systematically with increasing incidence angle, rising from approximately 106.8 at normal incidence to about 112.3
at 30°, and exceeding 233 at 60°. This enhancement is attributed to increased effective optical path length within
the defect layer and higher reflectivity at oblique incidence, which together reduce spectral linewidth and strengthen
resonance confinement.

In contrast, TM-polarized defect modes are strongly affected by the Brewster angle phenomenon. At an
incidence angle of 30°, the resonance experiences significant spectral broadening, leading to a reduced quality
factor of approximately 66. At 60°, the defect mode is completely suppressed due to vanishing reflection at the
interfaces, preventing the formation of multiple internal reflections required for resonance. This behavior highlights
the fundamentally different physical mechanisms governing TE and TM modes in metamaterial-based
quasiperiodic structures.

The spatial distribution of the electric field further confirms strong localization at the defect layer for TE
polarization, indicating efficient energy trapping and enhanced light—matter interaction a key requirement for high-
performance sensing and filtering applications.
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3. Conclusion

A one-dimensional quasiperiodic Fibonacci photonic crystal incorporating single-negative metamaterials and a
central defect layer has been designed and systematically analyzed. The structure simultaneously supports an angle-
independent zero-effective-phase band gap and an angle-dependent Bragg gap. The introduction of a defect layer
generates sharp resonant modes within the zero-n gap, whose properties are strongly influenced by polarization. For
TE polarization, defect modes exhibit high angular stability and a significant increase in quality factor with
increasing incidence angle, reaching values more than twice that of normal incidence. Conversely, TM-polarized
modes are highly sensitive to the Brewster effect and may be substantially weakened or completely eliminated at
large angles. These findings demonstrate that the combination of quasiperiodic order and single-negative
metamaterials provides an effective strategy for engineering high-Q resonant modes with controllable angular and
polarization characteristics. The proposed structure shows strong potential for applications in narrowband and
omnidirectional filters, photonic resonators, and highly sensitive optical or microwave sensors. Future work may
focus on incorporating material losses, tunable metamaterial parameters, and experimental realization of the
proposed design.
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