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1. INTRODUCTION

One-dimensional photonic crystals (1D PCs) have emerged as versatile
platforms for manipulating light-matter interactions due to their periodic
refractive index modulation along a single spatial direction. Compared to
higher-dimensional counterparts, 1D structures offer significant advantages such
as design simplicity, ease of fabrication using conventional thin-film deposition
techniques, and cost-effective scalability [1]. Their ability to form wide photonic
bandgaps enables efficient control of light propagation, while the incorporation
of defect layers introduces sharp resonance modes that can be precisely
engineered for functional purposes. Owing to these features, 1D PCs have been
successfully employed in a wide range of applications, including optical filters,
distributed Bragg reflectors, low-threshold lasers, biosensors, light-emitting
devices, and energy-harvesting systems [2].

Moving beyond the strictly periodic layers of 1D photonic crystals, quasi-
periodic photonic crystals (QPCs) introduce long-range order without
translational symmetry, governed by deterministic sequences like Fibonacci or
Thue-Morse, which yield intricate band structures with a higher density of
resonant states and unique localization properties compared to their periodic
analogues [3]. This architectural innovation enables the design of devices with
multi-channel, narrowband filtering capabilities, ultra-high quality factor
resonators for low-threshold nonlinear optics and enhanced light-matter
interaction, and broadband, flat-top reflectors, all while retaining the fabrication-
friendly planar geometry of 1D stacks. Furthermore, the inherent self-similarity
and richer Fourier spectra of QPCs make them exceptionally promising for
applications in optical sensing, where they offer multiple resonance peaks for
enhanced sensitivity, and in the development of miniatured, multi-wavelength
laser sources and superlenses that leverage their distinctive wave propagation
characteristics to overcome the limitations of conventional photonic bandgap
materials [4,5].

This unique potential is further diversified by the choice of specific aperiodic
sequence, such as Fibonacci [6], Thue-Morse [7], double-period [8], and Rudin-
Shapiro [9], each imparting distinct optical characteristics; for instance,
Fibonacci sequences excel in generating perfectly self-similar bandgaps ideal for
multi-wavelength operation, while Thue-Morse structures exhibit richer Fourier
spectra and critical wave localization, enhancing light-matter interaction for
lasing and sensing [10]. Double-period sequences offer a compelling
compromise, providing a denser hierarchy of photonic bandgaps compared to
periodic crystals but with more design flexibility than Fibonacci, and Rudin-
Shapiro sequences, being highly disordered, are prized for their broadband,
isotropic optical response. Consequently, the selection of a specific quasi-
periodic architecture allows for precise tailoring of the photonic density of
states, enabling engineers to custom-design devices for applications ranging

Journal of Optoelectronical Nanostructures. 2025; 10 (3): 45- 57 46



Optical Density Tuning through Refractive Index Contrast in Periodic ...

from ultra-broadband mirrors and optical computing components to
hypersensitive biochemical sensors that exploit the heightened electric field
confinement at their many resonant frequencies [11].

The designed photonic crystal structure leverages a selection of
complementary dielectric materials to achieve high performance on a
polycarbonate substrate. High-refractive-index layers, such as ZrO, [12], TiO,
[13], or Nb, Os [14], provide strong optical confinement and are chosen for
their broad transparency, high damage threshold, and compatibility with low-
temperature deposition processes. These are paired with low-index materials
like SiO, [15], MgF, [16], or the polymer CYTOP [17] to maximize the
refractive index contrast, which is crucial for achieving a wide photonic
bandgap. This material selection, deposited via techniques such as sputtering or
ALD, ensures excellent mechanical durability, environmental stability, and
enables the integration of advanced optical functions onto a flexible, cost-
effective platform.

The Beer—Lambert law describes the attenuation of light as it passes through a
medium, establishing a logarithmic relationship between transmitted intensity
and the product of absorption coefficient, concentration, and path length [18].
This law is widely used to quantify optical density (OD), which serves as a
direct measure of light attenuation. In the context of photonic crystals, although
light attenuation is primarily governed by multiple reflections and interference
rather than material absorption, the Beer—Lambert law provides a useful
framework for evaluating OD and comparing the efficiency of different
photonic structures. By linking OD to the transmission spectra of one-
dimensional photonic crystals, the Beer—Lambert law enables a quantitative
analysis of photonic bandgaps, facilitating the design of structures with tailored
attenuation in optical filtering, sensing, and light management [19].

The objective of this paper is to systematically compare the optical density
responses of three distinct layer configurations: a conventional periodic structure
and two quasi-periodic structures based on Double-Period and Thue—Morse
sequences. Using four material pairs as SiO, /ZrO, , TiO, /MgF, , Si/Al, O ,
and Nb, Os /CYTOP on a polycarbonate substrate, the study present spectral
analyses to investigate how quasi-periodic arrangements, relative to purely
periodic structures, influence and enhance the optical density spectrum. The
results can be applied in material spectroscopy, optical sensors, optical window
design, light protection systems, and other related fields.

2. THEORY

The optical density (OD) quantifies the light-blocking capability of an optical
filter by describing the extent to which the intensity of an incoming beam is
reduced. It is directly related to the transmission coefficient (T) and can be
expressed as [18, 19]:
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OD=log (1/T) (1)

Where T represents the transmittance, ranging between 0 and 1. A smaller
transmittance value corresponds to a higher OD, meaning stronger attenuation of
the incident light. In practice, filters with larger OD values transmit less light
and provide stronger absorption, whereas filters with smaller OD values allow
higher transmission with minimal attenuation. For instance, an optical density of
2 corresponds to a transmission of only 1%.

Photonic crystals, on the other hand, are artificial periodic structures that
strongly affect the propagation of electromagnetic waves. Their optical response
is highly dependent on wavelength, giving rise to regions known as photonic
bandgaps where light cannot propagate. Depending on the wavelength, photons
may either pass through or be reflected by the crystal. To analyze these
properties, this study employs the transfer matrix method (TMM), a widely used
computational tool for modeling multilayered optical systems [20-25]. For
transverse electric polarization, by applying boundary conditions at the
interfaces between layers, the transfer matrix between layers is obtained through
the following relation:

cos(k;Az) j/q;sin(k;Az)
M j(Az, w)=| _
jq; sin(k;Az) cos(k,)Az)

where = @)z, A=sin? 01z, 19 the wave vector component along the z-

axis, wis the frequency of incident light, c is the speed of light, & is the
dielectric constant of each layer, , is the magnetic permeability, € is the angle

of incidence, and a; =e; Iu, /1_Sin29/gjﬂj. In this case, the transmission

coefficient equals

t(w,0) =

)

2cos @
(m, +m,,)cos&+i(m,,cos* &—m,,)

3)

Where the coefficients m represent the elements of the transfer matrix for the
entire multilayer structure.

3. RESULTS AND DISCUSSION

Here, we investigate the optical density of one-dimensional photonic crystals,
composed of alternating material pairs (Zro, (A)/SIO, (B),
TiO, (A)/MgF, (B), Si(A)/Al, Oz (B), and Nb, Os (A)/CYTOP(B)) deposited
on a polycarbonate substrate (with a refractive index of 1.59 and thickness of 2
mm), using the Transfer Matrix Method (TMM) implemented in MATLAB
software across the visible to infrared wavelength range. The objective is to
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systematically compare the optical density responses of three distinct
configurations: a conventional periodic structure with period number N=8 and
two quasi-periodic structures based on Double-Period and Thue—Morse
sequences. The refractive indices and thicknesses of layers A and B are provided
in Table 1.

Table 1. Layer Specifications for 1D Photonic Crystal Design

Material Pair Refractive An Thickness (nm)
Index (n)
. Na=Nzro, =21 0.65 dA:ero2 =120
210, /SiO; Ng=Nsio, =1.45 ds=dsio, =180
NA=NNb,0s,=2.2 0.87 da=dnp, o, , =120
Nb O /CYTOP Ne=Ncytop=1.33 ds=dcyTor=180
. Na=NTi0, =2.4 1.02 dA:d TiO, =120
Ti0; /MgF, Ne=Nmgr, =1.38 d|3:d|\/|g|:2 , =180
. Nna=nsi=3.5 1.74 dA:dSi2 =120
SI/AIZ 03 Ng=NAal, o, =1.76 dB:dA|2 0, =180
(SiOzIZrOz)alpo|ycarbonate (SiOzIZrOz)alponcarbonate
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Fig. 1: Optical density of [(SiO, /ZrO, )®/polycarbonate] for TE (a) and TM (b)
polarizations versus wavelength and incident angle
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Fig. 2: Optical density of [(Nb, Os /CYTOP)®polycarbonate] for TE (a) and TM (b)
polarizations versus wavelength and incident angle
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Fig. 3: Optical density of [(TiO, /MgF, )®polycarbonate] for TE (a) and TM (b)
polarizations versus wavelength and incident angle
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Fig. 4: Optical density of [(Si/Al,O3)%polycarbonate] for TE (a) and TM (b)
polarizations versus wavelength and incident angle

Based on the provided optical density plots for the conventional periodic
structures with 8 bilayers (Figs. 1-4), several key observations can be made
regarding the influence of material composition, incident angle, and
polarization. A prominent feature across all figures is the appearance of a
photonic band gap (PBG), characterized by a region of high optical density
(yellow/red), which indicates strong reflectance and minimal transmission. The
central wavelength and width of this band gap are primarily determined by the
refractive index contrast between the constituent layers (A and B) and their
thicknesses, as per Bragg's law. For instance, the structure with the highest index
contrast, Si/Al, Oz (Fig. 4), exhibits the broadest and most pronounced band
gap, whereas the structure with a lower contrast, such as Nb, O5 /CYTOP (Fig.
2), shows a narrower gap. The position of the band gap shifts significantly with
the incident angle for both TE and TM polarizations; as the angle increases, the
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band gap blueshifts to shorter wavelengths due to the effective change in the
optical path length within the layers. Furthermore, the response is highly
dependent on the polarization of the incident light. For TM polarization (right
panels), the overall optical density, particularly within the band gap region, is
generally lower compared to TE polarization (left panels). This is attributed to
the Brewster angle effect, which allows TM-polarized light to transmit without
reflection at specific angles and wavelengths, thereby reducing the optical
density and disrupting the completeness of the band gap. This effect is most
visible in structures with higher refractive index layers, such as TiO, /MgF,
(Fig. 3) and Si/Al, Oz (Fig. 4). In conclusion, the results demonstrate that the
optical density of a 1D photonic crystal is a strong function of the material's
refractive indices, the angle of incidence, and the polarization state of light.
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Fig. 5: Same as Fig.1 but for double-period quasiperiodic structure
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Fig. 6: Same as Fig.2 but for double-period quasiperiodic structure
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Fig. 7: Same as Fig.3 but for double-period quasiperiodic structure
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Fig. 8: Same as Fig.4 but for double-period quasiperiodic structure

The optical density plots for the double-period quasiperiodic structures (Figs.
5-8) reveal significant modifications in the photonic response compared to their
conventional periodic counterparts (Figs. 1-4). While the fundamental influence
of refractive index contrast, incident angle, and polarization remains, the double-
period sequence introduces new complexities. The most striking feature is the
fragmentation of the primary photonic band gap (PBG) observed in the periodic
structures. Instead of a single, continuous region of high optical density, the
double-period sequence generates multiple, narrower mini-bandgaps and a
higher density of optical states across the spectrum. This is a characteristic
outcome of the increased structural complexity and long-range order introduced
by the quasiperiodic arrangement, which creates additional Bragg reflection
conditions. The contrast in refractive indices remains the primary factor
determining the overall strength and visibility of these features; for example, the
high-contrast Si/Al,O5 structure (Fig. 8) still exhibits the most pronounced and
complex pattern of bandgaps, while the lower-contrast Nb,Os/CYTOP structure
(Fig. 6) shows a more subdued response. The angular and polarization
dependence follows the same physical principles but on a more intricate
landscape. The blueshift of the various bandgaps with increasing incident angle
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is clearly visible for both TE and TM polarizations. However, the TM
polarization plots consistently show a reduction in optical density within the
bandgap regions compared to TE polarization, similar to the periodic case. This
is again due to the Brewster angle effect. The disruption is particularly evident
in the high-index structures like TiO,/MgF, (Fig. 7) and Si/Al,O3 (Fig. 8),
where the defined gaps in the TM mode contrast sharply with the strong,
continuous features in the TE mode. In summary, changing the structure from
periodic to double-periodic breaks the single, large bandgap into multiple
smaller and sharper bandgaps. This creates a more complex optical response,
allowing the material to reflect light at several specific wavelengths instead of
just one broad range.
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Fig. 9: Same as Fig.1 but for Thue-Morse quasiperiodic structure
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Fig. 10: Same as Fig.2 but for Thue-Morse quasiperiodic structure
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Fig. 11: Same as Fig.3 but for Thue-Morse quasiperiodic structure
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Fig. 12: Same as Fig.4 but for Thue-Morse quasiperiodic structure

The optical density plots for the Thue-Morse quasiperiodic structures (Figs. 9-
12) reveal a unique and highly complex photonic response that is distinctly
different from both the conventional periodic and double-period structures. The
most striking characteristic is the emergence of a highly fragmented and
intricate spectrum, featuring a much larger number of very narrow, high-density
bandgaps compared to the fewer, broader gaps in the double-period sequence.
This creates a much richer and denser optical structure, a hallmark of the Thue-
Morse sequence's higher degree of aperiodic order. This extreme spectral
complexity makes the Thue-Morse structure highly sensitive to small changes in
wavelength, a property ideal for applications like ultra-narrowband filtering and
sensing. As with the other structures, the fundamental dependencies remain: the
high refractive index contrast pair Si/Al, O; (Fig. 12) produces the strongest
and most defined gaps, while the effect is weaker in the low-contrast
Nb, Os /CYTOP structure (Fig. 10). Furthermore, the characteristic blueshift of
all spectral features with increasing incident angle is clearly observed. The
difference between TE and TM polarizations is also pronounced, with the
Brewster effect causing a significant reduction in the optical density for TM
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polarization, particularly evident within the dense forest of mini-gaps in the
high-index structures.

4. CONCLUSIONS

Based on the comprehensive analysis of the optical density, it can be
conclusively stated that the transition from a conventional periodic structure to
quasi-periodic Double-Period and Thue-Morse sequences fundamentally
enhances the photonic response. The key finding is that increasing structural
complexity directly translates to greater spectral control: the single, broad
photonic band gap of the periodic structure evolves into multiple, sharper mini-
gaps in the Double-Period sequence and further fragments into a dense array of
ultra-narrowband gaps in the Thue-Morse structure. This progression
significantly expands the capability for sophisticated optical filtering and
sensing applications. Crucially, these advanced properties remain governed by
the fundamental parameters of high refractive index contrast for stronger effects,
and are consistently modulated by the incident angle and polarization of light
due to the inherent blueshift and Brewster angle phenomena. Therefore, the
choice of stacking sequence presents a powerful design degree of freedom for
engineering 1D photonic crystals with tailored optical performance.
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