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Abstract: We report the transmission spectra and electric field amplitudes of electromagnetic modes
propagating in hybrid periodic/quasiperiodic multilayer photonic structures in one dimension (1D).
We consider the case of the combination of biperiodic Bragg mirror and triperiodic Bragg mirrors with
quasiregular (FB, Fibonacci) layered components. The corresponding hybrid structure (HB) is formed
by concatenating BM(N)-FB(M)-BM(N), where N (M) means the number of periods (sequence order)
used for the Bragg mirrors (FB) structure. A single defect layer (D) is considered in the middle of two
HBs (HB-D-HB). Optimizing the parameters (the order of sequence, number of Bragg mirror layers,
thickness, and the refractive index of D) allows us to obtain narrowband filters. The manipulation
of these parameters fixes the number of photonic band gaps as well as the position of transmission
peaks. The existence of the selectively localized behavior of some optical modes in the structures
is discussed.

Keywords: photonic dielectric structures; hybrid periodic/Fibonacci multilayers; defects; narrowband
filtering

1. Introduction

Manipulating the properties of light transmission in artificially created systems has
been made possible with the design and fabrication of photonic crystals (PCs). In the
one-dimensional limit, they are usually built in the form of layered structures endowed
with diverse features. One such property is the appearance of photonic band gaps (PBGs),
which are wavelength intervals of forbidden light propagation. For many practical ap-
plications, a greater amplitude of this PBG as well as its persistence for sufficiently wide
angles of incidence (the so-called omnidirectional reflectance) are sought. The typical
configuration of Bragg mirror periodic dielectric multilayers does not always lead to a wide
PBG. In consequence, different approaches have been put forward to enhance the angular
range of the total reflectance. One of these proposals consists in the possibility of obtaining
enlarged PBGs and wide-angular perfect reflection from the use of multiple and hybrid
periodic/aperiodic dielectric structures in 1D. The first attempts in this sense can be traced
back to the early years of the present century [1–5]. Several works have been devoted to
introduce and explain the use of aperiodicity in designing these structures. It is described
through different denominations such as quasiperiodic, quasiregular or, more specifically,
photonic quasicrystals [6–9].

Deviations from periodicity may result in a number of new features. One such devia-
tion comes from the use of quasiregular heterostructures, based on well-known mathemati-
cal aperiodic sequences, which are determined by a particular sequential algorithm [10–23].
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Among the more widely studied quasiperiodic sequences are the Fibonacci, Thue–Morse
and Rudin–Shapiro ones. As mentioned, another kind of possible 1D photonic system
arises from combining periodic and aperiodic layered structures. These are known as
hybrid heterostructures [2,4,10–13,16,18,21]. Such a design was envisaged by Kanzari and
Rezig (in the periodic/Cantor scheme) [2] and later used by one of us in the investigation
of porous-silicon-based multilayers [10]. Viewed as a combination of dielectric arrays of
different topological orders, these structures lead to complementary transmittance signals,
resulting from the contributions of two kinds of subunits. In accordance, the photonic
design becomes selective in the sense of a suitable tuning of the quasiregular sequence
order involved as well as of the number BM periods. It has been found that a remarkable
selective enhanced spatial confinement of electric field intensity can be achieved for some
electromagnetic modes propagating in this kind of photonic structure [10,12]. In other
words, amplitudes of such modes show a strong localization within either the periodic or
quasiperiodic subunits of the multilayer. On the other hand, it is possible to speak about an
improvement in the omnidirectionality of the reflectance response for the entire structure,
as shown—even in a case of a not so high dielectric contrast—in a periodic/Fibonacci
system simulated using porous silicon [12].

One-dimensional photonic heterostructures have also been considered to serve as
sensors for diverse biomolecules and organisms [24–35]. In most cases, a significant
improvement in the sensitivity, figure of merit (FoM), and Q-factor are reported. Defective
layered structures are among those proposals [30,31,33]. In this work, we are precisely
aiming at theoretically investigating the sensing performance of a photonic structure
design consisting of a defective dielectric layer embedded in periodic/Fibonacci hybrid
heterostructures. In particular, three-component periodic multilayers are assumed as
the kind of BM-involved subunit. The materials considered for such a design are wide
gap oxides chosen in such a way that absorption losses are avoided for the wavelength
range considered.

2. Description of the System

Figure 1 schematically presents the 1D dielectric structures under investigation. A wider
defect layer, labeled as D, was inserted between two multilayer sequences formed by a
hybrid combination of biperiodic Bragg mirrors (BM), and triperiodic Bragg mirrors (TBM)
with Fibonacci (FB) subunits. Layer D changed its refractive index when different analites
were considered in the filter design. In the upper part of Figure 1a, a schematic diagram
of the hybrid periodic/Fibonacci dielectric structure is presented. It utilized biperiodic
Bragg mirrors (BM) in the configuration BM(4)FB(2)BM(4)-D-BM(4)FB(2)BM(4). Here, the
BM represents the biperiodic Bragg mirror AB, and the label “4” indicates the number of
repetitions of the mirror AB; FB represents the Fibonacci sequence, and label “2” gives
the order of this sequence. In general, we can denote the biperiodic hybrid structure as
HFB(N,M), where HFB(N,M) represents BM(N)FB(M)BM(N), N is the number of mirrors,
and M is the order of the Fibonacci sequence. The defective layer is represented by D; so in
this notation, the mentioned structure can be represented as HFB(4,2)-D-HFB(4,2).

The lower plot in Figure 1a illustrates the case where triperiodic Bragg mirrors (TBM)
were used in the hybrid scheme, specifically TBM(4)FB(2)TBM(4)-D-TBM(4)FB(2)TBM(4).
Here, TBM represents the triperiodic Bragg mirror ABC. Now, “4” represents the number of
repetitions of the triperiodic mirror ABC. In general, we can denote the triperiodic hybrid
structure as THFB(N,M), where THFB(N,M) represents TBM(N)FB(M)TBM(N), N is the
number of mirrors, and M is the order of the Fibonacci sequence. Including the defective
layer, D, the system can be labeled as THFB(4,2)-D-THFB(4,2).

The wide energy gap (Eg) dielectric materials involved in the structure were TiO2
(Eg ≡ 387.45 nm), SiO2 (Eg ≡ 139.31 nm), and ZrO2 (Eg ≡ 213.77 nm), corresponding to
layers A, B, and C, respectively. As noticed, these materials are transparent in the visible
and infrared range of radiation [36–38], which are precisely the frequency ranges of interest
in our work. Therefore, we neglected the absorption losses due to the negligible extinction
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coefficients of the chosen materials. Additionally, the dielectric permittivity was assumed
to be spatially homogeneous within each layer (see Figure 1b for details).

Figure 1. (a) Schematic diagram of the hybrid periodic/Fibonacci dielectric structures enclosing the
defect layer, D, in the filter. The upper plot corresponds to the case of HFB(4,2)-D-HFB(4,2) (see text
for notation details), using 4-unit biperiodic Bragg mirrors (BMs) and the second-order Fibonacci
sequence. The lower plot shows the case THFB(4,2)-D-THFB(4,2) in which the triperiodic Bragg
mirrors (TBMs) with four ABC units are use in the hybrid scheme, with the same Fibonacci FB(2)
quasiperiodic part. (b) The variation in the refractive indices for constituent materials with respect to
the signal wavelength (λ) [36–38].

2.1. Theoretical Framework

Maxwell equations govern the propagation of electromagnetic waves in the PC. Electric
and magnetic fields can be written as the linear combinations of the transverse electric (TE)
and transverse magnetic (TM) components. Here, we restrict ourselves to dealing with the
TM modes. Then, the sourceless Maxwell–Helmholtz equation for the magnetic field reads:

d
dx

[
d

dx

(
H(x)
εr(x)

)]
− k2H(x) = 0, (1)

while the fields and wavevector,~k, (|~k| = 2π/λ), are oriented according to the schematic
representation of Figure 1. In addition, the time dependence of the fields is assumed to be
of harmonic type:

~H(x, t) = H(x)e−iωt ŷ (2)

~E(x, t) = − i
kε(x)

d
dx

H(x, t) ẑ. (3)

2.2. Simulation Settings

The solution to the wave Equation (1) was accomplished numerically. In our case, we
used the finite element method (FEM) as implemented in the COMSOL MULTIPHYSICS
licensed software package 5.6 [39]. Details of this environment, such as the foundations
of the FEM, mesh construction, discretization, optimization, and the convergence criteria,
can be found in Refs. [40,41].

3. Results and Discussion

We are interested in analyzing the distribution of the electric field intensity along the
entire structure for particular TM propagating modes identified from the transmission
coefficient, T. Accordingly, Figure 2 shows the density plots for the relative amplitude,
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defined as the absolute ratio between this quantity at a given x-position and its value at the
surface of light incidence, E0. Each density map is accompanied by the respective plot of
T(λ). Here, hybrid heterostructures were built using BMs with four AB units, changing
the order of the FB sequence from two to five (HFB(4,M)-D-HFB(4,M), with M = 2, 3, 4, 5).
Using layers A and B, the condition λ0/4, with λ0 = 1µm was employed to define the
optical thicknesses (nA = 2.45469, nB = 1.4446) in the design: dA = 101.85 nm, and
dB = 173.06 nm. For the defective layer, we used nD = 2.6 and a physical thickness
dD = 400 nm.

Figure 2. Distribution of the normalized absolute field amplitude for different biperiodic/Fibonacci
heterostructures with a defective layer HFB(4,M)-D-HFB(4,M) [see Figure 1a and the text for a detailed
explanation]. Each plot corresponds to a different order of Fibonacci sequence: (a) FB(2)→ HFB(4,3)-
D-HFB(4,3); (b) FB(3)→ HFB(4,3)-D-HFB(4,3); (c) FB(4)→ HFB(4,4)-D-HFB(4,4); (d) FB(5)→HFB(4,5)-
D-HFB(4,5). The insets show the calculated optical transmission for each structure.

A detailed picture of the spatial field distribution in the cases of a stronger localization
of signal amplitude, the hybrid sequences HFB(4,2)-D-HFB(4,2) and HFB(4,3)-D-HFB(4,3),
[Figure 2a,b] is presented in Figure 3. There, the relative field amplitudes of the propagating
modes located inside the forbidden regions (black in the density plots), are depicted as
functions of the position along the structure, highlighting the central defect layer. A selective
spatial localization of mode amplitude around the left-hand FB region was observed for
the modes centered close to λ0. Their amplitudes were very small within the defect region.
However, the modes flanking the central transmission peak strongly localized within and
around the defect region. Such modes exhibited higher values of the quality factor Q = λc

∆λ
(where λc is the central transmission peak wavelength, and ∆λ corresponds to its FWHM
(full width at half maximum)), compared to that localized in the hybrid multilayer. These
modes with centrally located main amplitudes also exhibited the largest values of |E/E0|.
Something similar occurred for the propagating modes appearing in plots (c,d) of Figure 2.
In the first case, one may again notice that the transmission peaks centered close to λ0
had very small amplitudes inside the defect region, and they mostly localized towards the
left-hand hybrid sequence. Their Q values were small compared to those obtained for the
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modes located mainly within layer D, which had wavelengths above and below 1 µm. This
resembled the two previously analyzed situations. However, for the second of the cases
[Figure 2d], none of the peaks were centered close to λ0, and their amplitudes were rather
sparsely localized along the system, with much lower values of Q and |E/E0| for the cases
where there was a significant accumulation of nomalized amplitude in D.

Figure 3. The normalized electric field for propagating TM modes located within the photonic gap in
the hybrid Bragg/Fibonacci AB-based heterostructures with a central defect layer D (see details in
the text). (a–c) correspond to Figure 2a, whilst (d–f) correspond to Figure 2b, for the specific values of
wavelength shown in the plot labels, together with their respective quality factors Q. In the upper
inset of each graphics, the distribution of the normalized field amplitude appears as a density plot.

All of the above leads us to conclude that in the hybrid heterostructures consisting of
biperiodic BM and FB layers, the latter also act as defect centers, somehow competing with
layer D in what the mode localization has to do. This is precisely justified by the results
appearing in Figure 4e–g. That is, with a higher FB sequence, there were more “defect-like”
layers, associated with the aperiodicity. This made the field distribute its amplitude around
those centers instead of the central one at nearly 1µm. Another interesting thing is the fact
that for these HFB(4,2)-D-HFB(4,2), the non-central modes seem to be predominant over λ0
in localizing the field within the defect (cavity) layer D.
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Figure 4. The normalized electric field for propagating TM modes located within the photonic gap in
the hybrid Bragg/Fibonacci AB-based heterostructures with a central defect layer D (see details in
the text). (a–c) correspond to Figure 2c, whilst (d–g) correspond to Figure 2d, for the specific values
of wavelength shown in the plot labels, together with their respective quality factors Q. In the upper
inset of each graphics, the distribution of the normalized field amplitude appears as a density plot.

Now, we analyze the features of the normalized electric field amplitude in the situation
in which the enclosing mirrors of hybrid heterostructures are triperiodic multilayers with
an ABC unit cell, THFB(N,M)-D-THFB(N,M), M = 2, 3, 4, 5, with the enclosed defect
layer. Figure 5 contains the corresponding density plots for cases with N = 4 and M = 2,
3, 4, 5. Here, the Bragg condition was set at λ0/6 and, again, λ0 = 1µm. With the
additional value nC = 2.11131 (ZrO2, see Figure 1b), this produced the optical thicknesses
dA = 67.897 nm, dB = 11.537 nm, and dC = 78.94 nm. As in the previous case, we set
nd = 2.6 and dD = 400 nm, and the respective plots of T(λ) are shown as well. In all
cases, the effect of using a triperiodic mirror seemed to be the isolation within the gap of
a propagating mode slightly above λ = 0.9µm. By observing Figures 6–8, one realizes
that such a mode appeared for all the different designs considered. In addition, it had the
maximum normalized amplitude localized around and within the defective layer region,
showing the largest values of Q and the highest values of |E/E0|, reaching two orders
of magnitude in the case of M = 5, which means a relative field intensity four orders of
magnitude greater than the incidence one within such a region. Thus, we can speak about
a real defect mode, which can be used as the core of a sensing or filtering device based on
our hybrid design. The remaining propagating modes that could be called edge-gap ones,
have sparser amplitude distributions or, if localized within D, much smaller Q and relative
field amplitudes. They could be attributed to the whole structure, with FB sequences acting,
once more, as “defects”.
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Figure 5. Distribution of the normalized absolute TM field amplitude for different triperiodic
Bragg/Fibonacci hybrid heterostructures with a defective layer (D) THFB(4,M)-D-THFB(4,M) with
M = 2, 3, 4, 5 (see Figure 1). In all cases, four-period Bragg mirrors are used with Fibonacci sequences
as follows: (a) FB(2)→THFB(4,2)-D-THFB(4,2); (b) FB(3)→THFB(4,3)-D-THFB(4,3); (c) FB(4)→
THFB(4,4)-D-THFB(4,4); (d) FB(5)→THFB(4,5)-D-THFB(4,5). The insets show the calculated op-
tical transmission for each structure.

Figure 6. The normalized electric field for propagating TM modes located within the photonic
gap (black in the density plots) in the hybrid Bragg/Fibonacci ABC-based heterostructures with a
central defect layer D (see details in the text). (a–c) correspond to Figure 5a, for the specific values of
wavelength shown in the plot labels, together with their respective quality factors Q. In the upper
inset of each graphics, the distribution of normalized field amplitude appears as a density plot.
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Figure 7. The normalized electric field for propagating TM modes located within the photonic gap in
the hybrid Bragg/Fibonacci ABC-based heterostructures with a central defect layer D (see details in
the text). (a,b) correspond to modes in Figure 5b, while (c,d) correspond to modes in Figure 5c.

Figure 8. The normalized electric field for propagating TM modes located within the photonic gap in
the hybrid Bragg/Fibonacci ABC-based heterostructures with a central defect layer D (see details in
the text). (a–c) correspond to modes in Figure 5d.

The normalized electric field for propagating TM modes located within the photonic
gap in the hybrid Bragg/Fibonacci ABC-based heterostructures with a central defect layer
D (see details in the text). (a,b) correspond to modes in Figure 5b, while (c,d) correspond to
modes in Figure 5c.

It is noticed how the defects in the hybrid structures exhibited strong spatial and
temporal confinement of light (high Q factor), enhancing the intensity of the interaction
between the optical field and the material occupying the region with the defect. Specifically,
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the design with triperiodic Bragg mirrors in the hybrid heterostructures (THFB(N,M)-D-
THFB(N,M)) produced desirable features such as mode fixation and field localization. This
makes it suitable for fabricating selective filters for the identification of specific substances.
For sensing applications, the enhanced interaction effect leads to an optical mode with a
resonance frequency highly sensitive to variations in the surrounding medium (as demon-
strated in the previous analysis), making the considered structures suitable for biosensing
applications [39]. As is widely known, biosensors are devices with mechanisms for mea-
suring changes in biological systems, such as creatinine concentration [42], glucose [43],
and cholesterol [44]. In particular, optical biosensors utilize the property of resonant
wavelength shift as a function of the refractive index of the defect. Accordingly, different
biological substances, called analytes, are introduced into the defective layer. The refractive
index of these analytes changes with the concentration of the substance, allowing the
estimation of different concentrations through changes in the resonant wavelength [25,26].

This idea serves as the starting point for the proposal of the narrowband filter in this
study. To conduct this analysis, we considered the case of the THFB(N,M)-D-THFB(N,M)
structure since, according to the conducted analysis, it exhibited the best parameters in
terms of the quality factor and resonant peak positions. In analyzing this filter, we used the
refractive indices obtained by varying creatinine concentrations in the blood, as presented
in [25] and shown in Table 1, as a reference. So, in our structure, creatinine was the analyte
introduced into the defective layer.

Table 1. Creatinine concentration (µmolL−1) with attributed refractive index.

n Creatinine Concentration (µmolL−1)

2.661 80.9
2.655 81.43
2.639 82.3
2.610 83.3
2.589 84.07
2.565 85.28

Figure 9a presents an analysis of the THFB(6,5)-D-THFB(6,5) structure for different
refractive indices of the analyte, as listed in Table 1. It can be observed that an increase in
the refractive index of the defect induced a shift towards longer wavelengths of the resonant
peak. This suggests that this filter can be used to detect changes in the refractive index
associated with the material or substance filling the defective layer. From the obtained
data, we calculated the sensitivity S, defined as the change in wavelength per refractive
index unit (RIU) [45]. Based on this, the calculation is shown in Figure 9b. It displays
the corresponding resonance wavelength for each analyte as a function of the refractive
index. It can be observed that the data points exhibited a linear fit (R2 = 1), allowing us
to conclude that the sensitivity was 119.4 nm/RIU. These results reveal that the proposed
filter exhibits an efficient linear response.

Table 2 presents a comparison of the resonant wavelength values in µm, the quality
factor, Q, of the proposed filter, and the figure of merit (FOM = SQ/λr, where λr is the
resonant wavelength [46]), for different refractive index values of the analyte, n, shown in
column 1. The proposed narrowband filter was tested using samples of creatinine with
varying concentrations.
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Table 2. Comparison of the values of the resonant wavelength in µm, the quality factor of the
proposed filter, and the function of merit (FOM) for the different values of the refractive index of
analyte, n, shown in column 1.

n λ (µm) Q × 106 FOM × 105 (RIU−1)

2.661 0.92469 2.1 2.6
2.655 0.92283 1.9 2.4
2.639 0.92204 1.4 1.8
2.610 0.91857 1.7 2.2
2.589 0.91607 1.8 1.4
2.565 0.91324 1.5 2.0

(a)

R2 = 1

Data

Fit

(b)
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Figure 9. (a) The change in the main transmission peak position for the filtering structure formed
of hybrid triperiodic/Fibonacci multilayers enclosing a defect layer, as a result of the variation in
refractive index of the substance inside it. (b) Linear fitting for the dependence of the peak wavelength
with the refractive index.

On the other hand, Table 3 compares the numeric values of the sensitivity, FOM,
and LOD (Limit of Detection [25]) of the proposed design with previously reported ones,
evaluating the performance of the proposed narrowband filter. The same analyte was
used in the defective layer as in the referenced works. The FOM provides a quantitative
measure of sensor performance, where a higher FOM value implies a higher detection
limit for sensing the refractive index. Comparatively, the biosensor proposed in this work
achieved a theoretical FOM one order of magnitude higher than those reported in the
referenced works. Additionally, the LOD value reported in our work was one order of
magnitude lower than those reported in the mentioned works. This makes our narrowband
filter capable of detecting small changes in the refractive index when analyzing different
concentrations in creatinine samples.

Table 3. Comparison of the numeric values for the sensitivity, FOM, and LOD of the proposed design
with previous designs for evaluating the performance of the proposed narrowband filter.

S (nm/RIU) FOM × 104 (RIU −1) LOD (RIU × 10−6) Ref.

306.25 (1.5–10.3) 1.04 [25]
637–640.3 (1.96–2.6) (1.9–2.6) [47]

119.4 ( 19.7–26.47) (0.19–0.25) This work

Furthermore, the suitability of the narrowband filter for biosensing applications was
verified by observing the profiles of field amplitude presented in Figure 10 for the cavity
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modes depicted in Figure 9a. In these figures, one can observe the strong localization of the
field within the cavity region, with maximum values reaching 1200, and the presence of
very high quality factors for all cases. These results confirm our conclusion regarding the
feasibility of using the proposed hybrid design for filtering purposes.

Figure 10. Profiles of the normalized electric field amplitude for the transmission modes corre-
sponding to the different values of refractive index in the data of Figure 9a. (a–f) conrresponding to
refractive index 2.565, 2.589, 2.610, 2.639, 2.655 and 2.661, respectively.

4. Conclusions

In this work, we investigated the properties of light propagation for the transverse
magnetic modes traveling throughout a one-dimensional dielectric system composed of
a defect layer enclosed by two identical hybrid periodic/Fibonacci heterostructures. The
materials used for the simulation were TiO2, SiO2, and ZrO2. The construction considered
the periodic subunits to be Bragg mirrors with two (biperiodic) and three (triperiodic)
layers in the unit cell. A detailed characterization of the transmission modes within the
photonic gaps in terms of their electric field amplitude and spatial localization allowed
identification of possible configurations for obtaining high-quality factor defect modes with
some of them showing rather large amplitudes compared to the incident one. It was also
shown that some “defect-like” modes were associated not with the cavity but to the very
aperiodicity of the Fibonacci multilayers.

We can conclude that the design involving triperiodic Bragg mirrors in the config-
uration of the hybrid structures is the more convenient for achieving good filtering per-
formance, as reported in the analysis of a system bearing Bragg mirrors of order 6 and
Fibonacci subunits of order 5.
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