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Abstract. A disordered photonic crystal (D-PhC) structure is analyzed to study the interface
mode localization characteristics. The design comprises a bilayer-disordered PhC structure,
where layers are arranged in Thue—Morse sequence (TMS). The impact of local symmetric sub-
structures on eigenstates coupling is also considered over a wider wavelength range. The mode
hybridization study is carried out for varying refractive index contrast values of TMS structures
at an operating wavelength of 550, 632.8, and 750 nm, respectively. The dispersion analysis
confirms the localization of bulk guided, and edge-guided modes for different incidence angles
at the structural local resonators. Further, increasing the RI contrast value leads to generation of
hybrid interface modes of very high electric field intensity. Thus, showing its potential appli-
cations in both sensing and light guiding applications. Moreover, because of the higher surface
electric field intensity this structure can also be used for fluorescence-based detection and
surface-enhanced Raman spectroscopy as well. © The Authors. Published by SPIE under a
Creative Commons Attribution 4.0 International License. Distribution or reproduction of this work in
whole or in part requires full attribution of the original publication, including its DOI [DOI: 10
.1117/1.JNP.16.046007]
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1 Introduction

Disordered photonic devices are recently explored for various unique applications because of
their inherent properties of anomalous transport and transmission spectrum.'” These devices
exhibit local symmetric sub-structures those leads to generation of local resonances within the
bandgap,** which can further be related to interface edge modes. The occurrence of these local-
ized interface edge modes depends on the repeated substructures and thus may also lead to topo-
logical characteristics.’ The interface edge mode assisted metallic photonic devices have been
extensively explored for various applications such as intensity improvement in harmonic gen-
eration, sensors, lasers, and wave-guiding.®” The band structure of these disordered photonic
devices is comparatively more complex than conventional one-dimensional photonic crystal
(1D-PhC) structures.®”'! These structures also exhibit unique collective properties, which are
not possible by their constituent parts. In electronics, Anderson model is widely used to study
the electron localization in disordered systems.'>!* However, in photonic systems, coherent
backscattering can be used to study the interface state localization characteristics.'*!> Various
disordered configuration such as Octonacci, Fibonacci, Thue-Morse, and Rudin—Shapiro
have been investigated for topological properties.>!*!”

Recently in 2022, it is shown that Fibonacci-based structures possess the potential to excite
the both Tamm-like interface mode and bulk-guided modes by changing the incidence angle.'®
The Thue-Morse systems (TMS) stand out among these in a unique way. TMS is considered as a
link between periodic structure and Fibonacci series.'® They are deterministic, aperiodic systems
and have delocalized electronic states but lack translational invariance.”®?! Further, it is also
demonstrated that these D-PhC structures are having both traditional and fractal bandgaps,
which arise because of local symmetric substructures.?** Based on this, TMS-based devices
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have been explored for various unique applications such as development of narrowband filters>®
and omnidirectional reflectors.”**> Researchers have examined the physical characteristics of
TMS-based devices, including the transmission characteristics of TMS ternary plasma PhCs,*
two-dimensional TMS,?” porous silicon TMS,?® photonic quasi-crystal fiber based on the
TMS,* Thue-Morse ordered superconducting PhCs,* and multicomponent TMS.?! However,
less work is carried out to distinguish the localization feasibility of various optical interface
edge-states at oblique incidence angles in these disordered photonic structures, especially
Thue—Morse sequence-based systems.

In this paper, localization of optical interface edge-states is analyzed for a dielectric material
assisted Thue—Morse sequence based disordered photonic crystal (D-PhC) structure. The struc-
ture is designed considering a 1D-PhC structure having dielectric multilayers of silicon dioxide
(Si0,) and titanium dioxide (TiO,) materials that are arranged in Thue—Morse sequence-based
(TMS) configuration (S, = S,_; + S,_,,n > 1). This exhibits the generation of a number of
local symmetric substructures. The impact of these local symmetric substructures on eigenstates
coupling is considered over a wider wavelength range. Initially, the structure is designed to have
a bandgap at central wavelength of 632.8 nm. The detailed wavelength and angular interrogation
are performed to study the interface mode confinement characteristics. Further, the impact of
variation in index contrast of considered materials is also studied at various other wavelengths of
550 and 750 nm, respectively. This confirms the localization of interface hybrid modes for differ-
ent index contrast values at different wavelengths. The modes energies are also increasing with
incidence angle. The wavelength interrogation depicts that at the considered structure exhibits
generation of both bulk-guided and edge-guided interface localized modes at different incidence
angles. The generation of hybrid modes enables its potential applications in both sensing and
light-guiding applications. Moreover, because of the higher surface electric field intensity this
structure can also be used for fluorescence-based detection and surface-enhanced Raman spec-
troscopy, as well.*> Additionally, the structures fabrication does not require conventional nano-
lithography techniques®. Since it is a multilayer structure without any external pattern, thus can
easily be fabricated by dip-coating/spin-coating or deposition methods.**~¢

2 Theoretical Analysis and Structure Design

The schematical representation of the considered disordered photonic crystals (D-PhC) structure
based on Thue-Morse sequence (TMS) is shown in Fig. 1. Thue—-Morse multilayers are aperi-
odic layers arranged in recursive nature. This is accomplished by a very simple relation S, =
S,_1+ S}, forn > 1 with Sy = A and S is obtained by exchanging “A” and “B,” where S,
represents the nth member of the Thue—Morse series.”” This can also be designed using the
simple inflation rule: “A” changed to “AB,” and “B” changed to “BA.” Where, “A” and “B”
are considered two materials of high (n,) and low (np) refractive indices having physical thick-
ness d, and dp, respectively. The schematics of considered structure for n = 3 Thue—Morse
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sequence are shown in Fig. 1. The structure is considered finite in the “z” direction.
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Fig. 1 Schematic representation of proposed disordered photonic crystal structure.
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Table 1 The first six members of the considered D-PhC design.

S.N. Thue-Morse series member (S,,) D-PhC

1 Sy A

2 S; AB

3 S, ABBA

4 S; ABBABAAB

5 S, ABBABAABBAABABBA

6 Ss ABBABAABBAABABBABAABABBAABBABAAB

Typically, in the visible range, the thickness of the materials is calculated by the formula of
(d = A/(4n)), where 4 is the central wavelength (here, 632.8 nm initially) of m’th traditional
bandgap and is calculated by 2(L4 4+ Lg)/m. Here, L4 (ny X dy) and Ly (ng X dg) are the opti-
cal lengths of the considered materials.*® The alternate high and low refractive index sequence is
used to calculate the sixth-order TMS multilayer structure thickness. The TMS sequence for N =
6 (upto Ss) element [1,2,1,1,2,2,2,1,1,2,1,1,2,1,1,2,2,2,1, 1, 2, 1] is shown in Table 1.

For the calculations, BK7 glass is considered as a substrate having refractive index of 1.515.
Titanium dioxide (TiO,) and silicon dioxide (SiO,) are considered as material “A” and “B”
having refractive indices (physical thickness) of around 2.2 (72 nm) and 1.46 (108 nm), respec-
tively. The wavelength dependent refractive indices of both the materials (“A,” “B”) are calcu-
lated using Sellmeier equation and are represented by Egs. (1) and (2).%4

These materials have extremely low and constant loss factor over the complete visible spec-
trum (400 to 700 nm) and are well-explored to build multilayer structures. The lossy properties
of these materials are considered by using their imaginary refractive index. The imaginary dielec-
tric constants of around 0.0007i and 0.0001i are used for materials “A” and “B,” respectively

0.2441
2 5913 4 1
A t 2 20,0803 M
) 069616632 0407942672  0.897479472
n—1= 1 n @)

22 -0.0684043% 12 —0.1162414> © 3> —9.8961612"

where n, and np are the refractive indices of material and A is the central working wavelength.
The optical length (L, and Lp) of layers is optimized to obtain an overall higher reflection.
Although the proposed structure is completely disordered still the intuitive order can be intro-
duced to ease the computation. Here, we analyze the impact of refractive index contrast varia-
tions on interface state excitations at different wavelength for TMS of N = 6 (S, to S5) elements.
For N =6, the proposed TMS structure is represented by “Substratet ABBABAABBAAB
ABBABAABABBAABBABAABIAir.” This can further be simplified to “SubstratelXYYXI
Air.” Here, X = ABBAB AAB, Y = BAABABBA are considered as a subgroup of the
D-PhC structure having “X” and “Y” as the periodic element. However, the structure can be
rearranged in other subgroups as well. Furthermore, the structure can also be designed consid-
ering only two subgroups as “SubstratelPQQPQPPQIair” having P = ABBA and Q (= P*) =
BAARB. Since the structure is finite in the “z” direction, corresponding field amplitude for TE
polarized light is calculated by E, (x,z, ) = E, (z)e'lk" 0= haying E, as corresponding
field components, n,, is the refractive index of incidence medium (here, air), 8, is the incidence
angle, and k,, is the wave vector.*! The structure thus can be analyzed by applying transfer matrix
(TMM) approach to either of the mentioned configurations. In TMM, the matrix formulation for
subgroup “P” (M p) can be considered as Mp = M ,Mpgs MM Mg M 4. Where M is the matrix
notation for i’th layer and M, ; represents the propagation matrix for electromagnetic (EM) wave
to propagate through layer “i”” to “j.”** This also leads to generation of phase shift () that can be
calculated by 6; = 2nd, Cos(6;) having 6; as the incident angle.*” The same matric can further
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be formulated for subgroup “Q.” Finally, by matrix formulation of the complete structure the

overall transmission coefficient (7') can be calculated by 7' = M++2 »

3 Simulation Results and Discussion

The transmission behaviors of six elements TMS are analyzed for different refractive index
contrast values of 18%, 28%, and 38%, respectively. We consider three TMS structures to
work at a central wavelength of 632.8 nm, namely TMS1 with 18% index contrast (n, = 1.83,
dy =86 nm, ng =146, and dg = 108 nm), TMS2 with 28% index contrast (ny, = 2.2,
dy =72 nm, ng = 1.46, and dz = 108 nm), and TMS3 with 38% index contrast (n, = 3.3,
dy = 48 nm, ng = 1.46, and dp = 108 nm). The local subgroups of TMS structure act as local
resonator for considered index contrast values. For example, subgroup “P” can be considered as
a local resonator with “BB” as a resonating cavity having “A” as the outer wall in “ABBA”
configurations. Similarly, subgroup “Q” can also be considered as another local resonator with
“AA” as aresonating cavity with “B” as the outer wall in ‘ABBA’ configurations. This results in
localization of various interface states. The transmission characteristic of six element TMS struc-
ture for different refractive index contrast values at normal incidence is shown in Fig. 2(a). The
structure is showing almost unity transmission and is symmetric around the central working
wavelength. This is because of the 90-deg phase shift (5, = 6z = 7/2). Note that the transmis-
sion response of the structure is almost identical at different refractive index contrast values.
However, the width is getting narrow with increasing index contrast value. Variation in trans-
mission spectrum shape is because of the structural translation symmetry, where it is showing
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Fig. 2 (a) Transmission spectrum of proposed QP-PhC structure at normal incidence at different
index contrast values, (b)-(d) Angular reflectance dispersion diagram for corresponding index
contrast 18%, 28%, and 38%, respectively.
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different bandgaps for XY and YX sequence. Thus, combined effective structure XY YX results
in a transmission spectrum like this.

The angular dispersion characteristics of the structure at different index contrast values are
also calculated and represented in Figs. 2(b)-2(d). The analysis shows that the transmission
characteristic is highly angle dependent and at the higher incidence angle the modes energies
are also higher. The transmission characteristics of lower- and higher-energy modes can further
be improved by increasing the elements in D-PhC structure. The localized interface states within
these structures can only be analyzed for an incidence angle greater than the critical angle.
Therefore, the transmission characteristic of TMS structure for N = 6 element at different index
contrast values is analyzed beyond the critical angle (here, 41.2 deg). The angular dispersion
characteristics is having more significance beyond the light line. The 3D spectral field distri-
bution and corresponding 2D normalized electric field (obtained by using cutline along the
y-directional length) of TMS having 18% index contrast value at 550 and 632.8 nm incidence
wavelength is shown in Figs. 3(a) and 3(b). The cutline is shown as a dashed line in Fig. 3.
For an incident wavelength of 550 nm, the structure is showing a number of interface modes,
which are because of local resonator present within the TMS. As we are approaching to trans-
lation symmetry point at the mid of the structure “Substrate|X'Y|YXlair,” a highly localized inter-
face edge state is localized for an incidence angle of 68.8 deg at 550 nm wavelength. The mode is
considered as a bulk guided mode and is represented by red curve in Fig. 3(a). Moreover, the
modes those lies in bandgap are having TPP-like surface localization features. Interestingly,
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Fig. 3 Normalized surface electric field confinement along with the y-direction length of proposed
structure at 18% index contrast for (a) 550 nm operating wavelength and (b) 632.8 nm operating
wavelength.
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decreasing the incidence angle (~46.2 deg) leads to localization of TPP-like top surface bulk
guided modes [black curve in Fig 3(a)].

This can further be confirmed by analyzing its spectral field distribution. For bulk-guided
mode initially, the electric field is constant within the substrate (~5 X 10* V/m), after that it
attains its maximum value (~7 X 10° V/m) at the translation symmetry point and eventually
decays to its original values. This leads to around 1300% increase in the E-field intensity at
the local resonating subgroup. Similarly, for lower incidence angles, the structure is showing
its maximum field intensity at the top interface (~4.5 X 10° V/m), which eventually decays out
in the air region. Increasing the operating wavelength does not impact the interface localization
location and both modes are localized at the same location within the structure but with reduced
field intensities as represented in Fig. 3(b). Additionally, both type of interface state shows bulk
guiding characteristics. Figure 4(a) represents the angular dispersion analysis of the TMS struc-
ture having 28% index contrast. The structure also exhibits several optical interface modes over
the wavelength range of 450 to 850 nm, where most of them are the bulk-guided interface modes
within the structure. Figure 4(b) represents the transmission characteristic of the considered TMS
structure having 28% index contrast at 550, 632.8, and 750 nm wavelengths, respectively. For an
operating wavelength of 550 nm, the structure exhibits four local minima (at 44 deg, 49 deg,
56.2 deg, and 56.86 deg), out of which only 49 deg incidence angle leads to excitation of top
interface mode. The remaining three local minima corresponds to bulk interface guided modes as
represented in Fig. 4(a).

The interface mode at 49 deg incidence angle is hybrid in nature. This is because the two
identical local resonators in the TMS “substratelX|Y YIXlair” are sharing the same eigen energies
and thus interface states are localized. Thus, the field is enhanced by the local subgroup first and
then localized at the top interface. For an incidence angle of 56.2 deg, the structure supports two
localized modes within the local resonators. The first one is bulk interface guided mode localized
at the “substratelXIYYIXlair” first “X|Y” interface and second one is the edge interface guided
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Fig. 4 Transmission characteristic of proposed structure at 28% index contrast (a) angular
dispersion characteristic, (b) angular reflectance characteristic, (c) normalized surface electric
field confinement along with the y-direction length of the proposed structure for 550 nm operating
wavelength, and (d) normalized surface electric field confinement along with the y-direction length
of the structure for 632.8 nm operating wavelength.
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mode localized at the second “Y|X” interface. This can further be confirmed by analyzing its 3D
spectral field distribution and normalized filed confinement along the y-direction as shown in
Fig. 4(c). The structure is showing very high-top interface field confinement (980% higher inten-
sity) at the incidence angle of 49 deg, whereas a bulk interface mode is excited within the struc-
ture. Furthermore, Fig. 4(d) represents the normalized surface electric field confinement along
with the length of the proposed structure for 632.8 nm operating wavelength. The structure
exhibits three local minima (at 41.22 deg, 46.17 deg, and 47.77 deg), out of which 47.77 deg
incidence angle leads to excitation of hybrid interface mode. This is because of the interface
mode has its dispersion characteristic similar to the surface mode.***

Moreover, because of the amplification at the local resonating sites, this interface mode also
has good potential to be used in sensing applications. It is interesting to note that the location of
structure local resonator is fixed, and interface mode are localized at those locations only.
Moreover, the structure exhibits the generation of both edges guided modes and bulk guided
mode. Additionally, a sharp drop at critical angle can also be observed in Fig. 4(b) at both the
mentioned wavelengths. The analysis is further extended toward higher index contrast of 38%
and corresponding angular dispersion analysis in presented in Fig. 5(a). The structure also exhib-
its several optical interface modes over the wavelength range of 450 to 850 nm, where most of
them are the interface edge-guided modes within the structure. Increasing the index contrast
leads to sharing the eigen energies within the local resonators, hence a number of interface states
are localized. Figure 5(b) represents the transmission characteristic of the considered TMS struc-
ture having 38% index contrast at 550, 632.8, and 750 nm wavelengths, respectively. For an
operating wavelength of 550 nm, the structure exhibits four local minima (at 48.48 deg,
50.57 deg, 66.3 deg, and 66.5 deg), which are representing interface edge guided states at differ-
ent local substructured resonating locations as confirmed by spectral field distribution along with
the length of the proposed structure and is represented in Fig. 5(c).
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Fig. 5 Transmission characteristic of proposed structure at 38% index contrast (a) angular
dispersion characteristic, (b) angular reflectance characteristic, (c) normalized surface electric
field confinement along with the y-direction length of the proposed structure for 550 nm operating
wavelength, and (d) normalized surface electric field confinement along with the y-direction length
of the structure for 632.8 nm operating wavelength.
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The structure is showing four sub-structured locations to localize interface edge states.
Furthermore, Fig. 5(d) represents the normalized surface electric field confinement along with
the length of the proposed structure for 632.8 nm operating wavelength. The structure exhibits
three local minima (at 43 deg, 49.49 deg, and 50 deg), out of which 43 deg incidence angle leads
to excitation of top interface surface mode. Moreover, the structure exhibits the generation of
a number of hybrid modes including surface bulk-guided and edge guided mode. Therefore,
the present structure exhibits its potential applications in both sensing and light-guiding appli-
cations. Moreover, the structure also exhibits interface energy amplification because of local
subgroups, thus it can be used in fluorescence-based detection and surface-enhanced Raman
spectroscopy as well.

4 Conclusion

The presented manuscript demonstrates the origin and localization feasibility analysis of various
optical interface edge-states in Thue—Morse sequence-based disordered photonic crystal struc-
ture. It is observed that the structure exhibits various subgroups those results in interface state
confinement at those local resonators. Depending on eigenenergy coupling at various incident
angles, the structure also shows several hybrid interface modes. The structure shows a locali-
zation of strong bulk-guided mode (1300% higher field intensity) for 500 nm wavelength at 18%
index contrast. Increasing the index contrast leads to generation of more hybrid modes having
shared eigenenergies. This affirm the structure capability to be used in sensing, waveguiding,
fluorescence imaging, and SERS applications.
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