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The rainbow trapping effect has attracted gathering attention due to its potential
application in data processing, energy storage, and light-matter interaction
enhancement. The interest has increased recently with the advent of topological
photonic crystals (PCs), as the topological PC affords a robust platform for
nanophotonic devices. We proposed a chirped one-dimensional (1D) PC as a
sandwiched trapped between two1D topological PCs to realize two topological edge
states (TESs) for topological protection and trap the formed rainbow. Through graded the
thickness of dielectric layers of the chirped 1D PC, light of different wavelengths
components localizes and stores at different spatial positions leading to rainbow
trapping formation. Unidirectional rainbow trapping can be observed by progressively
increasing the thicknesses of the chirped PC. Nonetheless, changing increasingly one of its
thicknesses and solidifying the other leads to bidirectional rainbow trapping. Achieving
bidirectional rainbow trapping will reduce the footprint of nanophotonic devices in the
future. This work brings inspiration to the realization of the rainbow trapping effect and
provides a way to design topological nanophotonic devices.

Keywords: rainbow trapping, topological photonic crystal, nanophotonic devices, chirped photonic crystal,
topological edge state

INTRODUCTION

Photonics is principally concerned with the wave properties of frequency, wavevector, and
polarization, representing the degrees of freedom of essential information for any optical system.
Frequency plays an instrumental part in integrated photonic devices. In particular, it has been shown
that in a tapered metamaterial structure, light can be trapped and slowed down in exact positions
depending on its frequency [1]. This phenomenon is named a trapped rainbow, just as sunlight is
scattered in a continuous color spectrum through a prism (hence the name is rainbow). The effect
can also be considered as the spatial separation of the frequency components of the propagating
wave. The appearance of rainbow trapping offers a novel technique for frequency routing of slow
light [1]. After the formation of the first theoretical work, many successive methods were presented to
realize rainbow trapping, such as metamaterials [1, 2], metasurfaces [3], plasmonic structures [4-6],
phononic crystals in one-dimensional (1D) [7] and two-dimensional (2D) [8], and photonic crystals
(PCs), in 1D [9], 2D [10, 11] and three-dimensional (3D) [12]. Most of the mentioned methods
depend on either metallic or dielectric materials. However, metallic materials are lossy at optical
wavelengths. Thus, the fully dielectric structure (PCs) is an excellent alternative to realizing rainbow

trapping.

Frontiers in Physics | www.frontiersin.org

1 February 2022 | Volume 10 | Article 831203


http://crossmark.crossref.org/dialog/?doi=10.3389/fphy.2022.831203&domain=pdf&date_stamp=2022-02-03
https://www.frontiersin.org/articles/10.3389/fphy.2022.831203/full
https://www.frontiersin.org/articles/10.3389/fphy.2022.831203/full
http://creativecommons.org/licenses/by/4.0/
mailto:cuicuilu@bit.edu.cn
https://doi.org/10.3389/fphy.2022.831203
https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org/journals/physics#editorial-board
https://doi.org/10.3389/fphy.2022.831203

Elshahat and Lu

Bidirectional Rainbow Trapping

(Edge State),

Edge State Sio,
(Edg )R Wsi

S
(Y

TPC,: > Chirped PC »e——TPCy;
I: Trapped PC :!
B 1.0 — PC1+PC2
= PC2+PC1
0.8
5
i 0.6}
£
20.4}
u
(=

)

0.0 . .
1000 1200 1400 1600 1800 2000 2200 2400
Wavelength(nm)

FIGURE 1 | (A) Schematic diagram of 1D PC heterostructure; (B) the transmission spectrum of TPC_ andTPCg.

The rainbow trapping effect has attracted attention due to its
potential applications in data processing, energy storage, and
light-matter interaction enhancement. The interest has increased
recently with the advent of topological PCs, which affords a
robust platform for optical devices. Consequently, the
combination of topology and rainbow can make possible new
potentials designing topologically protected photonic devices.
Due to the complex design and manufacturing structure of 2D
and 3D PCs, topological PCs are preferred in the 1D structure for
the advantages of simple design and ease of fabrication.

In this paper, the proposed structure is based on two-1D
topological PCs to realize two topological edge states (TESs) for
topological protection and trap the formed rainbow. A chirped
1D PC is inserted as a sandwiched between the two-1D
topological PCs. The way to achieve the rainbow is to set the
structure (or chirp) statically through one or more basic
structural parameters such as position, size, and refractive
index that gradually change along the direction of
propagation. Through graded the thickness of dielectric
layers of the chirped 1D PC, light of different wavelengths
components localizes and stores at different spatial positions
leading to rainbow trapping formation. The interesting
observation is bidirectional rainbow trapping, increasing the
thickness of one layer kind progressively and solidifying a
different kind. Thus, the light propagates and localizes in
both directions in the trapped area between the two TESs.
Then, different frequencies can be segregated at different
positions in both directions. To the best of our knowledge,
this type of rainbow trapping has not been observed in
topological photonics. Achieving bidirectional rainbow

trapping will reduce the footprint of the nanophotonic device
in the future. It is possible for this type of rainbow trapping to
have numerous applications, for example, a bidirectional optical
filter, a bidirectional laser, etc.

Designs and Results

The topological heterostructure of PC is based on two topological
PCs, namely TPCy and TPCy as shown in Figure 1A. TPCy is
composed of two PCs (PC; and PC,), from the same dielectric
materials of silicon Si and silicon dioxide SiO, with refractive
indices ng; = 3.48 and ngip, = 1.45, respectively. TPCg, is
composed of two PCs (PC, and PC,), is the mirror image of
TPCy. PC, consists of six consecutive layers from Si and SiO, of
layer thicknesses disi = 350nm, and dyg0, = 225nm,
respectively, and the lattice constant of PC; is a; = 575nm.
The thicknesses of PC,, are evaluated based on [13], are dysio, =
276nm and d,g; = 115nm and consists of six consecutive layers
from SiO, and Si, respectively with a, = 391nm. The TESs can
exist in TPCp (PC] + PCz) and TPCR(PCZ + PC]) at the
heterostructure interface because the two PCs possess
bandgaps in the same wavelength range with different
topological properties [14]. The transmission spectrum of
TPC, and TPCgr is shown in Figure 1B using the finite
element method (FEM), solver package of COMSOL
Multiphysics, with perfect matched layer boundary condition
(PML). Two TESs formed at the left and right interfaces with a
high resonated transmission peak between the two stacked PCs.
The two TESs areas appeared inside the bandgap, allowing two
areas of slow light zones near the bandgap edges. Whereas the two
edge states work as a topological cavity to trap the light inside the
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FIGURE 2 | (A) The transmission spectrum of the unidirectional rainbow trapping structure with the Lorentzian-fitting curves when dsio, is varying from 740 to

765 nm and dg; from 1,000 to 1,100 nm; (B) the electric field |E| intensity distrioution of the unidirectional rainbow trapping at wavelengths

1234.91, 1251.16, 1268.82, 1294.75, and 1328.50 by nm; (C) the transmission spectrum of the bidirectional rainbow trapping structure with the Lorentzian-fitting
curves of dsjp, varying from 740 to 765 nm and dg; is fixed at 1,060 nm; (D) the |E| intensity distribution of the bidirectional rainbow trapping at wavelengths
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chirped structure, which may enhance the field localization and
quality factor.

A linearly chirped 1D PC is inserted as a sandwiched between
the two-1D topological PCs. The chirped 1D PC is composed of
six consecutive layers from SiO, and Si. It started from SiO, to
avoid the edge states between PC, and the chirped one.
Consequently, PC,, chirped PC and PC, formed a trapped PC,
and the formed rainbow trapping will be topologically protected
by the two TESs as shown in Figure 1A. The possibility for the
light entering the trapped PC to escape is slight because the two
edge states work like topological cavities. The thicknesses of SiO,
and Si layers are dg;o, and dg; respectively. Through graded dg;o,
linearly from 740 to 765 nm and dg; from 1,000 nm to 1,100 nm,
the light can be trapped and slowed down in exact position
depending on its frequency, forming a rainbow trapping effect.

Unidirectional and Bidirectional Rainbow
Trapping

As mentioned above, achieving rainbow trapping is to set the
structure statically through one or more basic structural
parameters that gradually change along the propagation

direction. Unidirectional rainbow trapping can be observed
by gradually increasing dsio, and dg; of the chirped PC
sandwiched between the two topological PCs. dgsio, is
varying from 740 to 765nm with an increment of 5nm
and ds; from 1,000 to 1,100 nm with an increment
of 20nm. Figure 2A shows the transmission spectrum
of the proposed structure with the fitting curves, which
are symmetric in the representative Lorentzian-line shape.
The resonated transmission peaks at nm wavelengths
are 1234.91, 1251.16, 1268.82, 1294.75, and 1328.50,
with the full width at half maximum (FWHM) by
nm is 1.41444, 0.23029, 0.05598, 0.01136, and 5.86 x 10™*
respectively. The quality factor (Q), which is the
ratio of the resonant wavelength to FWHM, at
each resonated transmission peak is
873.07, 5.43 x 10°, 2.26 x 10%, 1.13 x 10°, and 2.26 x 10°
respectively. The high Q-factor due to the robust field
localization between the two TES, which led to robust
optical localization in the chirped area.

To show the formed unidirectional rainbow trapping, the
electric field |E| intensity distribution is calculated as shown in
Figure 2B. Consequently, multi-modes are excited at the desired
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wavelengths due to coupling light and the chirped structure. The
|E| intensity distributions point out the propagation of light
inside the chirped PC. The |E| intensity rises at the
localization points. With gradually increasing the thicknesses
of the chirped PC in the propagation direction and light
propagates from left to right. In principle, the light will
gradually slow down and eventually approach the “stop”. The
light of different wavelengths localizes at different spatial
positions leading to rainbow trapping in the slow light zone
near the left bandgap edge. The property of the bandgap rises
when the wavelength of the incident light is in the order of the
structure periodicity [15]. The left/right side of the chirped PC is
composed of smaller (740mm (dsio,) + 1000nm (dg;) /larger
(765nm (dsio,) + 1100nm (dg;) periodicity. This, in turn, affects
the shorter/longer wavelengths to be trapped in the appropriate
positions. As with increasing the wavelength, the trapped light
moves to the right side. The lowest wavelength of 1,234.91 nm is
localized near the left TES at the smaller periodicity. With
increasing the wavelength, the |E| intensity distributions move
to the right till the right TES at the wavelength of 1,328.50 nm.
The rainbow trapping bandwidth changed from 1,234.91 to
1,328.50 nm. We find that the formed rainbow is trapped
between the two TESs, which act as a strong cavity and
enhance the field localization and Q-factor.

The work can extend to construct bidirectional rainbow trapping
by progressively increasing one of its thicknesses and solidifying the
other. djo, is varying from 740 to 765 nm with an increment of 5 nm
and dg; can be fixed at any value from 1,000 to 1,100 nm. The results
of fixing dg; at 1060 nm is only shown. Figure 2C shows the
transmission spectrum of the bidirectional rainbow trapping
structure with the Lorentzian-fitting curves. The resonated
transmission peaks that appear at wavelengths by nm are
1242.44, 1261.74, 1281.13, 1298.13, and 1310.52 with FWHM
by nm is 0.50719, 0.13104, 0.12927, 0.01949, and 0.00327,
respectively. The Q-factor at each resonated transmission peak is
2.45 x 10%, 9.77 x 103, 9.76 x 10%, 6.66 x 10%, and 4.00 x 10°,
respectively. The |E| intensity distribution is shown in Figure 2D.
The field localization is observed in both directions near the two TESs
with a smaller wavelength. The two TESs work as a cavity to trap the
light inside the chirped PC and make the possibility of light escaping
slightly. With increasing the wavelength value, filed localization is
shrinking into the chirped PC to form a unidirectional rainbow in
both directions simultaneously. Accordingly, the different
wavelengths from the wave packet can be segregated spatially at
different positions in both directions, and bidirectional rainbow
trapping is realized clearly. To the best of our knowledge, this
kind of rainbow has not been observed yet in topological
photonics. It may possess numerous applications, such as
bidirectional devices. Realizing bidirectional rainbow trapping will
diminish the footprint of nanophotonic devices in the future.

With increasing the number of alternative layers of the chirped
PC, a higher Q-factor and multi-localized modes are obtained.
Unidirectional and bidirectional rainbow trapping can be realized
by considering ten periods of the chirped PC sandwiched between the
two topological PCs. Through the same manner, unidirectional
rainbow trapping is detected by gradually increasing dgo, and dg;
of the chirped PC. dgp, is varying from 740 to 785 nm with an

Bidirectional Rainbow Trapping

increment of 5 nm and d; from 1,000 to 1,180 nm with an increment
of 20 nm. Multi-modes are increased and excited at the desired
wavelengths due to coupling light and the increased chirped PC.
Figure 3A shows only three localized modes of the |E| intensity
distribution of the formed unidirectional rainbow at
1233.58, 1305.83, and 1410.54 by nm. Different wavelengths
localize in different spatial locations. Whereas the wavelength
increases, the locations where the light is trapped move to
the right side, as shown in Figure 3A. For the bidirectional
rainbow trapping, it can be created by gradually thickening
dsio, and anchoring dg;. A bidirectional rainbow is observed for
fixing dg; at any value from 1,000 to 1,180 nm with dg;o, is
varying from 740 nm to 785 nm. Figure 3B shows the results of
fixing dg; at 1060 nm of the |E| intensity distribution of the
bidirectional rainbow trapping at 1239.93, 1277.23, and
1308.64 by nm. It seen clearly from Figure 3B, as the
wavelength value increases, the localization deposited in the
chirped PC shrinks to form a unidirectional rainbow in both
directions simultaneously. Hence, the bidirectional rainbow
can be achieved. Summing up, as the number of periods
increases, the transmittance remains high due to both TESs
serving as a light-trapping cavity within the chirped PC, but
with a very fine meshing and a small step size. It should be
noted that increasing the number of periods will increase the
manufacturing effort and cost. The less of the periods, the
smaller size of the structures, and it is better for the integration
of nanophotonic devices. We use six smaller periods for both
topological PCs and chirped PC; thus, the trapped PC is 18
periods under the premise of good performance.

FDTD Validation

The proposed PC heterostructure was modeled by the finite-
difference-time-domain (FDTD) method to validate the
propagation properties. A high resolution (grid size for
each dimension) of 30/a; is used, which is small enough to
resolve a minor feature in the fields and structure during the
simulation. A PML boundary is added to the edge of the
domain of about a; to absorb all incident energy without
producing reflections. A Gaussian source was launched for
FDTD calculation and placed in the middle of the trapped PC,
as shown in Figure 4A. During the simulation, two monitors
are introduced to study the spectral characteristics of the
structure at specific wavelength/frequency values and used
to measure the steady-state properties for the field
distribution. The first and second monitors (M1 and M?2)
are placed at the trapped PC’s beginning and ending,
respectively. Figures 4B,C show the electric field intensity
amplitude (E2) along the propagation (z) of unidirectional
and bidirectional rainbow trapping, respectively, at the center
point of the x-y-plane.

In the case of unidirectional rainbow trapping of dgio,
linearly varies from 740 to 765 nm with dg; from 1,000 to
1,100 nm, and based on the above explanation, at low
wavelengths, M1 records the highest amplitude of the
electric field intensity indicating the field localization, and
the amplitude is minimized at M2 simultaneously. When the
wavelength increases, the intensity begins to decrease at M1
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FIGURE 4 | (A) FDTD set up of grid size 30/a; with placing a Gaussian source in the middle of the trapped PC and two monitors (M1, M2) to the left and right,
respectively; The electric field intensity amplitude (E2) of (B) unidirectional (C) bidirectional rainbow trapping.

and dg; is fixed at 1,060 nm. The highest field intensity of M1 is
located sequentially in the trapped PC from the left side (with the
smallest wavelength) to the right side (with the largest
wavelength). On the contrary, for M2, the highest field
intensity is located sequentially in the trapped PC from the
right side (with the smallest wavelength) to the left side (with
the largest wavelength), as shown in Figure 4C, confirming the
results in Figure 2D. The two TESs works as a cavity which cases
exchange with transfer the energy flow between the two cavities of
the forward and backward propagation. Meanwhile, rainbow

gradually and vice versa at M2 because the field localization
moves progressively from left to right with increasing the
wavelength, which is illustrated in Figure 4B. A complete
agreement with the previous section’s results as shown in
Figure 2B. However, there is a minor disparity in the values of
wavelengths between FEM and FDTD methods, principally
originating from the limited discretization of grid size in
FDTD and the number of mesh points for FEM calculations.

Then, to verify bidirectional rainbow trapping, the same above
condition are fixed but with dg;o, is varying from 740 to 765 nm
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trapping is observed in both FEM and FDTD methods, which
confirms our simulation results.

Immune to Defects

The critical step is to confirm that the formed rainbow is robust
and topologically protected from disorders by the two TESs on
both sides. Some disorders are introduced in the trapped PC
(PC;, chirped PC and PC, ) between the two TESs through
changing thickness or refractive index of some layers. Three
cases are considered; the last layer of PC, (d,s;) from the TPCy is
deformed by &d=+0.05a,. Via the same amount of

deformation (% 0.05a;) is applied on the first layer of PC,
(dasi) from the TPCg. The last case is changing the refractive
index of the middle SiO, in the chirped PC by én = £ 0.01. By
applying each case individually or combined, rainbow tapping is
achieved with a slight shifting in the wavelength. Figure 5 shows
the realization of bidirectional rainbow trapping with
disordering of all deformed cases together. We can see
clearly, the |E| intensity distribution is highly localized in the
trapped PC due to topological protection by the two TESs even
in the presence of disorders. Bidirectional rainbow trapping is
still observed on both sides but with slight shifting in
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wavelengths. Accordingly, the formed rainbow is robust and
immune to disorders.

Trivial Rainbow Trapping

Trivial rainbow trapping is realized through the same modality
by introducing a chirped PC as a trapped structure between
two conventional PCs. In the exact mechanism as mentioned
above, introducing a chirped PC as a sandwiched between two
topological PCs (TPCy and TPCg). Under the same conditions
and variables, values of PC; and PC, are setups, and the
chirped PC consists of 18 periods from SiO, and Si as
shown in Figure 6A. The bidirectional trivial rainbow
trapping as in the content of the topological case cannot be
formed when dg; is fixed at any value from 1,000 to 1,340 nm
and dg;o, is varying from 740 to 825 nm. This is because the
two TESs act as a cavity to transfer the energy flow between the
two cavities of the forward and backward propagation and
make the possibility of light escaping slightly. Therefore, the
formed bidirectional rainbow may occur in the
topological case.

Unidirectional trivial rainbow trapping can be formed with
the same conditions for topological cases. When d;o, is varying
from 740 to 825 nm with an increment of 5 nm and dg; from
1,000 to 1,340 nm with an increment of 20 nm, as shown in
Figure 6B. The trivial unidirectional rainbow trapping is
observed but lacks highly field localization and light
confinement compared with the topological case due to the
robust field localization between the two TES, which resulted in
a robust optical localization in the chirped region. Some
disorders are introduced. The last and the first layer of PC;
and PC, (dasio,) on the left and right sides respectively are
deformed by 8d = + 0.05a, with changing the refractive index of
the middle SiO, in the chirped PC by én = + 0.01. Figure 6C
shows the formed trivial rainbow trapping with disordering.
Two points are observed clearly between the two cases; some
localized modes occurred at the same wavelengths, and others
slightly shifted. However, the case of 1,493.69 nm is localized at
a different position without defects.
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