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ABSTRACT: Optical hotspots underpin a wide variety of
photonic devices ranging from sensing, nonlinear generation to
photocatalysis, taking advantage of the strong light—matter
interaction at the vicinity of photonic nanostructures. While
plasmonic nanostructures have been widely used for strongly
localized electromagnetic energy on surfaces, they suffer from high
loss and consequently a low quality factor. Resonance-based
dielectric structures provide an alternative solution with a larger
quality factor, but there is a mismatch between the maximum
values of the light confinement (quality factor) and the leakage
(intensity in the near-field). Here, we propose to apply the concept
of topological photonics to the formation of hotspots, producing
them in both topological edge states and topological corner states.

The topology secures strong light localization at the surface of the nanostructures where the underlying topological invariant shows a
jump, generating a field hotspot with simultaneous increment of quality factor and light intensity. Meanwhile, it leverages a good
robustness to fabrication imperfection including fluctuation in shape and misalignment. After a systematic investigation and
comparison of the robustness between 1D and 2D topological structures, we conclude that the hotspots from 1D topological edge
states promise a fertile playground for emerging applications that require both enhanced light intensity and high spectral resolution.

KEYWORDS: hotspots, topological photonics, disorder, dielectric resonators

B INTRODUCTION

Optical hotspots with tightly focused electromagnetic fields are
underpinning a repertoire of devices requiring a strong
interaction between materials and photons. Hotspots with
near-field enhancement provide a region with significantly
enlarged photon density, facilitating functionalities otherwise
demanding significant light intensity. By introducing different
types of materials into hotspots, a variety of applications have
been achieved, ranging from nonlinear materials for harmonic
generation,l’2 semiconductors for photovoltaics,3’4 chemical or
biomolecules for optical sensing based on either Raman
scattering, resonance shift or absorption variation,” ™" to
luminescent materials for enhanced fluorescence'®™*° and
proper chemicals for photocatalysis.”' ~** In addition, optical
hotspots can even function as optical tweezers for nanoparticle
manipulation.”*>°

Plasmonic nanostructures">*”*'*~'%212¢ haye been one of
the most successfully used solutions for hotspot generation,
through the excitation of surface plasmon resonances, collective
and coherent oscillations of free electrons.”” Despite the intense
near field enhancement and matured fabrication technologies,
the mainstream plasmonic structures composed of metals such
as Au and Ag suffer from excessive losses at optical frequencies.”®
Consequently, plasmonic structures exhibit local heating and a
low quality factor, limiting the performance in many
applications. For example, the heat generated by the nano-
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antennas may perturb or even malfunction nanoemitters,
molecules, and proteins in the vicinity.””~>' Meanwhile, a low
value of the quality factor corresponds to a wide spectral width in
reflection/absorption spectra, reducing the spectral resolution
(or sensitivity) of optical sensing based on resonance shift or
absorption variation." '

Resonant dielectric nanostructures including photonic
crystals,"”'" whispering gallery modes,'> Mie resonators,”* and
bound states in the continuum (BIC)**** provide an alternative
to produce hotspots. A variety of devices have been successfully
realized for sensing, fluorescence enhancement, and surface-
enhanced Raman spectroscopy, achieving a high quality factor
simultaneously.”>'*~">192%%> However, there is a mismatch
between the maximum values of quality factor and near-field
enhancement; the electric field may increase when the quality
factor decreases. When the value of quality factor is huge, strong
confinement with minimized leakage modes maximizes the
quality factor but limits the light intensity around nanostruc-
tures. For example, the symmetry of the BIC structures was
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Figure 1. Hotpots generated in 1D/2D topological structures with high quality factor. (a, b) Schematic of (a) 1D topological structures and (b) 2D
topological structures. Green and red represent the components with different values of topological invariants Topological edge/corner states exists
between the two. (c, d) Relationship between the number of unit cells (N,;) and the quality factor (Q) for (c) 1D topological structures and (d) 2D
topological structures. The dashed lines are exponential fits. (e) Demonstration of the hotspot formed in 1D structure. The cross-sections of spatial
distribution of electromagnetic energy & in x—y plane and y—z plane are shown, respectively. The directions of x, y, and z are demonstrated in panel a.
(f) Demonstration of the hotspot formed in 2D structure. Cross-sections in x—y plane and y—z plane are selected. The directions of x, y, and z are

demonstrated in panel b.

broken to improve the near field enhancement for molecular
barcoding,'” despite the quality factor degradation.’”

More importantly, the resonance-based dielectric structures
are vulnerable to fabrication imperfections (or geometric
disorder),** ™ with a drastic performance degradation when
realistic geometries deviates from the design. For example, only a
few percent of disorder can eliminate the band gap of inverse
opal photonic crystals.”®>” Good robustness only exists in
limited cases including merging topological charges of BIC
structures’’ or increasing the refractive indices of photonic
crystals.*

The exciting advances in topological photonics may shed
light on a new platform for hotspots formed in the vicinity of
dielectric structures. For a phase with bandgap, topological edge
states are automatically formed at boundaries between bulks
with different topological invariants, localizing photons where
the Zak phase or Chern number jumps. The edge states not only
show robustness to local geometric perturbation and defects but
also are insensitive to moderate global disorder in the whole
system including the bulk. Recently, the robustness of
topological edges has been demonstrated both numerically**~>°
and experimentally.57’58 In this article, we propose and
numerically realize two types of hotspots with good robustness
to geometric disorder, 1D edge states and 2D corner states in
photonic topological structures, respectively. The field intensity
of the hotspot increases simultaneously with the quality factor by
enlarging the size of the systems. While 1D edge states®”~°* and
2D corner states”~*® have remained two isolated topics, we
provide the first comparison of the two, to the best of our

46—52

knowledge. This comprehensive robustness analysis will not
only be a guide for experimental realization of topological states
in optical regime where the fabrication imperfections are
inevitable but also provide a novel platform for various
hotspot-based applications mentioned earlier.

B RESULTS

Recent progress of high order topological insulators®”
provides three solutions to localize optical field in a spot, that
is, a zero-dimensional (0D) geometry. Besides the edge state
from a first-order one-dimensional (1D) topological structure, a
0D spot can be achieved from second-order or even third-order
topological phases with higher geometric dimensions. Consid-
ering the feasibility of fabrication, we focus on two types of
topology-induced hotspots, edge states from 1D structures and
corner states from 2D structures, instead of impractical corner
states from third-order 3D topological phases.

We choose similar morphologies for 1D and 2D systems, a
dielectric slab with designed rectangular air holes, as
demonstrated in Figure la for a 1D structure and Figure 1b
for a 2D structure. In both cases, topological boundary states are
formed by connecting two types of periodic structures with
different quantized Zak phases’” in either 1D’ or 2D"*”
structures. While the physical mechanism of the formation of the
1D or 2D 7576 topological states has been studied based on
the Su-Schrieffer-Heeger model, respectively, we concentrate on
comparing the hotspots produced by these two structures.

For the sake of a reasonable comparison, we fix the resonance
of the topology-induced air cavity to the same spectral position
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by tuning the geometric parameters of the unit cells: 1540.8 nm
in 1D versus 1542.2 nm in 2D. The details of the parameters for
both the 1D and 2D structures can be found in Supporting
Information 1. An FDTD method is implemented to investigate
the electromagnetic dynamics, with details shown in the
Methods section and Supporting Information 2. The jump of
topological invariants at the boundary enforces the localization
of photons, forming an optical cavity filled with air, or
equivalently a bright hotspot to interact with other materials
inside or nearby. Figure 1c and d show the relationship between
the quality factor (Q) of the topological cavity and the number
of unit cells along x-direction (N,,). For 2D structures, the
numbers of unit cells in x- and y-directions are equal. In both 1D
and 2D structures, the number of unit cells with different Zak
phases is identical, as shown in Figures la and b with red and
green colors. As we extend the size of the structures, better
confinement is achieved in both cases, verified by the increment
of Q accordingly. Owing to the additional confinement along the
y direction, 2D structures require fewer unit cells for the same
level of Q. When the size of the structure is not too large, an
exponential increase of Q with N is observed, as shown by the
fit shown in Figure 1c and d (dashed lines). The enhancement
saturates when the size further increases (N, > 42 in 1D and
Ny > 14 in 2D). We demonstrate this effect with larger values
of N in Supporting Information 3.

For optical cavities under continuous-wave excitation, the
maximum achievable energy increases with its Q,”"® and the
maximum light intensity inside is enhanced correspondingly.
Thus, the topological cavity here provides a solution for hotspots
with simultaneous increment in both quality factor and near-
field enhancement. By increasing the value of N, the
enhancement of Q and near-field intensity can be readily
achieved at the same time. Therefore, we treat the value of Q asa
figure of merit to describe the quality of the hotspots produced
by the topological structures.

We select N;, of each structure so that the quality factors
have similar and high enough values, that is, Q,p (N, = 46) = 11
850 and Q,p(Nyy = 18) = 11 419. Figure le and f are cross-
sections of the spatial distribution of energy density along
different planes, illustrating the hotspots produced in 1D and 2D
structures separately. The energy density & includes both the
contributions from electric field (E) and magnetic field (H),

&= %(EIEl2 + ulH). Bright 3D hotspots in air are produced

in both cases, efficiently localizing and enhancing electric fields
in the center of the structures where a sharp change of
topological invariants occurs. Also, due to breaking of symmetry,
the energy density of the hotspots is not equally distributed. We
attribute a better confinement of the 2D hotspots to the
additional confinement in the y-direction.

Starting from the ideal (ordered) structures demonstrated in
Figure 1, we scrutinize how the disorder impacts the quality of
hotspots produced inside. We classify the disorder into two
types, one in position and another in size, as demonstrated in
Figure 2. Figure 2a is a schematic of a 2D structure without
disorder. The disorder in size is introduced by varying the
lengths in both x- and y-direction of rectangular air holes, as
shown in Figure 2b. The disorder in position represents the
deviation of air holes away from their original (periodic)
positions, as shown in Figure 2c. Figure 2d illustrates the case
when disorder in position and size coexists. The degree of
disorder is characterized by maximum fluctuations in size (J;,)

and maximum deviations from original positions (8,,s). Both

Disorder in size

Disorder in position

Figure 2. Demonstration of disorder in size &, and in position J,,. (a)
Ideal 2D structure without disorder. (b) 2D structure with fluctuation
in the sizes of air holes; &, = 7% and &,,, = 0%. (c) 2D structure with
misalignment away from original positions; J;, = 0% and 6,4, = 7%. (d)
2D structure with both disorder in shape and position; 5;, = 7% and 6,

=7%.

siz

values are normalized to the lattice constant of the unit cell a,.
Figure 2b and c represent the values of 5;;, = 7% and 6,,, = 7%,
respectively. More details can be found in Supporting
Information 2.

First, we investigate the influence of disorder in size on the
robustness of the hotspots produced by both 1D and 2D
structures, with results summarized in Figure 3. In Figure 3a and
b, the relationships between Q and §, are demonstrated,
respectively. The value of the quality factor is normalized to its
value without disorder (Q,). Furthermore, it is averaged from
five batches of simulations with different sets of random
variables. The shaded areas in Figure 3a and b represent the
standard deviation. The dashed lines in Figure 3a and b are
identical, acting as a guide for comparison. Interestingly, the size
disorder has almost the same impact on the degradation of the
value of Q in 1D and 2D structures. In the investigated
geometries, the quality factor can preserve 40% of its original
value under 5% of disorder. Figure 3c and d show typical sets of
energy density spectra of the topological modes under different
Og,- The spectrum is obtained from the Fourier transform of the
time evolution of energy density from points inside the air cavity.
The maximum value is normalized to one. Disorder not only
reduces the quality factor of the modes but also perturbs the
resonant peaks (represented by gray dots in the figures) in both
1D and 2D structures. Both blue shifts and red shifts are
observed depending on different random sets in both cases.
Figure 3e and f illustrate the influence of the disorder d, on the
spatial distribution of the energy density at the resonance. To
compare modes with different values of Q, we normalize the
energy density & to its maximum value &, .. Although the
photons are less confined as the amount of disorder increases,
hotspots exist in the center for both 1D and 2D structures. The
field enhancement of both 1D and 2D structures can be found in
Supporting Information 4.
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Figure 3. Robustness investigation of hotspots with disorder in size d,. (a, b) Relationship between normalized quality factor Q/Q, and &, in (a) 1D
structures and (b) 2D structures. Value of Q is averaged from five different sets of random variables. The shaded areas represent the standard deviation.
The insets show schematic of structures with disorder in size. (c, d) Energy spectra of the topological states with different values of &, from (c) 1D
structures and (d) 2D structures. The gray dots show the spectral position of the resonance. (e, f) Cross-sections of spatial distribution of the energy
density with different values of 5, from (e) 1D structures and (f) 2D structures.
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from (c) 1D structures and (d) 2D structures. The gray dots show the spectral position of the resonance. (e) Cross-sections of spatial
from (e) 1D structures and (f) 2D structures.

Figure 4 provides a comparison of the robustness of hotspots
with disorder in position J,. Figure 4a and b show the
relationship between Q and J,,,,. The robustness values in 1D
and 2D systems are quite different, in contrast to the similar
behavior shown in Figure 3a and b. While the 2D structures have
a better localization of electromagnetic energy, they are more
vulnerable to fluctuations of the position of air holes. The 1D
structure has better robustness, with the averaged value of
quality factor always larger than the 2D counterpart. In both 1D
and 2D structures with a small amount of disorder (8, = 1% or

84,= 1%), the quality factor is boosted in some configurations,
inducing large values of the standard deviation (shaded area)
and values of Q/Q, beyond one (as shown in Figures 3 and 4).
This phenomenon of disorder-induced confinement enhance-
ment was observed previously.*””” We attribute it to the fact
that the disorder-free structures may not be optimized
solutions®® for the maximized quality factor. Meanwhile, the
Anderson localization may not be the driving force here,
considering the small amount of disorder.®' However, the
averaged value from five different random sets is smaller than Q,,
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pos All results are averaged from five different sets of random variables.

with more details shown in Supporting Information S for 2D
structures with disorder in position. Similarly, we compare
energy density spectra of the topological modes in Figure 4c
(1D) and d (2D). Despite the degradation of quality factor (or
the broadening of the full width half-maximum) with increase of
disorder, a single mode dominates in 1D structures. Corre-
spondingly, hotspots at the center of the structure preserve
under the disorder, as illustrated in Figure 4e. In contrast, the
disorder in position strongly perturbs the topological mode in
2D structures. The misalignment of air holes breaks the
symmetry, and additional modes are observed when J,,; > 6%.
The hotspot in the center disappears when misalignment &,
increases, as demonstrated in Figure 4f. The field enhancement
of both 1D and 2D structures can be found in Supporting
Information 4.

On the basis of numerical simulations, we observe better
robustness in 1D topological structures than the 2D counterpart
and also a stronger impact from disorder in position. We may
explain the effect qualitatively from the tight-binding model.
There are twice nearest neighbors in 2D than 1D (4 vs 2).
Meanwhile, the distance to the second nearest neighbors is also
smaller in 2D structures. Therefore, 2D structures may be more
vulnerable to fluctuations. The fluctuation in size may have a
smaller impact on the coupling strength than directly
randomized shifts in position. Consequently, the structures are
more robust under the disorder in size.

Next, we investigate structures with embedded disorder in
both size and position, close to realistic devices with fabrication
imperfection. Figure S shows how the hybrid disorder impacts
hotspots. Again, the values are averaged from five different
random sets and normalized to the value without disorder.
Figure 5a demonstrates the robustness of 1D structures. The

normalized quality factor demonstrates a good symmetry along
the diagonal (6, = 5Pos) , implying that the shape fluctuation and
misalignment of air holes induce a similar impact on the
hotspots. If fluctuations in both the shape and position of air
holes are kept within 3%, the 1D configuration can maintain 50%
of the quality factor. The robustness of the 2D structures is quite
different from its 1D counterpart, with results presented in
Figure Sb. The degradation of Q is more rapid as §,,,, increases,
indicating that the system is more fragile to the misalignment of
air holes. We attribute this feature to the fact that the fluctuation
in position may intensively exacerbate the periodicity, other than
the fluctuation in size where the centers of air holes do not shift.
This feature makes the 2D structure less robust than its 1D
counterpart when disorder in size and position coexists. We also
observe an area (the light green region in Figure Sb) where the
value of Q increase with the introduction of d, from 0% to 1%.
However, the area is very limited when misalignment and a
minute fluctuation of the shape (5, = 1%) coexists. The value of
Q decreases rapidly with the further increment of the disorder.

Besides the quality factor, other properties such as the energy
density (or light intensity) and the size of hotspots are also
important parameters for practical applications. We define
another figure of merit 7 to characterize the hotspot, which is the
multiplication of the quality factor and averaged energy density
in the air cavity; # = Q E. Meanwhile, we define an effective area
of the hotspot, which is the area in the cavity where its energy
density is larger than the average value. To make a reasonable
comparison, we normalize the effective area by the area of the

unit cell (Ag); A = //8 o E dx dy/A,. We summarize the
results in Figure 6, demonstrating the impact of disorder in size
(4,) and disorder in position () in a and b, respectively. The
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effective area A 4 shows similar values under moderate level of
disorder in both cases, owing to the protection from topology.
The additional confinement along the y axis endows the 2D
structures a larger A4 than their 1D counterparts (6.0% vs 3.6%
of the unit cell area). Although the 1D and 2D structures share
similar values of Q under the disorder in size, the additional
confinement in 2D induces larger energy density E. As a result,
the value of # is larger in 2D structures when Jg, is small, as
shown in Figure 6a. However, the 1D structures bare better
robustness; the difference of # between 1D and 2D structures
shirks as &, increases. The robustness of 1D structures to the
disorder in position is more prominent, as shown in Figure 6b.
The value of 77 in 2D structures decreases dramatically with the
increment of §,,,,, making 1D structures a better choice when the
moderate misalignment of the geometry exists.

B DISCUSSION

‘While the intense light localization of topological states either in
1D or 2D structures has been investigated, previous studies
focused on the light—matter interaction in the dielectric part for
applications including lasing and nonlinear genera-
tion.>”%%0>%*7% Here, we propose to leverage the topological
edge/corner states to produce hotspots in air, which may inspire
a repertoire of novel applications ranging from sensing to
photocatalysis. The light confinement is induced by a sharp
change of the topological invariant at boundaries, enforcing
strong confinement in both air and dielectric. By simply
increasing the number of unit cells, the light intensity and quality
factor (or equivalent sensitivity) of hotspots can be boosted
concomitantly, mitigating the mismatch between quality factor
and near-field enhancement of dielectric resonators.

To provide a guide for potential applications, we scrutinize
and compare the robustness of topological states in 1D and 2D
structures. While the additional dimension of 2D structures
offers better confinement, more uniform intensity, and larger
effective area of the hotspots (as shown in Figures lef), the
hotspots formed in 1D structures are more robust to fabrication
errors including the fluctuations in the shape and misalignment
of desired patterns. Also, to achieve the same quality factor, 1D
structures consume less footprint than the 2D counterpart (46
units cell for 1D vs 324 unit cells for 2D for a Q of 1.15 x 10%).
Besides some applications requiring a good uniformity of
hotspots, the 1D topological structure is recommended for the
exploration of emerging applications by leveraging the bright,
robust, and high quality hotspots. In the simulations, we model
the dielectric with a real refractive index, and material loss
(absorption) is neglected. The introduction of loss can induce
the degradation of the quality factor. However, the topology
induced robustness still exists, showing the applicability for
practical devices. More details can be found in Supporting
Information 6.

B METHODS

All simulations are based on the FDTD method by a
commercialized software (LUMERICAL, FDTD Solution).
The refractive index of the dielectric is fixed to 3.3,
corresponding to the value of InGaAsP. The quality factor is
simulated with the analysis group “Q_analysis” provided by
LUMERICAL. More details can be found in Supporting
Information 2.
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