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All-optical photonic switch via the higher-order topological spin Hall effect
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Topological photonics has established itself as a promising area for the development of photonic inte-
grated circuits due to the robust properties of topological states. In recent years, different logical devices
have been proposed to form the fundamental elements of an integrated topological photonic circuit.
Despite the rapid theoretical growth of topological photonics, it still lacks experimental foundations con-
cerning logical devices for on-chip integration. For this reason, in this work, we report the design and
build of an all-optical photonic switch in a silicon slab working under the higher-order topological spin
Hall effect. We have taken advantage of the gapped edge states due to the higher-order topology and
combined this feature with changes in the dielectric permittivity of silicon by inducing transitions of free
charge carriers. The transitions of charge carriers were realized through the incidence of electromagnetic
radiation with a frequency close to the visible-ultraviolet region boundary, making the device operation
entirely optical. The behavior of the constructed device has also been numerically simulated and com-
pared with the experimental results obtained. This work contributes to the idea that photonic crystals are
a powerful platform for studying topological states and paves the way for the experimental realization of
integrated topological optical circuits.
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I. INTRODUCTION

Light guiding is a topic of great interest due to the
possibility of obtaining photonic integrated circuits. Unfor-
tunately, conventional waveguides often present problems
of losses during the propagation over long distances or
sudden changes in the direction of propagation. Photonic
crystals (PhCs), capable of operating at relatively high
frequencies in the ranges of near-infrared (telecommunica-
tions) and visible light, solve so much of the losses in sig-
nal transmission caused by conventional methods because
they work efficiently with guided modes usually located
within a photonic band gap [1–3]. Due to the existence
of the band gap, the guiding of a light beam is straight-
forward for different propagation directions by introducing
linear structural defects [4–9]. Nevertheless, PhCs usually
present undesirable fabrication defects because it is diffi-
cult to have control of the manufacturing process. In this
sense, the fabrication defects compromise the confinement
of light within the waveguide, causing undesired radia-
tive modes that induce light loss in the PhC. Despite this,
PhCs are still a solution to overcome losses in light beam
propagation.

*Corresponding author: evgonzalez@uach.mx

The recent employment of topological concepts in crys-
tal structures has led to the development of the topological
photonics that can solve these undesirable losses in light
propagation, allowing robust guided modes even under
severe perturbations [10–16]. These robust states occurring
at the boundaries of the structure are due to global topo-
logical properties across the momentum space, known as
the bulk-boundary correspondence [17]. Topological pho-
tonics studies the behavior of the photon wave function
in a photonic band structure and grew out of the similari-
ties of photonic crystals with solid-state physics [18–24].
Like topological insulators in solid-state physics, photonic
topological insulators occur in periodic materials with a
band gap, whose bulk bands exhibit a distinct topological
invariant [17,25].

One of the most fascinating offerings of topological
photonics is the possibility of invoking the pseudospin
degree of freedom of photons [26–30] and combining it
with the nontrivial band topology. In this way, the propa-
gation of light can be enabled unidirectionally and with-
out the occurrence of dissipation and backscattering. This
recently discovered phenomenon is known as the quan-
tum spin Hall effect (QSHE) of light [31–33]. In this class
of topological phases, boundary states characterized by a
topological invariant are found and support spin-boundary
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transport, which leads to the development of spin-photonic
devices [19,34–41].

In recent years, another class of topological phases of
matter has been introduced, which has the ability to gen-
erate an unconventional bulk-edge-corner correspondence
[42]. This topological phase is known as the higher-order
topological insulator (HOTI) phase. In the HOTI phase,
the generalized bulk-edge-corner correspondence allows
us to find topological states confined at the boundaries,
known as corner states [42–45]. Moreover, the higher-
order feature allows locating edge states inside the band
gap to be gapped [46,47]. Thus, in the higher-order topo-
logical spin Hall (HOTSH) phase, gapped edge states are
spectrally isolated from the bulk states and have spinful
properties that enable unidirectional propagation. For this
reason, the HOTSH effect is of great experimental interest
due to topological robustness that provides both spectrally
isolated gapped edge states (of the rest of the bulk states)
and a unidirectional or partially unidirectional transport
of these guided modes. Furthermore, a significant inter-
est in systems with the topological spin Hall effect has
increased in recent years due to the possibility of integrat-
ing it into devices compatible with other technologies of
interest. Despite the great virtues offered by the HOTSH
effect, very few studies have been performed in this regard,
and its integration with other technologies is still quite
limited.

On the other hand, in recent studies, a charge-carrier
transition has been induced in semiconductor materials by
illumination with light of a frequency close to the energy
band gap of a semiconductor material [48]. This induction
of free charge carriers changes the dielectric permittiv-
ity of the irradiated material due to an increment in its
electric conductivity [49]. Because of the vast applica-
tions of silicon (Si) devices, it is common its use in the
generation of changes in the dielectric permittivity by illu-
mination with light whose wavelength is near the border
of the ultraviolet-visible (UV-vis) spectrum, on the order
of 400 nm [48,49]. In this way, alternative devices have
been proposed that allow dielectric permittivity change-
dependent operation with promising applications in pho-
tonic integrated circuits [50].

Because of the benefits provided by topological photon-
ics, we have designed and experimentally constructed a
HOTSH PhC with gapped edge states and optical switch
behavior by means of sufficiently energetic illumination to
induce charge-carrier transitions from the conduction band
to the valence band. The HOTSH PhC has been designed
based on the Su-Schrieffer-Heeger (SSH) model due to
its well-known versatility in generating topological phase
transitions. Subsequently, we identified the edge states in
the topological PhC at a wavelength of 1550 nm by first-
principles calculations and then performed its experimen-
tal construction based on the proposed theoretical model.
The fabrication of the PhC was performed entirely by the

focused-ion-beam (FIB) milling method since this method
allows the building of the photonic structure in a single
production process. Next, the optical characterization of
the PhC was carried out by coupling an infrared laser beam
at the interface of the HOTSH PhCs formed by two PhC
with distinct topological invariants. This coupling process
occurs because the wavelength of the incident laser coin-
cides with the wavelength corresponding to the edge state
previously predicted by numerical simulation. Once we
experimentally confirmed the presence of the edge state,
we proceeded to characterize the structure under a bath of
noncoherent violet light. The results of this characteriza-
tion revealed that the change in dielectric permittivity, and
consequently in the refractive index, is sufficient to shift
the frequency of the edge state. Therefore, the incident
infrared laser can no longer be coupled to the photonic
structure as an edge state under the violet radiation bath.
These results demonstrate that it is feasible and straight-
forward to connect the virtues of photonic topological
insulators with the dynamic modulation offered by the
induction of free charge-carrier transitions employing inci-
dent energetic radiation. Furthermore, our results expand
the fundamentals and the state of the art in the exper-
imental fabrication of topological photonic devices for
future applications in different types of integrated photonic
circuits.

II. DESIGN

The design of our HOTSH PhC was based on the
SSH model [51], with a hexagonal lattice. To mimic
the SSH model we selected two unit cells from a
hexagonal PhC slab with square air holes, as shown in
Fig. 1(a). This selection of unit cells mimics quite well
the intra- and intercell interactions between nearest neigh-
bors described in the SSH model. All theoretical cal-
culations were performed through numerical simulations
using the finite-element method (FEM) and the commer-
cial software COMSOL Multiphysics. The master equation

(a) (b) (c)

K M K

FIG. 1. Design of the HOTSH PhC. (a) Selection of unit cells
UC1 and UC2 describing a triangular mesh of square air holes.
(b) Photonic band diagram obtained from UC1 and UC2. Both
unit cells produce the same band diagram. The gray region rep-
resents the light cone. (c) Hz magnetic field phase profiles of the
photonic Bloch functions below the band gap in the HSPs for
UC1 and UC2.
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of the harmonic modes is derived from Maxwell’s equa-
tions, [∇2 + (ω2/c2)ε(r)]E = 0 being ε(r) the position-
dependent permittivity and c is the speed of light. The
magnetic field is obtained from the Faraday relation H =
−[i/μ0ω]∇ × E, where the permeability µ0 is that of the
vacuum. The structural parameters of the PhC consist of
a lattice parameter a, square hole side of L = 0.5a, slab
thickness t = 1.4a and the dielectric permittivity used was
that of Si, εSi= 12.05 [52]. In the experimental fabrica-
tion of the topological PhC, we chose a lattice parameter
a = 0.5 μm with the aim of locating the topological states
frequencies at the near-infrared region, close to the com-
munication bands. Figure 1(b) shows the photonic band
diagram corresponding to the unit cell UC1 selected and
marked in Fig. 1(a), revealing a rather wide photonic band
gap. By selecting a different unit cell (UC2), such as the
one shown in Fig. 1(a), one obtains a photonic band struc-
ture identical to the band structure of the original unit
cell UC1 [see Fig. 1(b)]. However, the topological invari-
ants of both band structures determine whether they are
topologically equivalent.

Crystalline symmetry plays a fundamental role in the
manifestation of a topological band gap. For this rea-
son, we have used the symmetry eigenvalues at the high
symmetry points (HSPs) in the first Brillouin zone to char-
acterize the topology of the bands and, in particular, the
topology of the band gap. Figure 1(c) shows the phase pro-
files of the magnetic field distribution (Hz) as the magnetic
field emulates the Berry curvature in photonic crystals
[25].

The different selection of the unit cell in the lattice of
square air holes introduces an additional degree of free-
dom regarded as a pseudospin, under the constraint that
the system has a C6v symmetry point group and reversible
time symmetry. Subsequently, based on the eigenvalues of
the C6 operation on the HSPs, the topological classification
of the photonic crystal can be performed from the rotation
symmetries and the eigenvalues of the rotation operation.
The eigenvalues of these rotation operations are taken in
the HSPs (� = M, K), being [42]

�(n)
p = e2π i(p−1)/n for p = 1, 2, . . . n. (1)

From these eigenvalues, we can define the following inte-
ger invariants:

[�(n)
p ] = #�(n)

p − #�(n)
p , (2)

where #�(n)
p is the number of states in the photonic bands

in question with rotation operation eigenvalue �(n)
p . Leav-

ing aside some redundant invariants appearing in Eq. (2),
the resulting topological classification in the photonic

crystal with C6 symmetry is given as follows [42,46,47]:

χ(6) =
([

M (2)

1

]
,
[
K (3)

1

])
. (3)

The corresponding required values of Eq. (3) are acquired
from the phase profile shown in Fig. 1(c), under the eigen-
values of the rotation operation. Therefore, the topological
classification results for UC1 χ(6) = (0, 0) and for UC2
χ(6) = (−1, 1), which leaves UC2 classified as the non-
trivial structure. It is worthwhile to note that the photonic
crystals described by UC1 and UC2 with different topo-
logical indices belong to different topological classes. For
this reason, they cannot be deformed from one to the other
unless the bulk band gap is closed or the C6 symmetry is
broken, which is precisely what happens at an interface
formed by these two PhCs.

Additionally, the configuration of the PhC can lead to a
higher-order topological character. This higher-order char-
acter is directly related to the invariant of the bulk topol-
ogy, so we can define a higher-order topological corner
charge as follows [42,46,47]:

Q(6)
corner = 1

4

[
M (2)

1

]
+ 1

6

[
K (3)

1

]
, (4)

which is calculated in a similar manner to the calculation
of the topological invariant χ(6). As a result, it is obtained
that the trivial cell UC1 has a Q(6) = 0 and the nontriv-
ial cell UC2 has a Q(6) = −1/12. Such nontrivial corner
indices indicate the emergence of corner states and con-
sequently the proof that the system is in the higher-order
topological phase.

Taking into account the previously performed analysis,
we combine the PhCs obtained with UC1 and UC2 to
form domain walls that support edge states. As shown in
Fig. 2(a), the interface between PhCUC1 and PhCUC2 results
in a domain wall, which can be analyzed by extracting
a supercell. In this analysis, we used a 10 × 1 supercell
[as shown in the first panel of Fig. 2(b)] and subse-
quently imposed Floquet periodic boundary conditions on
the left and right edges of the supercell. At the upper
and lower boundaries of the supercell we placed scatter-
ing conditions. The panels at the right of Fig. 2(b) show,
respectively, the |Hz| field and phase distribution for a
localized eigenstate at the HOTSH PhC interface. In addi-
tion, we obtained the vector field describing the Poynting
vector S = Re[E × H∗]/2. The vector field distribution
describing the Poynting vector in the supercell shows the
vortices of a pseudospin generated at the topological inter-
face, which indicates the presence of the spin Hall effect
in the HOTI phase. We then constructed the band diagram
projection for the supercell shown in Fig. 2(c), where it
can be seen that has appeared, within the photonic band
gap, an edge band belonging to the edge state. This edge
band is gapped, where the higher-order topology facilitates
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(a) (c)(b)
Nontrivial

field phase –

FIG. 2. (a) Interface formed by PhCUC1 and PhCUC2, creating a domain wall. (b) 10 × 1 supercell, containing the topological inter-
face. On the right is shown the distribution of the |Hz| field in the supercell and the Hz phase distribution. The inset highlights the
presence of the Poynting vector vortices visualized by green arrows. (c) Projection of the photonic band diagram obtained with the
supercell designed. By means of the vortex distribution of the Poynting vectors, we found the different pseudospin configurations
of the band with edge states. The blue upward arrow indicates a positive upward pseudospin and the red arrow indicates a negative
downward pseudospin.

the existence of gapped edge states due to the breaking
of C6 symmetry at the edges. Since no edge preserves
C6 symmetry, gapped opening is inevitable in the edge
states [46,47,51]. Furthermore, using the distribution of the
Poynting vectors, we can identify the pseudospin freedom
degree of the edge band. We have identified the positive
pseudospin in the band diagram with a blue up arrow and
the negative pseudospin with a red down arrow, as shown
in Fig. 2(c).

Once we obtained the topological properties and iden-
tified the presence of the gapped edge states, we pro-
ceeded to find these states in the complete HOTSH PhC,
formed by the PhCs obtained with UC1 and UC2. In
the calculation of the eigenfrequencies in the HOTSH
PhC, we found the edge states with unidirectional prop-
agation, due to the presence of the pseudospin freedom
degree. The edge states exhibiting this feature are shown

in Fig. 3(a) (|Hz| field distribution), where it is illustrated
that a positive pseudospin favors a rightward unidirectional
propagation, and a negative pseudospin favors a leftward
propagation.

In order to give a conclusive proof that the system is in
the higher-order topological spin Hall phase, we show the
corner states that appear if a topological corner is formed.
Figure 3(b) shows the corner interface, constructed from
the trivial UC1 and nontrivial UC2 unit cells. We compute
the eigenstates that exist in the HOTSH PhC with the topo-
logical corner as shown in Fig. 3(c). The inset in Fig. 3(c)
shows the |Hz| distribution of the field in the topologi-
cal corner, revealing the existence of the confined corner
state in that region, predicted by the topological index
Q(6) =−1/12. An in-depth experimental study of the cor-
ner states present in our HOTSH PhC is outside the scope
of this paper.

(a) (b) (c)Nontrivial

FIG. 3. (a) |Hz| field distribution calculated, corresponding to gapped edge states with pseudospin character at the topological inter-
face of HOTSH PhC. The upper panel indicates the propagation of the edge state with a positive pseudospin, while the lower panel
shows the propagation of an edge state with a negative pseudospin. (b) Topological corner design formed from two PhCs, one with
trivial UC1 and the other with nontrivial UC2. (c) Eigenfrequencies computed in the HOTSH PhC with the topological corner. Both
edge states and corner states are indicated. The inset shows the distribution of the |Hz| field corresponding to the corner state presented
in the HOTSH PhC, highlighting the higher-order topological character. All field distributions were calculated on the silicon slab with
a thickness of 0.7 μm.
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III. RESULTS

Having numerically confirmed the presence of a gapped
edge state in the proposed photonic structure, we experi-
mentally verified the existence of these topological states.
The HOTSH PhC was fabricated on a Si slab, where the
whole fabrication process was done by the milling method
via a FIB using gallium ions. The fabrication was per-
formed in two steps: first, a box was milled on the border
of a monocrystalline Si substrate. Prior to this milling, a
polishing process was performed on the edge of the Si sub-
strate. Figure 4(a) shows a schematic representation of the
box fabrication process on the Si substrate and Fig. 4(b)
shows a SEM micrograph of the box-shaped milling. The
top of the Si box comprises the slab on which the square
air holes forming the HOTSH PhC will be milled. This
slab has structural parameters corresponding to a thickness
of 700 nm and a width of 20 μm. In the second fabrica-
tion step, we rotate the Si sample and proceed with the air
holes milling. Figure 4(c) shows the SEM micrograph of
the square air hole pattern milled in the Si slab. Here, the
operating parameters of the FIB were a dose of 1.5 nC/μm2

and a current of 10 pA. These parameters allowed for
preserving the square geometry of the air holes with the
dimensions that reproduce the theoretical calculations.

The device built was characterized using the experi-
mental setup shown schematically in Fig. 5(a). As a light
source, we used a highly monochromatic butterfly laser
with a wavelength of 1550 nm, which matches the mode
of the gapped edge state found in the numerical simula-
tions. The laser radiation was cleaned by a spatial filter
and then focused by a convex lens with a focal length of
15 mm, achieving a beam waist size of 10 μm. The sam-
ple was placed in a mount with 6 degrees of freedom, to
achieve precise positioning of the HOTSH PhC sample.
Subsequently, we focused the laser light at one end of the
HOTSH PhC interface and placed a low-power infrared
radiation detector near the opposite end of the interface.
By placing it perpendicular to the incident beam, we are

neglecting most of the reflected and scattered radiation
from the sample, thus maximizing the detection of the
coupled light into the PhC. In order to confirm the exis-
tence of the gapped edge state and to observe the spatial
coordinate at which the maximum coupling of incident
radiation occurs at the interface of the PhC, we made a spa-
tial sweep of incidence on the PhC along the y coordinate
as shown in Fig. 5(b). As expected, the highest coupling
occurs when the beam is directly incident at the topologi-
cal interface, as shown in the red dots curve of Fig. 5(c).
We compare the coupling curve with a curve obtained the-
oretically from numerical simulations shown in Fig. 5(d)
with a continuous red line.

After confirming the existence of the edge state, we pro-
ceeded to illuminate the device with incoherent radiation
near the border of the UV-vis spectrum. The device was
illuminated by using a light-emitting diode (LED) with
an emission centered at a wavelength of 400 nm. A light
beam with this wavelength has sufficient energy to induce
a transition of charge carriers to the conduction electronic
band in Si and in consequence a slight change in its refrac-
tive index due to an increment in the electric conductivity
caused by the increase in the charge-carrier density. Hence,
the edge state is no longer at the same wavelength as in
the case without 400-nm LED illumination. Regarding the
principle of operation, Si has an energy band gap of about
1.14 eV, equivalent to the energy of a photon with a wave-
length of 1.1 um. When the light incident on Si has an
energy equal to or greater than the energy range of the
band gap, electrons from the valence band can experience
a transition to the conduction band. In this work, we have
used the Drude model to describe the variation of dielectric
permittivity ΔεFC under illumination [53]:

ΔεFC = −
[
ωp(Feff)

ω

]2 1
1 + i(1/ωτD)

, (5)

where ω is the angular frequency of the incident beam, Feff
is the effective pump fluence, τD is the Drude damping

(a) (b) (c)

FIG. 4. (a) Schematic representation of the Si slab fabrication process from a box-shaped geometry. The blue-shaded regions denote
the volume of material removed by FIB machining. (b) SEM micrograph of the Si plate obtained by box-shaped machining. (c) SEM
micrograph of the topological PhC formed with a hexagonal lattice and square air holes.
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(a)

(b)

(c)

(d)

laser beam

400-nm

FIG. 5. (a) Representation of the experimental configuration used to measure the edge state in the HOTSH PhC. A butterfly laser
diode attached to a single-mode optical fiber is coupled to an optical collimator. Subsequently, the laser beam is focused with a
convergent lens to incidence on the sample. The coupled light beam travels at the interface HOTSH PhC and exits to be measured by
a low-power detector. (b) A spatial scan process along the y coordinate is performed to demonstrate the existence of the edge state.
The maximum coupling occurs when the laser beam approaches the interface HOTSH PhC. (c) Experimental measurement of the
amplitude of coupled and guided light beam emerging from the topological PhC as a function of the spatial coordinate y in which
the laser beam was swept. The red dots show the intensity of the laser beam obtained after traveling through the topological interface
without the incidence of the LED pump incoherent beam. The blue dots correspond to the amplitude of coupled and guided emergent
coherent light beam through the topological PhC, with the light bath provided by the pumping incoherent beam with the 400-nm LED.
(d) Theoretical transmission of the coupled light beam obtained from numerical simulations where the continuous red line denotes the
intensity of the laser beam of 1550 nm coming from the topological interface and without the LED pumping incoherent beam. The
continuous blue curve is the transmission of the laser beam of 1550 nm coming from the topological interface under the bath of the
pump light beam of the LED at 400 nm.

time, and ωp (Feff) is the plasma frequency defined as

ωp(Feff) =
√

Ne–h(Feff)e2

ε0m∗
optme

(6)

Here, m∗
opt = (1/m∗

e + 1/m∗
h)

−1 is the dimensionless opti-
cal effective mass of the charge carrier, Ne−h(Feff) denotes
the electron-hole density as a function of the pump fluence,
and ε0 stands for the vacuum permittivity.

The electron density Ne−h(Feff) in Eq. (6) is described
by the following equation [53]:

Ne–h(Feff) = Feff

�ω

(
α + β

Feff

2t0
√

2π

)
, (7)

where α is the linear absorption coefficient, β is the two-
photon absorption coefficient, t0 is the pump-pulse dura-
tion, and � is the reduced Planck constant. The first term
of the electron density equation tends to have a much more

relevant contribution when the system is subjected to low
levels of pump fluence, since the second term is subject
to the square of the pump fluence. This is true for our case
because the pumped fluence is approximately 17.5 mJ/cm2.
Additionally, the β coefficient, related to nonlinear pro-
cesses, is several orders of magnitude smaller than the
linear coefficient α in silicon. This is also true for mate-
rials that do not have significant nonlinear behavior. For
this reason, the second term of Eq. (7) can be neglected.
Substituting the result of the reduced Eq. (7), in Eq. (6),
we obtain,

ωp(Feff) =
√

Feffαe2

�ωε0m∗
optme

. (8)

Then, with the plasma frequency in Eq. (8), we can relate
the change of dielectric permittivity to the effective pump-
ing fluence and electron density of silicon under inco-
herent illumination. This results in a linear dependence
of the change in refractive index on the beam fluence,
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and if the refractive index change is small, it can be
approximated as �n = �ε/(2n). Using this value of the
pumped fluence and typical values in Si of the Drude
damping time τD = 10−14 s, and the electron-hole density
Ne−h = 1019 cm3 [53,54], we obtained a refractive index
change of −0.02, which is in agreement with different
experimental values obtained in the literature [50–54].

The next experimental step was practically the same but
now we placed a focused incoherent light beam of a LED
using a convergent lens with a focal length of 20 mm.
This configuration ensures full and homogeneous cover-
age of the HOTSH PhC by the 400-nm LED radiation.
Again, we focused the laser radiation of λ= 1550 nm
on the HOTSH PhC now also bathed with an incoher-
ent 400-nm light beam that deteriorates the coupling as
depicted in the blue dots curve shown in Fig. 5(c). Here
it can be seen that the coupling of the laser radiation at the
interface of the HOTSH PhC no longer occurs, which is
reflected in the absence of the peak in the coupling curve.
Similarly, in Fig. 5(d), we present the coupling curve (con-
tinuous blue line) obtained from the numerical simulations
where there is also no peak related to the gapped edge
state when we assume a 400-nm illumination. Note that
in the numerical simulations that include the change in
refractive index with 400-nm LED illumination, we use
only the �n =−0.02 obtained from Eqs. (5)–(8). Of note,
as shown in Figs. 5(c) and 5(d), the experimental results
agree remarkably well with the theoretical results. We have
calculated that the percentage of agreement between the
experimental and theoretical results is 97% when the edge
state is not suppressed. While for the case where the edge
state is suppressed with incoherent LED illumination, the
percentage of agreement is 88.4%. We attribute that the
excellent agreement between numerical and experimen-
tal results is due to the fact that the edge states in the
HOTSH PhC are gapped, so they cannot degenerate with
the bulk states. In addition, the geometrical parameters of
the PhC are straightforward to achieve, and combined with
the topological protection, the agreement between the the-
oretical and experimental results is generally improved.
With this, we demonstrate that the theoretical calcula-
tions obtained from the numerical simulations have a
significantly elevated level of reliability.

Figure 6 summarizes the results of the switching effect
in the HOTSH PhC, showing the cross section of the sys-
tem where the gapped edge state propagates. When the
LED incoherent light is turned OFF [Fig. 6(a)], the edge
state propagates freely. On the other hand, when the LED
incoherent light is turned ON [Fig 6(b)], it induces charge-
carrier transitions, changing the dielectric permittivity and
shifting the frequency of the edge state. For this reason,
the frequency of the edge state no longer matches the fre-
quency of the laser beam that previously exited it and
cannot propagate at the HOTSH PhC interface. In addition,
in Fig 6(c), we have plotted a graph where the photonic

(d)
(d)

(a)

(b)

(c)
OFF

ON state
ON state

LED ON

OFF state

OFF state

Experiment

LED OFF LED ON

FIG. 6. (a) Cross-section view of the HOTSH PhC show-
ing the Ey -field distribution of the ON state of the photonic
switch. Here the incoherent light source is OFF and no change in
dielectric permittivity is generated. (b) Cross-section view of the
HOTSH PhC showing the Ey -field distribution of the OFF state
of the photonic switch. Here the incoherent light source is ON
and generates charge-carrier transition. (c) Plot of the photonic
switch effect realized with the edge state transmission as a func-
tion of various experimental and numerically simulated medi-
ations. (d) Comparison of the one-dimensional band-diagram
projections for the HOTSH PhC with (right) and without (left)
incoherent LED illumination. Here, the band shift in frequencies
is shown, causing the laser frequency to no longer intersect the
frequency of the gapped edge state.

disruption effect is evident by plotting the transmittance
against both experimental and simulated measurements.
Finally, in Fig. 6(d), we show the calculation of the pho-
tonic band diagram illustrating the mechanism by which
the all-optical switch works. This calculation, performed
with the change of dielectric permittivity obtained from
Eq. (5) and our experimental data, confirms the original
hypothesis about the frequency shift of the gapped edge
state by incoherent LED illumination. Therefore, the laser
cannot couple to the topological interface, and the abrupt
decay of the transmittance occurs.

The results obtained in the present research demonstrate
that the device designed and built by FIB techniques can
generate a guided light beam in a perpendicular direction
to a driving light beam, in one telecommunications band
(1550 nm), working under the HOTSH effect. As has been
shown, the incoherent violet light beam pump changes
the dielectric permittivity by the induction of free charge-
carrier transition and deteriorates the coupling between the
driving coherent light beam and the topological edge state
in the PhC device, providing the all-optical switch effect.
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IV. CONCLUSIONS

Summarizing, in this work we have shown theoretically
and experimentally that topological HOTSH PhCs present
manipulable edge states, especially useful for generat-
ing all-optical switching devices. We have found through
numerical simulations that the HOTSH PhC proposed in
this work presents a topological phase transition, which
confers to the system gapped edge states in the mid-
dle of the photonic band gap. Interestingly, although the
edge states are robust to structural defects, they are eas-
ily manipulated by changes in the refractive index. We
have succeeded in manipulating the edge states by exciting
free carriers in Si using electromagnetic incoherent radia-
tion with a pump beam energetic enough to overcome the
band-gap energy of silicon. Using a 400-nm wavelength
beam, we change the dielectric permittivity of the Si slab
on which the HOTSH PhC is designed, which changes the
frequency of the edge state inside the photonic band gap.
These results were experimentally verified by fabricating
the HOTSH PhC using only the FIB milling technique
and the respective optical characterization through trans-
mittance techniques. For the experimental measurement
methodology, we tuned the structural parameters of the
HOTSH PhC to obtain the edge state at 1550-nm wave-
length, one of the most significant bands in telecommu-
nications, and we demonstrated that the switching effect
occurs through a 91% decrease in transmittance. Since
both the passive operation (transmission of the gapped
edge state) and the active operation (induction of charge
carrier transition) are due purely to optical effects, the over-
all operation of the photonic switch is all optical. The pho-
tonic structure studied here is fully compatible with current
semiconductor fabrication techniques and operates in a
telecommunications band. The present results are of tech-
nological significance for the generation of future applied
photonic devices in classical and quantum computation.
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