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Featured Application: A new class of active topological photonic devices and laser arrays.

Abstract: A photonic topological insulator is a structure that isolates radiation in the bulk rather
than at the edge (surface). Paradoxically, applications of such an insulator focus on its conducting
edge states, which are robust against structural defects. We suggest a tiling photonic topological
insulator constructed from identical prism resonators connected to each other. The light beam
circulates inside the tiling bulk without propagation. However, we experimentally demonstrate a
topologically-protected propagating state due to the disconnected faces of the edge resonators. The
investigated state is robust against removing or attaching prism resonators. Moreover, the protection
principle is phase-free and therefore highly scalable both in wavelength and resonator size. The tiling
is suggested for active topological photonic devices and laser arrays.
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1. Introduction

Recently, a topological insulator laser was demonstrated [1,2] which exhibits scatter-
free edge-state transport of light in the laser cavity, immune to perturbations and disorder.
The topological feature forces injection locking of many laser emitters to act as a single
coherent laser. The concept led to a variety of configurations: electrical pumping of a
quantum cascade laser with valley modes [3]; vertical emission [4]; and bulk and vortex
lasing [5,6]. Simultaneously, one-dimensional active resonator arrays were described by a
Su–Schrieffer–Heeger model [7], and then implemented and optimized for robust single-
mode high-power lasers [8–10].

Topological invariance of a physical process means that it is described by some highly
robust conserved quantity that does not change under continuous deformations in the para-
metric space [11]. For example, the number of holes of a connected smooth compact surface
does not change as the surface deforms, without cutting or gluing. In particular, Emmy
Noether’s theorem connects symmetries to the existence of the corresponding conserved
quantities, such as energy, momentum, angular momentum, electric charge, and others.
Parametric deformations can break the symmetry, still preserving the topological invariant.
Almost forty years ago, a topological invariant was introduced for a single-particle electron
state in a combined periodic potential and out-of-plane magnetic field [12,13]. The similar
wave-like behavior is inherent to the photon state in the periodic potential of the photonic
crystal [14]. As the Bloch wavenumber adiabatically passes the loop trajectory within the
Brillouin zone of the crystal, its wave function acquires some topological phase that defines
the topological invariant of the photonic band, separated by an insulating bandgap from
neighboring bands. According to the bulk-edge correspondence principle [15], the number
of edge states in the bandgap is equal to the difference of topological invariants in neigh-
boring bands. Here, one assumes the spatial edge of the array rather than frequency band
edge. As usual, in the optical frequency range, the magnetic response is weak. Instead, a
spin–orbit coupling [16], dynamical modulation [17], or gain-loss materials [2] can also give
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rise to nonzero topological phases separated by an insulating bandgap. This idea was easily
transferred from photonic crystal to waveguides, including ring resonator platforms [18].

Quartz prism resonators serve well instead of ring resonators, as the excitation can
propagate between prisms by the frustrated total internal reflection mechanism. For the latter
structure, additional edge solutions arise at different incident angles [19]. Nonetheless, there
is the question of realizing such a complex coupling utilizing synthetic dimensions [20],
or in the microring fashion [21,22]. If the structure period is comparable to radiation
wavelength, then the description engages the topological phase. Otherwise, when the
resonators are much larger than the wavelength, a phase-free explanation of the edge state
is appropriate in terms of the edge trajectory of the beam [19].

In this paper, we suggest a tiling photonic topological insulator (TPhTI) constructed
from identical prism resonators. Compared to [19], this new design suggests a continuous
connection of neighboring resonators without spatial gaps. The light beam circulates within
a few prisms inside the tiling bulk, penetrating through the mutual faces of the prisms or
turning the propagation direction by total internal reflection at the open faces. However,
a topologically-propagating state occurs at the edge of the array due to the disconnected
faces of edge prisms. This propagating state persists against removing or attaching new
prism resonators.

Furthermore, we fabricated the TPhTI and demonstrated the topologically-protected
propagating state experimentally. We also speculated on laser applications of the TPhTI
containing the gain material.

2. Materials and Methods

To fabricate the TPhTI we used a detailed concept similar to [19]. Rectangular prism
resonators (Figure 1a) were manufactured from quartz glass with a refractive index of 1.43.
Their linear dimensions of 12 × 12 × 8 mm3 were ensured by the Maksutov method [23]
with 10 um accuracy. To avoid accuracy problems with the half-wavelength gap and multi-
layer covering, we chose the zero gap. The immersion liquid infiltrated the unintentional
air gaps between the prism resonators to suppress the parasitic reflection and to ensure
the lossless beam penetration between the resonators. Therefore, a liquid with a refractive
index close to the refractive index of quartz glass was selected.
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Figure 1. (a) The prism resonator made of quartz glass with a refractive index of 1.43. (b) A model of
the tiling photonic topological insulator (TPhTI) composed of 28 prism resonators. (c) The TPhTI,
composed of seven prism resonators.

The prism resonator tiling was precisely positioned on a flat platform, 200 × 200 mm2

in size. A rectangular triangular prism was used as a coupler to lead the light beam into
and out of the quartz glass at the angle of total internal reflection. The angle of total
internal reflection is 44.37◦ according to Snell’s law. The resonators were fixed on an
adhesive composition of a mixture of vinyl acetate (30%) and acetone (70%) copolymers.
The immersion liquid was an aqueous solution of glycerin with a density of 1.228 g per
cubic centimeter. The refractive index of the immersion liquid was 1.45. No more than
0.01 mL of immersion liquid covered each face to avoid a meniscus on adjacent vertical
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faces, producing scattering and deviation of the beam. Before applying the immersion
liquid, each prism was cleaned of dust and stains using crepe paper impregnated with a
solution of water (80%), isopropanol (10%), metaxypropanol (5%), and nonionic surfactant
(5%). Then, rectangular quartz prisms were connected, strictly in the order of numbering, as
denoted in Figure 1b. After connecting each new segment, the operability of the tiling was
checked using violet (405 nm) and red (650 nm) lasers (Figure 1c). Each prism was adjusted
according to three degrees of freedom, namely one rotation and two translations along the
axes X and Y (Figure 1a). The glass platform with assembled tiling and a triangular coupler
was fixed on an optical bench next to the laser source.

3. Results

Figure 2 schematically demonstrates the stability of the beam trajectory; resonator
#3, as denoted in Figure 1b, was removed in order to experimentally create the lattice
defect of the TPhTI. Here, the green color indicates the trajectory of the beam. In and
Out denote the entry and exit points of the beam, respectively. The input and output can
be swapped; this does not affect the beam trajectory in any way. In the considered case,
when removing nine resonators (#8–#9, #12–#16 and #19–#20), we observe an ordinary
waveguide. However, while preserving the structure, we can observe robust beam trajectory
relative to the removal of resonator #3 from the TPhTI. In this case, resonators #8, #9, and
#13–15 are used to compensate for the absence of resonator #3. Obviously, all nine internal
resonators have the same purpose with respect to other restructurings. For example, the
removal of resonator #22 is compensated for by resonators #12, #13, and #19. This is the
main topological insulator feature; an ordinary waveguide lacks this feature and behaves
unstably with respect to the mentioned restructurings.
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Figure 2. (a) The beam trajectory inside a smooth TPhTI model. (b) The corrected trajectory inside
the TPhTI without prism resonator #3, as denoted in (b). The model shows that the light beam
successfully bends around the defect of TPhTI.

The topological properties of the prism array yield a robustness to restructuring. Simi-
lar photonic topological insulators are theoretically described in [17–19,24], and practically
implemented [18,24] on several platforms. Due to the angle of incidence of the beam trajec-
tory, the prism array is a practical implementation of Rudner’s toy [17], which provides a
simple example of a topological insulator. As a class of restructuring, we chose the addition
and removal of resonators from the array. Deeper explanations behind the topology are
included in the Supplementary Materials.

Figure 3 shows that the laser beam bypasses the defect and exits the triangular coupler.
The beam trajectory passes along the surface of the TPhTI structure due to the effect of
total internal reflection on the faces of the prism resonators and exits back, as evidenced by
the bright spot in the upper left corner of Figure 3b. The propagating state persists against
removing (Figure 3b,d) or attaching new prism resonators (Figure 3e).
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Figure 3. Beam trajectory photographs. The trajectory for smooth TPhTI (a,c) is robust against a
defect obtained by removing prism resonator #3 (b,d) or attaching a new prism resonator below
resonator #28 (e). Light beams for both a violet laser of 405 nm wavelength (a,b) and green laser of
532 nm (c–e) act in the same manner, proving the wavelength independence of the TPhTI principle.

Figure 4 shows that the presence of a topological state does not depend on prism
resonator size. To demonstrate this scalability, the rectangular prism resonators were made
in two versions. The first set was manufactured from quartz glass with a refractive index
of 1.43, with linear dimensions 12 × 12 × 8 mm3 (Figure 4a). Their linear dimensions
were ensured by the Maksutov method [23] with 10 um accuracy. The second set was
manufactured from Chinese crown glass K9 with a refractive index of 1.517 and linear
dimensions 30 × 30 × 30 mm3, with 30 um accuracy (Figure 4b).
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Figure 4. Scalability of the TPhTI is manifested by comparing two resonator sizes: (a) 12 × 12 × 8 mm3.
(b) 30 × 30 × 30 mm3. Both trajectories are homothetic and proportional to prism linear dimensions.

In Figure 5, the scalability of the TPhTI principle is stressed. First, it works for every
wavelength in the visible range, as long as the refractive index is sufficiently high. Second,
the resonator size was fixed at the centimeter scale; nonetheless, the principle is valid for
arbitrary sizes larger than the wavelength and the beam cross-section. Please see additional
trajectories for different wavelengths, resonator sizes, and tiling configurations in the
Supplementary Materials.
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Figure 5. Wavelength-independent beam trajectory. Laser beams of RGB-colors pass the same
trajectory through a TPhTI made of seven prism resonators: (a) red 650 nm, (b) green 532 nm, and
(c) blue 405 nm.

4. Discussion

In practical implementation, the TPhTI turned out to be sensitive to the following
parameters of the experiment:

1. Propagation of the light beam at the angle of total internal reflection; the intensity of
the beam weakens with small deviations of the angle of incidence of the beam through
a triangular coupler.

2. The presence of dust particles, air bubbles in the immersion liquid layer between
the prism resonators, or remnants of immersion liquid on the side faces of prism
resonators scatters the light beam. Violation of the parallelism of the faces when
connecting prism resonators and inaccuracies in the manufacturing of prism res-
onators deflect the direction of the light beam, as well as changing its aperture and
cross-section shape. With a strong deviation, splitting of the light beam on the vertical
edges of the prism resonators is possible.

Quantitatively, TPhTI performance is proportional to the beam intensity along the
trajectory, as shown in Table 1 for the smooth TPhTI (28 resonators, Figure 3a,c) and
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defective TPhTI, with one resonator taken away (27 resonators, Figure 3b,d). The relative
intensity is normalized to the intensity of the beam passed through the reference waveguide,
consisting of eight resonators (Figure 5). Throughout the visible range, the smooth TPhTI
secures more than half of the radiation, while the defective TPhTI loses 10–20% more.
The best performance is seen in the middle wavelength. The first reason for this is the
refractive index dispersion for the prism material, coupler material, and immersion liquid.
The second reason is the difference in beam cross-section of the used sources. Altogether,
these reasons are technical and have no deep physical impact.

Table 1. TPhTI performance is measured as the relative beam intensity of the edge trajectory.

Color Red, 650 nm Green, 532 nm Blue, 405 nm

28 resonator TPhTI 51% 78% 68%

27 resonator TPhTI 43% 65% 48%

The effect of stability of the trajectory of the light beam relative to the defect introduced
into the TPhTI is experimentally confirmed. Table 2 summarizes the stability of trajectories
shown in Figures 3–5. Figure 4 shows the perfect scalability of the phenomenon. Therefore,
the minus sign ‘-’ declares that the linear dimensions of the prism resonator do not affect the
trajectory stability. The refractive indices are not important until the total internal reflection
and immersion conditions are satisfied. Therefore, they share the plus–minus sign ‘±’. The
angle of beam incidence is exactly 45 degrees. This is critical, as the trajectory has to pass
between certain corners or the beam will split and enter the array bulk. The partial impact
of laser wavelength is shown in Table 1 and Figure 5.

Table 2. Experimental parameters and their impact on beam trajectory stability.

Name Value Value Affects (+)/Does Not
Affect (−) Stability

Linear dimensions of the
prism resonator 12 × 12 × 8 mm3 30 × 30 × 30 mm3 - (see Figure 4)

Refractive index of the
immersion liquid 1.45 1.45 ±

Refractive index of quartz
glass 1.43 1.517 ±

Angle of total internal
reflection >44.37◦ >41.24◦ ±

Angle of beam incidence ~45◦ ~45◦ +

Laser wavelength 405/532/650 nm 405/532/650 nm ± (see Figure 5)

5. Conclusions

Here we focused on a new type of photonic topological insulator. We suggested a tiling
photonic topological insulator constructed from identical prism resonators connected to
each other. We experimentally demonstrated a topologically-protected propagating beam
trajectory due to the disconnected faces of edge resonators. Then we removed or attached
some prism resonators to destruct the trajectory. Nonetheless, the complete trajectory re-
mained the same outside the destructed area. Overall, the main benefit is a novel platform
for the practical implementation of Rudner’s toy [17]: a tiling photonic topological insulator.
Other benefits are as follows: experimental demonstration of the novel platform, its robust-
ness, phase-free concept, and laser array application. As a direction for possible further
research, it is worth noting that, along with quadrangular TPhTIs, triangular and hexagonal
prism resonator tiling can be experimentally implemented by zero gap, in accordance with
the theoretical prediction [19]. One of the advantages of the hexagonal TPhTI is that the



Appl. Sci. 2023, 13, 4004 7 of 8

reflection angle is 60◦. Therefore, this type of insulator can be experimentally implemented
with optical material with a refractive index less than 1.43; hence, no less than 1.15. On the
other hand, the simplest geometric considerations show that, under certain conditions in a
hexagonal TPhTI, a diagonal transition occurs in fewer jumps between resonators than in a
quadrangular TPhTI. The TPhTI can be described in the language of trajectories, as well
as in the language of differential wave equations natural for graphene-like materials [25],
secondary quantization operators, or cellular automata [26]. For some certain incidence
angles, the edge solutions reversed the direction upon scattering by edge defects. This case
may be indicative of the existence of higher-order states [27].

This tiling is suggested for active topological photonic devices and laser arrays, while
topological features force unidirectional propagation. In the visible range, the magneto-
optic effects are generally weak, which prohibits the conventional unidirectional propaga-
tion mechanism. Instead, the imbedding of gain and loss materials inside the resonator
provides another type of unidirectionality [1,2]. The conducted research paves the way to
transfer the gain–loss unidirectional mechanism from photonic crystals and waveguides to
phase-free theory for macroscopic prism resonators.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/app13064004/s1, Figures S1–S7: beam trajectory when passing
through the TPhTI; Figures S4 and S5: trajectory that bends around the defect in the structure of the
TPhTI; Figures S6 and S7: trajectory that bends around the defect in the structure of the TPhTI with
resonators of a different size; Figures S8–S10: operation of Snell’s law; Figure S11: scattering matrix
formalism to explain topological protection [17,24,28–31].
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