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Resonance between light and object is highly desired in optical manipulation because the optical forces reach
maximum values in this case. However, in traditional waveguide structures, the resonant interaction also greatly
perturbs the incident field and weakens or completely destroys the manipulation on the subsequent particles. In
order to avoid this dilemma, we propose to perform optical manipulation in a topological photonic structure.
Owing to the topological protection, the light mode can almost keep its original form when an object is being
manipulated. Therefore, resonant optical sorting can be achieved in a multiple and high throughput manner. The
mechanism and results presented here pave the way for efficient on-chip optical sorting for biophysical and bio-

chemical analysis. © 2022 Chinese Laser Press

https://doi.org/10.1364/PRJ.441644

1. INTRODUCTION

Recently, optical sorting based on an optical waveguide has
demonstrated tremendous potential for applications in
pharmacies [1], diagnosis of cancer cells [2,3], purification
of water [4], etc., due to the advantages of scalability, long-
range manipulation, high throughput, high capacity, and easy
integration with lab-on-a-chip systems [2,5-9]. In these manip-
ulations, an optical force can sustainedly propel a variety of
microparticles such as dielectric microparticles [10], metallic
nanoparticles [11,12], and cells [13], and sort these micropar-
ticles [14].

In order to make the optical sorting more efficient, it is bet-
ter to make the object resonant with the light source [15-17]. It
is reported that the optical force on microparticles under res-
onant conditions can approach nearly the limit of totally ab-
sorbing particles [15]. And the propulsion velocities of the
microparticles can accelerate 1 order faster than the previous
observations in nonresonance [5,13,18-21]. Unfortunately,
however, the resonant optical sorting with enhanced optical
forces is not suitable for multiparticle optical sorting in wave-
guide structures. For the widely used optical sorting using a
dielectric optical waveguide, as shown in Fig. 1(a), the second
particle cannot be manipulated efficiently anymore (i.e., 7,
will be far less than F,;), because the guiding mode is coupled
efficiently with the first one at the peaks shown in Fig. 1(c) and
also perturbed seriously by the particle. As a result, only a small
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fraction of the light acts on the second particle, as shown in
Fig. 1(b). Therefore, the optical force on the second sphere be-
comes very small, as shown in Fig. 1(c). Here, it is noted that
the repulsive behavior of the optical force at resonance is due to
the asymmetric mode distribution [22-24]. Actually, when
the coupling efficiency between the waveguide and the first
particle approaches 1, the transmittance may drop to near
zero, which results in the failure of sorting of subsequent
particles.

In order to improve the transmittance and reduce the mode
disturbance, the edge-to-edge distance & [see Fig. 1(b)] be-
tween the particle and the waveguide is a crucial parameter.
For multiparticle optical sorting, the ratio of the optical forces
on the second particle to that on the first particle, i.e., 5 /Fy, is
introduced to quantitatively measure the influence of the first
particle on the second one. The smaller /7, /F is, the greater
influence of the first particle on the second one. Figure 1(d)
shows the resonance force F, (upper part) and F,, /F,; (lower
part) for different distances . When  is less than some critical
value d, (d. = 120 nm for current parameters), F, increases
with 4, while the ratio F,,/F,, decreases rapidly. When
d > d, the optical forces on the particles are weakened gradu-
ally, although F, /F,, increases slightly. In any case, the optical
force on the second particle is much smaller than the maximum
resonant force on the first particle. Owing to these facts, only a
single particle can be manipulated efficiently, and multiple par-
ticle sorting seems impossible.
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Fig. 1. Schematic and performances of resonant optical manipula-
tion using the traditional optical waveguide. (a) Schematic of optical
manipulation based on a strip waveguide (GaAs). The parameters
are w =1 pm, »=0.2 pm, and light source frequency of f =
315 THz. The two red spheres are to be manipulated in water.
(b) The resonance of sphere 1 with the incident light generates a large
repulsive force ;. The repulsive force F,; on sphere 2, however, is 1
order smaller than F,;, because the guiding mode is greatly scattered
by sphere 1. (c) Optical forces of F, (upper part) and F, (lower
part) as a function of particle radius 7. (d) Resonance force F, on
the two particles (upper part) and the ratio F,/F,, (lower part) as
a function of the distance d between the waveguide and the
particle.

In order to overcome this drawback, in this paper, we pro-
pose to perform optical sorting using a topological photonic
crystal (PC) structure, which supports a topology-protected
guiding mode [25,26], as shown in Fig. 2(a). Because of the
topology-protected feature, the propagation of the light field
is immune to the local disorders, including the objects to be
sorted [Fig. 2(b)]. Thus, the optical sorting mechanism pro-
posed here is extremely efficient and has a high throughput
for multiparticle optical sorting.
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Fig. 2. Schematic of resonant optical manipulation using a topol-
ogy-protected guiding channel. (a) The proposed new system is based
on a topological photonic structure (the gray substrate), which sup-
ports a topology-protected guiding mode. Both sphere 1 and sphere
2 (the red spheres) are resonantely repelled from the substrate.
(b) When particle 1 resonantly interacts with the incident light, a large
repulsive force F; is obtained. At the same time, the optical force F,,
on particle 2 is also large enough, because the topologically protected
mode almost keeps its original form after the resonant interaction with
sphere 1. This merit makes multiple and parallel resonant optical
manipulation possible.

2. RESULTS AND DISCUSSION

A. Topological Photonic Slabs

As an illustration of example, here we use a honeycomb pho-
tonic crystal to achieve the topological photonic structures by
deforming the honeycomb lattice [27]. Figure 3(a) shows the
schematic of the topological photonic crystal structure, which is
implemented on a GaAs dielectric substrate. We start from a
honeycomb lattice with the hexagonal clusters composed of six
neighboring equilateral triangular holes (white) with a side
length of S. The black-dashed hexagons are primitive cells (with
a lattice constant 4;) of the honeycomb, and the centroids of
the triangular hole are located #; from the center of the cell.
When a;:a, > 1:3, we say the structure is an expanded lattice.
On the contrary (i.e., 41:4y < 1:3), it is named a shrunken
lattice. It has been demonstrated that the expanded structure
(ay:ay = 1.09:3) produces a nontrivial band gap, while the
shrunken structures (2;:4p = 0.91:3) produce a trivial band
gap [27-29].

Figure 3(b) shows the band structure of the TE modes along
the x direction. Here, the structure is periodic along the x di-
rection, and the thickness along the z axis is 4. Along the y axis,
there are 10 unit cells in both the shrunken and expanded
regions. The band structure reveals the presence of two edge
states crossing the band gap, indicating the existence of
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Fig. 3. Structure, parameter, and performance of the topologically
protected guiding channel. (a) Schematic of the topological photonic
structure composed of two different honeycomb lattices. 4 is the lat-
tice constant. S is the side lengths of the triangular holes (equilateral
triangle). 4 is the thickness of the structure. 4, is the relative position of
the triangular hole to the center of the unit cell. When a,:2; > 1:3,
we say that the structure is expanded. On the contrary, it is a shrunken
one. The parameters used are 4y =445 nm, /= 0.2 pm,
§ = 140 nm. (b) Corresponding band structure of the TE modes
along the x direction (see the inset). Crossing of the two edge states
in the band gap is the character of topologically protected edge states.
The frequency of the crossing point is at about 315 THz. (c) Electric
field distribution of the light propagation in the topological photonic
structure at the frequency of 315 THz. Owing to the topology-
protected feature, the propagation of the light field is immune to
the local defects (red-dotted box) and sharp turns and can be perfectly
transmitted without obvious loss or backscattering.
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topologically protected edge states [25,26]. On the interface of
the shrunken and expanded lattice structures, a topology-
protected guiding channel is supported.

Using the three-dimensional finite difference time domain
(FDTD) method, we get the propagation properties of light in
the trapezoidal structure composed of expanded and shrunken
structures, as shown in Fig. 3(c). The structure is excited by a
circularly polarized electric dipole (at the frequency of
315 THz) located at the position marked in Fig. 3(a). The light
propagation is strictly confined to the interface and can be per-
fectly transmitted without obvious loss or backscattering even
through four cascade sharp turns. It is noted that the topologi-
cal edge state is broadband and can maintain robust transmis-
sion from 300 to 323 THz.

B. Optical Force of Particles on the Topological
Photonic Slabs

Now, let us quantitatively analyze the optical force on the par-
ticles when they are near the topological PC structure, as illus-
trated in Fig. 2(a). Without loss of generality, the particles are
made of SizNy with a refractive index of 7z = 2.0. The time-
averaged optical force F acting on the particle can be calculated
by integrating Maxwell’s stress tensor 7" over a closed surface
surrounding it [8,30]:

szg(T)-ndS, (1)

where (-) means a temporal average, and 7 is the outward unit
normal vector from the closed surface S.

The resonance condition is satisfied for a series of radii,
which is known as morphology dependent resonances (MDRs)
[30]. The MDR is related to the incident light frequency, and
the resonance shifts when the light frequency changes. Since
the optical force peak repeats periodically with the particle ra-
dius, only the values of F, and F, in one period are shown in
Fig. 4(a). Similar to the traditional waveguide structure [see
Fig. 1(c)], the optical forces on the first sphere in the topologi-
cal structure also have peak values at the resonant radius. More
importantly, the forces on the second sphere are only decreased
moderately when compared to the cases in Fig. 1(c) due to the
robust topologically protected feature of the structure, which
greatly reduces the resonant loss of the guiding mode at the
presence of the first sphere. Here the force comparison between
the two structures is fair because all the parameters of the two
structures are almost the same.

At the resonant point A marked in Fig. 4(al), F, on the first
and second particles is 1.47 and 0.98 pN/mW, respectively. /7,
on the first and second particles is 2.62 and 1.92 pN/mW
[Fig. 4(a2)], respectively. The ratios of them are F,,/F. =
66.7% and F,,/F,; = 73.3%. On the contrary, for the case
of the ordinary planar waveguide, the F,, /F,; and F, /F | are
only about 13.9% and 18.7% at resonant conditions [see
Fig. 1(d)]. This means that the topology-protected guiding
mode can sort subsequent particles much more effectively than
an ordinary surface wave. It is noted that the particles are all
perfect spheres in simulation. Our results show that the sorting
can also be carried out smoothly when the particles are slightly
deformed, as long as the resonance condition is satisfied.
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Fig. 4. Optical forces on two spheres using the topological structure
designed in Fig. 2(a). (a) Optical forces F, and F, as functions of
particle radius 7 at the source frequency of 315 THz. Comparing
the forces on particle 1, the forces on particle 2 are decreased mod-
erately only due to the topologically protected feature of the guiding
channel. Note that the optical force repeats periodically with the ra-
dius, showing one period only here. The two particles are to be ma-
nipulated in water. (b) Cross section of the electric field distribution on
the x-z plane when the two particles are trapped on the topological PC
structure. The radii of the spheres in (b;) and (b,) correspond to the
points A and B marked in (a). (c) Resonant optical force F, on the two
particles (upper part) and the ratio of F,,/F,; (lower part) at various
distances . (d) The ratios of optical forces on the nth particle to the
first particle when ten particles are simultaneously manipulated on the
topological (red curve) and ordinary (blue curve) waveguides. The
curve decay rate represents the perturbation degree of the particles
to the transmitted light.

Figure 4(b) shows the electric field distributions along the
x-z cross section when two particles are trapped (with an edge-
to-edge interval of 0.6 pm). The particles in the upper part (b,)
and lower part (b,) correspond to the points A and B marked in
Fig. 4(a), respectively. Results show that the light field was well-
confined in the topological interface in both cases. Here, one
can observe that the interaction between the two particles is
negligible. Actually, even when two particles are close enough
(such as the interval decreased to 40 nm or even smaller), the
light field can still transmit stably due to the topology-protected
feature. This ensures that the subsequent particles are subjected
to a strong optical force robustly.

For the optical sorting of multiple particles, the distance 4
between the particle and the surface of the plate is crucial. The
variation of 4 induces significant changes in the resonant force
and the ratio F,, /F,;, as shown in Fig. 4(c). Here the radius of
particle is at the resonance Point A marked in Fig. 4(a). Starting
from a small value of 4 = 10 nm, the peak force increases with
d, and the maximum force is obtained at 4 = 30 nm.
Subsequently, the peak force decreases monotonously when
d > 30 nm, while the ratio F,,/F,; increases gradually. This
is mainly due to the coupling efficiency between the guiding
channel and the particles, which has been discussed in
Ref. [15]. When d = 70 nm, F,, is 1.02 pN/ mW, which
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is 83% of that on the first particle. This ensures that the par-
ticles are subject to larger optical forces, and subsequent par-
ticles can still be manipulated efficiently.

In order to compare the multiparticle manipulation efficien-
cies of the topological and ordinary waveguide structures, 10
identical particles are introduced for illustration, and their ra-
tios of F,,/F,, were shown in Fig. 4(d). Here, » = 1,2, ..., 10
is the index of the particle. For an ordinary waveguide structure
at d = 70 nm, the optical force of the third particle is already
negligible (F,3/F,; = 4.4%) under the resonance condition,
which means that not more than two particles can be manip-
ulated at the same time. In contrast, for the topological struc-
ture at 4 = 70 nm, the optical force on the 10th particle
remains at a higher level (F,;o/F,; & 18.7%) under the reso-
nance conditions due to the topology-protected guiding mode.
This result indicates multiparticle optical sorting based on res-
onance enhanced optical forces is possible in a topological pho-
tonic structure.

C. Multiparticle Optical Sorting

From Fig. 4(a2), one can find that the sign of F is periodically
dependent on the radius of the particles. Particles with some
radii will be repelled by the topological PC structure, while
others will be attracted to it. This provides a principle of optical
sorting. For example, the particle with a radius from 1.329 to
1.401 pm will be attracted to the substrate. On the other hand,
the particle with a radius from 1.402 to 1.408 pm will be
pushed away from the slab. The dynamic characterization of
the particles on the topological PC slab can be found by the
temporal evolution of the particle motion equation, which will
be discussed in detail in the following.

In a liquid environment, it should be noted that the particles
are subjected to several other forces in addition to the optical
force in the process of movement, including Brownian force,
drag force, gravity, and buoyancy. For simplicity, the particles
are placed in a static water environment, the drag force due to
the flow of the liquid and the resistance provided by the shear
flow are ignored [31,32], and only the drag force caused by the
particles’ movement is considered. In addition, the contribu-
tions of gravity (~10713 N) and buoyancy (~1071? N) are 1 or-
der smaller in amplitude compared to other forces for the
parameters used in this work [12,33-36]. Therefore, we can
describe the motion of the particle in the following equations

[34,37]:

mpf(t) =F0pt_FBr_Fa" 2
FBr =R (1277.'kBT7'7’])/At, (3)
F ;=6mrn5(¢), (4)

where the three main forces, i.e., optical force £, Brownian
force Fp,, and drag force £, are taken into account. 7, and r
are the mass and radius of the particle, respectively; 5(#) is the
particle’s time-dependent position; kg and 7 are the
Boltzmann constant and the temperature in Kelvin;
n=9.1x10"*Pa-s is the dynamic viscosity of water at
room-temperature [38]; R is a Gaussian random number with

a zero mean and standard deviation of 15 Az is the time interval
(we set Az to be 107 s in order to get an accurate result); the
Fop is the optical force, which could be calculated by the
Maxwell’s stress tensor (MST) according to Eq. (1).

In order to analyze the feasibility of multiparticle resonant
optical sorting in the topological photonic structure, three types
of particles [corresponding to A, B, C marked in Fig. 4(a)] were
mixed and placed randomly on the surface of the slab, as shown
in Fig. 5(a). To understand the optical sorting along the z di-
rection more clearly, one left-handed circularly polarized elec-
tric dipole and a right-handed one (with a light source power of
30 mW) are introduced, as shown by the red and blue asterisks.
The two dipoles excite two counterpropagating topologically
protected modes. In this case, the optical forces along the x axis
will be balanced, and the force along the z axis is highlighted.
For clarity, the position of the left electric dipole (red hexagon)
is defined as the origin of the xyz coordinate system. In the
simulation, the initial distance & between the particle and
the slab is set to be 70 nm, where F,,/F,; = 83% as shown
in Fig. 4(d1).

The time evolution dynamics of the particles on the topo-
logical photonic slab shown in Fig. 5(a) is numerically analyzed
using the Eqs. (2)—(4). For the particles of type A (the red
spheres), they experience repulsive forces in the z direction
and are driven away from the slab. Their trajectories are shown
in Fig. 5(b). Clearly, all of them are selected from the particle
mixture. For type B and type C particles, since the total force in
the z direction is always negative [Fig. 5(d)], particles are at-
tracted to the slab.
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Fig. 5. Dynamics of the resonant multiparticle sorting using the
topological photonic slab. (a) Schematic of multiparticle optical sort-
ing scheme using the topological structure, where a mixture of the
three types of particles A, B, C marked in Fig. 4(a2) is randomly placed
on the surface of the substrate. (b) Trajectories of mass center of the
four type A particles (A1, A2, A3, and A4) as a function of time.
(c) Temporal evolution of total force on the type-A particles. The
forces on all particles on the slab are calculated simultaneously.
(d) Temporal evolution of the total force on the type B particle of
PB. It is noted that Fyy, and Fy , are almost totally overlaped
and both are nearly zero.
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Taking the particle PA! as an example, the temporal evolu-
tions of the optical forces are shown in Fig. 5(c). In the z di-
rection, the particle is first pushed away from the slab by a large
force in the z direction, and then the force decreases and ap-
proaches zero as the particles move far away from the slab. In
the x-y plane, the particles are almost stationary because the
forces cancel each other out in the x and y directions for all
the three types of particles.

From the trajectories of particles, it can be seen that the par-
ticles with the radius 7, will be attracted while the particles
with the radius 77,- will be repelled from the substrate. More
importantly, by comparing the trajectories of the type A par-
ticles, it is found that the influence of other particles is very
weak. When a large number of particles of a different radius
pass through the surface of the topological PC slab, the particles
resonant with the incident frequency will be repelled from the
surface of the slab, while others will be trapped on the surface of
the slab. By changing the frequency of the incident source, each
type of particle can be sorted step by step using the similar
method. Therefore, multiparticle optical sorting is achieved.

The proposed optical sorting scheme could be implemented
in a topological PC structure, which can be fabricated by elec-
tron beam lithography [39]. By introducing quantum dots or a
standard waveguide, the topological edge states with robustness
and broad bandwidth operation can be guaranteed [40—42]. In
particular, the optical guiding of submicrometer dielectric par-
ticles on the photonic crystal waveguides has been achieved ex-
perimentally in Ref. [43]. In short, the feasibility of optical
sorting using a topological photonic structure and its applica-
tion in the biological field are still open, which should motivate
further research on this topic [44]. Further, combining it with
microfluidic chips to build miniaturized and portable bio-
chemical detection devices is also a possible direction of future

research [45].

3. CONCLUSION

In conclusion, we have proposed a powerful optical sorting
platform using a topological photonic structure, which sup-
ports a topology-protected optical mode immune to local dis-
orders and the particles to be manipulated. Based on this merit,
an efficient optical sorting scheme for multiple and parallel sort-
ing is proposed and investigated numerically. This scheme of-
fers several advantages. First, this sorting method is realized at
resonance, which utilizes the laser power to enhance the optical
force and improve the sorting efficiency. Second, it supports
high throughput and parallel sorting manipulation, as the topo-
logical protection property ensures that a large number of res-
onant particles can be manipulated simultaneously. Last but
not the least, the topological slab is well suited for integration
with a lab-on-a-chip platform. Although only a pilot demon-
stration of this new optical sorting mechanism is performed, it
paves the way for future experimental study of efficient optical
sorting based on chip integration for biophysical and biochemi-
cal analysis.
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