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ABSTRACT: Plasmonic nanotweezers employing metallic nanoantennas provide a
powerful tool for trapping nanoscale particles, but the strong heating effect resulting
from light absorption limits widespread applications. Here, we propose an all-
dielectric nanotweezer harnessing quasi-bound states in the continuum (quasi-BICs)
to enable the trapping of nanoscale objects with low laser power and a negligible
heating effect. The quasi-BIC system provides very high electromagnetic field
intensity enhancement that is an order of magnitude higher than plasmonic systems as
well as high-quality-factor resonances comparable to photonic crystal cavities. Furthermore, the quasi-BIC metasurface tweezer array
provides multiple optical hotspots with high field confinement and enhancement, thereby generating multiple trapping sites for the
high-throughput trapping of nanometer-scale objects. By purposefully truncating the tips of the constituent elliptical nanoantennas in
the quasi-BIC system to leverage the asymmetric field distribution, we demonstrate that the optical gradient forces can be further
enhanced by a factor of 1.32 in comparison to the intact elliptical nanoantenna, which has attractive potential in subwavelength
particle trapping applications. In addition, we show that trapped particles can improve the resonance mode of the cavity rather than
suppress it in a symmetry-broken system, which in turn enhances the trapping process. Our study paves the way for applying quasi-
BIC systems to low-power particle trapping and sensing applications and provides a new mechanism to harness the self-induced
back-action.

KEYWORDS: all-dielectric metasurface, bound states in the continuum, optical trapping, self-induced back-action,
electric field enhancement, nanophotonic cavity

Optical trapping technology has found many applications
in biology and medicine1−5 and colloidal assembly6,7

because it provides precise control and noninvasive manipu-
lation of microscale particles. For example, the traditional
optical tweezer has been utilized to manipulate microscale
objects such as bacteria, colloidal particles, and cells8−10 and
was recently recognized with a 2018 Nobel Prize in physics
awarded to Arthur Ashkin for his pioneering work on optical
tweezers.11 The single-beam optical tweezers demonstrated in
19868 utilizes a tightly focused laser beam to trap particles near
the focal spot of the laser. Due to the diffraction limit of light
that precludes the focusing of light to nanoscale subwavelength
volumes, the low-power trapping of nanoscale objects by
optical tweezers is challenging. Plasmonic nanotweezers12 have
generated significant interest because plasmonic nanoantennas
can confine light to nanoscale volumes with high field
enhancement. Such subwavelength hotspots generate the
tight trapping potential wells required to trap nanoscale
objects. Different kinds of plasmonic nanoantenna geometries
have been explored including nanoholes,13−16 coaxial aper-
tures,17,18 double-nanoholes,19−21 nanopillars,22 dimers,23

bowties,24,25 and bowtie apertures.26 Although plasmonic
nanotweezers have been proven to be effective for trapping
subwavelength nanoparticles by overcoming the diffraction
limit, the photoinduced heating effect resulting from the
intrinsic loss of the metallic materials generates undesired
thermal effects such as thermophoresis and convection,12,27

and the excessive temperature rise can damage trapped
particles especially biological objects such as cells. In addition,
it is imperative to note that many of the previously reported
near-field optical nanotweezers typically possess one or a few
hotspots that define the trapping potential where the target
objects in the solution can be trapped. A platform that
possesses multiple hotspots is crucial for achieving the
multiplexed manipulation of multiple nanoscale objects.
Although some works have demonstrated multiple nano-
particle trapping,28−31 this field presents many possibilities.
Here we propose to realize these new features by harnessing an
all-dielectric metasurface supporting supercavity resonances
enabled by bound-states-in-the-continuum. A metasurface32−34

is an artificial nanostructured interface with a subwavelength
thickness that manipulates light by spatially arranged nano-
antennas. It has found many applications in wavefront
shaping,35−37 waveguides,38 fibers,39,40 and flat lenses.41,42

Recently, bound states in the continuum (BICs), which were
first proposed in quantum mechanics43 and refers to a kind of
nonradiating states of light in photonics, have attracted
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extensive attention in photonics due to the ability to achieve
high-quality-factor (Q factor) resonances as well as high field
enhancement. An ideal BIC has no out-coupling. As a result,
the Q factor of the mode is infinite, and it cannot be observed
in the spectrum. True BICs cannot be realized in practice due
to fabrication imperfections and material loss.44,45 If the
outgoing radiation is not totally vanishing, a sharp peak can
then be observed in the spectrum, and the Q factor does not go
to infinity. Such a case is called a quasi-BIC. Many applications
of quasi-BICs have been reported to date, including
biosensing,46−48 nonlinear optics,49−51 chiral sensing,52 unidir-
ectional radiation,53 and lasers.54 In this paper, we specifically
focus on the symmetry-protected BIC,55−57 which is one class
of BICs and appears when the spatial symmetry of the mode is
incompatible with the symmetry of the outgoing radiating
channels. Symmetry-protected quasi-BICs have been demon-
strated in a variety of photonic structures such as
metasurfaces,46,56 photonic crystal slabs,58 and waveguide
arrays.59

The quasi-BIC system can provide very high field enhance-
ment comparable to or even higher than in plasmonic systems.
Additionally, the quasi-BIC system also provides much higher
field enhancements than the levels achievable in Mie resonant
dielectric nanoantenna systems60 with no need for a critical
geometry.24,26 Moreover, in contrast to plasmonic nanostruc-
tures, the quasi-BIC system also has a very high Q factor (102−
106), comparable to photonic crystals (PhC), making it a good
candidate for trapping-assisted sensing applications. Addition-
ally, the dielectric quasi-BIC system has almost no material
absorption and thus negligible heating effects. This feature is
especially critical for nano-optical trapping of biological
specimens without detrimental photoinduced heating effects
present in plasmonic systems. On the other hand, in
comparison with a typical PhC cavity system,61 the quasi-
BIC system has much higher field confinement, although some
recent works have reported the realization of deep-
subwavelength confinement by unique designs of PhC cavity
geometries.62,63

We also present a new mechanism for harnessing the self-
induced back-action (SIBA) effect based on the proposed
quasi-BIC system. The SIBA effect first proposed using a
plasmonic gold nanohole structure16,64 is a powerful technique
for enhancing optical trapping under low optical intensities,
reducing the power required for stable trapping by 1 order of
magnitude. In the particle−cavity system, the trapped particle
itself perturbs the local electric field and thus plays an active
role in the dynamics of the trapping process. To be specific,
when a particle moves away from its equilibrium position, by
virtue of Newton’s law, the momentum exchange between the
photons and the particle induces a back-action force that pulls
the particle back toward the cavity. The SIBA effect has been
shown to exist in some nanophotonic systems such as
plasmonic nanoantennas19,26,65−67 and photonic crystals.68,69

However, the previous works67,69,70 have only analyzed the
resonance frequency shift induced by the perturbation of
particles to the cavity. How the trapped particles alter the
resonance mode (the quality factor of the mode, for example)
remains unclear. To reveal this mechanism, we need a system
that meets three fundamental conditions: high quality factor
(Q factor), high field enhancement, and high sensitivity to
perturbations. Traditional plasmonic nanostructures can fulfill
the latter two requirements but usually have a low Q factor.
The proposed quasi-BIC system supports these features, which

provides a novel platform to investigate the SIBA effect from a
new perspective.
In this paper, we systematically discuss the optical trapping

process in a dielectric quasi-BIC system for the first time (as
shown in Figure 1). The organization of this paper is as

follows. First, we study the optical trapping in a symmetry-
protected quasi-BIC system composed of pairs of complete
elliptical dielectric nanoantenna elements and present its
features, including high field enhancement, high quality factor,
negligible heating effect, and multiple hotspots, which make it
suitable for particle-trapping applications. By purposefully
breaking the symmetry of the trapping gaps where the two tips
on one end of the nanoantenna elements in each unit cell are
truncated, we demonstrate that the trapping force and stability
can be further improved via the doubly truncated quasi-BIC
system. The robustness of the system to fabrication
uncertainties and the characterization of its trapping perform-
ances are then investigated. Owing to the high Q factor, high
field enhancement, and high sensitivity to perturbations of this
quasi-BIC system, we also investigate the relationship between
the trapped particles and the cavity resonance mode. Our
analysis reveals that particles trapped in the original intact
elliptical dielectric nanoantenna array will break the system’s
symmetry and slightly suppress the resonance mode of the
cavity. We consider truncating only one tip of the nanoantenna
elements in each unit cell to address this effect. Then, we
present an idealized scenario, where we show the positive
influence of the trapped particles on the resonant modes of the
quasi-BIC system. The trapped particles partially compensate
for the truncated part and improve the resonance performance
of the symmetry-breaking quasi-BIC system. This in turn
results in an increased Q factor and peak reflectance as well as
stronger optical trapping forces. Both numerical and analytical
investigations are presented to elaborate on this concept.

Optical Trapping in the Quasi-BIC System. We start
from the symmetry-protected quasi-BIC metasurface based on
complete elliptical nanoantennas.46,56 As shown in Figure 2a, a
unit cell is composed of two silicon elliptical resonators with a
tilt angle of ±5°. The detailed geometrical parameters are
given in the caption of Figure 2. Our design is tuned to work in
the C band of the optical communication wavelength bands,
and the resonator side is immersed in water for particle-
trapping purposes.
To understand the generation of the quasi-BIC mode, we

consider the two inverse electric dipoles (black arrows in
Figure 2b) excited in the two resonators by an incident x-
polarized light. Each electric dipole is decomposed into two
directions, i.e., px and py in Figure 2b. Although py is dominant
in each resonator, the directions of the py components are

Figure 1. Schematic diagram for the quasi-BIC metasurface. Gradient
colors at the tips show the field enhancement distribution.
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inverse for the two resonators, which cancel with each other,
and thus the out-coupling of py is forbidden. When the tilt
angle θ is small, the overall radiative loss is suppressed
significantly. Hence, a fairly narrow reflection peak, as well as a
high field enhancement, can be obtained. Since the Q factor of
this system satisfies46,56 Q ∝ sin−2 θ and we have selected a
small tilt angle of θ = 5°, the electric field enhancement is
extremely high (∼141) at the tips of each resonator, as shown
in Figure 2c. Therefore, water absorption cannot be neglected
even though it is relatively small (n = 1.31 + 0.00013i at λ =
1550 nm). This additional lossy channel perturbs the quasi-
BIC mode, and the reflectance is reduced to 56.6% instead of
approximately 100% reported in the previous work.46 The
reflection spectrum is shown in Figure 2d, where the line width
is 0.65 nm, and the corresponding Q factor is 1940.
The high field enhancement in our design, which is also

spatially confined, provides a key advantage for optical trapping
applications. Figure 3a shows the electric field distribution of
two unit cells when a silicon sphere is trapped in one gap. Here
we define a parameter “trapping density” σ = 1/2, which means
every two unit cells share one trapped particle in the infinite
array. Due to the high index contrast between the sphere and
the medium, a much higher field enhancement is observed
near the sphere’s surface. Figure 3b shows the force spectra of
the silicon sphere depicted in Figure 3a. Figure 3c and d show
the temperature fields when a 30 μm by 30 μm nanoantenna
array on the glass substrate is excited at resonance. The
negligible temperature rise (less than 0.01 K) confirms the low
heating effect from our design. This is because most heat

dissipation comes from water absorption instead of the
resonators.
Since the optical gradient force is proportional to the

gradient of the square of the local electric field

F E r( )grad
2∝ ∇ | |

⎯⇀⎯
, we next investigate a truncated quasi-BIC

system, wherein the trapping stability can be further improved
by leveraging the asymmetry introduced in the gap. To
demonstrate this, we purposefully truncate out a small part of
both tips of the resonators in each unit cell to break the
symmetry of the original system (see Figure 4a). We refer to
this as the “2 cuts” system, and for the original system in Figure
2a we refer to it as the “0 cuts” system. For comparison with
the “0 cuts” system, we have adjusted the gap size of the “2
cuts” system to have the same gap size as the “0 cuts” system.
The tip-to-tip gap size for both the “0 cuts” and “2 cuts” system
is approximately 70 nm. Figure 4a shows the electric field
distribution of two unit cells of the “2 cuts” system that
presents approximately the same maximum field enhancement
compared with the original “0 cuts” system. The inset shows a
higher field enhancement at the intact tip (the black dashed
ellipse) compared with the truncated tip (the white dashed
ellipse) due to the larger curvature of the intact tip, which can
induce a larger gradient force on the particle trapped in the
gap. As shown in Figure 4b, the “2 cuts” system shows
approximately the same peak reflectance value compared with
the original “0 cuts” system. The force spectra of silicon
spheres with the same size and relative position in the “2 cuts”
and “0 cuts” systems are shown in Figure 4c. It can be found
that the peak value of Fy on the sphere (66.10 pN/mW)

Figure 2. (a) Schematic diagram of a unit cell of the symmetry-protected quasi-BIC metasurface. Geometrical parameters are Px = 894 nm, Py =
515 nm, a = 445 nm, b = 216 nm, H = 175 nm, and θ = 5°.The resonator side is surrounded by water. The refractive indexes are extracted from the
Palik database in Lumerical (see Methods for details). (b) Diagram depicting the electric dipoles induced in the two resonators. The incident light
is linearly polarized light with polarization perpendicular to the mirror plane (yz plane in this figure). The blue and red dashed arrows represent the
two dipole components px and py, respectively. (c) Electric field enhancement distribution of the xy plane (z = H/2) for one unit cell. The
maximum field enhancement is 141, which is defined as the maximum electric field enhancement factor on the xy plane when z = H/2. The electric
field is confined in the gaps, reflecting a collective effect. (d) Reflection spectrum for an infinite array. The reflectance peak is 56.6% due to water
absorption in this wavelength band.
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trapped in the gap of the “2 cuts” system is larger (by 1.32
times) than that of the same sphere trapped in the original “0
cuts” system (50.12 pN/mW), validating the improvement on
trapping stiffness in the xy plane. This enhancement in the
trapping forces for the “2 cuts” system relative to the “0 cuts”
system is because truncating the tip of the antenna on one end
results in an increased gradient of the electric field in the gap in
comparison to the untruncated (“0 cuts”) system. The

comparison of the profiles of ∂|E
⎯⇀⎯
(r)|2/∂y between the “0

cuts” and the “2 cuts” system is shown in Figure S6. Since the
optical gradient force in the quasistatic limit is proportional to
the gradient in the electric field, the “2 cuts” system with the
enhanced electric field gradient generates an increased optical
gradient trapping force. We have also investigated the impact
of fabrication imperfections on the quality factor of the quasi-
BIC antenna system. We have fabricated the “2 cuts” system
and compared it with the designed system from numerical
simulations. Figure 4d shows the SEM image of a fabricated
antenna array. The tilt angle has been set to θ = 15° because
this is easier to fabricate using the readily available nano-
fabrication facility. As shown in Figure 4e, by inputting two
unit cells of the SEM images into the numerical simulation
model, the fabricated array presents a similar reflection
spectrum compared to the designed array with only a slight
red-shift.
Subsequently, we have simulated the performances of the “2

cuts” system for practical optical trapping applications of
relevant nanoscale particles, as depicted in Figure 5. Figure 5a
shows the force spectra for some small particles comprising
exosomes, quantum dots, and bovine serum albumin (BSA)
protein molecules. Their hydrodynamic diameters are taken as

30, 20, and 5 nm, respectively. Although the quantum dots are
smaller than exosomes, they show larger forces due to their
larger refractive index of 2.49 relative to that of the exosomes
(n = 1.38) and the water medium (n = 1.31). Since the forces
are normalized, the results show that stable trapping for these
particles is expected even under lower laser power of a
milliwatt. Figure 5c shows the trapping potential of a 30 nm
polystyrene (PS) sphere located above the top surface of the
resonators and moving along the path depicted by the red
arrow in the inset. A broad and deep potential well is observed
within the gap of the “2 cuts” system. The depth of the
potential well is larger than 10 kBT/mW, which is sufficient to
trap the PS sphere stably in the xy plane. The corresponding
optical forces with respect to the sphere’s positions along the y
direction are shown in Figure 5b. Figure 5d shows the optical
trapping potentials for the same PS sphere trapped in the
original “0 cuts” system and the “2 cuts” system along the z
direction obtained by evaluating the integral73 U(r0) =
∫ ∞
r0 F(r)·dr. It can be noticed that the middle height z0 (the

left black dashed line) is the equilibrium position with Fz = 0,
which corresponds to the bottom of the trapping potential
well. Near the top surface level z = H (the right black dashed
line), the steep slope of the potential curve indicates a strong
force pulling the particle back toward the gap. The broad
potential well indicates that the confinement in the z direction
experienced by a trapped particle is not strong, while the large
depth of the potential well (∼59 kBT/mW) guarantees a strong
back force pulling the particle back when it reaches the top
surface. Moreover, the “2 cuts” system presents a deeper
trapping potential well along the z direction than the original
“0 cuts” system, indicating improved trapping stability along
the longitudinal direction. These properties make the “2 cuts”

Figure 3. (a) Electric field enhancement distribution for σ = 1/2. The diameter of the trapped silicon sphere is D = 50 nm. The maximum field
enhancement is 347. To describe the position of the sphere, we define x0 = Px/4, y0 = Py/2, z0 = H/2. The center position of the left bottom
resonator can be expressed as x = −x0, y = −y0, z = z0. Therefore, the center position of the sphere in (a) is described as x = x0, y = 5 nm, z = z0. We
will follow the coordinate notations here in this paper. This set of geometrical parameters is applied to all systems (except for the second section)
for comparisons between different systems. (b) Force spectra for the silicon spheres depicted in (a). Temperature fields of the (c) xz plane and (d)
xy plane for a 30 μm by 30 μm quasi-BIC array on the glass substrate. The maximum temperature rise is 0.005 K.
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system an ideal platform for nanoscale particle-trapping
applications.
SIBA Effect with Truncated Quasi-BIC Antenna

System. As we have mentioned previously, to the best of
our knowledge, discussions on how trapped particles alter the
resonance performance of the cavity rather than the resonance
frequency have not been reported so far. This section
investigates the relationship between the cavity resonance
and trapped particles and presents a new mechanism to
generate the SIBA effect based on this quasi-BIC antenna
system. Our discussions are based on an idealized scenario
assuming an infinite array where trapped particles are
periodically placed in the gaps.
To begin the discussion, we refer to the “0 cuts” system

where the tips are intact and investigate the influence of the
trapping density on the resonance performance. For demon-
strating this concept, we make the assumption for the following
section that trapped spheres are always placed in the right-side
gap in each unit cell for all the trapping density values. The
placement of particles for σ = 2/3 in the “0 cuts” system is
intuitively depicted via the electric field enhancement
distribution shown in Figure 6a. Due to the high Q factor,
perturbation to the “0 cuts” system by trapped silicon spheres
cannot be neglected, and a red-shift when increasing the
trapping density is observed (seen in Figure 6b). It should be
noted that the reflectance of the system is also decreasing with

increasing trapping density. This means that the quasi-BIC
mode is slightly suppressed, and the scattering loss increases
when a particle gets trapped in the gap. To verify that the
quasi-BIC mode is suppressed in the “0 cuts” system, we have
fitted the reflection spectrum to a Fano line shape to extract
the Q factor for different σ (see Methods for details), as shown
in Figure 6c. Both the Q factor and the field enhancement
show a drop with a higher trapping density. A qualitative
explanation is that the extra dipole moment excited in the
silicon sphere breaks the original symmetry of the system. In
other words, the py components of the left and right resonators
are not able to equally cancel with each other due to the extra
dipole moments provided by the trapped particles.
We next consider a “1 cut” system where particles are

trapped in the truncated region (see the inset of Figures 7a and
S1). In contrast to a negative impact on the quasi-BIC mode,
particles trapped in the asymmetric gap of the “1 cut” system
instead play a positive role in enhancing the performance of
the mode. Direct evidence can be found from the reflectance
spectrum shown in Figure 7a, where the peak reflectance
increases with increasing the trapping density σ. When no
particles are trapped (i.e., σ = 0), the reflectance decreases
dramatically from 56.6% in the “0 cuts” system to 46.0%,
attributed to breaking the symmetry, while the reflectance
increases again with increasing σ, in contrast to the trend of the
“0 cuts” system where the reflectance decreases with increasing

Figure 4. (a) Electric field enhancement distribution for the “2 cuts” system with adjusted gap size. The tip-to-tip gap size is approximately 70 nm
in both “0 cuts” and “2 cuts” systems. Here we set Py = Py0 − 20 nm = 495 nm for the “2 cuts” system to keep the symmetry while adjusting the gap
size. Following the coordinates notation described above, the tip is vertically truncated along the z direction, and the line equation of the edge
(labeled by the white dashed line) is y = −45.5 nm. All other geometrical parameters of the resonators are the same. The maximum field
enhancement is 147. Inset: Zoom-in figure showing the field enhancement difference between the two tips. (b) Reflection spectrum for the original
“0 cuts” and the “2 cuts” system. (c) Force spectra of the same silicon spheres trapped in the “0 cuts” system and the “2 cuts” system with σ = 1/2.
The relative position of the sphere in the gap is approximately the same as in the “0 cuts” and the “2 cuts” system for comparison. Inset: Zoom-in
figure shows the field enhancement difference for the “2 cuts” system with σ = 1/2, which induces a larger gradient force. (d) SEM image of the
fabricated “2 cuts” array. The tilt angle is designed as θ = 15°. The white dashed ellipse labels two truncated tips, while the red dashed ellipse labels
two intact tips. (e) Reflection spectra for the designed and fabricated “2 cuts” array calculated by FDTD Solutions. The tilt angle is θ = 15°. Inset:
Electric field enhancement distribution for the fabricated “2 cuts” array. Notice that the field enhancement is lower for θ = 15° in comparison to θ =
5°. The model for the fabricated array in FDTD Solutions is built from the SEM image in (d).
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σ (see Figure 6b). The new dipole moment induced in the
trapped silicon sphere partially compensates for the lost part of
the truncated resonator and hence enhances the quasi-BIC
mode. In other words, the effective index in the gap gets
increased and becomes closer to that in the original system. By

multipole decomposition analysis71 shown in Figure 7b, we can
find that the electric dipole around the right antenna is
increased after trapping a particle, consistent with our
expectation. To further prove this positive effect, the Q factors
and the maximum field enhancements with respect to the

Figure 5. (a) Force spectra for small particles, including exosomes, quantum dots, and BSA molecules. The geometrical parameters are σ = 1/2, x =
x0, z = H, y = 8 nm, y = 12 nm, and y = 23 nm for exosomes, quantum dots, and BSA molecules, respectively. The refractive index for each particle,
namely, exosomes, quantum dots, and BSA, is 1.38, 2.49,74 and 1.45,75 respectively. D in the legend denotes the diameter of each particle. Solid
lines correspond to Fy, while dashed lines correspond to Fz. Inset shows a zoom-in view of the force spectra for BSA molecules. (b) Trapping forces
corresponding to the trapping potential in (c). The vertical black dashed line indicates the center of the gap (i.e., close to the equilibrium position
in the xy plane). The “y position” in both (b) and (c) is the y coordinates relative to the starting position. (c) Trapping potential of a PS sphere (nPS
= 1.59, D = 30 nm) moving along the red arrow 5 nm above the top surface of the resonators. A broad and deep potential well is observed,
corresponding to the gap region. Inset depicts the trajectory of the sphere. (d) Optical trapping potential wells for the “0 cuts” and “2 cuts” systems
when moving a PS sphere along the z direction in the gap. The two vertical black dashed lines correspond to z = z0 and z = H, respectively. The
trajectory of the sphere center is z = 30 nm to z = 2H. The geometrical parameters are D = 30 nm, σ = 1/2, x = x0, and y = 0 (center of the gap for
comparison). The laser wavelength is set as the resonance wavelength when the sphere center is at z = z0 in each case.

Figure 6. (a) Electric field enhancement distribution for σ = 2/3 depicting the placement of particles. White dashed ellipses show the placement of
the spheres. The positions of the silicon spheres are x = x0, y = 5 nm, and y = 5 nm + Py, respectively. (b) Reflection spectra for different trapping
densities σ = 0, 1/3, and 2/3. With a higher trapping density, the resonance wavelength shows a red-shift, and the peak reflectance decreases. (c) Q
factor and maximum field enhancement with respect to the trapping density. The Q factor is decreasing, denoting a suppression of the quasi-BIC
mode by trapped particles. The maximum field enhancement jumps up when the trapping density is not zero, originating from the high index
contrast between silicon and water. It then gradually decreases due to the perturbation of trapped particles.
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trapping density are shown in Figure 7c. It is evident that the Q
factors and maximum field enhancement both increase with
increasing σ, which is opposite the trend of the “0 cuts” system
(see Figure 6c). Since both a higher Q factor and a higher field
enhancement denote a higher local density of photon states,
the improvement of the quasi-BIC mode is verified. The
electromagnetic field distributions for different trapping
densities are shown in Figure S3. This effect still occurs for
low-index particles such as PS spheres (n = 1.59, see Figures S2
and S4 for details).
To qualitatively demonstrate how this particle-enhanced

effect assists with the trapping process, we have derived the
expression for the force Fy where the x and z components are
not considered since they are much smaller in the gap. The
equations of one-dimensional particle motion while only
considering optical forces can be expressed as70
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where p is the momentum of the particle, β is the expectation
value of the photon amplitude, while n = |β|2 is the expectation
value of the photon number in the cavity. ωc(y) = ω0 + δωc(y)
denotes the resonance frequency of the system as a function of
particle position y, while ω0 and δωc(y) describe the resonance
frequency of the empty cavity and the resonance shift due to
the particle perturbation, respectively. κ = κex + κint + κscat(y) is
the total cavity decay rate72 (also the total line width), and the
Q factor of the empty cavity is defined as Q = ω0/(κex + κint).
Here κex denotes the decay rate of the empty cavity into
particular external channels (such as backward scattering),
which also serves as the source of injection of photons into the
cavity with number flux E0

2 and frequency ωL. κint denotes the
intrinsic loss rate resulting from water and material absorption.
κscat(y) describes the scattering rate of trapped particles and is a
negative value here in contrast to that in the previous work70

because the presence of particles increases the Q factor (i.e.,
decreases the total line width). By solving eqs 1 to 3, we show
that the y component of the optical forces satisfies Fy

ex∝ κ
κ
(see

Supporting Information S1 for the detailed derivation) at the

Figure 7. (a) Reflection spectra for different trapping densities in the ”1 cut” system: σ = 0, 1/3, 1/2, and 2/3. Similar to the “2 cuts” system, the
line equation of the truncated edge is expressed as y = −55.5 nm. All other geometrical parameters are the same as the original “0 cuts” system (i.e.,
the gap size is not adjusted). With a higher σ, the resonance wavelength shows a red-shift and the peak reflectance is increased. Inset: Electric field
enhancement distribution for σ = 2/3 depicting the placement of particles. White dashed ellipses show the placement of the spheres. (b) Multipole
decomposition analysis showing the electric dipole components before (solid line) and after (dashed line with diamonds labeling data points) a
silicon sphere is trapped with σ = 1/2. An increase can be seen after a particle is in the gap, indicating the compensation for the lost part of the
resonator. For other multipole curves, refer to Figure S5 for details. Inset shows the region (the black dashed rectangle) where the multipole
decomposition analysis is applied. (c) Q factor and maximum field enhancement both increase with increasing σ, denoting a positive perturbation,
in contrast to particles trapped in the original system (seen in Figure 6c). (d) Force spectra of silicon spheres trapped in the “1 cut” system with σ =
1/3 and σ = 1/2, respectively. The peak values of forces are Fx = 16.43 pN/mW, Fy = 49.21 pN/mW for σ = 1/3 and Fx = 23.23 pN/mW, Fy =
70.05 pN/mW for σ = 1/2, respectively. The two horizontal dashed lines denote the peak values of forces when σ = 1/3.
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resonance wavelength. Here we assume that the laser
wavelength can be freely tuned to reach a resonance for the
particle at a specific position, which is different from the
previous work,70 where the laser wavelength ωL is considered
to be fixed. With particles trapped in the gap, the Q factor
increases, namely, the total decay rate κ decreases, giving rise
to an increase of Fy. The numerical evidence from the aspect of
trapping density is shown in Figure 7d. When increasing the
trapping density from σ = 1/3 to σ = 1/2 in the “1 cut” system,
the peak values of Fx and Fy on the same sphere are increased,
directly confirming the positive response of our “1 cut” system
when particles are trapped. Additional proofs for such particle-
assisted trapping effect can be found in the Supporting
Information S3.
Since we have assumed collective placement of multiple

particles, it is instructive to investigate a scenario in the limit of
low particle density. For this case, we have simulated a 20 μm
by 20 μm “1 cut” array and placed only five silicon spheres in
the truncated regions. We find that for such low particle
density, trapping of particles in the truncated region does not
improve the resonance quality of the quasi-BIC mode. Figure 8

shows the simulation results before and after five silicon
spheres (i.e., σ = 5/858) are trapped at the center region of a
20 μm by 20 μm “1 cut” array illuminated by a Gaussian beam.
The reflection spectra present a slight red-shift, while the
differences between the reflectance peak values are small
enough to be considered as numerical calculation tolerance.
On the basis of our findings, we predict that the trapping
stability would increase when more particles are trapped in the
asymmetric gap, while no enhancement in the trapping stability
is expected for low particle trapping densities such as the case
of single-particle trapping. Such a trapping feature whereby
increased trapping stability occurs as a result of increasing
particle density represents a novel form of self-induced back-
action.

■ CONCLUSION
We have systematically studied the optical trapping process in
a dielectric quasi-BIC system for the first time. We first
investigate the optical trapping of dielectric subwavelength
particles in a symmetry-protected quasi-BIC system that

contains a pair of complete silicon elliptical cylinder resonators
in each unit cell. Compared with traditional plasmonic
nanotweezers, the high Q factor (∼2000), strong field
enhancement (∼140), negligible heating effect, and multiple
hotspots make such a system a great candidate for trapping-
assisted sensing applications. We have also shown that
purposefully truncating a small part of the tips of both
resonators in each unit cell to give rise to a doubly truncated
system results in an enhanced optical gradient trapping force.
We attribute such enhancement to the higher electric field
gradient induced in the asymmetric gap of the system. Our
results show that the doubly truncated (“2 cuts”) system is
more suitable for particle-trapping applications in comparison
to the complete elliptical nanoantenna system. In addition, we
have demonstrated the positive interplay between trapped
particles and the cavity in the symmetry-broken system, where
only one resonator in each unit cell is truncated, in contrast to
the trapping-induced suppression of the quasi-BIC modes in
the original intact system. This mechanism applies to particles
with lower refractive indices and smaller sizes as well. Future
work will focus on experiments to demonstrate these effects.
We envision that these results will pave the way for applying
quasi-BIC systems into particle-trapping-assisted sensing
applications and open a new door to harness the particle−
cavity interplay to enhance the optical trapping process.

■ METHODS

Simulations. The numerical simulations of reflectance
spectra and field distributions presented in here are performed
by commercially available software (Lumerical FDTD
Solutions 2019b) using a finite-difference time-domain solver.
Periodic boundary conditions are used in the x and y
directions, while PML boundary conditions are used in the z
direction. A maximum mesh step of 10 nm is set for resonators,
and a maximum mesh step of 3 nm is set for trapped spheres. A
mesh accuracy of “5” is set for the simulation region. The
dimensions, material properties, and background media are
specified in the main text.
The numerical simulations of optical forces are performed

by another commercially available software (COMSOL
Multiphysics 5.5) using the frequency domain solver in the
Wave Optics Module. Periodic boundary conditions are used
in the x and y directions, while PML boundary conditions are
used in the z direction. Normal-incident and x-polarized
(perpendicular to the mirror plane of the unit cell) plane wave
are defined at the incident port. All forces are calculated by the
Maxwell stress tensor (MST) method and are all normalized to
an input power of 1 mW. Material properties are averaged from
the Palik database in Lumerical and are set as follows. nSi =
3.477, nSiO2 = 1.41, nPS = 1.59, and nwater = 1.31 + 0.00013i,
where i is the imaginary number denoting the loss component.
A maximum mesh step of 15 nm is set for resonators, and a
maximum mesh step of 5 nm is set for trapped spheres.
Maximum mesh steps for water and the glass substrate are set
as 1550 nm/6/1.31 and 1550 nm/6/1.41, respectively. The
geometrical parameters are the same as those in Lumerical
simulations and are specified in the main text. It should be
noted that the resonance wavelengths in COMSOL
simulations all deviate slightly (∼1.5 nm) from that of the
same structure in Lumerical FDTD simulations. Therefore, we
compare the reflection spectra and force spectra separately in
the main text to avoid confusion.

Figure 8. Normalized reflection spectra before and after five silicon
spheres are trapped at the center region of a 20 μm by 20 μm “1 cut”
array. A PML boundary condition is applied, and the incident light is
set as a Gaussian beam with the beam waist radius of 10 μm. Inset:
Electric field enhancement distribution for the whole array without
particles.
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Q Factor Extraction. We use a Fano model to extract the
Q factor from the reflection spectrum following the method
reported in previous works.76,77 The simulated reflection
spectrum is fitted to a Fano line shape by the “CFTool”
toolbox in MATLAB. The curve fitting equation is given by

R a ai b
1 2 i

2

0
= + +

ω ω γ− + where a1, a2, and b are constant

real numbers; ω0 is estimated by the central resonant
frequency and needs to be slightly modified during the fitting
process; γ denotes the overall damping rate of the resonance.
The frequency terms ω and ω0 are prenormalized to (0, 1) so
that all the unknown parameters will be within (0, 1). The Q
factor is then calculated by Q = (ω0/2γ). In this article, the R-
square values of all curve fittings are larger than 99%.
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