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Manipulating the motion of nanoparticles in liquid media using the near field of integrated optical elements
is associated with enhanced viscous friction and an increased probability of adhesion. One of the ways to overcome these difficulties is the search for systems with a minimum of potential energy located at a distance from
the structure surface. In this paper, we numerically study the forces acting on Mie-resonant silicon particles
in water in the evanescent field of a Bloch surface wave and propose a method for localizing such particles at
a controlled distance from the surface. For this purpose, we use surface waves at two optical frequencies,
which provide different signs of interaction with the particle and different depths of field penetration into the
medium. As an example, we consider a silicon sphere with a diameter of 130 nm in the field of laser radiation
with wavelengths of 532 and 638 nm and a total power of 100 mW; taking into account the Brownian motion,
we show that the proposed method provides stable particle localization at an equilibrium distance to the surface, adjustable in the range from 60 to 100 nm.
DOI: 10.1134/S0021364022030092

Modern optical manipulation techniques that
employ integrated optical elements make it possible to
localize, move, and sort micro- and nanoparticles in
compact microfluidic devices [1, 2]. Channel and slot
optical waveguides [3–5], photonic crystal structures
[6, 7], and ring microcavities [8, 9] can be used for
these purposes. A few years ago, it was proposed to
employ one-dimensional photonic crystals supporting
Bloch surface waves as a novel platform for integrated
optics [10–13]. These waves are characterized by low
losses in a wide range of wavelengths, and their dispersion properties can be controlled by varying the structure geometry [14]. Bloch surface waves have shown
their effectiveness in the optical manipulation of
micro- and nanoparticles. It has been experimentally
demonstrated that they can be used to move polystyrene microspheres [15], trap metal nanoparticles [16],
and assemble biological cells near the photonic crystal
surface [17].
Due to the increased interest in optical resonances
of high-index non-metallic particles, suspensions of
submicron silicon particles have been actively studied
in recent years [18–20]. It has been shown that the resonant dependence of the light pressure force on the
particle size, which is characteristic of such suspensions [21, 22], makes it possible to use them for selective laser printing of Mie-resonant structures [23],
while enhanced optical binding effects in pairs of silicon spheres can be exploited for the development of
dynamically tunable nanoantennas [24]. It has been

experimentally demonstrated that conventional optical tweezers based on a tightly focused Gaussian beam
can be used for the optical trapping of such particles
[25]. At the same time, the possibilities of manipulating Mie-resonant silicon particles by using the near
field of micro- and nanostructures remain largely
unexplored.
In integrated optical manipulation schemes, particles are typically attracted to the structure by optical
gradient forces, while electrostatic repulsion forces
keep them at a distance from the surface and prevent
adhesion [26]. The need to provide electrostatic repulsion limits the choice of suspensions that can be studied and forces the use of surfactants [5, 6]. In this case,
the position of the particles in the direction perpendicular to the surface remains uncontrolled. For some
systems, for example, for Mie-resonant particles near
a metal surface, a stable equilibrium position was theoretically predicted to exist at a finite distance from
the surface due to the hybridization of scattering resonances near the surface [27–29]. The ability to manipulate particles, keeping them at a distance by optical
methods, is attractive because it allows minimizing
viscous friction and adhesion probability. The use of
metals, however, is often accompanied by their heating and the emergence of convection currents, which
significantly affect the movement of particles [30].
For the optical trapping of atoms in the near field
of waveguide structures, the problem of forming a
potential energy minimum at a distance from the sur-

136

OPTICAL LEVITATION OF MIE-RESONANT SILICON PARTICLES

137

Fig. 1. (Color online) (a) Schematic of the structure. The surface wave excitation region is confined to a waveguide directed along
the x-axis; the particle is localized in water, forming a gap h with the surface of the waveguide. (b) Effective refractive index and
penetration depth of the Bloch surface wave as a function of the wavelength. (c) Electric and magnetic polarizabilities of a spherical silicon particle with a diameter of 130 nm, normalized to the particle volume. Solid lines show the real parts and the dashed
ones show the imaginary parts. (d) Normal and tangential components of the optical force acting on a 130-nm silicon particle at
h = 30 nm versus the wavelength of light; the force values are normalized to the optical power in the surface wave mode.

face has been solved both theoretically [31, 32] and
experimentally [33], using light of two wavelengths.
Since the polarizability of atoms near the transition
frequency changes sign, the forces acting in optical
fields with wavelengths oppositely detuned from the
transition frequency have opposite directions. If, in
this case, the degree of field localization depends on
the wavelength, for a certain range of power ratios,
these forces balance each other at a finite distance
from the structure. Such an approach can be useful
not only for trapping atoms but also for manipulating
high-refractive-index micro- and nanoparticles,
whose polarizability changes sign near Mie scattering
resonances; however, to the best of our knowledge, its
applicability to this case has not been previously
explored.
In this work, we numerically study the forces acting
on Mie-resonant silicon particles in the evanescent
field of a Bloch surface wave propagating in an alldielectric structure and propose a method for particle
localization at a controlled distance from the surface
using surface waves at two optical frequencies.
The scheme of the structure under study is shown
in Fig. 1a. The photonic crystal consists of four pairs
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of silicon dioxide and tantalum pentoxide layers on a
glass substrate. The layer thicknesses are 220 and
155 nm, respectively, which provides a photonic bandgap with a central wavelength of 1.3 μ m at normal
incidence [34]. The Bloch surface wave propagation
region is confined to a polymer strip 1 μm wide and
200 nm high, which acts as a channel waveguide. The
strip material is SU8 photopolymer, which has been
previously successfully used to fabricate similar structures [13, 35]. A spherical silicon particle is localized in
water, forming a gap h with the waveguide surface.
Numerical calculations were carried out by the
finite-difference time-domain method using Lumerical FDTD Solutions software. In the calculations, we
used dispersion data for water [36], crystalline silicon
[37], silicon oxide and tantalum oxide films [38], and
data from manufacturers of SU8 photopolymer and
Schott D263T glass. The simulation region was a cube
with an edge length of 6 μm and a nonuniform grid.
On all faces of the cube, absorbing boundary conditions in the form of perfectly matched layers were set,
and the antisymmetry condition was set on the vertical
plane passing through the axis of the waveguide. A
source generating a femtosecond pulse with a broad
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spectrum in the Bloch surface wave mode was used in
the model. After simulating the pulse propagation in
the studied system, the field at the frequencies of
interest was calculated by the Fourier transform. The
force values were determined by integrating the components of the Maxwell stress tensor in the Minkowski
form over the surface of a cube containing the particle
and normalized to the energy of light propagating in
the Bloch surface wave mode. To verify the obtained
results, we carried out additional calculations with an
increase in the grid density and the simulation region
size at a minimum gap between the particle and the
waveguide surface h = 15 nm; the differences in the
results were no more than 2%.
In the area covered by the polymer film, the studied photonic crystal supports the propagation of spolarized Bloch surface waves. The spectral properties
of the fundamental mode of the structure under study
are shown in Fig. 1b. Here, the penetration depth of
the surface wave field dpen is defined as the distance
from the structure surface at which the electric field
amplitude decreases by a factor of e. It is related to the
effective refractive index of the mode neff as follows:

1 = 2π n2 − n2,
eff
e
λ
dpen

(1)

where ne is the environment refractive index, and λ is
the light wavelength in vacuum. As the wavelength
increases, the effective refractive index of the mode
decreases, and the depth of the field penetration into
water increases. For example, for typical wavelengths
of available laser sources of 532 and 638 nm, the penetration depth is 159 and 339 nm, respectively. If the
light of two optical frequencies simultaneously propagates in the structure, the relative contribution of the
low-frequency component increases with distance
from the surface.
Optical forces acting on subwavelength silicon particles in the visible range are primarily determined by
the electric and magnetic dipole polarizabilities [39,
40]. Figure 1c shows the spectral dependences of these
quantities, calculated in accordance with the Mie theory [39] and plotted for a silicon sphere with a diameter of 130 nm. One of the properties of forced oscillations is the phase change by π as the frequency of the
driving force passes through the resonant frequency of
the system. Thus, near the magnetic dipole and electric dipole resonances of the sphere, the real part of
the corresponding polarizability changes sign. In an
inhomogeneous electromagnetic field, this leads to a
change in the direction of the optical gradient force.
The calculated force acting on a silicon particle
with a diameter of 130 nm is shown in Fig. 1d. Here,
the gap between the waveguide surface and the particle
was set to h = 30 nm; the calculated values were normalized to the optical power in the fundamental surface wave mode. In the vicinity of the magnetic dipole
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Fig. 2. (Color online) (а) Tangential and (b) normal components of the optical force acting on a 130 nm silicon particle in the Bloch surface wave field versus the gap between
the waveguide surface and the particle h; the force values
are shown for vacuum wavelengths of 532 and 638 nm and
normalized to the optical power in the surface wave mode.
(c) Potential energy of a 130 nm particle in the field of
Bloch surface waves of two colors with a total power of
100 mW and different power ratios. The gray dashed line
shows the trajectory of the displacement of the stable equilibrium position.

resonance, the tangential component of the force
reaches its maximum value due to the high scattering
efficiency. At the same time, the normal component
changes sign. If the light wavelength is more than
551 nm, the particle is attracted to the surface, and if it
lies in the range from 477 to 551 nm, the particle is
repelled from the surface.
Let us now consider the forces acting in the studied
system when two laser sources with wavelengths of 532
and 638 nm are used. Figures 2a and 2b show the
dependences of the tangential and normal components of the optical force on the gap between the waveJETP LETTERS
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Fig. 3. (Color online) Dependence of the normal component of the force acting on a silicon particle in the field of
a Bloch surface wave on the light wavelength and particle
diameter. The gap between the waveguide surface and the
particle is fixed and equal to h = 30 nm; the force values
are normalized to the optical power in the surface wave
mode.

guide surface and the particle h, calculated for a
130-nm silicon sphere in the field of surface waves at
the selected wavelengths. With increasing distance
from the surface, both components tend to zero, and
this happens faster in the case of green light. The tangential component for both wavelengths acts in the
surface wave propagation direction. The normal component attracts particles to the waveguide in the case of
red light and repels in the case of green light.
With the simultaneous use of light at two frequencies, the optical forces are summed up, and in the
direction perpendicular to the surface, a stable equilibrium position can be formed at a finite distance from
the surface. Figure 2c shows the potential energy profile along the axis perpendicular to the surface
obtained by integrating the normal component of the
optical force. The potential energy values are normalized to kBT , where kB is the Boltzmann constant, and
T = 298 K is the room temperature. The total optical
power is fixed and is P532 + P638 = 100 mW, while the
power ratio P532 : P638 is varied. Along with this, the
shape of the potential changes and the stable equilibrium position shifts. At a power ratio of 70 : 30, the
minimum potential energy corresponds to the size of
the gap between the waveguide surface and the particle
h = 73 nm, and at a ratio of 74 : 26, it corresponds to
the gap size h = 100 nm. Note that along with the shift
of the energy minimum, the stiffness and the depth of
the potential well change. In optical manipulation, a
standard criterion for stable trapping is the potential
depth of the order of 10kBT or more [2]. In the given
example, this condition is satisfied for those profiles
JETP LETTERS

Vol. 115

No. 3

2022

139

that have the minimum at the gap h from 60 to 100 nm.
The use of higher powers will further expand this
range.
The results presented above have been obtained for
a fixed particle diameter. As the particle size increases,
Mie resonances shift towards longer wavelengths [22,
41]. Figure 3 shows the normal component of the optical force as a function of the particle diameter and vacuum wavelength for a fixed gap between the waveguide
surface and the particle h = 30 nm. As the size
increases, the spectral regions of repulsion shift
towards longer wavelengths, and in the visible range,
resonances of higher orders begin to manifest themselves. Finally, we note that the spectral properties of
one-dimensional photonic crystals are determined by
the thicknesses of their layers [42], which makes it
possible to optimize the structure for manipulating
particles of various sizes using available laser sources.
A similar approach can find applications in other systems, including Mie-resonant particles in the field of
conventional channel waveguides and optical fibers.
In conclusion, the optical forces acting on submicron silicon particles in the Bloch surface wave field
can attract particles to the structure surface and repel
them from it, depending on the light wavelength and
particle size. Using light of two optical frequencies,
one can achieve particle localization at a finite distance from the surface, the value of which is determined by the ratio of the powers at the frequencies
used. The proposed method makes it possible to minimize friction when moving particles along the surface
and eliminate the possibility of adhesion to the structure.
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