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Optical forces can be used to manipulate small particles through various mechanisms. In this work, we
present a comprehensive analysis of optical forces acting onto the nanoparticles located over a substrate
using different manipulation techniques, as well as the conditions of the optimization of these forces. In
particular, we study optical trapping, acceleration, and binding. Calculations are carried out using the exact
multipole expansion method combined with Maxwell stress tensor formalism, providing a general
framework to study optical forces on particles for arbitrary incident fields using closed-form expressions.
The method takes into account multiple-scattering between the particles and substrate, and allows clear
predictive abilities well beyond the dipole model We consider the interaction of dielectric and metallic
nanoparticles with various substrates. The presence of substrate is shown to have a significant impact on
the nanoparticles resonances and provides an additional degree of freedom in tailoring the optical forces.
We explore different physical processes contributing to the optical force and their interplay on the mobility
of the particle. It is established that engineering layered substrates can broaden the scope of trapping and
acceleration, and enhance the binding forces. It can also provide a high tunability of the acceleration
direction. The analysis presented in this paper provides key physical insights to identify optimum setup for
nanoparticles manipulation in various applications.

PACS number(s): 42.50.Wk, 37.10.Vz, 78.67.Bf, 78.66.Fd

I. INTRODUCTION

The precise control and manipulation of micro- and nano-
particles is the key to a variety of applications and has been
an active area of recent nanotechnology research.
Numerous confinement and manipulation technologies
have been developed over the years such as scanning
tunneling microscope (STM) [1], atomic force microscopes
(AFM) [2] and transmission electron microscope (TEM)
[3]. These technologies have been incorporated into
nanolithography methods to fabricate micro- and
nanostructures on metallic or semiconductor surfaces [4, 5].
The main drawback of all scanning probe methods,
however, remains that the interaction between the scanning
probe and the substrate is controlled mechanically and the
probe is physically attached to a macroscopic scanning
head or control unit.

One promising way for non-contact and non-invasive
manipulation of micro and nanoscale particles is to employ
optical forces exerted by light upon its interaction with
particles. Since the seminal work by Ashkin [6], optical
forces have attracted significant attention and have been
used for a variety of applications such as trapping and
acceleration of nanoparticles [7-10], optical cooling [11]
and sorting cells and biomolecules [12-14].

The physical mechanism of optical forces is based on
momentum exchange between light and particles. It is well-
known that light carries a linear momentum associated with
the wave vector. It can also carry an angular spin or orbit
momentum where the former is dependent upon the
polarization helicity and the latter depends on the phase

structure of the light [15]. As the light interacts with a
particle, there is an exchange between the momentum of
light and the particle which results to mechanical effects.

The optical forces may arise through different
mechanisms and can be classified into two groups: non-
conservative forces (due to radiation pressure and spin-orbit
interactions) and conservative forces (gradient forces). The
distinction between conservative and non-conservative
forces is that the work done by conservative forces only
depends on initial and final positions while it is path-
dependent for non-conservative forces. The conservative
optical force is called gradient force and arise from the
evanescent bonding between light waves. Inhomogeneities
in the electric field intensity intrinsic to the structured light
beams or created due to the scattering from other structures
interacting with the incident field can result in a gradient
force. Non-conservative force may arise due to exchange of
linear momentum or an exchange between the spin and
orbital parts of the angular momentum. The former effect is
called radiation pressure which is a result of scattering and
absorption by the particle and the latter is a result of
circular polarizability of the particle where the rotational
symmetry is broken.

The strength and direction of optical forces depends
strongly on the medium and particles optical properties, as
well as on the parameters of the incident light. Several
efforts have been put into finding the conditions under
which the optically induced force is increased, as well as
engineering its direction [16-25]. The majority of these
works have been restricted to the particles suspended in a
liquid or free space. However, from the applied point of
view in many applications we are interested in



manipulation of the particles on a substrate for fabrication
of nanoscale devices and forcing the particles into desired
configurations [7-10].

Even though the optical force on particles above a
substrate has been studied in specific cases [26-32], it has
not been addressed in a rigorous analytic way. It is well-
established that the optical properties of a particle located
over a substrate differ dramatically from those of the same
particle in a homogeneous space. For short separations
from substrate, the contribution from evanescent waves
becomes dominant as a result of multiple scattering and is
not at all negligible. This consequently leads to the
emergence of multipolar excitations and substrate-induced
mode coupling and splitting. As such, Mie theory [26-28],
ray optics [29] and dipolar analysis [30-32] are not
applicable anymore and can lead to serious errors even for
small Rayleigh particles [33]. For this purpose, numerical
approaches have been used which lack efficiency and are
limited by memory size and computational time constraints
[34-36].

In this work, we use the exact multipole expansion
method taking into account the effect of multiple scattering
between particles and substrate. Using the Maxwell stress
tensor formalism we arrive at closed-form expressions for
optical forces acting onto the particles located over a
substrate which offers a significant advantage in calculation
accuracy and efficiency. The method is very general
holding true for any arbitrary incident field, and does not
invoke any simplifying assumptions. Owing to the high
speed of the method, we present a comprehensive analysis
of optical forces acting onto the nanoparticles located over
a substrate in different manipulation techniques, as well as
the conditions of the optimization of these forces. In
particular, we study optical trapping, acceleration and
binding. The influence of different types of substrates on
optical properties of dielectric and metallic nanoparticles is
investigated and it is shown how, by engineering layered
substrates optical forces can be tailored. We explore
different physical processes contributing to the optical force
and their interplay on the mobility of the particle. It is
established that engineering layered substrates can broaden
the scope of trapping and acceleration, and enhance the
binding forces. It can also provide high tunability for the
acceleration direction. The results provide key physical
insights on various interesting optical force phenomena.
Understanding these effects will be instrumental for the
development of self-organizing nano-systems in an optical
field and optically-driven fabrication technologies.

The paper is organized as follows. In Sec. II, we
introduce the methods and formulation. The key equations
are brought in this section and the derivations and closed-
form expressions for force components are provided in the
supplementary materials. We investigate optical trapping of
particles located over a substrate by incidence of a highly
focused laser beam, in Sec. III. Layered substrates are
shown to be able to expand trapping regions of the particles

in the resonant regime. In Sec. IV, tunable acceleration of a
particle on substrate in two dimensions due to interplay of
radiation pressure and spin-orbit coupling is illustrated by
using oblique incidence of circularly polarized plane waves.
Optical binding and the inter-particle forces in a dimer
placed on a substrate under illumination of plane waves are
studied in Sec. V and the role of surface plasmon polaritons
and guided modes on enhancement of these forces is
demonstrated. Finally, the conclusion is drawn in Sec. VI.

II. METHODS

A. Scattering from Spherical Particles on a
Layered Substrate

Consider an array of N spherical particles located over a
generic interface under illumination of an arbitrary incident
field. The geometry of the problem is displayed in Fig. 1.
Here, we have used the same approach of our previous
work [37] on nanowires, to extend the formulation for an
array of spherical particles located over a layered substrate.
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FIG. 1. Geometry of an array of particles located over a layered
substrate under illumination of an arbitrary incident field. The
arrows symbolize different field contributions involved in the
scattering. The dashed line shows the surface across which the
flux of Maxwell tensor is calculated for obtaining the optical
force.

The total field in region 1 outside the particles can be
written as the sum of four contributions: The incident field,
the reflected field, the primary scattered field of the
particles and the secondary scattered field of the particles:

N N
E” —F' +E + EES,_/’ + EESK./‘ (1)
= =

The secondary scattered fields E™ are due to the
intrinsic substrate effect and are responsible for multiple
scattering between the particles and substrate [38]. In this
work, we use an exact multipole expansion method to
express all the field contributions in terms of vector

spherical harmonics (VSHs) in the local coordinates of one
particle. For p-th particle, we have:
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In the above equations Ammuv, Bwnuv are translation
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coefficients of vector spherical harmonics and Rynm'n are

the elements of substrate reflection matrix. a:ni and bfmi

are the unknown scattered fields’ coefficients of the

particles which can be obtained by solving the following
system of equations:
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The reader is referred to section 1 of supplementary

materials for the notation and detailed derivation of the
fields.

B. Optical Forces acting onto Spherical
Particles on a Layered Substrate

There are several ways for obtaining the optical forces
including the Lorentz force formalism [38], the Maxwell
stress tensor method [40, 41] and the decomposition into
scattering and gradient forces [42, 43]. The latter is widely
used, however, it is applicable only for the limiting cases of
particle being small [44] or large [45] compared to
wavelength. Here, we use Maxwell tensor method which
can be applied to a high degree of accuracy for particles of
arbitrary size and works well beyond the dipole model.

In general, the average force excreted upon a body by an
electromagnetic wave can be calculated by evaluating the
flux of the Maxwell stress tensor through a surface
enclosing the scatterer:

(F)= %Re ﬁﬁds, (8)
N

where T is the Maxwell stress tensor, .S is the surface

enclosing the particle, and 7 is the unit vector normal to
the surface. It should be emphasized that the results do not
depend on the radius of the surface S and the center of the
sphere selected for carrying the computations, as well as on
the specific shape of the closed surface enclosing the
particle. Actually, since the net force only depends upon the
presence of scatterer the closed surface can be chosen to lie
entirely in region 1 as shown in Fig. 1.
The Maxwell stress tensor is defined as:

= * * 1 * * =

T =(&,¢, EE" + 1,HH )—E(gogrE.E + 1, HH' ) L)
where &, stands for the relative permittivity of the

background medium. The first two terms involve dyadic

products, and I involved in the last two scalar products
represents a 3x3 identity matrix. Given that the total field



outside the particles written in (1), the non-vanishing force
contributions on p-th particle can be expressed as:
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of the above terms would be required.

Thanks to the exact method for solving the scattering
problem and given that all the field contributions can be
expressed in terms of vector spherical harmonics of each
particle as written in (2), we are able to evaluate all the
integrals analytically based on the method presented in [41]
which results to analytical expressions for different force
components.  Closed-form  expressions for  force
components and their detailed derivation are rather
technical and are detailed in section 2 of the supplementary
materials. The convergence study of the method and
important remarks regarding the implementation can also
be found in the supplementary materials in section 3 and 4,
respectively.

This method is very general and is valid for any arbitrary
incident field and all types of spherical particles and
substrates. Moreover, because the VSWFs form an
orthogonal complete basis, the method can be used to study
scattering and forces on non-spherical particles as well. The
closed-form expressions for optical forces not only offer a
significant advantage in calculation accuracy and efficiency
but also reveal the interactions between different
contributions of the field.

In the following sections, we present a comprehensive
study of optical forces acting onto the nanoparticles located
over a substrate in different configurations. All the
calculations reported on in this work have been carried out
by an in-house computer code based on the presented
method which to the best of our knowledge has never been
implemented for such a study.

III. OPTICAL TRAPPING

The trapping of nanoparticles has shown to be feasible at
the high intensity regions of structured light beams by the
action of gradient forces and is the heart of optical tweezer

technologies [6]. One simple way to trap particles which can
be integrated easily into compact lab-on-a-chip systems is to
use highly focused laser beams with Gaussian intensity
profile. In such an optical trap, the radiation pressure
compete with gradient forces and tends to destabilize the
particle confinement.

Both the gradient and scattering optical forces are shown
to be strongest near the resonance. However, treatment of
radiation pressure can be more complicated in the resonant
regime and would likely limit trapping of particles. In the
case of high-index particles in free space, there is an upper
limit on the particle size that can be trapped stably due to
strong scattering forces. For absorbing metallic particles, the
radiation pressure also contains a contribution due to the
light absorption which causes difficulties in particle trapping
even for tiny particle sizes. As such typical studies have
been limited to polystyrene or silica particles in water (from
25 nm to 10 micrometers) or gold particles (10-250nm) in
wavelengths significantly far off from the resonance
wavelength [46, 47].

In this section, we explore the possibility of trapping
gold and silicon particles located over a substrate exposed
by a Gaussian beam in the resonant regime. We study the
resonant behavior of the particles and how, by engineering a
layered substrate, stable trapping can be achieved.

The schematic of the configuration is shown in Fig. 2a.

¥ is the radial co-ordinate defined as » = /x* + y* . The
beam center is placed on the substrate. The waist size is
shown by w, and is related to the power of incident

Gaussian beam by P, = JT|EO|2 wy / 4n,, with 77, =377Q
being the impedance of free space.

In this study, we consider gold and silicon particles
whose trapping is proved to be more delicate. We fix the
particles size as a = 90nm to bring out all the fundamental
resonant modes in the visible light region. The refractive
index of silicon is assumed to be 3.4 and the gold
refractive index is taken from Johnson and Christy data [48].

The waist of the beam is set to w;, = lum.

Spacer layer
Substrate
FIG. 2. The schematic configuration of the particle trapping using a

highly focused laser beam. The particle is located over a substrate
and is illuminated by a Gaussian beam with the waist of wy.



A Gaussian beam has a symmetric intensity profile in
the radial direction with the maximum density at the center.
The absolute value of the gradient force is maximal when
the electric field gradient is maximal where for a typical

Gaussian beam with waist of W, happens at radial distance

of w, /2 from the beam axis. The radial force becomes

zero and changes sign at the beam axis introducing an
equilibrium position in the case of an attractive radial force.
However, it is the axial force that is most important for
determining if a particle is trapped. In order to have a stable
trapping, a repulsive force from substrate is required to lift
the particle from the surface otherwise, the trapping is not
feasible due to a vanishing gradient force and an increasing
frictional force as the particle moves toward the beam axis.
Levitation of the particle from the substrate traps the particle
in the equilibrium position above the substrate created by
the interference of incident and reflected Gaussian beams
[49].

When a Gaussian beam is reflected from the substrate, it
forms a standing-wave pattern and the particle can be
confined in the intensity maximum of the interference fringe
(antinode) above the substrate. However, when the particles
are located on the substrate, the predominance of evanescent
waves can give rise to more complex scattering patterns
which can pose challenges on trapping the particle. High
optical intensity near the surface, can cause the particles to
be pushed toward the substrate by strong gradient forces.
Moreover, the radial force can be turned into repulsive as a
result of scattering force arising from evanescent waves.
Here, we show that the stable trapping in three dimensions
can be achieved in the resonant regime by layered substrates
and engineering resonances of the particle.

We start by inspecting the resonant behavior of the gold
nanoparticle. Figure 3a and b show the extinction cross
section of the particle on a silica and a gold substrate,
respectively. The silica substrate does not introduce great
distortions in the extinction spectrum of the particle. A
resonant peak is observed at 580nm which corresponds to
the localized surface plasmon (LSP) of the particle. Higher
order peaks can also be observed outside the visible light
range in lower wavelengths. Unlike the silica substrate, a
gold substrate substantially changes the optical properties of
the particle due to excitation of surface plasmon polaritons
(SPPs) and propagating surface waves. As it can be seen in
Fig. 3b, the extinction efficiency is greatly amplified as a
result of strong coupling between the particle and substrate.
LSP resonance of the particle is red-shifted to 684nm. A
second peak is also visible at 540nm which corresponds to
the SPPs propagating on the gold-air interface and their
reflection at the nanoparticle edges.
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FIG. 3. Spectra of extinction cross section of a gold nanoparticle
with radius of 90nm located over silica (a) and gold (b) substrates.

We calculate the optical force acting onto the particle
using the closed-form formulas given in the supporting
information (equations 71-80). Before plotting the forces,
the values are normalized to the source power. Fig. 4 shows
the maximum radial and axial components of the optical
force for the silica (a, b) and gold (c, d) substrates. Several
interesting features are noticed in the force plots. Directly at
the LSP resonance, the radial force gets diminished while
the axial force becomes maximum due to increased
scattering. Approaching LSP resonance from the red-
detuned side, the radial force peak. The axial force at the
LSP resonance on the gold substrate is significantly
enhanced due to the coupling of the electromagnetic field
between surface plasmons excited in gold nanoparticle and
the anti-symmetric image dipole formed in substrate. The
peak corresponding to the SPP resonance is lacking on the
axial force while it is observable for the radial force because
the surface wave is travelling radially outward. The
scattering force due to propagation of surface waves, gives
rise to a negative radial force by dominating over the
diminished gradient forces around the LSP resonance. It is
noteworthy that the origin of this repulsive radial force is
triumph of scattering force over gradient force and it should
be distinguished from a repulsive gradient force. A repulsive
gradient force in a metallic particle occurs when the real part
of polarizability changes sign [50] which is not the case for
an 180nm-sized gold nanoparticle (polarizability of the
particle is never negative).
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FIG. 4. Spectra of maximum axial (a, c¢) and radial (b, d) optical
force exerted on the gold nanoparticle on silica (a, b) and gold (c,
d) substrates.

The strong coupling between particle and the substrate
leads to high intensities of evanescent waves in the vicinity
of the substrate which introduces a strong downward
gradient force. In both cases of silica and gold substrates, the
particle is subjected to a positive (attractive) axial force
from the substrate at the whole range of wavelengths which
makes the trapping of the particle unfeasible.

The coupling strength of the particle and substrate is
determined by the strength of the electric field driving the
plasmonic resonance, which can be controlled by inserting a
spacer layer between the particle and substrate. For this
purpose, we introduce a silicon spacer layer with varying
thickness between the particle and substrate as shown in Fig.
2. Figure 5 depicts the maximum radial and axial
components of the optical force versus wavelength and
thickness of the silicon spacer layer for both silica (a, b) and
gold (c, d) substrates.
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FIG. 5. The maximum axial (a, c) and radial (b, d) compoenents of
the optical force acting on the gold nanoparticle seperated from
silica (a, b) and gold (c, d) substrates by a silicon spacer layer, as a
function of wavelength and spacer thickness. Blue and red colors
represent attractive and repulsive forces, respectively.

Excitingly, we can now observe regions of negative
axial force. This suggests that the particle can be trapped in
these regions by choosing sufficient power to overcome
other competing forces such as van der Waals attraction and
gravity. This effect is caused by constructive and destructive
interference of the incident light reflected from the Silicon
layer, resulting in strong variations in the driving field of the
resonance which changes direction of the axial gradient
force, as follows from a simple interference model. Indeed,
the oscillation periods found in Fig. 5 correspond to the
additional phase shift of 2z for the light in the silicon layer
(This is half-wavelength of the light in silicon for the silica
substrate). Higher reflectivity of gold substrate with respect
to silica substrate results into a stronger repulsive axial force
since the amplitudes of the incoming light and the light
scattered from the Fabry-Perot cavity compensate each other
more. Repulsive radial forces can still be observed for the
gold particle on a gold substrate at lower wavelengths due to
dominance of scattering force caused by radially
propagating guided modes. It should be noted that the same
phenomena can be observed for a silica spacer. The only
difference would be in the oscillations period and the value
of the repulsive forces because of lower reflection.

This effect can be exploited to expand the trapping scope
of gold nanoparticles into the resonant regime simply by the



proper choice for the thickness of a spacer layer. It should
be remarked that the expansion of the trapping scope is
made possible by achieving a negative optical force and the
effect of other disruptive forces can be compensated by
scaling the optical force magnitude through increasing the
optical power of the source. In order to discuss relevance of
our findings to experimental observations, we obtain
trajectory of a gold particle in the presence of gravitational
force, van der Waals (vdW) attraction and ambient damping
of air which simulates the trapping behavior in the
experimental condition. We consider a gold nanoparticle
with radius of a =90mnm placed on a silicon layer with
thickness of 55nm backed by a gold substrate, illuminated
by Gaussian beam with the waist of w, =lum at
A =650nm . Figure 6 depicts radial and axial components
of the optical force acting onto the nanoparticle as a function
of radial and axial displacement from the beam center.
Equilibrium positions will be found at the intersections of
white regions in the two plots.
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FIG. 6. The axial (a) and radial (b) optical force components on the
gold particle versus the radial and axial displacement from the
beam center. Blue and red colors represent attractive and repulsive
forces, respectively.

The total force acting onto the particle is given by
1

U ow . o dv
F = Flign +mgz+deWz—;/v=m?,
t

gravitational

where

g2=98ms” is the constant and

m =19320%(4/3)wa’ kg is the mass of the particle. The

ambient damping constant of air is given by

y =6mua kg.s™, where t=1.84x10" kgm™.s™ is

the dynamic viscosity of dry air at room temperature. Van
der Waals force is obtained from Lennard-Jones 6-12

A
potential [51] as F,,, =121—22,

0

where d is the distance

between the particle and substrate, A4, is the Hamaker
constant (for gold particle on silicon substrate
A, =127¢eV [51]) , and z, is the position of the
minimum of the Lennard-Jones potential, which is estimated

at 0.5 nm. Notice that when the particle is placed on the
substrate the van der Waals force is maximum and d = Z,.

It should be remarked that in order to achieve a stable
trapping, the ambient damping forces are necessary and it
has been shown that the particle cannot be trapped in
vacuum [52].

The results in Fig. 6 suggest that in order to overcome
the disruptive gravity and vdW forces we need at least
450uW  for the source power. The trajectory of the
particle is numerically solved by integrating Newton’s
equation for a source with B =500ulV . Figure 7(a)
shows the trajectory of the particle when the particle is
initially located over substrate at radial distance of W), /2

from the beam center. The time evolution of radial and axial
displacements from the beam center are shown in Fig. 7b
and c, respectively. As it can be seen, the stable trapping is
achieved and the particle is confined at the equilibrium
position above the substrate.

It is important to note, when the particle is suspended in a
fluid (liquid or gas), it is subject to the random Brownian
motion [53]. The contribution of this randomness can be
taken into account by writing the total forcel as

U w r
F = Fuge +mgé + Fpy 2 — yv -2k, Tyn(t)F = m%’

where k, is the Boltzmann’s constant, 7 is the

temperature and 77(¢) is a white source noise (with a mean

equal to zero <77(t)> =()). For the nanoparticles placed on a

substrate in air at the room temperature (

k,T =0.025¢V =4x107'N.m), the value of
N2k, Tyn(t) is in the order of 107" which is negligible

comparing to the order of other terms in the equation (F}igh .

is in order of 10™) and it does not affect the particle
motion. However, the effect of Brownian motion can
become more important at higher temperature or when the
particles are placed in a liquid environment with higher
ambient damping. In these cases, the stable zero-crossing of
trajectory might need higher input powers.
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FIG. 7. Trajectory of the gold particle (a). Time evolution of axial
(b) and radial displacement (c) of the particle from the beam center.

We now turn to the trapping of a silicon particle located
over a substrate. Figure 8a and b, show the scattering cross
sections of the particle on a silica and gold substrate,
respectively. The silica substrate preserves the natural
optical properties of the silicon particle. Three distinctive
resonances are observed corresponding to magnetic
quadrupole (MQ), electric dipole (ED), and magnetic dipole
(MD) at 444 nm, 495 nm, and 640 nm, respectively.
However, resonance modes and their optical response are
strongly affected by the gold substrate and the excited
propagating surface plasmon polaritons (SPPs), in analogy
with the case of gold nanoparticle. The electric dipole
resonance is split in two, as the result of strong coupling
between the SPP mode and the ED resonance of the particle.
Moreover, the electric dipole resonance becomes the
strongest due to the retardation and the metal mirror image
effect. The dipolar modes are amplified compared to the
silica substrate, except for the MQ resonance which is
suppressed.
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FIG. 8. Spectra of scattering cross section of a silicon nanoparticle
with radius of 90nm located over silica (a) and gold (b) substrates
in the visible light range.

The optical force excreted on the particle is obtained and
the results are shown in Fig. 9 for maximum radial and axial
components of the force for both silica (a, b) and gold (c, d)
substrates. Similar to the case of gold particle, the axial
forces become maximum at the resonances and the radial
forces peak in the red-detuned side of resonances. The axial
force on a silica substrate is maximum at the MQ resonance
while interaction of higher order multipoles can lead to a
negative radial force around this resonance. For the gold
substrate, a third peak due to scattering force from SPPs is
visible in the radial force plot at 504nm (Fig. 9d) which is
missing for the axial force. Moreover, the radial force can
change into repulsive around this peak because of
dominance of the scattering force over the gradient force.
More interestingly, we observe a negative axial force around
the MD resonance when the particle is placed on gold
substrate which is due to the interaction of magnetic dipole
mode with its symmetric image in a gold substrate (As it is
suggested by image theory the force between a magnet and a
metallic substrate is repulsive [54]). This allows us to trap
the particle in this region with a greatly enhanced radial
force.
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FIG. 9. The spectra of maximum axial (a, ¢) and radial (b, d)
components of the optical force exerted on the silicon nanoparticle
on silica (a, b) and gold (c, d) substrates.

Except the narrow region for the gold substrate, the axial
force is attractive at the other wavelengths and the trapping
is not feasible. This is due to the fact that high-index
particles placed over a substrate are shown to exhibit a
directional emission into the substrate which gives rise to
strong field intensity in the vicinity of the substrate and
consequently an attractive gradient force. This forward
scattering does peak at ED and MD resonances and is
minimum at the wavelengths between these two resonances
[55, 56]. In a layered structure, the ratio of backward to
forward scattering can be adjusted by changing thickness of
the substrate. Hence, the same trapping scheme used for the
gold particle can be used here to compensate the axial force
by adding a silicon spacer layer with varying thickness
between the particle and substrate. Figure 10 shows the
maximum radial and axial components of the optical force
for both silica (a, b) and gold (c, d) substrates. As it can be
seen, regions of negative axial force develop between ED
and MD resonances where the forward scattering is
minimum. This implies that the interference effects of the
reflected field from the spacer layer can change direction of
the gradient force to trap the particle between ED and MD
resonances. For the gold substrate, narrow trapping regions
are also observed around the MD resonance due to
interaction of magnetic dipole with its symmetric image in
the back mirror. Note that for both substrates, the radial
force around MQ can become repulsive as a result of

interaction between higher order multipoles. A negative
deep is also present for the radial force on gold substrate
around ED resonance where the thickness of spacer is small,
which is attributed to the dominance of scattering force due
to SPPs.
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FIG. 10. The maximum axial (a, c¢) and radial (b, d) components of
the optical force exerted on the silicon nanoparticle separated from
silica (a, b) and gold (c, d) substrates by a silicon spacer layer, as a
function of wavelength and spacer thickness.

The proposed scheme offers a significant advantage to trap
the particles in the repulsive axial force regions and
exploiting the greatly enhanced radial force to our advantage
at the same time. In order to illustrate interplay of different
components of the force in the optical trapping, we obtain
trajectory of the silicon particle in analogy to the case of
gold nanoparticle. A silicon layer with thickness of 60nm
backed by a silica substrate is considered when the particle
is illuminated by a Gaussian beam at 550nm. The
distribution of axial and radial components of the optical
force in this case is shown in Fig. 11 versus radial and axial
displacements from the beam center.
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Fig. 11. The axial (a) and radial (b) components of the optical force
acting on the silicon nanoparticle versus the radial and axial
displacement from the beam center.

The mass of silicon particle can be obtained as
m =2320*(4/3)mwa’ kg and the Hamaker constant in the

van der Waals force formula for a silicon particle on a
silicon substrate is 4 =1.61 eV [51]. The trajectory of the
particle is shown in Fig. 12 alongside time evolution of axial
and radial displacements from the beam center. As it can be
seen, trapping time is shorter comparing to that of the gold
particle and the trajectory is smoother. This is because a
silicon particle is ~8 times lighter than a gold particle of the
same size and as a result the particle moves with a greater
velocity.
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FIG. 12. (a) Trajectory of the silicon particle. Time evolution of
axial (b) and radial (c) displacements of the particle from the beam
center.

In summary, this section presented a simple novel
technique for expanding the scope of optical trapping of
gold and silicon nanoparticles in the resonant regime using
layered substrates which offers low-power trapping of the
particles.

IV. OPTICAL ACCELERATION

While optical tweezing techniques rely on structured
light beams to move particles using gradients forces,
radiation pressure can be used to accelerate and push
particles. This can be done using a laser beam [6, 10] or by
a plane wave over a wide area of illumination [57].
However, radiation pressure acceleration is two-
dimensional and cannot manipulate the particle in the
directions perpendicular to the plane of incidence. It has
been recently proposed that the spin-orbit coupling can
introduce another degree of freedom to push particles in
lateral directions [57-61].

Spin-orbit coupling is a result of spin-Hall effect of light
[62]. As a result of this effect, when light interacts with an
object, there is an exchange between the spin and orbital
parts of the angular momentum carried by the light. When
the rotational symmetry is broken by an interface as a result
of this interaction, the direction of the mechanical force is
affected such that the conservation of canonical angular
momentum is preserved.

This suggests that for a particle located over a substrate
under illumination of an oblique circularly polarized plane
wave, we can observe a lateral force component
perpendicular to the incidence plane. This force can also
arise when we have an oblique incidence of linear
superposition of s- and p- polarized lights as the
interference of reflected and incident waves in this
configuration can result into a standing wave with elliptical
polarization [57]. In fact, transforming between linear and
circular polarization has been demonstrated by quarter-
wave plates [63]. The difference between these two cases is
that the circular polarized incidence while still affected by
the reflected wave does not rely on it to produce the lateral
force while the linear superposition of s- and p-
polarizations rely on the interference of reflected and
incident waves.

Recent theoretical investigations have unveiled lateral
optical forces acting on the particles due to spin-orbit
coupling in different configurations. While the force due to
interference of the incident and reflected waves is non-
vanishing only for large particle [58, 59], it has been shown
that contribution of guided modes and SPPs can enhance
the lateral force and lead to a non-vanishing force for small
particles [57].

In this section, we will address the optical acceleration of
particles located over a substrate through action of forces
arising from radiation pressure and spin-orbit coupling by
an obliquely incident circularly polarized plane wave. The
method used in this paper takes into account the



contribution of evanescent waves in addition to the lateral
spin in the interference pattern of incident and reflected
waves. We consider gold and silicon nanoparticles on
different substrates to bring out the application-oriented
physics and identify the optimal regions for optical
acceleration. The dimensions of the particles were chosen
as a =90nm which were characterized in the previous
section. The schematic configuration is shown in Fig. 13.
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FIG. 13. A particle located over a substrate under illumination of
an oblique circularly polarized plane wave. The wave vector is
lying in the x-z plane.

Assume the wave vector is lying in the x-z plane as
shown in Fig. 13. For a normal incidence both F and Fy
would be zero as both transverse and rotational symmetries

are preserved. With increasing the incident angle, F/ , starts

to increase at first with occurrence of a lateral spin
component and then decreases with increasing reflection.

Fy would be also zero for slanted angles near 90 degrees as

in this case r,=r.= —1 and interference of incident and

reflected waves near the surface make light effectively
linearly polarized which makes the spin angular momentum
of the total field to be zero. Here, we have assumed the
incident angle to be 45 degrees throughout this study.

We begin by analyzing the force components acting onto
the gold particle placed over a substrate. Fig. 14 depicts
spectra of different components of the optical force for both
right-handed (RH) and left-handed (LH) circular
polarizations in the case of gold (a-c) and silica (b-d)
substrates. The forces are normalized to the power density

of the incident plane wave. F. and F, which mainly

X z
represent radiation pressure, behave as expected and are
maximum at the LSP resonance of the particle. A second

peak is also observable for F, when the SPPs are excited.

This peak cannot be observed for F, which is because of

z

the radial propagation of SPPs. In the case of Fy,

unexpected features appear, which cannot be explained in
terms of gradient and scattering forces. For one thing, when

the circular polarization reverses, Fy reverses its direction

while £ and F, remain unchanged, both in magnitude and

in direction. This clearly shows the importance of circular
polarization in the origin of this counterintuitive lateral

force. Fy has the same order of magnitude as the transverse

radiation pressure and even trumps over it around the LSP
resonance when the particle is placed on the gold substrate.
This is while for the dielectric substrate, the magnitude of
this lateral force is significantly lower comparing to the
other components involved. This difference is attributed to
the contribution of unidirectional SPPs excited by the
particle on the gold substrate, while a dielectric half-space
does not support any guided modes.
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Fig. 14. The spectra of the optical force components acting on a
gold nanoparticle with radius of 90nm located over gold (a-c) and
silica (d-f) substrates. The particle is illuminated by a circularly
polarized plane wave with incident angle of 45 degrees.



As it can be seen from Fig. 14, when the particle is
placed on the gold substrate F, is significantly larger

z
comparing to the force components along the substrate due
to the strong coupling between surface plasmons excited in
the gold nanoparticle and the anti-symmetric image formed
in substrate. This would likely limit the acceleration of the
particle by introducing frictional forces. For the silica

substrate, although F, is not as great, F, does not provide

a high degree of freedom for acceleration in lateral
directions.

To solve the above-mentioned technical issues, we
introduce a silicon spacer layer with varying thickness
between the particle and substrate. This spacer layer can
compensate the axial force on the gold substrate by
controlling the coupling strength between the particle and
substrate. It can also enhance the lateral force for the silica
substrate by excitation of guided modes through internal
reflections. As it has been shown in [57] in the dipole-limit,
transverse magnetic (TM) guided modes will have the
dominant contribution to the lateral force. It should be
noted that introducing the spacer layer will decrease the
lateral force on the gold substrate by weakening of the
coupling strength between the LSP and the SPPs.

Figure 15 depicts all the force components as a function
of spacer layer thickness and wavelength for both gold (a-c)
and silica (d-f) substrates for an LHCP incident plane wave
with incident angle of 45 degrees. Several interesting
features can be observed. The axial force on the gold
substrate is greatly compensated by introducing the spacer
layer. Especially, a narrow repulsive region is observed
around the SPP resonance which is advantageous in terms
of manipulation without the frictional forces introduced by

F.. F. subsequently gets suppressed and enhanced as the
thickness of spacer layer and the driving field of the

resonance varies. More interestingly, £, exhibits an

y
oscillatory behavior with Fabry-Perot oscillations which
can lead to a change in the sign of this lateral force. This
implies that the direction of the acceleration can be tuned
by changing the spacer layer thickness. The magnitude of

Fy is greatly enhanced for the silica substrate due to

excitation of TM guided modes. For the case of gold
substrate, the maximum lateral force occurs when the
particle is located over the substrate without the presence of
spacer layer as a result of stronger interaction between
LSPR and SPPs.
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FIG. 15. The optical force components acting onto the gold
particle placed on a silicon layer with varying thickness backed by
gold (a-c) and silica (d-f) substrates as a function of wavelength
and silicon layer thickness. The particle is illuminated by an
LHCP plane wave with incident angle of 45 degrees.

In order to clarify the results and discuss the
interplay of different components of the force on the
mobility of the particle, we obtain the initial acceleration of
the particle and the lateral direction angle at which the
particle accelerates, as a function of wavelength and spacer
layer thickness. The friction between the particle and the
substrate is modeled as the static friction between two rigid
bodies. It should be noted that after the initial static
frictional phase, the particle can start to roll or slide over
the substrate depending on the velocity of the particle and
experimental conditions which will affect the frictional
forces [64]. Moreover, when the particle starts to move the
ambient damping and the resistance of air comes to the



picture. These effects consequently change the acceleration
of the particle. The static friction constant between a gold
nanoparticle and a silicon substrate has been measured
under different experimental conditions and different values
have been reported [65]. All the values lie in the range of
0.5-1. Here, we have considered a friction constant of 1,
thus, these results should be viewed as a worst case
scenario. The total force acting on the particle would be

u u
F=Flight+mg2+E/dW2_ﬂs(F +mg+E/dW)‘;’

Zlight
where U, is the friction constant. The relations for

gravitational and van der Waals forces are given in the
previous section. Note that although the frictional forces
introduced by van der Waals and gravitational forces can be
overcome by increasing the power, the friction introduced
by F, is inevitable. The results for the acceleration
direction and magnitude are given at Fig. 16 for both gold
(a, b) and silica (c, d) substrates for an incident power
density of 10 mW/um’ .
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FIG. 16. The lateral direction angle and magnitude of optical
acceleration for the gold particle located over gold (a, b) and silica
(c, d) substrates. The shadowed regions represent non-moving
regions, where the frictional forces are dominated.

As it can be seen, adding the spacer layer
significantly expands the acceleration scope for the particle
on gold substrate. Especially, higher accelerations can be
achieved in the regions with a repulsive axial force. The
results suggest that a wide control and tunability over

direction is possible in the acceleration region by changing
the spacer layer thickness. For the silica substrate,
acceleration region will be limited to lower wavelengths off
the resonance while changing the spacer layer thickness can
still provide additional degrees of freedom in direction of
particle acceleration.

Here, we repeat the same study for silicon
nanoparticle. Different components of the optical force are
shown versus the wavelength at Fig. 17 for both right-
handed (RH) and left-handed (LH) circular polarizations
for gold (a-c) and silica (b-d) substrates.
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FIG. 17. The spectra of the optical force components acting on a
silicon nanoparticle with radius of 90nm located over gold (a-c)
and silica (d-f) substrates. The particle is illuminated by a
circularly polarized plane wave with incident angle of 45 degrees.



F. and F, show an expected behavior with their

maximum being located at the resonances of the particle.
Fy, however, exhibits intriguing features. Opposite forces
emerge for opposite handnesses of circular polarization.
The magnitude of Fy is comparable to other force

components around ED and MD resonances, when the
particle is located on the gold substrate. This is attributed to
the contribution of unidirectional SPPs. In fact, the ED and
MD resonances of the silicon nanoparticle possess various
photon wave vector components and can provide the
appropriate momentum to excite gold unidirectional SPPs.

The magnitude of Fy on a dielectric substrate is

considerably lower than the transverse radiation pressure as
the substrate does not support any guided modes.

In analogy to the gold particle, silicon particle suffers
from the same limitations and challenges for acceleration as
the value of axial force on the gold substrate is significantly
larger than other force components and the lateral force is
small in the case of silica substrate.

In order to address these challenges and limitations, we
investigate the optical forces on particles placed on a
layered substrate. A silicon spacer layer is added between
the particle and substrate. The effect on force components
is studied by varying thickness. The force components are
shown in Fig. 18 for both gold (a-c) and silica (d-f)
substrates as a function of wavelength and spacer layer
thickness for an LHCP incidence. As it can be seen, the
axial force in the case of gold substrate is greatly
compensated and repulsive axial forces develop between
ED and MD resonances as the thickness of spacer layer
varies. The axial force on the silica substrate is also greatly
compensated between ED and MD resonances, while it is

enhanced at the resonances. F, gets subsequently
suppressed and enhanced at the resonances with the change
of spacer layer thickness. Fy is significantly increased for

both silica and gold substrates around the MD resonance
which is due to the efficient coupling of magnetic dipolar
resonances to TM guided modes supported by the silicon

layer. Moreover, an oscillatory behavior is observed for Fy

with the Fabry-Perot oscillations in the spacer layer.
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FIG. 18. The optical force components acting onto the silicon
particle placed on a silicon layer backed by gold (a-c) and silica
(d-f) substrates as a function of wavelength and silicon layer
thickness. The particle is illuminated by an LHCP plane wave
with incident angle of 45 degrees.

In order to illustrate how, interplay of different
components of the force affects the mobility of the particle
and the advantages offered by the layered substrate, we
obtain initial acceleration and its direction angle in analogy
to the case of gold particle for an incident power density of

10 mW/um’ . The results are shown in Fig. 19 for both

gold (a, b) and silica (c, d) substrates. As it can be seen, the
acceleration scope is greatly expanded by introducing the
spacer layer, especially for the case of gold substrate. In
particular, we observe great accelerations between ED and
MD resonances where the axial optical force is greatly



compensated. This is accompanied by a great tunability in
the acceleration direction for the gold substrate. In the case
of silica substrate, F, is mostly dominant over Fy in the
acceleration regions which limits the direction angle to
smaller values.
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FIG. 19. The lateral direction angle and magnitude of optical
acceleration for the silicon particle located over gold (a, b) and
silica (c, d) substrates. The shadowed regions represent non-
moving regions, where the frictional forces are dominated.

In summary, this section showed two-dimensional
acceleration of particles on substrate under action of forces
due to radiation pressure and spin-orbit coupling. Layered
substrates are shown to broaden acceleration scope of the
particles and provide high degrees of tunability in the
acceleration direction. Acceleration on a silica substrate is
proved to be more challenging due to frictional forces

introduced by F. It should be noted that the frictional

forces introduced by the axial optical force cannot be
compensated by increasing the power and alternative
methods should be investigated to expand the acceleration
scope further.

V. OPTICAL BINDING

The idea of assembly of nanoparticles and forming
aggregates using the interaction between them was first
proposed in [66]. It has been shown that coupling between
particles can induce either attractive or repulsive gradient
forces. For small-sized particles in the nearfield (non-

retarded coupling regime), the repulsive/attractive nature
depends on the polarization of incident wave and
subsequently the charge distribution on the particles [67-69].

In this section, we consider the inter-particle forces in an
identical gold dimer located over a substrate under
illumination of a normal plane wave. In order to avoid
retardation effects, the dimensions of the particles were

chosen as g, = a, = 25nm which makes the particles ultra-

subwavelength. The geometry of the configuration is shown
in Fig. 20. The dimer axis is located on x axis.

Spacer layer

Substrate

FIG. 20. The configuration of a gold dimer located over a substrate
under illumination of normal plane wave. The dimer axis is located
in the x-z plane.

Figure 21 depicts the spectra of inter-particle optical
forces on different substrates, when the particles are put at
an edge-to-edge distance of 10nm from each other, under
illumination of parallel (a) and perpendicular (b)
polarizations (with respect to the dimer axis). The forces are
calculated for the left-hand side particle. Referring to Fig.
20, a positive force shows an attractive force between the
particles while a negative force is indicative of a repulsive
force. The force on the other particle would have the
opposite sign.
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FIG. 21. Spectra of the optical force between two gold
nanoparticles with radii al= a2= 25 nm on different substrates for
(a) parallel and (b) perpendicular polarization of incident wave.

The interesting feature is that for all substrates, an
attractive force is observed between the particles, when the
particles are illuminated with parallel polarization and a



repulsive force is observed when the incident wave has
perpendicular polarization. This can be understood from
distribution of induced charges on the particles. For parallel
polarization, the induced charges on the edges of particles
are asymmetric which attract each other. This is the other
way around for perpendicular polarization. Both repulsive
and attractive forces peak in the magnitude at the resonance
of the particle. Moreover, as it can be seen from Fig. 21,
both attractive and repulsive forces are greatly increased for
the case of gold substrate (~5 times comparing to the free
space), while the forces are slightly smaller on dielectric
substrates with respect to the free standing particles. The
enhancement of the force on the gold substrate is directly
attributed to the contribution of SPPs.

All the optical force components acting onto the first
particle are studied as a function of wavelength and distance
between the particles for both parallel and perpendicular
polarization configurations, when the particles are placed on
the gold substrate. The results are shown in Fig. 22.
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FIG. 22. Spectra of the optical force components acting on a gold
nanoparticle located over a gold substrate in a dimer with different
edge-to-edge distances for (a, b) parallel and (c, d) perpendicular
polarization of incident wave. The distribution of induced charges
on particles and their images in a metallic substrate in (e) parallel

and (f) perpendicular polarizations.

As it can be seen in Fig. 22, both repulsive and attractive
forces increase in magnitude when the distance between the
particles decreases. For parallel polarization, forces are
considerably stronger and increase in a greater rate as the
particles approach each other. This is a direct consequence
of the increasing field-enhancement between the particles.
At the same time, the spectral position of the force
maximum red-shifts due to plasmon hybridization [68].
Interestingly, the axial force has opposite trends versus
distance for parallel and perpendicular configurations. In the
case of parallel polarization, the axial force decreases as the
particles move away from each other while it increases with
increasing distance for perpendicular polarization. This
behavior is attributed to the interaction of the particle with
the image of other particle in the substrate. As it can be seen
in Fig. 22c, for parallel polarization configuration the image
of the other particle is symmetric which gives rise to a
repulsive force and as a consequence the axial force pointing
toward the substrate decreases when the particles get closer
to each other. For perpendicular polarization the image is
anti-symmetric which leads to an attractive force and
consequently an increase in the axial force (Fig. 22d).

In order to discuss the interplay of different components
of the optical force on the bonding and anti-bonding action,

we plot the ratio of |F; / F;| at the resonance which can be

regard as a manifestation of the force needed to overcome
frictional forces. As it can be seen from Fig. 23, the ratio of

F/F,
polarization configurations as the distance increases. This
implies that as the particles move away from each other,

moving the particles with inter-particle forces becomes more
difficult. The dashed line in the figure corresponds to

F./F,

gold body on a gold substrate. As the value of

decreases in both parallel and perpendicular

= 0.49 which is the sliding friction constant of a

F./F.

crosses this line the movement would not be possible due to

the frictional forces introduced by F,. This suggests that

the binding is possible for particles with distances up to
20nm from each other and separation is possible for
distances up to 17nm.
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FIG. 23. The ratio of the inter-particle force to the axial force in the
gold dimer located over a gold substrate as a function of edge-to
edge distance between the particles. The dashed line corresponds to
the ratio of 0.49 which is the sliding friction constant between two
a gold body on a gold substrate.

For optical binding, there is a competing repulsive van
der Waals force between the particles. This force can be
obtained as minus derivative of the London-van der Waals
surface energy [51]. For equal size particles it is defined as

A 4a’ 4a’ 4a’
P=-—|—F+—F——+In|1-— ||, where A
6| s 2(s2 —4a2) s?
is Hamaker constant (A =4x10"" J for gold particles in
vacuum [51]) and s is the distance between centers of the
particles. The binding force at resonance and van der Waals
force are shown as a function of edge-to-edge distance

between the particles in Fig. 24. The results imply that in
order to overcome the van der Waals force, a minimum

ower of ~ 2.25 mW/um” is required. Note that the slope
p 2

of van der Waals force curve becomes very steep as the
particles gets very close to each other and higher powers
might be needed to make the particles in contact with each
other. It should be noted that the gravitational force between

the two particles are in order of ~107° N and clearly
negligible.
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FIG. 24. (a) The binding force at the resonance and (b) the van der
Waals force between two gold particles as a function of edge-to-
edge distance.

In order to increase the inter-particle forces on dielectric
substrates, it is advantageous to use a layered structure as
they support guided modes which can enhance these forces
in analogy to the contribution of SPPs. For this purpose, a
silicon spacer layer with varying thickness is added between
the particles and a silica substrate. The results are shown in
Fig. 25, for parallel (a, b) and perpendicular (c, d)
polarizations when the particles are separated by an edge-to-
edge distance of 10nm. As it can be seen, both attractive and
repulsive forces are increased significantly by adding the
spacer layer. This allows us to overcome competing van der
Waal forces with lower input power.
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FIG. 25. The optical force components acting on a gold
nanoparticle located over a silicon layer on a silica substrate in a
dimer with edge-to-edge distance of 10nm for (a, b) parallel and (c,
d) perpendicular polarization of incident wave.

Finally, it should be noted that for silicon particles of the
same size similar behavior is observed while the inter-
particle forces are weaker comparing to the gold dimer. This
is because gold dimers are more strongly coupled due to
localized surface plasmons. The above force properties are
for identical dimers in the non-retarded regime. As the
particles size increases, retardation effects start to appear
which can make the case complicated. Moreover, on non-
identical dimers higher order modes can be excited and the
force can be repulsive or attractive irrespective of
polarization configuration. Studying optical forces on more
complex clusters of nanoparticles would enable the mass
movement, arrangement and sorting of particles and requires



further investigations which remains the topic of our future
research.

VI. CONCLUSIONS

In conclusion, we presented a comprehensive analysis
of different components of the optical force associated
with various manipulation techniques using an
analytical approach. We demonstrate the advantages of
layered substrates in different manipulation techniques
and how they can be employed to tailor optical forces.
Engineering the substrate is shown to broaden the
scope of particle trapping and acceleration and enhance
the binding forces. Moreover, it can provide high
degrees of tunability in the acceleration direction.
Optimum regions for optical manipulation of gold and
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