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Optical forces generated at the nanoscale using electric field gradients have proven to be a
powerful tool for trapping and moving nano-objects in a variety of application fields ranging
from aerospace engineering to biology and medicine. Typically, to achieve this optical
effect plasmonic resonant cavities that combine localized surface plasmon resonances
and propagative surface plasmon polaritons are used. Indeed, these structures allow to
engineer the distribution of the excited field hotspots, so inducing a precise movement of
the nanoparticles interacting with the plasmonic field. In this paper, starting from the
theoretical analysis of the surface plasmons, the potentialities of plasmonic nanostructures
are reviewed, analysing the geometric conformation designed according to the
application. The configurations with the most interesting performance, among those
mentioned in the literature, are described in detail, examining their main characteristics
and limitations. Finally, the future development and prospects of these plasmonic
nanostructures are discussed.

Keywords: plasmonic structures, optical force, photokinetic, optical propulsion, nanostructures

INTRODUCTION

The interaction of a light beam with a microscopic object can generate forces and torques, allowing
manipulation even if the source of forces is at a considerable distance from the point of application.
Each feature of the light (such as amplitude, phase, polarization, spatial distribution, etc) can induce
surprising effect on the object manipulation. Absorption and scattering give rise to radiation pressure
through the transfer of the linear momentum density of light. The momentum density, in turn, can
be influenced by the angular momentum density of light spin (Ruffner and Grier, 2012) and/or
gradients in the phase of the wavefronts (Roichman et al., 2008). Gradients in light intensity generate
dipole forces that can be used for optically trapping a particle in a well-defined position.
(Mansuripur, 2014). Properly structured light beams can transport small objects against the
direction of propagation (Chen et al., 2011; Novitsky et al., 2011; Wang et al., 2013).

In this article, we analyze the advantages of generating a force on small objects using surface plasmonic
nanostructures that enhance the optical radiation features. Indeed, the design of the surface plasmons,
that is the excitation resulting from the resonant interaction in a structure composed of a metal on a
dielectric substrate, allows to generate an electromagnetic field with appropriately structured
characteristics, such as: concentration of high energies in small areas (beyond the diffraction limit),
uniform or non-uniform spatial amplitude distribution, polarisation-dependent behaviour, and so on.
Plasmonic structures are capable of inducing forces for the manipulation of small objects; in this review
we will focus on the dynamics generated by these structures. In particular, we will observe that
nanoparticles placed in proximity to a metal structure capable to excite a plasmonic phenomenon
can induce small displacements around an equilibrium point. Moreover, it is also possible to design

Frontiers in Nanotechnology | www.frontiersin.org 1

May 2022 | Volume 4 | Article 886636


http://crossmark.crossref.org/dialog/?doi=10.3389/fnano.2022.886636&domain=pdf&date_stamp=2022-05-05
https://www.frontiersin.org/articles/10.3389/fnano.2022.886636/full
https://www.frontiersin.org/articles/10.3389/fnano.2022.886636/full
http://creativecommons.org/licenses/by/4.0/
mailto:sergio.balestrieri@na.isasi.cnr.it
https://doi.org/10.3389/fnano.2022.886636
https://www.frontiersin.org/journals/nanotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/nanotechnology#articles
https://www.frontiersin.org/journals/nanotechnology
https://www.frontiersin.org/journals/nanotechnology#editorial-board
https://doi.org/10.3389/fnano.2022.886636

Balestrieri et al.

particular metal structures that generate an appropriate electric
field distribution capable of inducing a propulsion. The latter
capability could be very useful in new emerging applicative
sectors such as medical-biological or space applications. Indeed,
with the recent development of micro- and nanosatellites,
interest in propulsion driven by a remote optical source has
increased. The nanoplasmonic approach could allow generating
a micro/nanosatellite propulsion without the need to add power
on the satellite, unlike the classical approach (such as chemical
or electric propulsion (Gassend et al., 2009; Sathiyanathan et al.,
2011; Cervone et al., 2016; Lemmer, 2017; Tummala and Dutta,
2017). To provide a self-consistent understanding of the
potential of plasmonic nanostructures for optically induced
motion, the rest of the paper is organized as follows: in the
first section, the theoretical principles of plasmon-enhanced
light-matter interactions are discussed, highlighting the
phenomena to be exploited for force generation. In the
second chapter, the optical trapping is reviewed, starting
from Askin’s method and analyzing the advantages of using
plasmonic nanostructures in generate static or dynamic
equilibrium. In the third chapter, nanostructures able of
generating force fields for long-range particle motion are
reported. In addition, some applications and the relative
induced thrust parameters, are illustrated. Finally,
conclusions and some future perspectives are presented.

THEORETICAL PRINCIPLES

In this section, we will analyse how, from a theoretical point of
view, a force can be generated by an electromagnetic field of an
optical radiation and which optically induced phenomena allow
the amplification of this force. Given an electromagnetic wave,
whose associated fields can be described by means of Maxwell’s
equations, and an object located inside the light beam, it is
possible to define the Maxwell stress tensor as a tensor that
encloses all the momentum per unit time resulting from the
interaction of the object with the electromagnetic fields,
i.e,, (Novothny and Hecht, 2006):

L2 1 5,2
Ty = e BE - S|E )+ (BB -oylBl ) (1
Ho

Where E; and E; are the electric field componﬁents; B; ;ind Bj are
the magnetic induction field components; |E| and |B| are the
amplitudes of the electric field and the magnetic induction field,
respectively; €y and y, are the dielectric permittivity in vacuum
and the magnetic permeability in vacuum, respectively.

It is possible from Maxwell’s stress tensor to derive the force
applied to an object resulting from the interaction with
electromagnetic fields as described (Novothny and Hecht, 2006):

(EY = J (T @0 -i(F)da @)

v
Where {F) is the time-averaged force on the object dependent on

the electromagnetic field, (T (7,t)) is the time-averaged Maxwell
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tensor, 7 (7) is the surface normal and 6V is the surface of the
object under consideration.

If the dimensions of the object are much smaller than the
wavelength of the incident beam, some approximations
(described in (Novothny and Hecht, 2006)) in the resolution
of the Maxwell’s tensor can be applied. So the force term reported
in equation (Eq. 2) can be redefined in the following way:

' 2 "2
(Fy =SV Bl +El V¢ 3)
4 2
Where « and o are the real and imaginary parts of the
polarisability, respectively; ¢ is the phase function relative to the
electric field, and | E| is the electric field amplitude. From this formula
the force induced by an electromagnetic field on microscopic objects
is composed of two terms. The former, called gradient force, depends
on the variation of the electric field amplitude and the dispersive part
of complex polarizability. The second term, called radiation pressure,
is related to the phase variations of the electric field and the
dissipative part of the complex polarizability. In general, the
gradient force tends to accelerate the particles orthogonally to the
direction of propagation of the incident electromagnetic field,
whereas the radiation pressure tends to accelerate the particles
along the propagation direction of the incident field (Novothny
and Hecht, 2006). This pressure is formed only in particular
configurations of the particle (e.g, metal particle) as it is also
related to dissipation.

Because of these behaviours, gradient forces are commonly
used in the literature to develop structures capable of inducing
motion in particles, and this means designing structures capable
of generating fields of non-uniform amplitude. Among the
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FIGURE 1 | Optical trapping method used by Askin.
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silicon

FIGURE 2 | Image showing the silicon waveguide separated by a
sub-micrometer gap to a metal substrate, showing the optical force
applied to the nanoparticles (Complete with permission from Yang et al.
(2011). Copyright 2011 American Chemical Society).

various approaches described in the literature (Soukoulis, 2002;
Fujimaki et al., 2008) to generate electric fields with a spatial
distribution of non-uniform amplitude, one of the most effective
is surface plasmonics. This phenomenon occurs when an
electromagnetic wave irradiates an interface between a metallic
material and a dielectric material (Maier, 2007). Surface
plasmonics manifests itself in two different ways called Surface
Plasmons Polaritons (SPP) and Localized Surface Plasmon (LSP).

This phenomenon related to coherent oscillations of
delocalised electrons occurs when an electromagnetic wave
radiates an interface between a metallic material and a
dielectric material. In fact, when light and freely moving
electrons (as in a metal) interact, the oscillating electric-
magnetic field of the light forces the free electrons to move
together with the electromagnetic oscillations. This movement
of electrons produces an additional electromagnetic field. Two
types of surface plasmonics can be considered: Surface Plasmons
Polaritons (SPP) and Localized Surface Plasmons (LSP).

SPPs are waves that propagate along the metal-dielectric
interface and are highly localised, indeed the electric field in the
direction orthogonal to the interface is evanescent. To obtain an
SPP analytically, the Maxwell’s equations on an interface between a
metal (€;) and a dielectric material (e;) defined along an xz plane
has to be considered. Maxwell’s equations with continuity
conditions for electromagnetic fields in TM polarization return
a propagating wave with a § constant defined as:

_ €16,
ﬁ - kO € +€ (4)

where ky is the propagation constant in vacuum. On the other
hand, the Maxwell’s equations with continuity conditions for the
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fields defined in TE polarization doesn’t return any solutions.
Thus, SPPs are only obtainable in TM polarization.

In order to generate an SPP, the x-long component of the
momentum of the free photon (ko ) has to coincide with the
propagation constant of the SPP. However, in formula (Eq. 4) we
see that 3 > ko,. This implies that an SPP can only exist if there is a
momentum mismatch between its momentum and that of free
space, otherwise the wave cannot be confined within the surface.
Thus, SPP can never be generated by direct illumination, but
specific excitation techniques must be used, such as (Maier, 2007):
prism, grating or near field light source.

On the other hand, Localized Surface Plasmon are non-
propagating excitations of conduction electrons relative to
metallic nanostructures coupled to the electromagnetic field.
LSPs are derived from Mie theory, assuming that the
nanostructure has spatial dimensions much smaller than the
wavelength of the incident beam (quasi-static field
approximation) (Maier, 2007). This assumption implies that
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FIGURE 3 | (A) the plasmonic bull’s eye with the direction of the
plasmonic waves used to trap the particle in the centre and some trajectories
that can be generated with time-dependent beams; (B) centred hot spot
simulated with equation (Eq. 9); (C) shifted phase profile hot spot
simulated with equation (Eq. 9); (D) Normalized Force plot for a Bull's Eye
device and a conventional optical tweezers for x-component Force.; (E)
Normalized Force plot for a Bull’'s Eye device and a conventional optical
tweezers for z-component force. (Complete with permission from Huft et al.
(2017). Copyright 2017 American Chemical Society).
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FIGURE 4 | Configuration of a 1D gold dimer array trapping a
nanoparticle using a normally incident Gaussian beam. The dimer gap, lattice
constant and displacement along y are denoted respectively by d,c,D,. The
Gaussian beam is polarised along x and has parameters hy e wg.
[Reproduced from Liaw et al. (2018)].

the equations of electrostatics, i.e., Laplace’s equations, can be
used in the evaluation of the electric field. Once solved, a
polarizability in the following form is obtained:

*= Vﬂ (6)

€ + 262
Where V is the volume of the nanostructure. Thus, for
polarizability can be determined a resonance (a — e .) at a
given frequency of the incident field by the Froehlich condition:

R (e1(w)) = —2¢, ™)

Thus, at resonance there is an amplification of electromagnetic
fields.

In addition, unlike SPPs, there are no conditions limiting the
generation of a LSP, so direct illumination can also be used.

PLASMONIC FORCE CONFINEMENT

In the previous chapter, it was explained from a theoretical point
of view how a force can be generated from an electromagnetic
field, and that in order to obtain intense forces, the mechanisms of
surface plasmonics can be used, which allow electric fields with
high amplitudes and non-uniform spatial distribution to be
achieved. This chapter describes how surface plasmonics
phenomena can be induced by nanostructures suitably
designed to achieve the desired electric field distributions.

A typical example are optical tweezers, structures capable of
trapping particles and keeping them in stable equilibrium at a
given location in space. Historically, optical tweezers were
proposed by Askin (Mansuripur, 2014) in 1970. Their
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operation in a macroscopic case is defined as follows: A
spherical particle of dielectric material (index of refraction r)
is immersed in a liquid (refractive index n;). A laser is focused on
the dielectric particle at a point far from the centre of the sphere.
Due to the transmission effect, the momentum of the incoming
beam (p,,) will have a different direction than the momentum of
the outgoing beam (p,,); this implies the formation of
(AP = Poys — Psy) such that the force obtained from this Ap
allows the particle to rise balancing with the force of gravity
(Figure 1).

Moreover, if the particle is moved sideways relative to the
equilibrium point, a pullback force is generated that returns the
particle to its original position, making the equilibrium stable.

If the particle size is reduced to the order of microns or less,
Askin’s method is unable to maintain the stable equilibrium of
the particle due to effects that disturb its effectiveness (Juan et al.,
2011); in particular:

e The reduction of the pullback force related to its
dependence on the volume of the particle.

¢ The reduction in viscous friction due to the dependence on
the surface area of the particle.

e The effect of temperature, which rises when the particle is
microscopic, and thus generating chaotic motions around
the equilibrium point, delocalising the particle.

An increase in the intensity of the incident laser beam can be
used to mitigate the delocalization effect and other microscopic
effects.

The main limitation of this technique is related to the size of
the particles. When this latter reaches a value close to half the
wavelength of the incident beam, diffractive effects appear which
tend to disperse the beam of light and prevent it from focusing on
the particle.

There are some techniques that can overcome the limitations
associated with diffractive effects. For example, optoelectronic
tweezers (Wu, 2007), in which light creates virtual electrodes and
therefore, by coupling with a non-uniform electric field, generates
a region in which the particles are confined. A similar effect is
achieved with the opto-thermophoretic tweezers technique
(Zheng et al., 2018), which creates a temperature gradient by
optical heating, allowing for manipulation of displacement and
trapping of particles.

These techniques allow to have a good control on micro and
nanoparticles, even if the trapping will be extremely weak; on the
other hand, Surface Plasmons Polaritons (Shuller et al., 2010;
Juan et al, 2011; Daly et al, 2015) generate extremely
concentrated fields beyond the diffractive limit, succeeding to
trap a nanoparticle with extreme efficiency, however, making
some dynamic operations more complex than in previous cases,
in which they were easily performed.

In general, when a plasmonic optical tweezer is irradiated by
an electromagnetic wave at resonance frequency, a symmetrical
field distribution (hotspot) is generated in a specific area of the
structure such that the resulting forces tend to trap the
nanoparticles in the centre of the hotspot. A typical example
of a plasmonic optical tweezer is shown in (Yang et al., 2011)

Frontiers in Nanotechnology | www.frontiersin.org

May 2022 | Volume 4 | Article 886636


https://www.frontiersin.org/journals/nanotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/nanotechnology#articles

Balestrieri et al.

Plasmonic Nanostructures for Induced Thrust

A s00
400
300
200

100

N l AN s N I AN .
llI|lllhllllIIlIlIi’IIIlIlIIIIlII‘ilIII|llll':IIIIlllllI!l[lhl||'1I'IIli'llllllll[IIII‘h'I]lIIlIlIlIIlllll

| F[(pN)

O =W

0
-1000-900 -800 -700 -600 -500 -400 -300 -200 -100 0

y
BSOO =
400 — M_(pN-nm)
& - 0.06
300 |— 0.03
W =K
200 g -0.03
100 = 7 N\ ’ \ / N ’
N . 4 . ’ \ ’ Ay "
sl Sl bbb B b b b b s b o b b S b v i

100 200 300 400 500 600 700 800 900 1000

-1000-900 -800 -700 -600 -500 -400 -300 -200 -100 0
Yy

FIGURE 5 | (A) Optical vortices manifested in a streamline map of the optical force field. In particular, this streamline map depicts the field of forces (F,, ) applied to

a polystyrene nanoparticle centred at different places in space (v, z) in the yz plane at x = 0. The arrows and colours represent the direction and magnitude of the optical
force respectively. The dotted lines represent the physical limit of the polystyrene nanoparticle considered here with a radius of 100 nm. From this image we therefore
have evidence of the presence of both contact and non-contact modes for optical trapping. The stagnation points of the non-contact modes are shown at

Xo = (0, 361nm, 207 nm). (B) Map of nanoparticle spin moments. The colouring represents the intensity of the moment. [Adapted from Liaw et al. (2018)].
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FIGURE 6 | Interface of plasmonic coupling with gold nanoparticle (xz
plane) (Complete with permission from Wang et al. (2009). Copyright 2009
American Chemical Society).

(Figure 2), where a cylindrical silicon waveguide is placed at a
distance (g) from a metallic substrate.

When the system is illuminated from the z axis, an electric
field hotspot is generated in the space between the guide and the
metal substrate, and the associated force is such that the
nanoparticles are trapped in this gap.

In addition to generating symmetrical field distributions that
tend to lock the nanoparticles at a defined point, plasmonic optical

tweezers can also be designed to achieve equilibrium dynamically.
That is, generating a stationary movement around a given point.
An example of this type of structure is described in (Huft et al.,
2017) and illustrated in Figure 3A, where an optical tweezer is
constructed using a plasmonic bull's eye configuration to
transform the incident wave into converging plasmonic waves.
In order for the particles to be trapped in the centre of the
structure, the plasmonic waves have to interfere constructively in
the centre and to achieve this effect, a phase shift of 7t is required in
the generation of the various SPPs. This implies that it is necessary
to modulate the beam in such a way that the interference of the
various SPPs occurs at different positions from the centre of the
structure. To achieve this, the phase function (¢) of the incident
beam must depend on both the polar angle of the bull’s eye (6) and
the spatial point where the particle is to be trapped (x, y), ie.

il 3] (2] oo
T+ Zn\j(cos(e) + 2)2 + (sin(@) + %)2

Where a is the period of the Bull’s eye pattern which is chosen
equal to the wavelength of the SPP at the interface between silver
and water. To verify this behaviour, the authors carried out some
simulations using COMSOL Multiphysics (Huft et al., 2017) in
which the plasmonic ring was modelled assuming a set of sources
along the ring with a field defined as:

E<6<—
2 2

s efsrr i
E*(p,0) = We cos (6) )

Where p is the distance from the source point, ky, is the wave
number of the SPP and 6, ¢ are the same as in Eq. 8.
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FIGURE 8 | Sketch of the V-shape plasmonic structure, illuminated by a
TM-polarized light. Complete with permission of Sendergaard et al. (2010).
Copyright 2010 American Chemical Society.

The simulations show that hot-spots (Figures 3B,C) are
formed whose position depends on the phase of the incedent
beam, confirming the assumptions defined above. Figure 3D
shows the difference between the x-long components of the
resulting forces in a Bull'eye device case (orange) compared to
a conventional optical tweezer (blue). It can be seen that the force
generated by the Bull’s Eye is much more intense than in the
conventional case; the same result is also obtained if we compare
(see Figure 3E) the components along z of the forces of the
Bull’Eye (orange) with respect to the conventional case (blue). For
this reason, the plasmonic Bull’s Eye has more effective trapping
than the conventional case.

Moreover, the results shown that using a beam with a time-
varying phase, the trapping site moves, generating a motion of the
nanoparticle. The motions obtained are such as to generate either
linear trajectories along a specific direction, or circular
trajectories (some examples are shown in Figure 3A).

Liaw et al. (2018) proposed another particular case of a plasmonic
optical tweezer with dynamic equilibrium obtained using an array of
gold dimers separated by a gap (see Figure 4). These are irradiated
by a polarised field along x, generating forces and relative moments
on polystyrene nanoparticles in the vicinity of the system.

In Figure 5A can be seen the optical force generated by the
system; to achieve the equilibrium this optical force is
compensated by the friction force generated by the liquid in
which the nanoparticles are immersed. Two types of equilibrium
can be generated: a contact equilibrium in which the
nanoparticles tend to adhere to a gold dimer, and a non-
contact equilibrium in which the dimers generate a swirling
motion around a point in space known as the stagnation
point. The resulting moments are the combination of the
angular momentum generated by the Maxwell tensor and the
momentum generated by friction with the liquid. In Figure 5B
illustrates the generation of two nanoparticle spins, the direction
of which depends on the vortex’s torsion. In particular, if the
vortex rotates clockwise (Figure 5A), there will be an anti-
clockwise nanoparticle spin (Figure 5B), whereas if the vortex
rotates anti-clockwise (Figure 5A), there will be a clockwise
nanoparticle spin (Figure 5B). Moreover, the results show that
if the dimer array is moved away from the focal point of the beam,
the nanoparticles initially tend to follow the array (Liaw et al.,
2018). However, there is a threshold length which, if exceeded,
generates an additional vortex leading to trapping of the
nanoparticles away from the dimeric matrix. Finally, since
these structures are plasmonic in nature, it is also possible to
obtain an increase in vortex intensity by reducing the distance or
gap between the dimers.

PLASMONIC OPTICAL THRUSTER

In the previous paragraph it was reviewed how optical tweezers
can produce symmetrical field distributions such that the
resulting forces are able to keep a nanoparticle in equilibrium,
while in the following a number of proposals for achieving a long-
range movement of nanoparticle will be presented. There is the
possibility of obtaining thrust forces using radiation-matter
interaction effects; in particular, we mention solar sail
(Swartzlander, 2017), (Davis and Mead, 2011), laser ablation
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FIGURE 9 | Sketch of the asymmetrical trapezoidal plasmonic structure.
Adapted from Jiao et al. (2016)

(Sasoh, et al., 2017) and the thermo-optical effect observed in
(Ndukaife et al., 2015). In this paragraph, however, we will
observe that it is possible to induce a long-range force in
microscopic objects by means of a gradient force induced by
specific field distributions. It will also be shown that this effect is
achieved very effectively thanks to surface plasmonic
phenomenon.

A simple plasmonic device has been presented in (Wang et al.,
2009), consisting of a metal layer placed on the base of a prism
with the tip pointing downwards (this type of solution is also
known as the Kreshmann configuration (Maier, 2007) see
Figure 6). Gold nanoparticles are placed on this structure in
aqueous solution. If the particles are free from any constraint they
tend to move only for thermal effects. These effects generate a
chaotic motion (Brownian motion) in all directions of space.
When an incident beam illuminates the prism at a certain angle,
nanoparticles tend to acquire a drift velocity in the direction
parallel to the air-metal interface (x-axis) and in the direction
orthogonal to it (z-axis); this is sketched in Figure 6.

Plasmonic Nanostructures for Induced Thrust

However, the drift only occurs if the incident beam has a TM
polarization. This suggests that the cause of the drift phenomenon
is attributable to the formation of an SPP. The hypothesis is
confirmed by the contextual observation of a chaotic motion
along the y-axis. In fact, the SPPs are such that they generate field
distributions only along the interface and orthogonal to the
interface (see Figure 6) so this implies that forces are obtained
only along the two aforesaid directions, leaving the y-axis free
from any constraint. Figure 7 presents the results of the analysis
of the optical forces (and the induced velocity) acting on the
nanoparticles, as function either of the distance between the metal
surface and the aqueous solution and the intensity of the
optical beam.

In particular, it has been observed that as the intensity of the
incident beam increases, the drift speed tends to increase,
implying that the optical force also increases as the intensity
increases. On the other hand, as the distance between the metal
and the nanostructures increases, the force tends to decrease, with
different behaviour depending on the force component observed.
In fact, the force along z tends to decay exponentially as the
distance varies, while that along x decays in an almost linear
manner. Finally, the authors performed a comparison between
the propulsion generation obtained through the formation of an
SPP, and that obtained through total internal reflection, i.e., using
the same structure but without the metal layer. The results show
that the fields obtained by SPP are much more intense, although
they can only be used if the excitation beam illuminates the
structure at the right resonance angle.

A more complex configuration capable of generating
propulsion with an output speed that can be used for medical-
biological applications is well explained in (Sendergaard et al.,
2010; Shalin and Sukhov, 2013). The structure, as can be seen in
Figure 8, consists of a V-shape cavity made of a gold film
deposited on a glass substrate.

When the structure is irradiated with TM-polarized light, an
intense electric field is generated at the bottom of the trench; this
is due to the generation of a resonant LSP. Once the resonance is
excited, two SPPs are formed along the edges of the structure by
near field excitation. The coupling of the two Surface Plasmon
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FIGURE 11 | (A) Electric field distribution in a trapezoidal structure the wave is polarised along x at wavelength 532 nm; (B) electric field distribution of a modified
oblique-sided trapezoidal structure with the wave polarised along x and at wavelength 580 nm. © 2019 |EEE. Reprinted, with permission, from Zhang et al. (2019).
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FIGURE 12 | (A) A sketch of the array configuration in end-to-end mode; (B) the thruster hypothesised in Rovey et al. (2015) to make full use of sunlight. Adapted
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implies a significant amplification of the field. The amplification
factor is a function of the geometrical parameters and in
particular an increase can be obtained if the angle (6) of the
V-shape is reduced. In fact, when the two edges of the V-shaped
trench approach each other, the interference effects between the
two SPPs are amplified. Even the resonance is highly dependent
on the depth (h) and angle (0) of the V-shape. In particular, the
wavelength of the resonance increases (red shift) if the trench
depth h increases or its angle 0 decreases. In particular, the
wavelength of the resonance increases (red shift) if the trench
depth h increases or its angle 6 decreases. On the other hand, the
amplification factor of the electric field tends to decrease when the
resonances are at long wavelengths. This behaviour can be
explained by considering that gold at long wavelengths tends
to behave like an ideal metal, absorbing most of the SPPs that
form along the edges. The plasmonic structure generates an
electromagnetic field with an asymmetric distribution, with
more amplitude at the bottom of the V-shape and less at the
top of the trench, at the surface of the metal layer. This
distribution can be explained by taking into account that SPPs
tend to reduce their effectiveness as they propagate along the edge
of the trench. Starting from the spatial distribution of the
electromagnetic field and integrating the Maxwell tensor on
the surface of a nanoparticle (Eq. 2), the forces acting on the

particle and its outward ejection can be determined. The force
obtained from the Maxwell tensor can be written as in equation
(Eq. 3) with a dominant gradient term with respect to the
radiation pressure. In particular, the gradient force is such that
the nanoparticle will move along the z-axis (i.e., along the height
of the V-shape) with a velocity derived from formula (Eq. 2), that
takes on the following value (Shalin and Sukhov, 2013):

3

—&eoﬁ (10)
zpeﬂ

17:

where p, is the effective density of the nanoparticle whereas &
represents the polarizability per unit volume that is a function of
the dielectric permittivity relative to the substrate and metal. The
equation (Eq. 10) is derived by considering that the force is
entirely a gradient force and that the potential generated by it is
entirely transformed into kinetic energy.

Numerical simulations (Shalin and Sukhov, 2013) were carried
out on the structure and the velocity of a silver nanoparticle with a
radius of 8 nm was estimated. The estimated velocity is 0.1 m/s
when illuminating the plasmonic structure by a TM-polarized
wave having a power density of 1-2 2% and a wavelength in the
visible range (required for the SPPs formation). The speeds
obtained are such as to allow the transport of drugs and
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FIGURE 13 | Y-component of the force applied to a glass particle of radius 50 nm as a function of the y-coordinate of a set of trapezoidal structures as in Rovey
etal. (2015), placed in an end-to-end configuration with the following parameters: height 350 nm, major base 120 nm, minor base 60 nm, gap 40 nm, thickness 50 nm.
The light is polarized along x and at wavelength 730 nm and the amplitude of the incident electric field is such that it is normalized.

x107

genetic material in the cells and are therefore interesting for
possible applications in the medical-biological sector. However, a
single structure is not capable of inducing high velocities in
nanoparticles, so the propulsion described above can be used
for applications requiring the movement of small objects in
extremely small areas.

Rovey’s group has designed a plasmonic structure that allows
higher values of thrust and velocity: (Rovey et al., 2015; Jiao et al.,
2016; Maser et al., 2016; Zhang et al., 2019). This is not due to an
increase in the force generated by the single structure, but to the
possibility of being able to couple a large number of elementary
structures in such a way as to form an array and thus obtain a
force resulting from the sum of the elementary contributions
related to the single structures. Thus, the total force is greatly
amplified and can be used in numerous applications, including
space propulsion. The system (see Figure 9) consists of two
trapezoidal gold structures separated by a gap and deposited on a
glass substrate.

When the structures are uniformly illuminated, a resonance,
due to the generation of an LSP, is formed in the gap between the
two trapezoids. The resonance wavelength depends on the
geometrical parameters of the gold structures, ie. the width of
the two bases of the trapezium, its length, its thickness and the
gap. Once the resonance has been induced, the near-field
excitation forms two SPPs along the edges of the two
trapezoids that couple within the gap and, as in the structure
discussed in the previous paragraph, generate a strongly amplified
and asymmetric field distribution. By calculating the forces
through the Maxwell tensor (Eq. 1), we obtain a distribution
that depends on the position along y of the system (see
Figure 10A), such that a nanoparticle undergoes a strong

initial acceleration followed by a deceleration zone of lesser
intensity (see Figure 10B).

Preliminary experimental results for this configuration are
also reported in refs. (Rovey et al., 2015; Jiao et al., 2016; Maser
et al., 2016; Zhang et al, 2019), confirming the functionality
expected from theory and simulations. In general, it is observed
that structures with larger horizontal asymmetries (i.e., along the
y-axis) have more amplified electric fields. Therefore, in order to
induce further asymmetry, the oblique side of the trapezoid can
be modified in a stepwise manner.

Figure 11 shows a comparison of the field distribution
between a trapezoidal structure with linear and stepped
oblique sides (Zhang et al., 2019).

As mentioned above, in general, the output speed induced by a
single plasmonic structure is relatively low. In order to obtain more
efficient performance useful for practical applications, an array of the
above elementary structures can be constructed by organising an
array through a so-called end-to-end configuration (Figure 12A). In
this configuration, the minor base of a trapezoid is adjacent to the
major base of the next structure. Using this spatial configuration, it is
possible to obtain a continuous sequence of pushes on the
nanoparticle, which implies a considerable increase in the force
applied and, consequently, in the output speed.

The plasmonic structure was arranged in a multilayer array
configuration, where each layer has a different resonance
wavelength, to function properly even with broadband
illumination such as solar radiation (Rovey et al., 2015) (see
Figure 12B). In fact, with this approach, each layer of the stack is
able to utilise a specific part of the solar spectrum, increasing the
overall efficiency. The nanoparticles are contained in nano-
channels between the active layers, so that the resulting force
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applied to the nanoparticles will be a combination of the forces
obtained from the arrays above and below each channel.

Thanks to its estimated performance, this plasmonic
configuration has been proposed as a thruster for space
applications. The values of thrust, specific impulse and
ejection velocity of a nanoparticle for the thruster based on
the multilayer array configuration are estimated using the
following relationships:

L
ﬁ_ J’F“hOVE (y)_Fbelow ()/)d
2 m Y
0
7 d
T= m 1-;,‘ I, = (11)
Yomfi Ly = o

where m is the mass of the nanoparticle, N is the number of arrays
in a single layer (the number of rows in Figure 12B), f is the
ejection rate of the nanoparticle, L is the acceleration length, and
Fabove> Frelow are the force distributions generated by the arrays
located above and below the nanoparticle under consideration,
respectively. The results obtained from the simulations show
propulsion values of around 400-600 nN and specific impulse
around 20 s, with an exit velocity of 3-4 m/s (Rovey et al., 2015).
Obviously, these parameters are highly dependent on the area of
the plasmonic lens, which determines the actual value of the
optical power density illuminating the structure.

However, as can be seen in Figure 13, the array presents a
potential limitation (Rovey et al, 2019), namely when the
elementary structures are organised in array with an end-to-end
configuration, the distribution of the field supported by the
plasmonic structure changes compared to the case of the
isolated elementary structure, and with it, obviously, the spatial
distribution of the force acting on the nanoparticles also changes.
In fact, in the array configuration, the distribution of forces is such
that the particle must overcome a potential barrier to pass from one
elementary structure to the next. The intensity of this potential
barrier is such that the kinetic energy of the particle is not sufficient
to allow its overcoming in the short space in which the particle
acquires velocity. For this reason, the particle needs an additional
initial thrust that is sufficiently high to allow it to overcome the
potential barrier and continue its motion.

CONCLUSION

The growing demand for the manipulation of microscopic objects
using long-range techniques has increasingly required the
development of techniques capable of spatially intensifying and
concentrating electromagnetic fields with the aim of improving
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