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ABSTRACT Given the sub-wavelength trapping challenges in the optical tweezers, the plasmonic tweezers
serve as a bridge by breaking the diffraction limit. Hence, the development of plasmonic tweezers can open
up many potential applications in biology, medicine, and chemistry. In this paper, using localized surface
plasmons (LSPs) of graphene nanodisk with a resonance frequency of 20 THz, we design a lab-on-a-chip
optophoresis system, which can be utilized to effectively trap the nanoparticles. The LSPs of graphene
nanodisk generate a large field gradient in the deep sub-wavelength area around the resonance frequency.
We show that by an appropriate choice of chemical potentials of the graphene nanodisks, the strong optical
near-field forces desired for trapping can be generated under the illumination of the THz source when the
polystyrene (PS) nanoparticles are located in the vicinity of graphene nanodisks. Numerical simulations
show that the designed system with graphene nanodisks of 250 nm in diameter and chemical potentials of
e = 0.6 eV can trap the PS nanoparticles of 12 nm in diameter and larger with a THz source intensity
of 19 mW /um?, demonstrating acceptable sensitivities for variations in the nanoparticle diameter and
refractive index. Moreover, at the same source intensity, the graphene nanodisks with u, = 0.7 eV can

trap the PS nanoparticle as small as 9.5 nm in diameter.

INDEX TERMS Localized surface plasmons, plasmonic tweezers, graphene, nanodisk.

I. INTRODUCTION

Optical tweezing has become a noninvasive manipulation
method mainly in biology, chemistry, and nano-science [1].
Nevertheless, the manipulation of nanoparticles in the
Rayleigh regime still remains a challenging task because it is
rather difficult to perform stable optical trapping as the size
of the particle gets smaller [2], [3]. Plasmonic nanostructures
can overcome this limitation and allow the manipulation of
optical fields on deep sub-wavelength scales [4]-[8]. Sev-
eral types of metallic nanostructures such as nanoantennas
[9]-[12], nanohole apertures [13]-[16], and flat particles [17]
have been used for plasmonic trapping. However, the signif-
icant loss in metals and consequent heat generation that may
damage the biological tissues are the major drawback of using
metal-dielectric interfaces for plasmonic trapping [18], [19].
Nevertheless, researchers have shown that graphene due to
its exceptional electrical, mechanical, thermal, and optical
properties can be an outstanding material for plasmonic
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applications [20]-[25]. Besides, the biocompatibility nature
of graphene makes it a very promising candidate for appli-
cations in biology, chemistry, and medicine [26], [27].
Compared with plasmons in noble metals, the graphene
plasmons exhibit extraordinarily strong optical confinement
and long lifetimes due to the high mobility of carriers
in graphene [28]-[30]. Besides, the plasmon’s field inten-
sity can be controlled by changing the chemical poten-
tial of graphene at an appropriate fixed incident laser
power [31]-[33]. Furthermore, the high thermal conductiv-
ity of graphene as compared with metals, causes the heat
absorbed from the incident beam to be removed efficiently,
which is vital for manipulating biological samples [34].
On the other hand, because of the opaqueness of the metal
surface, the observation of the particles in metal-based plas-
monic tweezers is a challenge that can be solved through
the use of graphene in place of metal. Because it is a thin
film transparent to light [35]. Therefore, due to the relatively
low loss, remarkable enhancement of local electromagnetic
fields, high confinement, and tunability, graphene can be a
superior alternative plasmonic material to noble metals.
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Recently, a few numbers graphene structures such as
hole [35], [36], sheet [31], [37], ribbon [32], and ring [33]
have been used for plasmonic trapping and this field is
growing. In this paper, using the unique properties of
graphene plasmons, we present a novel structure based on the
graphene nanodisks for trapping the nanoparticles. Although
the infrared photodetectors based on graphene nanodisks
have been reported [38]-[41], to date, the trapping capa-
bility of graphene nanodisks has not been investigated in
the literature. Here, we investigate the trapping capabilities
of 2-dimensional arrays of graphene nanodisks with appro-
priate diameters and chemical potentials. The proposed
plasmonic tweezer system, benefiting from low energy con-
sumption and the outstanding properties of graphene plas-
mon, is capable of trapping nanoparticles with acceptable
sensitivities for variations in the nanoparticle diameter and
refractive index.

Il. PROPOSED STRUCTURE AND OPERATION PRINCIPLE
We investigate a 2-dimensional (2D) periodic system that can
be employed for trapping the nanoparticles. Fig. 1 (a) illus-
trates a three-dimensional (3D) schematic of the proposed
plasmonic tweezer. It is composed of a 2D array of graphene
nanodisks. The period of the graphene nanodisk array is
Px = Py, = 450 nm, and the diameter of the nanodisks
is D = 250 nm. The underlying substrate is a Si wafer
covered with a 100 nm thin layer of SiO,. An appropriate
microfluidic channel, filled with water as a typical fluid
used in tweezer systems [42], [43], is devised on the top
of the structure. As depicted in Fig. 1 (a), the polystyrene
nanoparticles with different diameters (d) suspended in water
are injected into the microfluidic channel by a syringe similar
to those of [44], [45]. Moreover, the sheath flows help most
of the injected nanoparticles to move above the graphene
nanodisks, as trapping centers. Fig. 1 (b) illustrates a
cross-section view of the proposed plasmonic tweezer, in the
x-z plane.

Before going any further, we briefly explain the operation
principle of the proposed system. Consider a plane wave
single-mode THz source with its electric field polarized along
the x-direction that is illuminated on the graphene nanodisks
at normal incidence. At the resonance frequency, the LSPs of
graphene nanodisks can be strongly excited. The LSPs lead
to strong optical field gradients around the edges of graphene
nanodisks. A nanoparticle positioned near this LSPs field
above the surface of a graphene nanodisk may experience
an optical force. The out-of-plane component of the gradient
force can be balanced by various opposing forces, originating
from the fluidic lift, thermophoresis, gravity, and electrostatic
mechanisms, preventing the particles from sticking to the
nanodisk surface [46]. The in-plane component of the gra-
dient force excreted on the nanoparticles due to the highly
confined LSPs field can trap the nanoparticles if satisfied
trapping condition. Otherwise, the nanoparticles are unaf-
fected by the plasmonic force and under the influence of the
fluid driving force continue to move out from the outlet. Note
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FIGURE 1. (a) A 3D schematic view of the proposed plasmonic tweezer
based on graphene nanodisks. (b) A cross-section view of the proposed
plasmonic tweezer, in the x-z plane.

that, the threshold for the stable trapping potential energy is
—10 KT, wherein kg and T are the Boltzmann constant and
the ambient temperature, respectively.

Ill. THEORY BEHIND THE TRAPPING

To determine the total induced optical force on a nanoparticle,
we use the Maxwell stress tensor (MST) method. So that the
average optical force exerted on a nanoparticle interacting
with an electromagnetic field is given by [47], [48]:

1
<F>= —Ref T(r,t).ndS @))
2 Ja

where,

T(r,t) =¢E(r,t) QE*(r, 1)
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is the Maxwell stress tensor, n is the unit vector normal
to the surface S enclosing the particle volume €2, r and ¢
are the position vector and time, & and p are the medium
permittivity and permeability, and E and H are the electric
and the magnetic field vectors, respectively.

The trapping potential comes from the gradient force that
determines the stability of the trap, can be obtained from [49]:

U(rg) = — fro F(r). dr 3)
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In the case where there exists a significant gradient in the
intensity of the light field such as in the evanescent field
of LSPs, the gradient force (Fguq) takes the form shown
below [3], [50]:

6 V(ep — ew)

c(ep + 2ey) @

F grad =

where V = (%)JTR3 is the nanoparticle volume, R is
the radius of the dielectric particle, ¢ is the speed of
light in vacuum, [ is the intensity, &, and &, are the
relative permittivity of a dielectric particle and water,
respectively.

The potential energy experienced by a dielectric particle
that is suspended in the water solution, at a point in the given
plane, can be simplified to [3], [29], [50]:

n2d3(8p —&y)

v =- C(Ep + 2ey)

)
where d is the diameter of a dielectric particle.

As can be seen in (3), the potential energy is obtained by
integrating force. According to (1) and (2), the force depends
on the plasmon’s field. The plasmon’s field comes from
the excitation of LSPs on the surface of graphene nanodisk
and it depends on the nanodisk diameter, chemical potential,
relative permittivity, and optical conductivity of graphene
nanodisk.

The relative permittivity of graphene has the following
form [26], [29], [51], [52]:

(&w + Esubstrate) .o(w)

gg(w) = 5 + leowA 6)

where graphene is surrounded by materials with dielectric
constants &, and Egpsrrare- €0 1S the permittivity of free
space, w is the angular frequency, A = 0.34 nm is the
graphene thickness, and o is the optical conductivity of
the graphene that depends on the frequency and chemical
potential ().

Moreover, to evaluate the optical conductivity of the
graphene nanodisk for investigating its plasmonic behavior,
in the absence of an external magnetic field, we have used the
simplified Kubo formula, neglecting the insignificant quan-
tum size effects on the graphene plasmons [31], [53], [54]:

2¢* KT i

He
0y = 5 - —In| 2 cosh
Th* wo+i2rtg 2KpT

2
e 1 1 fiwy — 2phe
—_ j— J— t P ————
+4h{|:2 + - arcan( 2KsT >]
i (hwo + 2pac)
27| (hwp — 2ue)? + 4KpT

N

where A, e, and w are the reduced Plank’s constant,
the electron charge, and the angular frequency, while 7, =
Helke /er2 is the carrier relaxation time in graphene with
Fermi velocity of V/ = 10% cm.s~'and the mobility of
e = 104 em? V=151
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The optical conductivity is mainly contributed by intra-
band transitions in the THz and far-infrared ranges and
by interband carrier transitions in the visible and near-
infrared ranges. The optical constants of graphene can be
obtained with high accuracy by spectroscopy ellipsometry
(SE). SE measures the phase shift difference and amplitude
change between the incident and reflected light, and extracts
the extinction coefficient (k) and refractive index (n) of
graphene very accurately. Broadband optical properties of
graphene have been measured by SE. There is a peak in both
n and k at the energy around 1 eV. At lower energies (< 1 eV),
both n and k decrease with reducing energy. At energies
above 1 eV, with increasing the photon energy, the extinction
coefficient k first decreases and then increases and peaks
at 4.8 eV, while n becomes nearly a constant (n ~ 2.9)
between energies 1 eV and 4 eV, and then decreases at higher
energies [55]-[59].

Having the optical constants of graphene, other optical
parameters such as absorbance, complex dielectric function,
transmittance, and dynamic conductivity can be derived. The
absorption of graphene is independent of frequency in the
visible range and has a magnitude given by ra = 2.293%
per monolayer, where a = ¢?/fic denotes the fine-structure
constant. Graphene shows a strong absorption peak around
4.8 eV due to the resonant excitons near the Van Hove singu-
larity at the M point of the Brillouin zone. For energies below
1 eV, the absorbance decreases with reducing the energy. This
can be attributed to the effects of the doping in the graphene
film that cause a shift of the Fermi energy away from the
Dirac point [55], [60].

IV. SIMULATION
To obtain the simulation results, we have considered a plane
wave single-mode THz source with its electric field polarized
along the x-direction that is illuminated on the surface of
the graphene nanodisks at normal incidence. This incident
light, at the resonance frequency, can effectively excite the
LSPs on the surface of graphene nanodisks. The resulted
LSPs field can trap the nanoparticles. The stable trapping
of the nanoparticles can be determined using the depth of
the potential well (U < —10 KpT'). The potential energy
can be obtained by integrating force (see (3)). On the other
hand, as seen in (1) and (2), the force depends on the
electromagnetic fields. To obtain the electromagnetic field
distributions, Maxwell’s equations are solved numerically,
using the three-dimensional finite-difference time-domain
(FDTD). For these calculations, the perfectly matched lay-
ers boundary condition along the z-direction have been uti-
lized. The periodic boundary conditions along the x-, and
y-directions are used. A mesh size of 1 nm is considered to
achieve convergence of results to ~ 1%, as its accuracy.
Having obtained the field distributions using Maxwell’s
equations, now, the average force exerted on a nanoparticle
can be computed. Finally, the potential energy is calculated
by integration of the force, and the trapping capability of the
nanoparticles is considered.
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FIGURE 2. Normalized mode intensity profile versus f and ¢ on the
surface of graphene nanodisk.

V. RESULTS AND DISCUSSIONS
To design an efficient tweezer system, first, we investigate
the influence of chemical potential (u.) of the graphene
nanodisk on the resonance frequency (f) and the corre-
sponding mode intensity on its surface. For this purpose,
as mentioned earlier, we assume a laser light is illuminated
to a graphene nanodisk, as a system’s unit cell, at normal
incidence. The laser light is assumed to be a plane wave
with linear polarization along the x-direction. The reso-
nance frequency of the designed structure can be obtained
using the circuit model and absorption spectra of graphene
structures in THz spectra [38]-[40], [61], [62]. Given that
there is a maximum excitation of plasmons at the absorption
peak, hence the field intensity of plasmons is maximized
at the resonance frequency. Fig. 2 shows the resonance fre-
quency of the proposed structure versus the variations of
the chemical potential of graphene nanodisk. As seen from
this figure, the larger w., the larger f, and the greater nor-
malized mode intensity. Because the resonance frequency
increases with the square root of the chemical potential
f ucl/z) [38], [63]. In other words, as w. increases,
the density of free electrons, and hence, the plasmon’s density
increases on the surface of graphene, enhancing the plasmons
field intensity. Moreover, for a given w., the mode inten-
sity is maximized at a specific frequency, as the resonance
frequency of LSPs. In addition to the chemical potential,
the resonance frequency of graphene plasmons depends on
the shape of the graphene nanostructure. For example, the res-
onance frequency of graphene nanoribbon and graphene nan-
odisk depends on the ribbon width and nanodisk diameter,
respectively [64]-[66]. Generally, the resonance frequency
of plasmons in graphene nanodisk depends on the chemical
potential and diameter (D) of graphene nanodisk, and also
the relative permittivities of its surrounding materials, i.e.,
(f o \/Mc/(D(Ew + Esubstrate))) [38], [63].

Now, considering a graphene nanodisk with a chemical
potential of u, = 0.6 eV, that is normally illuminated
by a THz source polarized along x-direction of intensity
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FIGURE 3. Normalized LSPs mode intensity in the x-y plane, and 10 nm
above the surface of graphene nanodisk.

I =19 mW /um? and frequency of f = 20 THz, which cen-
tered about the resonance frequency of the doped graphene
nanodisk with u, = 0.6 eV (see Fig. 2), for excitation of
LSPs on the nanodisk surface. It is worth noted that at the
resonance frequency, the LSPs can be strongly excited, and
the resulted plasmon’s field intensity maximizes. Therefore,
the resulting strong gradient force that is proportional to
the intensity can efficiently trap the nanoparticles. In other
frequencies, the LSPs of graphene nanodisk cannot be effec-
tively excited, and the resulting plasmon’s field is not intense
enough to trap the particles. By solving Maxwell’s equations,
using the 3D FDTD, the field distribution on the surface
of graphene and above it can be obtained. The origin of
the coordinates is considered in the center of the nanodisk.
Fig. 3 displays the profile of normalized mode intensity in
the x-y plane (z = 10 nm) at the resonance frequency of
f = 20 THz. The plasmon’s field (E) is normalized to the
field amplitude of the incident light (Ep). The field amplitude
of the incident light is Ey = 2.85 x 10° (V/m), and the
maximum amount of the LSPs field on the graphene surface
is E = 1.57 x 108 (V/m) that their values are smaller than the
Coulomb field of the atoms. The Coulomb potential energy
and the resulting Coulomb field in graphene are reported
in the range of 3.6 eV to 17 eV and 1.5 x 1010 (V/m) to
7 x 1010 (V/m), respectively [67]-[69].

As shown in Fig. 3, the field intensity is non-uniform across
the nanodisk (x-direction). It is maximum near the edges,
i.e., the left and right sides of the graphene nanodisk where the
intensity of the near field varies dramatically with positions.
This can be attributed to the x-directional polarization of the
incident light.

It should be noted that the plasmonic tweezers use the
near-field of surface plasmons to trap the subwavelength par-
ticles. The surface plasmon is confined close to the metallic
surface. It generates a high field intensity at the vicinity of the
surface of graphene nanodisks. Therefore, the nanoparticles
can be trapped if they move near the graphene surface. As the
distance increases, the field evanesces through the fluidic
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FIGURE 4. (a,b) The transverse components, (c) The normal component, of the plasmonic forces exerted on a PS nanoparticle of

d =12 nm.

and its intensity decreases. Hence, as will see in Fig. 5,
the resulted force decreases with increasing the distance.
Therefore, we consider z = 10 nm that the field intensity and
the resulted force are strong enough to trap the nanoparticles.

Having obtained the field distribution on the surface of
graphene nanodisk, using the 3D FDTD, we can now use
the MST method to evaluate the average optical force exerted
on the nearby nanoparticle by the corresponding LSPs field.
Hence, we assume a spherical PS nanoparticle with a diam-
eter of d = 12 nm that is suspended in the water solution,
is located near the graphene nanodisk with a chemical poten-
tial of u, = 0.6 eV, which may be realized by chemical
or electrostatic doping [63]. As experimentally demonstrated
in [41], the lithographically patterned multiple graphene
nanodisks can connect to each other by quasi-1D graphene
nanoribbons (GNRs). Then using two metal electrodes on
both sides (in the x-direction) can apply the voltage to the
graphene nanodisk via these GNRs.

Fig. 4 illustrates the components of optical force exerted
on a PS nanoparticle with d = 12 nm. A distance of 10 nm
is considered between the bottom of the PS nanoparti-
cle and the graphene nanodisk. The transverse components
of the optical force can trap the nanoparticles. As shown
in Figs. 4 (a) and 4 (b), the value of the x-component of the
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optical force (Fy) is more than twice the y-component of the
optical force (Fy), i.e., (|Fxmax| = 1.4 pN > |Fy jpax| =
0.64 pN). Because the incident light is x-polarized and the
LSPs highly excited in the x-direction and around the left and
right sides of the nanodisk, as shown in Fig. 3. Therefore,
the stronger field intensity causes the higher optical force,
because optical force is proportional to the gradient of inten-
sity (1), i.e., (f o VI) [3], [50]. As shown in Fig. 4 (a),
the F, changes its sign near the edges of the nanodisk. Hence,
the depth of the corresponding potential well in these posi-
tions can act as the trapping centers for nearby nanoparticles.
The normal optical force component (F), Fig. 4 (c), which is
stronger than the transverse components of the optical force,
attracting the nanoparticles toward the graphene nanodisk
surface. However, it can be balanced by various opposing
forces, originating from the fluidic lift, thermophoresis, grav-
ity, and electrostatic mechanisms, preventing the particles
from sticking to the nanodisk surface [46].

Notably, the surface plasmons excited in graphene are
confined much more strongly than those in conventional
noble metals. Highly confined graphene’s LSPs, because of
the local field enhancements and the small spatial exten-
sions, generate a strong evanescent near-field in the deep
sub-wavelength area close to the surface of graphene. As the
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graphene nanodisk.

distance from the surface of graphene increases, the evanes-
cent field attenuates through the medium. Hence, the gradient
force decreases because the gradient force is proportional to
the gradient of the field intensity.

Therefore, as shown in Fig. 5, strong optical near-field
forces can be generated when the nanoparticles are located
in the vicinity of a graphene nanodisk, and with increas-
ing the distance from the surface of graphene, the force
decreases. Furthermore, other research groups [43], [70] have
experimentally demonstrated that the plasmonic tweezers
can efficiently trap nanoparticles when they are within the
plasmonic active nano-space, i.e., about 10—15 nm above the
plasmonic surface. In this paper, the smallest nanoparticle
that can be trapped within the plasmonic active nano-space is
investigated. Hence, the trapping capability of the proposed
structure at the distance of z = 10 nm from the surface of
graphene nanodisk is considered. It is worth noted that when
we have determined the size of the smallest nanoparticle that
can be trapped, obviously larger particles can be trapped, too
(because fgraq R3, as seen in (4)).

Using the transverse optical force components in the
x-y plane, one can obtain the distribution of the potential
energy, that determines the trapping capability of the tweezer.
Fig. 6 (a) shows the transverse trapping potential (U,y) expe-
rienced by a PS nanoparticle with a diameter of d = 12 nm.
As shown in this figure, the potential energy at the edges of
graphene nanodisk with p. = 0.6 eV, is less than —10 kg7,
satisfying the trapping condition. The threshold for stable
optical trapping is —10 kpT. This potential depth necessity
is considered for compensation of the stochastic kicks in the
particle’s Brownian motion to make stable trapping possi-
ble [71]. The optical force is proportional to the LSPs field
intensity. Because the field intensity at the edges of graphene
nanodisks maximizes (see Fig. 3), the corresponding gradient
forces increase and the resulting potential energy is suffi-
ciently deep enough to trap the PS nanoparticles near the
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FIGURE 6. (a) Transverse potential energy (Uxy) sensed by a PS
nanoparticle of d = 12 nm. (b,c) The variation of (Uxy) along y = 0 nm
and x = 123 nm, respectively.

edges of the nanodisk. Fig. 6 (b) shows these two stable
trapping points near the edges. Figs. 6 (b) and (c) illustrate
the Uy, variations along y = 0 and x = 123 nm, respectively.
As shown in these figures, the optical trap is tighter in the
x-direction (FWHM = 60 nm) compared to the y-direction
(FWHM = 100 nm), because of the stronger confinement
of the electromagnetic field along the x-direction. Note that,
the FWHM is the full-width at half maximum that is calcu-
lated for the Figs. 6 (b) and 6 (c).
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Using the same procedure as described above, we can
obtain the potential energy for nanoparticles with different
radii and refractive indices and investigate their trapping
capabilities. Fig. 7 shows the U,y variations along y = 0,
for PS nanoparticles with different diameters. The gradient
force is proportional to the nanoparticle diameter as fgrqq
(d /2)3 [3], [50]. Hence, with increasing the nanoparticle
diameters, the gradient force enhances, and the resulting
potential energy increases, as observed in Fig. 7. However,
this potential energy is not deep enough, i.e., |Uyy| < 10 KpT,
to trap the PS nanoparticles of diameter d = 10 nm. There-
fore, graphene nanodisk with the chemical potential of 0.6 eV,
can trap the PS nanoparticles with diameters of d = 12 nm
and larger.

Another important parameter that affects the trapping func-
tionality of the proposed system is the refractive index of
nanoparticles. The potential energy sensed by nanoparticles
with the same diameters of d = 12 nm and different
refractive indices of n = 1.5, 1.55, and 1.6, is shown
in Fig. 8. This figure reveals that as the particle refrac-
tive index increases, the depth of the potential well also
increases. Moreover, it represents that the system-based
graphene nanodisk with . = 0.6 eV is capable of trapping
the nanoparticles of given diameters with refractive indices
n > 1.55.

One of the most important properties of graphene plasmon
is tunability. This is an interesting property of graphene that
at an appropriate fixed incident laser power, as discussed
in Fig. 2, the plasmon’s field intensity can be controlled by
changing the chemical potential of graphene. Fig. 9 shows
the potential energy experienced by a PS nanoparticle with
d = 12 nm that moving 10 nm above the surface of
graphene nanodisk with different chemical potentials. For
each chemical potential, the potential energy is obtained at
the resonance frequency of graphene nanodisk. As shown
in Fig. 2, it is worth noted that the resonance frequency
increases with enhancing the chemical potential, because
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f o< we'/? [38], [63]. As represents in Fig. 9, with
enhancing the chemical potential, the potential energy
increases. Because with increasing the chemical potential,
the free electrons density and hence the plasmon’s den-
sity increases, enhancing the plasmon field intensity. Hence,
the resulting gradient force increases as f o« VI [3], [50].
Therefore, the resulting potential energy increases.

Moreover, the LSPs field of graphene nanodisk with a
chemical potential of u, = 0.5 eV, cannot trap the PS
nanoparticles with d = 12 nm. Because the depth of the
potential well is not deep enough to satisfy the stable trapping
condition (U < —10 KpT). As shown in Fig. 10, our further
investigations show that the graphene nanodisk with pu, =
0.5 eV can trap the PS nanoparticles with a diameter of
d = 18 nm and larger. Also, the graphene nanodisk with
e = 0.7 eV can trap the PS nanoparticles as small as 9.5 nm
in diameter.
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FIGURE 10. The potential energy sensed by PS nanoparticles of
d =18 nm and d = 9.5 nm, that are trapped by the LSPs field of
graphene nanodisks with uc = 0.5 eV and pc = 0.7 eV, respectively.

Before calculating the trap stiffness and sensitivity of the
proposed system, we compare our simulation results with the-
ory. The trapping capability of the proposed system is deter-
mined by the depth of the potential well. Hence, the accuracy
of the obtained potential energy is important for trapping the
nanoparticles. Fig. 11 shows the simulation and theoretical
results obtained for variations of the potential energy depth
versus the nanoparticle diameter and its refractive index.
Theoretical results are obtained using (5). Fig. 11 (a) shows
the normalized potential energy depth (U/Up) versus the
refractive index of a dielectric particle with a given diameter
of d = 12 nm. Where U is the depth of potential well for
a nanoparticle with d = 12 nm and a refractive index of
n = 1.5. As shown in this figure, with enhancing the refrac-
tive index, the normalized potential depth increases. There
is good agreement between the simulation results and the-
ory. Fig. 11 (b) shows the normalized potential energy depth
(U/Uy) versus the diameter of a PS nanoparticle. Where Uy
is the potential depth of a PS nanoparticle with a diameter of
d = 10 nm. According to (5), the potential energy is propor-
tional to (d/2)°, and with increasing the nanoparticle’s diam-
eter, the potential energy increases, as shown in Fig. 11 (b).
Also, the simulation results are almost in agreement with the
theoretical results. A further agreement between simulation
results and theory can be achieved if we reduce the mesh
size as much as possible. However, this requires a computer
system with higher specifications.

Using thermal fluctuations of the trapped nanoparticle in
the potential well, the trap stiffness can be obtained through
the equipartition theorem. For a nanoparticle in a harmonic
potential well, the trap stiffness (k) can be evaluated using
(1/2)KpT = (1/2)K < x> > [14], [72]-[74]. Where kg is
Boltzmann’s constant, T is the temperature, and x is the dis-
placement of the particle from its trapped equilibrium posi-
tion. Using the potential energy profile (Figs. 6 (b) and 6 (¢)),
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FIGURE 11. Normalized potential energy depth versus (a) refractive index
of nanoparticle with d = 12 nm, (b) the diameter of PS nanoparticle.

for a nanoparticle with d = 12 nm, the trapping stiffnesses
at the minimum potential energy point are found to be k, =
53.48 fN/nm along the x-direction and k, = 9.57 fN/nm
along the y-direction.

Similarly, the trap stiffnesses of the nanoparticles with dif-
ferent diameters of 10 nm, 12 nm, and 14 nm at the minimum
potential (see Fig. 7) are obtained as k, = 32.02 fN/nm,
ky = 53.48 fN/nm, and k, = 98.03 fN/nm, respectively.
Therefore, as the nanoparticle size increases, the trap stiffness
increases.

It is worth noted that the trap stiffness of the pro-
posed graphene nanodisk structure is higher than that of the
reported plasmonic structures based on gold nanodisks, gold
stripe, and gold nanohole array. On the other hand, it is
approximately comparable to that of the coaxial plasmonic
apertures, and Bull’s Eye nanostructures. The reported val-
ues of trap stiffness for these plasmonic structures are as
follows.

The trap stiffnesses of 0.03 fN/nm along x and 0.017 fN/nm
along y for a 3.55 um PS particle located above the gold
nanodisk have been reported [73]. Using the surface plasmon
polaritons on a gold stripe, a trapping stiffness of 1.7 fN/nm
for 1 wm diameter PS particles was achieved [48]. The stift-
ness of 0.85 fN/nm was observed for trapping a 30 nm PS
nanoparticle using a gold plasmonic nanohole array [75]. For
a 10 nm diameter PS nanoparticle, the trap stiffnesses in the x
and y directions of coaxial plasmonic apertures were reported
about 105 fN/nm and 19.5 fN/nm, respectively [76]. The stift-
nesses for a 200 nm diameter PS nanoparticle, trapped by a
silver Bull’s Eye nanostructure, in the x and y directions were
achieved about 80 fN/nm and 10 fN/nm, respectively [77].
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Finally, we investigate the trapping sensitivity in response
to the minute changes in the nanoparticle diameter and its
refractive index, which is the critical parameter of the pro-
posed tweezer. Fig. 12 (a) reveals the variations in the poten-
tial energy versus the PS nanoparticle diameter. As shown in
this figure, by slightly increasing the nanoparticle diameter,
the depth of the potential energy increases with a nearly con-
stant slope. From the slope of the linear fit of data presented
in Fig. 12 (a), we can estimate the trapping sensitivity to a
minute change in the nanoparticle diameter is S, = dU /dr ~
—2.25 KT /nm. Fig. 12 (b) illustrates the variations of the
potential energy experienced by a nanoparticle of d = 12 nm
versus its refractive index. Similarly, the nearly constant slope
of the data shown in this figure reveals that the trapping
sensitivity to a minute change in the nanoparticle refractive
index is S, = dU /dn =~ —47 KgT /RIU per refractive index
unit (RIU).

VI. CONCLUSION

In conclusion, we have designed a plasmonic tweezer sys-
tem based on graphene’s LSPs that can trap deep sub-
wavelength nanoparticles. It is composed of a 2D array of
graphene nanodisks. The LSPs on the surface of nanodisks
are excited under normal illumination of the THz source.
Graphene’s LSPs, because of the local field enhancements
and high confinement, generate the large field gradient in the
deep sub-wavelength area around the resonance frequency.
With an appropriate choice of the chemical potential of
graphene nanodisks, the strong field intensity of LSPs can
be obtained under the relatively low illumination intensity.
Hence, the generated strong optical forces cause the deep
potential wells to efficiently trap the nanoparticles. Numer-
ical results show that the proposed structure with graphene

VOLUME 9, 2021

nanodisks of D = 250 nm and . = 0.6 eV, can trap the
PS nanoparticles of diameters d > 12 nm with an incident
light intensity of 19 mW /um? and the center resonance fre-
quency of f = 20 THz. Furthermore, the proposed system
with graphene nanodisk of u, = 0.7 eV, and the resonance
frequency of f = 21.3 THz, can trap the PS nanoparticle
as small as 9.5 nm in diameter. The PS nanoparticles are
trapped around the hot spots of the electromagnetic fields,
near the edges of graphene nanodisk. Moreover, the trapping
sensitivities of the designed tweezer for the minute changes
in the nanoparticle diameter and its refractive index are
—2.25 KpT /nm and —47 KpT /RIU , respectively.
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