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Abstract: Optical tweezers are key tools to trap and manipulate nanoparticles in a non-invasive
way, and have been widely used in the biological and medical fields. We present an integrated
multifunctional 2D plasmonic optical tweezer consisting of an array of graphene discs and the
substrate circuit. The substrate circuit allows us to apply a bias voltage to configure the Fermi
energy of graphene discs independently. Our work is based on numerical simulation of the finite
element method. Numerical results show that the optical force is generated due to the localized
surface plasmonic resonance (LSPR) mode of the graphene discs with Fermi Energy Ef = 0.6 eV
under incident intensity I = 1 mW/um?, which has a very low incident intensity compared to other
plasmonic tweezers systems. The optical forces on the nanoparticles can be controlled by modulating
the position of LSPR excitation. Controlling the position of LSPR excitation by bias voltage gates to
configure the Fermi energy of graphene disks, the nanoparticles can be dynamically transported to
arbitrary positions in the 2D plane. Our work is integrated and has multiple functions, which can be
applied to trap, transport, sort, and fuse nanoparticles independently. It has potential applications in
many fields, such as lab-on-a-chip, nano assembly, enhanced Raman sensing, etc.

Keywords: plasmonic optical tweezers; graphene; optical manipulation

1. Introduction

Since Ashkin first introduced the concept of optical tweezers through experiments
and theoretical works in the 1970s [1,2], this technology has gained widespread application
in the biological and medical fields with its ability to trap and manipulate nanoparticles in
a non-invasion way [3-6]. Conventional laser optical tweezers based on tightly focused
laser beams are powerful tools for trapping metal nanowires [7], dielectric particles [8],
proteins [9], viruses [3], and cells [10], and have been widely and intensively studied.
The particle trapping can be achieved by balancing the gradient force and scattering
force on the particles through the strong electric field gradient formed by the focused
lens laser beams [1]. However, due to the diffraction limit, the focal size of the focused
beams cannot be smaller than the incident light wavelength, which greatly limits the
application of focused laser beams to trap nanoparticles [2,11]. To obtain greater trapping
stiffness to overcome Brownian motion, conventional focused beam tweezers need to
induce high-power laser light to increase the electric field gradient. However, high-power
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incident light can potentially cause optical damage and thermal damage to biological
nanoparticles [12,13]. Plasmonic optical tweezers with artificial micro-nano antennas
are an effective solution to overcome the diffraction limit and eliminate the influence of
the photothermal effect [14-16]. The plasmonic antenna is generally composed of noble
metal structures, including double nano-aperture [17], dipole antennas [18], nano-circular
holes [19], etc. When the incident light frequency matches the overall resonant frequency
of the system, it can absorb a large amount of incident light energy to generate optical
hot spots with extremely sharp electric field gradients on the metal surface, forming a
plasmonic resonance [20-22]. When nanoparticles approach the plasmonic antenna with
Brownian motion, the nanoparticle will be subjected to a strong optical force pointing to the
place of maximum electric field strength. The distribution of trapping potential and optical
forces generated by plasmonic optical tweezers are generally determined after fabrication,
therefore they cannot achieve dynamic manipulation of nanoparticles, which limits the
practical application of plasmonic optical tweezers [23,24]. Then some remarkable ideas
have been proposed. By dynamically modulating the characteristics of the incident light
(phase [25], polarization [26-28], intensity [24], wavelength [29], the excitation position
of the plasmonic resonance can be switched, and thus trapping positions can also be
changed together. The switching of adjacent trapping positions is the key to these schemes.
Optoelectronic tweezers can also effectively eliminate the influence of diffraction limit and
photothermal effect, and introduce physical electrode control, which is more flexible in
design and function [30,31].

Graphene is a new two-dimensional material with a single-layer carbon atom struc-
ture. Due to its zero bandgaps and unique photoelectric properties, graphene has gained
much attention in recent years due to its unique optical properties [32-36]. Its electrical
conductivity can be adjusted by an electric gate and chemical doping [37,38]. Graphene is
gradually becoming a hot spot for research on planar tunable metamaterials. Graphene
can be processed into different shapes, such as nanoribbons [39,40], nanodisks [41,42],
nanohole [43,44]. Plasmonic optical tweezers based on graphene have been proposed and
demonstrated in the past few years. Bofeng Zhu’group first proposed a giant gradient
force for nanoparticle trapping in coupled graphene strips waveguides in 2015 [45]. More
recently, Jianfa Zhang’s group proposed a graphene circular hole that can stably trap 10 nm
particles under moderate incident intensity [46], Mohsen Samadi’s group proposed particle
sorting based on double-striped graphene [47], and Peter Qiang Liu’s group proposed a
plasmonic transport network with graphene strips [23]. All of these works are achieved
by using a bias voltage to control the Fermi of graphene to control the optical force and
achieve specific functionality. Obvious, it is still a big challenge to obtain multifunctional
integrated plasmonic optical tweezers and manipulate nanoparticles in a two-dimensional
plane without a fixed track.

Here we theoretically propose integrated multifunctional graphene discs 2D plasmonic
optical tweezers for manipulating nanoparticles, which can trap and transport nanoparticles
anywhere in the 2D plane by applying bias voltage without a preset path. Our work is based
on numerical simulation of the finite element method. The distribution of optical forces
on the nanoparticles and the trapping potential are simulated theoretically using the finite
element method. Further, we perform simulations of the photothermal fluid and estimate
the magnitude of other major forces on the nanoparticle, including the Brownian motion
force, the Stokes’s drag force, and thermophoretic force. We numerically demonstrate
the ability of this system to trap, transport, and fuse nanoparticles through the Langevin
equation, and plot the motion trajectory of the nanoparticles. This work can be applied
to trapping, transporting, sorting, and fusion of nanoparticles flexibly and has potential
applications in many fields, such as optical sensing, enhanced Raman sensing, biophysics,
Opto-mechanic, etc.
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2. Structure Design and Modeling

Figure 1a shows the schematic of integrated multifunctional graphene discs 2D plas-
monic optical tweezers for manipulating nanoparticles. The schematic of the cross-section
of a single graphene disk is shown in Figure 1b. The graphene disc is set as 10 nm below the
interface of the trapping environment and the gate insulator. This can isolate the graphene
disk from the trapping environment. The back gate is used to modulate the Fermi energy
of graphene discs. The circuit under the graphene discs array allows us to modulate the
Fermi energy of anyone graphene disk independently. The conversion of graphene from
n-type to p-type reference can be achieved by applying a bias voltage as shown in Figure 1d.
The system is surrounded by water (n = 1.33) under a normal incident plane wave with
an intensity of 1 mW/um?. The material of the insulator substrate layer is designated as
BaF, (n = 1.45), which has high transmittance in the mid-IR and has been proven to be
applicable in graphene optical tweezer systems [23]. We choose polyethylene nanoparticles
for research because dielectric nanoparticles are widely used in the biological and medical
fields [48]. When the Fermi energy of a single graphene disk is 0.6eV, the component of the
optical force on the particle (radius 50 nm refractive index 1.6, positioned at 20 nm above
the interface) is displayed in Figure 1c. Continuous monolayer graphene can be generated
using the chemical vapor deposition (CVD) technique and transferred onto the substrate by
the graphene transfer method [49]. Monolayers of graphene layers can be patterned into
graphene disk arrays using focused ion-beam (FIB) [50]. The challenge of processing is to
deposit a fixed thickness of the insulating layer over the graphene disk on the substrate.
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Figure 1. (a) 3D schematic diagram of Tunable graphene disks 2D plasmonic tweezers for trapping
and transportation of nanoparticles. (b) Schematic of the cross-section of single graphene disc
structure for optical trapping of nanoparticles. (c¢) MST optical forces on a dielectric nanosphere.
(d) Band structure of graphene electrodes under a voltage bias.

We perform a full 3D simulation using a finite element method (COMSOL Multi-
physics). In our numerical study, Graphene is modeled as a two-dimensional transaction
boundary condition with a thickness of 0.34 nm [51]. The Kubo model is used to describe the
conductivity, which takes the intra-band and inter-band transmission into account as [52]:

_ _ 20%kpT i ec 11
Ogra = U'intm + Ointer = n;;z; wti/T h’l[z COSh(zk T)] + 4_52[7
—2E
T esf

i n (hw+2Ef) (1)
+narctan( 2k ) — 7z In (hw—2E;) +4(kBT)2]

Here kg, ¢, and /i are Boltzmann constant, electron charge, and reduced Plank constant,
respectively. T is the temperature of the environment. w is the angular frequency of incident
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light, E; is the Fermi energy of graphene. 7 =1 ps is the electron-phonon relaxation
time. The gate voltage required to regulate the Fermi level of graphene disk can be
calculated by [53]:

Vv, = td_ i -V 2

87 eoeqd mh?s 0 2

Here ¢ and ¢; are the dielectric constant and the thickness of the gate oxide. Vj

is the offset voltage caused by natural doping. vf ~ 10° m/s is Fermi velocity. t; is the

distance from the graphene disc to the bias voltage gate. We use the Maxwell stress tensor
to calculate the time-averaged optical force on the nanoparticle [54,55].

(F) = / %Re(T} . ndS 3)

S

Here S is the outer surface of the nanoparticle and n is its discrete normal vector, ()
represents the time average. (T) is the Maxwell stress tensor which can be governed as:

(T) = ¢E (4)

Here ¢, p are the permittivity and permeability close to the nanoparticle surface in the
trapping environment. E and H are the intensity vectors of the electric and magnetic fields
on the surface of the particle, respectively. Through Helmholtz Hodge decomposition,
the optical force can be decomposed into conservative force and non-conservative force.
We only take the conservative force into consideration [56,57]. The trapping potential in
each direction can be approximately calculated as the line integral of the component of the
optical force on the nanoparticle [58]:

u, = —/r E(rr)drr ©)

J —00

3. Results and Discussion

It is well known that plasmonic systems with different structures have specific reso-
nance wavelengths. To better understand the resonance distribution of a graphene disc
under incident light, We set up a probe at 50 nm above the center of the graphene disc
(the center of the nanoparticle) to determine the efficiency of near-field enhancement. A
normalized intensity map is represented in Figure 2a. As is shown in the picture, the
electric field intensity at the probe can be enhanced by more than 24 times compared to the
intensity of the incident light. The localized surface plasmon resonance (LSPR) intensity
of graphene is enhanced at a specific wavelength and Fermi energy. The resonance wave-
length blue shifts when Fermi energy decreases. Further, we investigate the resonance of
graphene discs as the Fermi energy is 0.1 eV and 0.6 eV. The normalized intensity map of
graphene disk plasmonic resonance for two different Fermi energy (0.6 eV, 0.1 eV) versus
incident light wavelengths is shown in Figure 2b. It can be observed that the plasmonic
resonance of the graphene disc under the incident light is less than two times enhanced
when the Fermi energy is 0.1 eV, and more than 24 times enhanced when the Fermi energy
of 0.6 eV. When the Fermi energy is 0.6 eV, the strongest resonance wavelength of the
graphene disk is 8.28 nm, and two resonance modes are formed on both sides of it. When
the wavelength of the incident light is 8.2 um, the intensity enhancement of the plasmonic
resonance is concentrated at the center of the graphene disk. When the wavelength of the
incident light is more than 8.4 pm, the intensity enhancement of the plasmonic resonance
is dispersed at the center of the graphene discs. Comparing these two resonance modes,
the resonance mode when the wavelength of the incident light is 8.26 um exhibits the
potential for trapping nanoparticles in the center. We set the wavelength of the incident
light as 8.26 um. The normalized electric field intensity of the resonance mode (50 nm
above the graphene disk) is shown in Figure 2c. Next, we introduce a spherical nanoparticle
(radius of 50 nm and refractive index of 1.6) in our simulation. The center position of this
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spherical nanoparticle is located at x-center = 0 nm, y-center = 0 nm and z-center = 70 nm,
respectively. The results are shown in Figure 2d. Part of the nanoparticle is contained in

the near-field enhancement of the plasmonic resonance. This phenomenon exhibits the
potential to trap nanoparticles.
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Figure 2. (a) The normalized intensity enhancement map under different Fermi energy and incident
wavelengths. (b) The normalized intensity enhancement under different Fermi energy (Ef=0.1eV,
Ef=0.6 eV), and corresponding simulated amplitude distribution. (c) Simulated amplitude distri-
bution in the 50 nm x-y plane above the graphene disc. The arrow (white) indicates the direction

of the current. (d) Simulated amplitude distribution in the x-z plane after the introduction of
the nanoparticle.

We continue to investigate the optical forces on the nanoparticle (radius 50 nm, re-
fractive index 1.6) at different locations, Fermi energy of the graphene disc is config-
ured as 0.6 eV. We assume that the intensity of the incident light is Iy = 1 mW/um?,
which has much lower than other plasmonic optical tweezer systems [42,43]. The op-
tical forces on the nanoparticles and the trapping potential are calculated by the time-
averaged tensor (Equations (3) and (4)) and the line integral calculation (Equation (5)),
respectively. Figure 3a shows the components of the optical force as a function of the
nanoparticle centered along the x-axis, with y-center = 0 and z-center = 50 nm. When
x-center = —160 nm~160 nm, F, is always negative (F, < 0 pN), which proves that the
nanoparticle will be pulled to the interface between the dielectric material and the trapping
environment. When x-center > 0, Fy is a positive force (Fx > 0 pN), x-center < 0, Fy is
a negative force (Fx < 0 pN), x-center = 0, Fx = 0 pN. This means that the nanoparticle
will be trapped by the optical force in the center of the graphene disk along the x-axis.
As the result shown in Figure 3¢, by the line integral of the force along the x-axis, we
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calculate the trapping potential of the nanoparticle along the x-axis, which is greater than
10 KgT to ensure stable trapping. Corresponding to the graphene disks diagram at the
top of the figure, the trapping region in the x-axis direction contains the entire area of the
adjacent graphene discs. This demonstrates that, by dynamically configuring the Fermi
level of graphene, the motion of nanoparticles can be controlled along the x-axis. Figure 3b
shows the components of the optical force as a function of the nanoparticle centered along
the y-axis, with x-center = 0 nm and z-center = 50 nm. Fy is a positive force (Fy > 0 pN),
y-center < 0, Fy is a negative force (Fy < 0 pN), y-center = 0, Fy = 0 pN. This means that
the nanoparticle will be trapped by the optical force in the center of the graphene disk
along the y-axis. As the result shown in Figure 3d, by the line integral of the force along the
y-axis, we calculate the trapping potential of the particle along the y-axis, which is greater
than 10 KT to ensure stable trapping. Corresponding to the graphene disks diagram at
the top of the figure, the trapping region in the y-axis direction contains the entire area of
the adjacent graphene discs. This demonstrates that, by dynamically configuring the Fermi
level of graphene, the motion of nanoparticles can be controlled along the y-axis. Figure 3e
shows optical forces Fz on nanoparticles with different radius radii as the nanoparticle
centered along the z-axis, with x-center = 0 nm and y-center = 0 nm. d is the distance from
the bottom of the nanoparticle to the graphene disc. It can be found that the larger the
radius of the nanoparticle the greater the optical force on it. By the line integral of the
force along the z-axis, we calculate the trapping potential of the nanoparticle on the x-axis.
The result is shown In Figure 3f. When the radius of the nanoparticle is less than 50 nm, the
trapping potential is less than 10 KgT. This can be improved by appropriately increasing
the incident light intensity.

Figure 4 discusses the suitability (different values of the refractive index of nanopar-
ticles and trapping environments) of the system. The optical forces on nanoparticles of
different materials in different trapping environments are shown in Figure 4. The center
of a nanoparticle is fixed at the position of the center of the graphene disk, and the bot-
tom of the nanoparticle is 20 nm above the graphene disk. The larger the refractive index
difference between the nanoparticle and the tapping environment, the greater the optical
force on the nanoparticle. However, the growth is gradually slowing down because the
high refractive index nanoparticles weaken the strength of LSPR of the graphene discs.
To achieve a stable tapping of nanoparticles, we can appropriately increase the intensity
of the incident light.

We next numerically investigate the temperature distribution and convection field
near the graphene disc (E; = 0.6 eV) under an incident light intensity Iy = 1 mW/ pm?.
Figure 5a shows the temperature distribution. Graphene discs generate less electromagnetic
heat than metallic materials because of their two-dimensional molecular composition
(with a thickness of 0.34 nm) and high thermal conductivity (kKGraphene = 2000 WK “Imt,
Kau = 314 WK~1m~1) at room temperature [59]. As is shown in Figure 5a, maximum rise
temperature AT = Ts — Te. T is the temperature at each point when the simulation reaches
a steady state. T. is the operating room temperature. AT increases only 2 °C compared to
room temperature. To estimate the thermal behavior in the proposed system, The thermally
induced convective distribution is represented in Figure 5b, including the fluid amplitude
distribution (color map) and the fluid vector (arrows). The maximum convection velocity
vectors can reach v = 0.1 nm/s. Flowing water is a radial symmetrical cycle that travels
outward and upward. Driven by gravity and buoyancy, a Rayleigh-Benard system is
formed [60,61]. This can improve trapping efficiency and prevent particles from sticking to
the graphene disk.



Nanomaterials 2022, 12, 1769

7 of 13

Force (pN)

(c),

Graphene discs

Graphene discs

(e)

F, (pN)

>
| o
p<
(a)l;o L} I T T T l T (b)] .O T | 1 T T T
! °°°.° ! ! 0,000\ I
. / X | . / o X
0.5 48 o° o, | 0.5 o o® \o\ I
0.0 loo683éoooooooo‘eogﬂgoooooooégaaooc 0.0 booO68?gooooooooo\oooooooogggooooc,
9. 9 / /
-0.5f - o oF -0.5F : O\o 0\0 8’0 |
o o odd fam \ 9 .
| 20%0 | z I \ 907/ |
- 1.0f '\ /- 1 2 -1of SR g |
n S O\ [
-1.5F S / ! 1 5 -1sf ! o 9 |
—2.0f R ® R i \ / :
o e T SO U e
-2.5} | A 2 —o—Fy1 —25r | Y 9 ok
=-3.0f | 0000009 | o—F,] -3.0F | %000° | F,
_ 5 L 1 L L L 1 1 —_ 5 L 1 | L 1 1 1
T-150 -100 =50 0 50 100 150 T-150 -100 =50 0 50 100 150
x-center (nm) y-center (nm)
T ' Ll T T | T (d)2 T ' T T T | T
: . 00009 . .
0 [@oag | ,OPO 0 oooooo!qo °°°'°°°°°°
N p Q- 4 L : J
-2 e /| -2 | o ¢
. o\ /0 : S\ / .
—al : : 4 _at R : 4
4 Y ¢ | ot 3 S
_6k S\ / | : ° ° : ]
o $o - S U
—st . \ / : i gt . o ) : J
] poo N
- 10F | 3 @ i—o—UX- -10r i o\ /o i—o— Uy
/
—17} : 9o 9 : - —12F : o 9 . 4
12 | %990° | 12 [ %99 |
— 14 1 L 1 L 1 1 —14 L 1 L L L 1 1
150 -100 -50 0 50 100 150 4—150 -100 =50 0 50 100 150
x-center (nm) (f) y-center (nm)
00 ==0—_— . =2r —_— — T
P °‘3=3:§E§:8\° | 2 o— =30 (nm) /:
05t NN : 4b 7o r=40(nm) /s
: Q Q - _
NN resoem )
-1.0F N —_ —9
AN AN . E6f g—0—0—0—0—0—° o 2 ]
9 9 9 = - /
—1.5 | Nanopaticle - = v
\ \ ] o5-8r o ° i
—— /
-20f —o—r=30(nm) 2 2 2 0—o—0—0—° N
_ | -10}f v 1
—o—r =40 (nm) _9
—25t d 9 v
] —o—r =50 (nm) | “12} _o—0° ]
Graphene disk o—o—9
=-3.0F 3l
L L 1 1 L L Il —_ l4 1 L 1 1 1 L 1
80 70 60 50 40 30 20 80 70 60 50 40 30 20
d (nm) d (nm)

Figure 3. The components of the optical force on the nanoparticle (1 = 1.6) and the corresponding

trapping potential are calculated by the MST method. (a,c) The center of the nanoparticle is on the
x-axis. (b,d) The center of the nanoparticle is on the y-axis. (e,f) The center of the nanoparticle is in

the x-axis, z-center, r = 30, 40, and 50 nm, respectively.
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Figure 5. (a) Heat power dissipation density Around the graphene disk, (b) the steady-state fluid
velocity and fluid vector under the incident light intensity Iy = 1 mW/um?.

Using the data in Figure 5, we further estimate the forces on the particle, including the
optical force, Brownian motion force, Stokes’” drag force, thermophoretic force, and gravity.
The calculation equations and results are expressed in Table 1 [47,62,63]. v = 67tyr is the
viscous drag coefficient given by Stokes’s law 77 =88.9 x 107> sm ™! is the dynamic viscosity
of the water. The convective force on the nanoparticle can be described by Stokes” drag
force equation, in which v is the fluid convection velocity vector. The thermophoretic
force on the nanoparticle in the temperature gradient can be calculated using the formula
in the table. VT, D7, are the thermal field gradient and thermophoretic mobility at a
steady-state, respectively. For nanoparticles with a radius of 50 nm and a refractive index of
1.6 (polyethylene) in water, we assume VT ~ 55.6 Kym’l, Dt ~ 1.55 ymzs’1 [43]. We also
evaluate the gravity force of the nanoparticle assuming the density of p = 950 kg/m? (poly-
thene). As the results are shown in Table 1. The other kinds of forces on the nanoparticle are
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less than two or three orders of magnitude compared to the optical force during trapping
time, and they have no significant effect on the trapping process of our optical tweezers.

Table 1. The components of the force on the nanoparticle.

Force Method Maximum (pN)
Optical force MST 3.25
Brown motion force Fg = /2kgTy 2.6126 x 103
Drag force Ip=v 8.378 x 10°
Thermophoretic force Fr =9DrVT 7.221 x 102
Gravity force Fo = %nr‘o’p 4.974 x 103

Next, how to achieve the function of trapping, transporting, and fusing nanoparticles
in the 2D plane by modulating the Fermi energy of graphene discs through the back gate
will be demonstrated. In our design, we will configure the Fermi energy of graphene
discs as 0.6 eV for the ON state and 0.1 eV for the OFF state under the incident intensity
Ip = 1 mW/um?. Through the previous discussion, the graphene disk in the ON state
can produce strong plasmonic resonance to trap the nanoparticles in the middle, but the
OFF state cannot be enhanced. The function of the system is achieved by switching the
graphene disc ON and OFF states. Here we use a simplified Langevin equation for the

simulation [64]:
r(t) =r(t— At) + %F(t) +4/ 2kBA;‘rAt.W(t) (6)

where r(t) is the position of the center of the nanoparticle at moment t. At, Kg, and T are
the time step, Boltzmann'’s constant, and the temperature of the environment, respectively.
W(t) is a vector of Gaussian random numbers, whose average is 0 and its variance is 1.
To simplify the calculation, the optical force is calculated by the dipole method, with the
nanoparticle approximated as an electric dipole [55,63].

The optical force on the z-axis will make the nanoparticles cling to the partition
interface of water and insulator and move in the x-y plane. So we only consider the motion
of the nanoparticle in the x-y plane. We choose the electric field intensity at 50 nm above the
z-axis for the calculation of the force of the optical gradient. We propose here a 3 x 3 array
of graphene discs. As mentioned before, the optical forces on the nanoparticles can be
switched quickly by controlling the switching states of the adjacent trapping positions.
Figure 6 shows the configuration of the graphene disk array at different moments and
the corresponding resulting trapping potential, as well as the nanoparticles trajectories.
Here the trapping potential is calculated by a simplified method [65]. The trajectory routes
of the central positions of the two nanoparticles are marked with two colors (green, red),
respectively. The corresponding graphene switching state (Fermi energy) configuration is
shown in the top right corner of each figure. At = 1 ns, Equation (6) is executed 10° times.
The nanoparticles are released at moment 0, and the initial positions are set at (—180 nm,
180 nm), (—180 nm, —180 nm) in the x-y plane (z = 50 nm plane), respectively. As is
shown in Figure 6a,b, at the moment of 15 us, the two nanoparticles move to the trapping
positions driven by optical forces. The motion of nanoparticles tends to steady-state at
t = 30 us. The nanoparticles are stably trapped in two trapping potentials. As is indicated
in Figure 6¢,d, by controlling the switching state of the graphene disk (Fermi energy),
the optical field and the trapping position of the system are readjusted. The nanoparticle
moves toward the new trapping position (t = 45 us) and achieves a steady-state at t = 60 us.
As is illustrated in Figure 6e,f, the motion of the nanoparticles quickly responded to the
change of the electric field, and the blue and red nanoparticles move to the same trapping
region at t = 90 us and converged to the steady-state. The trap, transport, and fusion of the
nanoparticles are achieved. A larger array of graphene discs can be designed to manipulate
the motion of more than two nanoparticles independently.
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Figure 6. Trajectories of two nanoparticles (blue and red) in a 3 x 3 graphene disk array, and a color
map of the trapping potential. The blue line and the red line are the real-time movement tracks.
The circular array corresponds to the switching state of the 3 x 3 graphene disc array, the solid circle
corresponds to the ON state, and the hollow circle corresponds to the OFF state. (a—f) are trajectories
in different switch configurations and at different times, 15, 30, 45, 60, 75, and 90 us, respectively.

4. Conclusions

In summary, integrated multifunctional graphene discs 2D plasmonic optical tweezers
for manipulating nanoparticles is shown to be achievable. We demonstrate that, when the
Fermi energy of the graphene disk is 0.6 eV and the incident light wavelength is 8.26 pum,
LSPR with compact electric field enhancement is formed. We theoretically calculate the
optical forces on the nanoparticles and the trapping potential in the near-field enhancement.
The trapping potential generated by the graphene discs in the ON state can cover the
adjacent graphene discs. We demonstrate that nanoparticles can be manipulated indepen-
dently in the x-y plane by modulating the position of the LSPR. Our study shows that the
optical force on the nanoparticle is positively correlated with the radius and the relative
refractive index of nanoparticles. We investigate the photothermal and thermographic
fluidization of our proposed systems, and estimate the forces on the nanoparticles other
than the optical force. We consider that the other forces can be neglected under incident
intensity Iy = 1 mW/ umz. Finally, we demonstrate its ability to trap, transport, and fuse
nanoparticles with a 3 x 3 array of graphene discs by means of the Langevin equation. We
anticipate that it will become a new tool for nanoparticle manipulation and open new direc-
tions for its wide range of potential applications in lab-on-chip, nano-assemble, enhanced
Raman sensing, etc.
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