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Abstract: As an effective tool for micro/nano-scale particle manipulation, plasmonic optical
tweezers can be used to manipulate cells, DNA, and macromolecules. Related research is of great
significance to the development of nanoscience. In this work, we investigated a sub-wavelength
particle manipulation technique based on plasmonic optical tweezers. When the local plasmonic
resonance is excited on the gold nanostructure arrays, the local electromagnetic field will be
enhanced to generate a strong gradient force acting on nanoparticles, which could achieve particle
sorting in sub-wavelength scale. On this basis, we explored the plasmonic enhancement effect of
the sorting device and the corresponding optical force and optical potential well distributions.
Additionally, the sorting effect of the sorting device was investigated in statistical methods, which
showed that the sorting device could effectively sort particles of different diameters and refractive
indices.
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1. Introduction

Optical tweezer is a noninvasive and versatile tool for manipulating microscale objects [1–3].
It has attracted wide attention since being proposed in 1986 by Arthur Ashkin [4], who was
awarded the Noble Prize in Physics in 2018. Traditional optical tweezer technology uses a highly
focused laser to generate gradient force to manipulate particles [5]. Due to the diffraction limit,
it is difficult to be used to manipulate objects below the sub-wavelength range. Meanwhile,
high-precision particle manipulation using traditional optical tweezers usually requires high
laser power, which may cause irreversible damage to heat-sensitive objects such as DNA and
proteins [6]. Recently, it was found that the near-field optical manipulation based on surface
plasmon resonance has the potential to overcome above limitations. In this method, the gradient
force acting on objects is generated by the enhanced electromagnetic field, which stems from
localized surface plasmon resonance. Due to the strong near-field enhancement, particles can
be manipulated at a lower laser power and the spatial resolution can be improved beyond the
diffraction limit at the same time [7,8].

When the surface plasmon resonance of metal nanoparticles is excited, a significant near-field
enhancement will be produced. This kind of enhancement of metal nanoparticles has a wide
application in the field of chemistry, biology, and material, etc. [9–14]. It has been shown that
this local field enhancement effect is related to the size, shape, and components of the particles
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and the properties of the surrounding medium [15]. On this basis, different plasmonic structures
have been applied to obtain different functions [16–20]. With the development of nanofabrication
technology, complex nanostructures could be fabricated by self-assembly, lithography, etching,
etc., which makes nanoarrays of great interest [21–25]. Unlike the resonances of individual
plasmonic structures, the resonances of nanoparticle arrays have higher resonance peaks due
to the interaction between particles [26]. Meanwhile, the electromagnetic field enhancement
is affected by the array shape, arrangement, and polarization direction of the incident light
[27]. Therefore, different kinds of optical tweezers based on nanostructure arrays have been
developed to achieve different functions. Examples include the use of surface-enhanced Raman
spectroscopy [28,29] and particle sorting [30].

As a popular application of plasmonic optical tweezers, particle sorting is an important
application of the central process of many areas of nanoscience and technology, such as ‘lab-on-
chip’ technology. Commonly used sorting methods include chromatography, electrophoresis,
and field-flow fractionation, etc. [31–33]. While these widely used methods do not facilitate
miniaturization and dynamic configuration, which means difficult to sort particles on the chip.
To address this issue, optical manipulation is regarded as a promising technology for optofluidic
chip sorting due to its high spatial resolution, high integration, and the feasibility of dynamic
configuration [34]. Over the last few years, different kinds of sorting devices based on optical
manipulation have been designed. For instance, Shi et al. designed a kind of particle sorting
device which can achieve shape-selective sieving [30]. The device consists of an optofluidic
sawtooth array that can generate sawtooth-like light. Particles with different shapes will be
affected by different optical torques. On this basis, the device can enable the sorting of spherical
and rod-shape bacteria with a sorting rate of over 95%. Xu et al. designed an optical particle
sorting platform on a silicon-based chip system that enables multilevel sorting of particles
[35]. By adjusting the optical power ratio between the parallel waveguides, four-level sorting
of particles with a diameter over 300 nm can be achieved. Yang et al. experimentally realized
carbon nanotubes removal by dipping the tapered fiber tip into the carbon nanotube suspension
[36]. Under 1550 nm laser illumination, there will be obvious thermal convection near the tip
due to the temperature gradient generated by the photothermal effect. The dispersed carbon
nanotubes accumulated firmly on the fiber tip via convection. However, there are few reports on
the optical sorting of particles with different diameters and refractive index below 100 nm.

Here, we present a particle sorting device using plasmonic optical tweezers, which can realize
automatic sorting based on particle size and refractive index. We initially explored the local field
enhancement of the nanostructure and the optical force generated by the nanostructure. Simulation
is performed by COMSOL Multiphysics based on the finite element method. Additionally, the
sorting effect of the sorting device was investigated in statistical methods, with Brownian force
and viscous resistance under consideration. A Fortran code is developed to calculate the optical
potential well and particle capture rate by solving Eq. (5) and Eq. (6). For particles of a certain
diameter or refractive index, the capture rate can be over 90%. Furthermore, the nanostructure
arrays are conducive to large-scale integration in microfluidic chips due to the simplicity of
combination.

2. Methods

2.1. Maxwell stress tensor method

The optical forces acting on a particle in the electromagnetic field can be divided into two parts:
scattering force and gradient force. The scattering force is the optical radiation pressure that
pushes particles along the direction of the incident light. The gradient force is generated by the
light field gradient. The direction of the gradient force points to the focus [37]. Maxwell stress
tensor method is commonly used to obtain the optical force. By defining the Maxwell tensor in
the electromagnetic field, the magnitude of the light force can be obtained by integrating on the
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surface of the object. The optical force obtained by this method is the sum of scattering force and
gradient force. The stress tensor can be expressed as [38]:

T =
[︃
ε0EE + µ0HH −

1
2
(ε0E2 + µ0H2)I

]︃
, (1)

where E is the electric field intensity, H is the magnetic field intensity, ε0 is the permittivity of
the medium, µ0 is the magnetic permeability of the medium, and I is the third-order unit tensor.
The stress tensor is a symmetric tensor, which can be expressed as [38]:

T =

⎡⎢⎢⎢⎢⎢⎢⎢⎣
ε0E2

1 + µ0H2
1 − 1
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2 + µ0H2
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2 (ε0E2 + µ0H2) ε0E1E3 + µ0H1H3

ε0E3E1 + µ0H3H1 ε0E3E2 + µ0H3H2 ε0E2
3 + µ0H2

3 − 1
2 (ε0E2 + µ0H2)

⎤⎥⎥⎥⎥⎥⎥⎥⎦
. (2)

The optical force acting on particles in the electromagnetic field is [39]:

F =
∫∫
⃝ ⟨T⟩ · ndS. (3)

According to the electromagnetic field distribution obtained, the optical force acting on
particles can be calculated by Eq. (3). When the optical force distribution of a certain particle is
obtained, the optical potential well depth at r0 can be calculated by [40]:

U(r0) =

∫ r0

∞

F(r)dr. (4)

The potential well depth represents the capture stability of particles. A large potential well
depth means it can capture particles stably. In order to trap a nanoparticle, the minimum of the
potential well is 1 kBT, where kB is the Boltzmann constant, and T is the absolute temperature
[41]. When the potential well is shallower than 1 kBT, the nanoparticle can easily hop away from
the potential well.

2.2. Particle capture probability

For multiple particles, the effect of particle capture can be denoted by capture probability, which
is the probability that a particle is captured at a certain location. In this work, capture probability
is obtained by statistical methods, which simulate the movement of a large number of particles and
count the number of captured and escaped particles. In the microchannel, suspended particles are
affected by optical force, fluid viscosity resistance, and Brownian force. So the one-dimensional
motion equation of particles can be expressed as [15]:

Fop + FBr − Fdrag = mp
d2x
dt2

, (5)

where Fop is the optical force, FBr is the Brownian force, Fdrag is the viscous resistance, mp is the
particle mass, and x is the particle displacement over time. Brownian force and viscous resistance
can be calculated as [15]:

Fdrag = 6πR0ηv, (6)

FBr = R
√︃

12πkBTR0η

∆t
, (7)

where R0 is the radius of the particle, η is the dynamic viscosity of water, and v is the instantaneous
velocity of the particle. R is a random number with Gauss distributed, with a mean value of 0 and
a variance of 1. T is the temperature, and the surrounding temperature is 300 K. ∆t is the time
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interval of Brownian force action. When Brownian force is integrated within a long period of
time t (t >> ∆t), the choice of the time interval is independent of particle motion, and Brownian
force is considered to be a constant value within each time interval. Therefore, the equation of
particle motion at the ith time interval can be written as:

Fop + FBr − 6πηR0v = mp
dv
dt

. (8)

Therefore, the instantaneous velocity of the particle is [42]:

vi =

(︃
vi−1 −

Fop + FBr

6πηR0

)︃
exp

(︃
−

6πηR0
m
∆t
)︃
+

Fop + FBr

6πηR0
, (9)

The particle displacement at a time interval is [42]:

xi − xi−1 =

∫ ∆t

0
vdt =

mp

6πηR0

(︃
vi−1 −

Fop + FBr

6πηR0

)︃ [︃
1 − exp

(︃
−

6πηR0
m
∆t
)︃]︃
+

Fop + FBr

6πηR0
∆t. (10)

Then, the particle displacement within a certain time range can be calculated. By increasing
the number of particles, the particle displacement and distribution after a period of time can be
calculated, so as to obtain the capture probability of the particle.

3. Results and discussion

In this section, we investigated the optical force distribution around the nanostructure and its
influencing factors. On this basis, a nanoparticle sorting device is designed based on plasmonic
optical tweezers. One-dimensional array of four cuboid gold nanoparticles is placed on a glass
substrate with water as the surrounding medium. The polarization direction of the incident laser
can be controlled by a polarizer. Due to the laser irradiation, the local enhanced electromagnetic
field is formed in the gap of the nanostructure, which has the effect of trapping force on the
nanoparticles. The electromagnetic field distribution was calculated by integrating Maxwell
tensor on the surface of nanoparticles with Eq. (3). By moving the position of the nanoparticles,
the optical force distribution around the nanostructure can be obtained, then the optical potential
well depth can be obtained by integrating the optical force with Eq. (4). Finally, the capture
probability can be obtained by simulating the motion of a large number of particles, which can
reflect the sorting effect of the sorting device.

3.1. Local electric field enhancement of nanostructures

As shown in Fig. 1, the gold nanostructure array is arranged on SiO2 substrate in the same
direction as the laser polarization direction. The laser power density is set as 5× 109 W/m2,
cuboid length l= 226 nm, width d = 80 nm, height h= 40 nm. The incident direction of laser
is along the negative direction of the z-axis, and the laser is polarized along the x-axis. The
dielectric function of gold is obtained from Ref. [15].

In order to select the appropriate gap distance, the effect of gap distance on the field enhancement
at different incident wavelengths was investigated. It can be seen from Fig. 2 that the field
enhancement increases with the decrease of the gap distance. For the wavelengths longer
than 800 nm, the field enhancement at location A is obvious, while it increases significantly
for the wavelengths longer than 1100 nm at location B. When the gap distance s= 20 nm, the
electromagnetic field enhancement at both locations dramatically increases, which can reach
more than 40 with wavelengths longer than 1700nm.

The above results show the local field enhancement at the center of the gap of the nanostructure.
On this basis, taking wavelength 1400 nm as an example, the electric field enhancement
distribution within 100 nm directly above locations A and B is calculated, as described in Fig. 3.
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Fig. 1. Schematic of the nanostructure array
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Fig. 2. Field enhancement at different gap distances and wavelengths (a) location A; (b)
location B

It can be seen that a smaller gap distance can increase the field enhancement. While the field
enhancement decreases fast when it is away from the center, which means the scope of optical
capture force is smaller.
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Fig. 3. Enhancement attenuation of the field above the nanostructure with different gap
distances (a) location A; (b) location B

In order to determine the incident wavelength, we obtained the field enhancement for different
incident wavelengths. As shown in Fig. 4(a), when the wavelength is shorter than 1160 nm, the
electric field enhancement at location A is greater than that at location B. When the wavelength
is larger than 1160 nm, the electric field enhancement at location A is weaker than that at
location B. Taking wavelengths λ= 1064 nm and 1400 nm, for example, the field enhancement
distributions around the nanostructure are shown in Fig. 4(b) and (c). When the wavelength
λ= 1064 nm, the enhancement of the local field around the outer nanoparticles is more obvious,
while when the incident wavelength λ= 1400 nm, the enhancement of the local field around the
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inner nanoparticles is larger. This is caused by the different electromagnetic field enhancements
at different locations, just as shown in Fig. 4(a).

Fig. 4. When gap distance s= 30 nm, (a) Electromagnetic field enhancement at different
incident wavelengths; (b) Electric field distribution at λ= 1064 nm; (c) Electric field
distribution cloud at λ =1400 nm

3.2. Optical force induced by plasmonic nanostructures

The optical force acting on the nanoparticle is obtained by integrating the Maxwell tensor over
the surface of the target nanoparticle. The distribution of the optical force around the plasmonic
nanostructure is obtained by moving the nanoparticle’s position. The distribution of the optical
force around the plasmonic nanostructure is obtained by moving the nanoparticle’s position
with a 10 nm step size. Meanwhile, the potential well distribution is obtained by integrating the
optical force along x-direction. The gap distance of the nanostructure is 30 nm. The diameter
of the captured spherical nanoparticles is set as D= 100 nm, refractive index n= 2. The lowest
point of the captured nanoparticles is 10 nm above the nanostructure. We firstly investigated the
distribution of optical force and optical well with laser wavelength λ= 1400 nm.

When the force in a certain direction is zero, the nanoparticle is in force equilibrium in this
direction. By analyzing the optical force in Fig. 5(a) and the potential well in Fig. 5(b), there are
five stable capture points in the x-direction, as shown in Fig. 5(a). The three capture points of the
array gap are more stable. Similarly, the capture point in the y-direction is the gap center of the
structure. The force in the y-direction is always negative, indicating an attraction to the particles
above it. The above results indicate that the gaps of the array nanostructures have forces that can
be used for optical trapping of nanoparticles in x, y, and z directions.

As a comparison, the optical force and the potential well distribution with the laser wavelength
λ= 1064 nm were calculated. Different from the results of λ= 1400 nm, there are two adjacent
stable capture points on each side (see Fig. 6(a)). The width of the potential well is larger,
indicating that the trapping range of the potential well is larger. It can be seen from Fig. 6(d) that
there is weak repulsion for nanoparticles in the middle of the nanostructure, and only the outer
gap of the array can capture the nanoparticles. Meanwhile, the optical force and the potential
well depth are smaller than those in wavelength 1400 nm.

3.3. Influence factors of optical capture force

The above results are based on particles with a fixed property. In this section, the incident laser
wavelength is set as 1400 nm. The effects of the diameter D of nanoparticles, the refractive
index n, and the vertical distance Lz to the surface of the nanostructure on the optical force were
investigated. As shown in Fig. 7, with the increase of Lz, the force decreases gradually. When
Lz is larger than 50 nm, the optical force tends to zero, indicating that the nanostructure has a
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Fig. 5. As λ= 1400 nm, optical force and potential well distribution for a nanosphere
with diameter 100 nm and refractive index n= 2 above the array. (a) optical force along
x-direction; (b) potential well along x-direction; (c) optical force along y-direction; (d)
optical force along z-direction

Fig. 6. As λ= 1064 nm, optical force and potential well distribution for a nanosphere
with diameter 100 nm and refractive index n= 2 above the array. (a) optical force along
x-direction; (b) potential well along x-direction; (c) optical force along y-direction; (d)
optical force along z-direction.
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vertical limitation on the capture of nanoparticles, outside which the influence of optical force is
negligible.

Fig. 7. The optical force in the z-direction at different particle heights

When the lowest point of the nanoparticles is 10 nm above locations A and B, the z-component
of optical force acting on nanoparticles with different diameters D and refractive index n was
obtained. As shown in Fig. 8, with the increase of D and n, the optical force acting on particles
in the z-direction increases. The difference is that the optical force increases linearly when D
increases, while the change rate decreases with the increase of the refractive index. This is
because the optical force has a limited range of action, and as the nanoparticles grow larger, the
field gradient only acts on part of the particle.

Fig. 8. The optical force in the z-direction at different particle diameter D and refractive n

3.4 Thermophoretic forces around nanostructures

Due to the Joule loss of metals, surface plasmonic on metal nanostructures could generate strong
thermal effects. Under the effect of the temperature gradient, thermophoretic force will act on
nanoparticles, which can be expressed as [42]:

Ftp = −
6πdpµ

2CsΛ∇T
ρ(2Λ + 1)T

, Λ =
k
kp

(11)

where k is the thermal conductivity of the fluid, kp is the thermal conductivity of the particle, µ is
the dynamic viscosity of the fluid, ρ is the density of fluid. From Eq. (11), it can be seen that the
thermophoresis force is proportional to the temperature gradient and is related to the thermal
conductivity of particles.

In order to obtain the effect of the thermophoresis force on particle trapping, we first calculated
the temperature field of the array nanostructure under the laser mentioned above, and the results
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are shown in Fig. 9(a). Take carbon nanotubes (CNT) and silicon nanoparticles as examples, the
thermophoretic force distributions in the y direction are calculated. The results are shown in
Fig. 9(b).

Fig. 9. (a) Temperature field of the array nanostructure; (b) thermophoretic force distributions
in the y direction

It can be seen that for nanoparticles with high thermal conductivity, the thermophoresis force
has little effect on them. The capture of CNTs has a wide application prospect in biomedicine [36].
In this study, the thermophoresis is ignored based on this situation and further investigations are
needed for the manipulation of high thermal conductivity particles such as silicon nanoparticles.

3.5 Particle sorting device with nanostructure array

From the above analysis, it is clear that the main factors affecting the optical force on the particles
are the particle diameter and the refractive index. Based on this, an optical sorting device based
on nanostructure is designed (see Fig. 10). It consists of three rows of nanoarray with increasing
gap distance which is set as 20 nm, 30 nm, and 40 nm successively. The size of the nanostructure
is l= 226 nm, d= 80 nm, and h= 40 nm. Particle sorting is achieved when particles of different
properties pass through the nanostructure at a certain speed above the intermediate gap, different
particles are captured at different gaps under different forces. The incident wavelength is set
as 1400 nm. The laser power density is set as 2× 1010 W/m2. From the previous results, it is
obvious that the array gap is the capture point at this wavelength. When the captured particle
deviates from the gap center in the x-direction, it will still return to the gap center under the
action of optical force. Therefore, only the case of particles passing through the center of the
array was considered.

Fig. 10. Schematic diagram of the sorting device
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In order to sort particles with different refractive indices, the refractive index of target particles
is set as 1.5, 1.6, 1.7, 1.8, 1.9, and 2.0, respectively. The diameter of the particles is set as 100 nm,
and the minimum distance from the upper surface of the nanostructure is 10 nm. The optical
force acting on particles was calculated every 10 nm. Figure 11 shows the distribution of the
optical force acting on the particles with different refractive indices. With the increase of the
refractive index, the optical force on the particles increases. For the particles with a certain
refractive index, the optical force through the three rows of nanostructures increases successively.

Fig. 11. Optical force distribution of particles with different refractive indices

In order to obtain the statistical results for particle sorting, the particles are released at position
y= 400 nm with an initial velocity of v= 100 nm/s. The particle collection point is set at y
=1880nm to collect the particles that pass through three capture points. In this section, the
capture rate is calculated using a statistical method. 200 particles of each type are released, which
means the same release situation will be running 200 times. The capture rate can be obtained
by recording the position where each particle is captured. It can be seen from Fig. 12 that only
particles with refractive index n= 1.5 can pass through the sorting device with a passing rate of
79.5%. Therefore, if the particles with different refractive indices are mixed and passed through
the sorting device, all particles with refractive index n= 1.5 can be collected at the collection
point. 97% of particles with refractive index n= 2 were captured at location A. As the refractive
index of particles decreases, more particles pass through the first nanostructure and are captured
by the following capture points. By using this sorter, single or multiple sorting can remove
particles with refractive indices in a certain range.

For particles with different diameters, the refractive index of particles was set as n= 2. The
particle diameter was set as 30 nm, 50 nm, 70 nm, 90 nm, and 110 nm, and other settings were the
same as above. Figure 13 shows the optical force distribution of particles with different diameters
passing through three nanostructures. As the particle diameter increases, the optical force
increases at all three locations. For particles with a certain diameter, the optical force increases
as particles pass through three nanostructures. Figure 14 shows the statistical distribution of
particles with different diameters through the sorting device. All particles with a diameter of
D= 30 nm pass through the device and are collected at the particle collection point. The capture
rate of particles with diameter D= 110 nm at capture position A is 100%. As the particle diameter
increases, more particles are trapped by the nanostructure in front. As shown in Fig. 14, particles
with diameters of 30 nm, 90 nm, and 110 are densely distributed, with more than 90% of particles
captured at the same location. Therefore, the sorter can be used to screen particles with different
diameters.
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Fig. 12. Statistical distribution and capture rate of particles with different refractive indexes
at each capture position

Fig. 13. Optical force distribution of particles with different diameters
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Fig. 14. Statistical distribution and capture rate of particles with different diameters at each
capture position

4. Conclusions

In this work, the localized electromagnetic field enhancement and the optical force generated
by the nanostructures array are investigated. The nanostructures produce obvious local field
enhancement at the gap of the array. On this basis, the influence of gap distance and laser
wavelength on the electric field enhancement at the gap is investigated. Reducing the gap distance
will increase the field enhancement of the gap, while the area of field enhancement will decrease
at the same time. By using the Maxwell stress tensor method, we obtained the optical force
distribution and optical potential well distribution of nanostructures. In addition, it is found that
the optical force increased with the size of the captured nanoparticles. Similarly, with the increase
of the refractive index of nanoparticles, the optical force increases. On this basis, we designed
an optical sorting device based on gold nanoarrays. Particles with different sizes and refractive
indices have different capture probabilities for different structures, so that particle sorting can be
realized under certain conditions. Furthermore, nanoparticles with a certain refractive index or
diameter can be removed by changing the laser power density and the gap distance of the array.
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