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Abstract – Optical tweezers are powerful tools capable to trap and manipulate particles directly.
However, using conventional optical tweezers for nanosized objects remains a formidable challenge
due to the optical diffraction limits and high-power levels required for nanoscale trapping, which
usually causes irreversible damage to the captured particles. In this paper, we investigate the near-
field edge effect of thin microcavity due to macroscopic quantum effect, and the highly enhanced
electric field can reach 2.4 times. Thus, a dual near-field optical trap potential well is generated
at the edge of the thin microcavity. We theoretically show that this near-field potential well can
stably capture nanoparticles smaller than 10 nm while keeping the incident optical power level
below 100mW. Besides, the relationship between size of the microcavity and optical gradient force
has also been carefully studied. Finally, the theoretical model of near-field optical tweezers with
double thin microcavity is established, and the electric field magnitude of the double microcavity
model is enhanced by 4.5 times compared with single microcavity model, in which the coupling
effect of double hole makes smaller particles be stably trapped. Our research presents a huge
potential for optical trapping and separation of nanoparticles and biomolecules.

Copyright c© 2023 EPLA

Introduction. – Since Ashkin captured and manipu-
lated a micronized glass sphere using a microscopic ob-
jective after focusing a laser beam in 1986 [1–3], optical
tweezers have been widely used and developed due to their
noncontact nature and inherent high precision over the
next 30 years [4,5]. Their principle is that dielectric parti-
cles can both accelerate in the direction of the beam and
get trapped in regions of high optical intensity upon inter-
action with light. Therefore, optical tweezers overcome the
defects of traditional mechanical operation and become a
powerful means of probing and controlling micrometer-
scale objects. For example, in the biosciences, optical
tweezers have been widely utilized to trap a single living
cell or protein [6], bacteria [7], virus particles [8], and DNA
molecule [9]. In physics, optical tweezers have enabled the
cooling and trapping of neutral atoms [10], the fabrica-
tion of atomic clocks, and the accurate measurement of
forces [11].

Despite the immense application potential of opti-
cal tweezers in numerous subject areas, capturing and
classifying particles whose size is much smaller than the

(a)E-mail: zhlforever@stu.xjtu.edu.cn
(b)E-mail: ejhwu@mail.xjtu.edu.cn (corresponding author)

wavelength of light remains a significant challenge for
optical tweezers. There are two reasons to hamper the
accuracy of optical tweezers. First, affected by the diffrac-
tion limit of light, the physical size of the potential well
generated by optical tweezers is much larger than that of
nanoscale particles, which leads to the imprecise trapping.
Second, when the particle size is much smaller than the

wavelength, according to the Rayleigh model, the opti-
cal gradient force of the dielectric particle is proportional
to the third power of the particle radius d3 [12]. There-
fore, as the size decreases, the particle trapping increases
dramatically. To overcome this problem, increasing the
light intensity is required, which will cause damage to the
sample.
In recent years, near-field optical tweezers have been

developed greatly, the evanescent field generated not
only breaks through the diffraction limit, but also de-
cays exponentially in the direction away from the inter-
face [13–15]. These two properties effectively reduce the
size of the optical potential well and also increase the op-
tical tweezers forces due to the enhanced field intensity
gradient. Now near-field optical tweezers based on aper-
ture probes, photonic crystal (PC) cavities and nanofibers
have developed the optical manipulation for smaller sizes,
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higher efficiency and larger quantities. For instance, local-
ized surface plasmons are excited to trap nanoparticles in
a liquid environment by illuminating the tip of the metal
probe with a laser [16]. Besides, photonic crystal cavities
reduce the power threshold for stable trapping due to the
significant increase of optical field strength [17]. Mean-
while, a pair of nano waveguide coupling arrays is capable
to trap and separate nanoparticles ranging in size from
100 to 200 nm [18].
In this paper, we propose using thin microcavity as

optical trap. According to the existing results, a near-
field optical diffraction model for a thin microcavity
embedded within a thin conducting film was presented,
using which all electromagnetic field components both in-
side and outside the microcavity were derived accurately,
and the near-field edge effect was comprehended by nu-
merical computations [19,20]. We investigate the edge
effect of thin microcavity due to macroscopic quantum
effect, and the highly enhanced electric field can reach
2.4 times [21–23]. Thus, a dual near-field optical trap
potential well is generated at the edge of the thin micro-
cavity. Here, we systematically research the optical force
and potential experienced by dielectric particle interacting
with the near-field scattering of thin microcavity. In ad-
dition, the theoretical model of near-field optical tweezers
with double thin microcavity is established [24], in which
the coupling effect of double hole makes smaller parti-
cles be stably trapped. Our research indicates that this
near-field potential well can stably capture nanoparticles
smaller than 5 nm while keeping the incident optical power
level below 100mW.

Theory of near-field optical tweezers with thin

microcavity. – Figure 1(a) shows the schematic of near-
field thin microcavity optical tweezers, which consists of
semiconductor laser, thin microcavity and microfluidic
chamber containing nanoparticles. As the trapping laser,
we choose incident light with power of 100 nW to irradi-
ate vertically in the thin microcavity, and its expression is
Φi = E0 exp (ik0z)y. The microfluidic chamber is sealed
on the lower surface of the thin microcavity by glass, and
nanoparticles are suspended in water so that the small con-
tribution from gravity pulls the nanoparticles away from
the thin microcavity. In addition, the optical force acts
against the particle’s gravity and Brownian force.
Figure 1(b) shows the sketch of thin microcavity, which

is a silver ring with aperture r and thickness h. Based on
our earlier theory of the near-field thin microcavity, the
electric and magnetic field components along x, y, and z
directions are labeled as E1, E2, E3 and H1, H2, H3. By
applying the power flow theorem and the variable theorem,
the following equation for the time-harmonic magnetic
field of thin microcavity can be obtained:

∇4H3 − k4H3 =
−3iwε

h2

[

∂E3U

∂z

∣

∣

∣

∣
z=h

2

− ∂E3D

∂z

∣

∣

∣

∣

z=−
h

2

]

,

(1)

Fig. 1: (a) Schematic drawing of the near-field thin microcavity
optical tweezers, (b) geometric sketch of thin microcavity.

where ∇4 = ∂4/∂x4 + 2∂4/∂x2∂y2 + ∂4/∂y4, k is
the propagation constant in thin microcavity (k4 =
(

μεω2h2 − 36
)

μεω2/h2), ε is the permittivity of the thin
microcavity. E3U and E3D are the electric field compo-
nents in the z-direction on the upper and lower surfaces
of the thin microcavity.
The magnetic field component H3 in thin microcavity

can be obtained as

H3 =
∞
∑

n=0

[

AnJn (kr) + CnIn (kr)

+E0r
n 3

πh2i

k0
2

ωμk4
eik0h/2

(−1)
n+1 − 1

(n+ 1)n!2n+1

]

exp (inθ),

(2)

where AnJn (kr) and CnIn (kr) are the general solutions
of equation, n represents the different modes of magnetic
field distribution, and (r, θ) represents the coordinates of
different positions in the thin microcavity.
In addition, the reflected Φr and transmitted field com-

ponents Φt in the upper (Region I) and lower (Region III)
spaces can be expressed in polar coordinates using the lin-
ear superposition method as follows:

Φr (r, θ, z) =

∞
∑

n=−∞

∫

∞

0

Φ̃r (ρ) Jn (ρr) e
i
√

k0
2
−ρ2(z−h/2)ρdρeinθ, (3)

Φt (r, θ, z) =

∞
∑

n=−∞

∫

∞

0

Φ̃t (ρ) Jn (ρr) e
−i
√

k0
2
−ρ2(z+h/2)ρdρeinθ, (4)

where Jn is the Bessel function of first kind, Φ̃r (ρ)
is the Hankel transform of Φr (r, 0, h/2), which is de-
fined as

∫

∞

0
Φr (r, 0, h/2) Jn (ρr) rdr, besides, Φ̃t (ρ) is
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Fig. 2: (a) The transmission and normalized electric field in-
tensity through a single thin microcavity with different radii in
a range of 10–600 nm, (b) the electric field distribution at the
radius of 100, 150, and 250 nm.

the Hankel transform of Φt (r, 0,−h/2), which is defined
as

∫

∞

0
Φt (r, 0,−h/2) Jn (ρr) rdr, here Φr (r, 0, h/2) repre-

sents E1U , E2U , H1U and H2U , and Φt (r, 0,−h/2) repre-
sents E1D, E2D, H1D and H2D.

Based on the approach given above, the electromagnetic
field distribution in microfluidic chamber under the thin
microcavity can be accurately obtained. We first analyze
the relationships between the transmittance and the struc-
tural parameters of thin microcavity. Figure 2(a) illus-
trates the normalized electric field intensity (Enorm) and
transmittance (Tnorm) spectrum of the aperture, and the
specific calculation formula are as follows:

Enorm =
Eout

Ein
=

∫

Φtds
∫

Φids
, (5)

Tnorm =
P out

P in
=

1
2

∫

εΦt
2ds

1
2

∫

εΦi
2ds

. (6)

It is apparent from fig. 2(a) that there is an enhanced
transmission peak at the radius 150 nm, where normalized
electric field intensity can reach 2.4 times and the trans-
mittance is larger than 7. This transmission peak arises
from the extraordinary optical transmission (EOT) effect
of thin microcavity. Figure 2(b) shows the distribution
of electric field intensity of aperture 100, 150, 250 nm re-
spectively, it can be clearly demonstrated that there is
an obvious enhancement of electric field at the edge of
the aperture of the thin microcavity, which is called the
edge effect. When increasing the aperture size from 100
to 250 nm, the edge effect increases gradually, reaching
the maximum at 150 nm of diameter, and then disappears.

Therefore, the theoretical data show a maximized edge ef-
fect close to the aperture corresponding to the EOT, which
provides an opportunity for generating strong near-field
optical gradient forces.

With the field distribution around the thin microcav-
ity determined, the near-field optical gradient forces for a
Rayleigh particle can be easily calculated as

Fgrad =
2πn2a

3

c

(

m2 − 1

m2 + 2

)

∇I (r), (7)

where m = n1/n2, n1 and n2 are the refractive index of
the particle and the medium, a is the radius of the par-
ticle and c is the speed of light in vacuum, I(r) is the
light intensity. The particle tends to move to the higher
light intensity where its induced dipole has lower potential
energy, the assumption inherent in eq. (7) is that the par-
ticle is too small to alter the distribution of I(r). We still
choose a thin microcavity parameters with r = 150 nm,
h = 20nm and the edge effect is most obvious under the
light irradiation of λ = 630 nm. We study the optical traps
generated on a 10 nm diameter dielectric particle interact-
ing with this near-field in medium space (n2 = 1.33), and
the refractive index of the particle n1 was set to 2. The dis-
tance between the particle and the lower surface of thin
microcavity is fixed to 20 nm, and we can calculate the
near-field optical gradient forces of particles at different
positions.

Figure 3(a) shows the near-field optical gradient force
diagram of the nanoparticle under the electric field of
the thin microcavity, which includes two transverse op-
tical force components (Fx, Fy) and one vertical optical
component (Fz). Figure 3(b) shows the distribution field
of transverse force in the y-direction, the corresponding
fig. 3(c) shows the distribution field of transverse force
in the x-direction. It can be seen from the figures above
that there are positive and negative optical gradient forces,
which represent different directions of force, respectively
pointing to the edge effect position in the thin microcav-
ity. When the nanoparticle is exactly at the center of
the edge effect position, the total transverse forces on the
nanoparticle is zero. When the nanoparticle is removed
from the edge effect position due to Brownian motion,
gravity, or other forces, the transverse optical gradient
force will bring the nanoparticle back to the center of the
hot spot. Figure 3(d) shows the distribution field of longi-
tudinal force in the z-direction, the exponentially decaying
evanescent field provided the optical gradient force of the
nanoparticle, and the direction of the force was directed
towards the aperture, which made the particles move to-
wards the thin microcavity to achieve capture, as shown
in fig. 3. It is worth noting that the peak value of the op-
tical gradient force in the y-direction (Fmax

y = 1.06 pN)
is larger than that of the optical gradient force in the
x-direction (Fmax

x = 0.13 pN), and the specific relation-
ship is satisfied by Fmax

y = 8Fmax
x . This result arises from

the fact that the change of electric field gradient in the
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Fig. 3: (a) The near-field optical gradient force diagram of
nanoparticle. (b)–(d) The transverse optical force components
(Fx, Fy) and one vertical optical component (Fz) exerted on a
10-nm-diameter dielectric particle. The direction of the arrows
in the diagram indicates the direction of the gradient force.

y-direction is much greater than that in the x-direction.
In addition, the peak value of the optical gradient force in
the z-direction Fmax

z = 3.2 pN, the reason is that the elec-
tric field gradient changes exponentially in the z-direction.

The gradient force can form a trap to bind nanoparti-
cles, which can be called the optical potential well, and
the trapping potential generated by the optical force de-
termines the stability of particle trapping. The potential
well is calculated using the force fields in all directions.
The potential energy in the horizontal and vertical direc-
tions at position (r0, z0) can be expressed as

U (r0) = −
∫ r0

∞

f (r) dr, (8)

U (z0) = −
∫ z0

∞

fz (z) dz. (9)

In general, the nanoparticle is subjected to four forces,
including gravity, buoyancy, optical gradient force and
Brownian force, among which gravity and buoyancy can
be ignored. The Brownian force is due to the thermal
fluctuations, and a 1 kBT optical potential well can be
sufficient to overcome the thermal energy of the nanopar-
ticle and locate it in an optical trap according to Ein-
stein’s wave dissipation theorem. However, nanoparticles
will not escape from the potential well due to the random
Brownian motion impact when the potential well depth
is larger than 10 kBT . Figure 4(a) shows the dual op-
tical potential well generated by the transverse forces of
Fx and Fy, the data was taken using a thin microcavity
with r = 150 nm, h = 20nm to trap a 10 nm diameter di-
electric particle located 15 nm away from the microcavity
in the transverse plane and the incident optical power is
100mW. The depth of the potential well is 23.1 kBT , and
its value is greater than 10 kBT , thus it can stably capture
nanoparticles with the diameter of 10 nm. Besides, we cal-
culated the distribution of the optical potential well equal

Fig. 4: (a) Transverse trapping potential generated by the
transverse forces of Fx and Fy on 10 nm nanoparticle placed
20 nm away from thin microcavity. (b), (c): cross-sections
of the transverse optical trapping potential (Ur(kT )) along
x = 0nm and y = 108 nm, where the width of stable trap-
ping potential well (Ur(kT )< −10 kBT ) are indicated.

to 10 kBT in the x and y directions, as shown in fig. 4(b)
and (c). The width of the potential well is 47 nm in the
y-direction and 160 nm in x-direction. This is because the
Fy is much larger than Fx, which also indicates stronger
trapping in the y-direction.

Figure 5(a) shows the effect of the distance between the
nanoparticle and the thin microcavity on the vertical opti-
cal force Fz and corresponding potential well Uz(kT ). We
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Fig. 5: (a) The effect of the distance z (nm) between the
nanoparticle and the thin microcavity on the vertical opti-
cal force Fz and corresponding vertical potential well Uz(kT ).
(b) The effect of the distance z (nm) on the transverse optical
trapping potential well (Ur(kT )).

consider different distances (15, 20, 25, 30, 35 and 40 nm)
with r = 150 nm, h = 20nm to trap a 10 nm diameter
dielectric particle, the vertical optical force Fz increases
exponentially as the targeted particle approaches the thin
microcavity. Therefore, the vertical trapping force pulls
the particles into the thin microcavity. Figure 5(b) shows
the effect of the distance between the nanoparticle and
the thin microcavity on the corresponding potential well
Ur(kT ). Similar to the Fz, the potential well Ur(kT ) also
increases exponentially as the distance decreases.

Next, we explore the effect of the aperture of the thin
microcavity on the depth of the optical trapping well with
different particle sizes. We consider three different parti-
cle diameters (10, 7, and 5 nm). Figure 6 shows the depth
of the optical trapping well Ur(kT ) at different aperture
and particle sizes. Figure 6 indicates that the edge effect
reaches the maximum at 150 nm of diameter, and the cor-
responding optical potential well is the deepest. Besides,
as shown in formula (7), the optical gradient forces for the
Rayleigh particle are proportional to d3. For instance, the
depth of the optical well for three particles with different
sizes at 150 nm aperture is respectively 23.1 kT , 7.93 kT ,
2.91 kT , and the ratio between trapping potential of the
10 nm and the 5 nm particles is approximately 23.

As can be seen from fig. 6 above, the thin microcavity
with 150 nm aperture can trap particles as small as 10 nm

Fig. 6: The effect of the nanoparticle sizes d on the depth of
trapping potential well (Ur(kT )).

Fig. 7: The Schematic of near-field optical tweezers with
double-thin microcavity.

when the incident optical power is 100 nW. However, when
the particle size decreases, the trapping potential well gen-
erated by the microcavity decreases rapidly. For example,
the depth of the trapping potential well for 5 nm particle is
only 2.91 kT , which is far less than 10 kT . In order to im-
prove the depth of optical potential well without increas-
ing the incident light power, more intensity edge effect is
required.

Near-field optical tweezers model with double

thin microcavity. – To achieve a stronger edge effect,
double-thin microcavity near-field optical tweezers were
established, as shown in fig. 7. Two thin microcavities
of radius r are embedded in a perfect electrically con-
ducting thin film of thickness h and are separated by a
distance L. When two thin microcavities are spaced in-
finitely, their electromagnetic fields inside are independent
and each hole obeys the thin microcavity theory. However,
when two microcavities are brought into close proximity,
their electromagnetic fields are coupled with each other as
a result of the interactions between their evanescent fields.
Based on our previous research, the coupled field distribu-
tion of two microcavities can be obtained from the coupled
mode theory.

Figure 8 shows the electric field magnitudes in y-
direction from a single microcavity and double microcavity
under illumination at an incident wavelength λ = 630 nm

15001-p5
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Fig. 8: The electric field magnitudes in the y-direction from
a single microcavity and double microcavity under illumina-
tion at an incident wavelength λ = 630 nm in the longitudinal
section where x = 0 at the observation point z = −14 nm.

in the longitudinal section where x = 0 at the observation
point z = −14 nm. As shown by the red line in the fig-
ure, there is an obvious edge effect on the inner side of the
two holes, which is the result of the coupling of electro-
magnetic fields, and the normalized electric field intensity
is 10. when compared with the results for the single mi-
crocavity, the electric field magnitude of the double thin
microcavity model is enhanced by 4.5 times. Therefore,
the double thin microcavity model can produce a stronger
effect to trap smaller nanoparticles.

Next, we investigate the effect of distance L between
double thin microcavity on the edge effect. To ensure the
other structural parameters remain unchanged, we set the
distance L between double thin microcavity center vary-
ing from 200 to 1200 nm, besides, the electric field en-
hancement factor E1/E2 is used to describe the enhanced
intensity of edge effect. The results in fig. 9 show that
when L ranges from 200 to 300 nm, the enhancement fac-
tor changes slightly, the reason is that the short distance
L cannot be coupled with the long wavelength. When L
increases to 352 nm, there is a peak of enhancement factor
at the distance 0.56(L/λ), where the enhancement fac-
tor reaches approximately 4.5 [25]. This time the evanes-
cent wavelength propagated along the surface is matched
with the double thin microcavity structure to achieve cou-
pling. In the range of 400–1200 nm, the enhancement
factor changes sinusoidally with distance L, which also
satisfies the periodic coupling mode theory. In addition,
the peak value of each enhancement factor decreased ex-
ponentially with increasing distance, which was due to the
evanescent wave propagating along the surface of the thin
microcavity which decreased exponentially.

Finally, we calculate the trapping potential well expe-
rienced by a 5 nm diameter dielectric particle (n1 = 2)
interacting with the near field 14 nm away from the dou-
ble thin microcavity, and the superiority of the double
thin microcavity structure is revealed by comparing with
the single thin microcavity potential. Figure 10 shows the

Fig. 9: The effect of two-hole distance L on the electric field
enhancement factor (E1/E2).

Fig. 10: Cross-sections of the transverse optical trapping po-
tential (Ur(kT )) on 5 nm nanoparticle placed 14 nm away from
thin microcavity along x = 0 nm from a single microcavity
and double thin microcavity, where the width of stable trap-
ping potential well (Ur(kT )< −10 kBT ) is indicated.

transverse trapping potential Ur(kT ) in the longitudinal
section where x = 0 from a single microcavity and dou-
ble microcavity, as shown by the red and blue lines in
fig. 10.

The potential well depth generated by the single thin
microcavity is 2.91 kBT/100mW for trapping 5 nm parti-
cles, which is much less than 10 kBT . As shown by the red
line in the figure, the depth of potential well by double thin
microcavity increases to 16.2 kBT/100mW for the same
size particles. Therefore, the peak of this pulling force ap-
pears at the center of the high intensity field, which traps
particles at the bottom of the potential well. Besides,
the potential well width of double microcavity in the y-
direction is 26 nm, which is much smaller than in single
microcavity model. Thus, it can stabilize the captured
particles better.

Conclusions. – In conclusion, we investigated the edge
effect of thin microcavity due to macroscopic quantum ef-
fect, and the highly enhanced electric field can reach 2.4
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times. Therefore, a dual near-field optical trap poten-
tial well is generated at the edge of the thin microcavity.
We calculated the near-field light gradient force caused
by the edge effect, which includes two transverse optical
force components (Fx, Fy) and one vertical optical com-
ponent (Fz), then we theoretically show that the depth
of near-field potential well can reach 23.1 kBT at the in-
cident power of 100 mW when trapping 10 nm particles.
Finally, the theoretical model of near-field optical tweez-
ers with double thin microcavity is established. Due to the
coupling effect of the electric field of the double thin micro-
cavity, the electric field magnitude of the double microcav-
ity model is enhanced by 4.5 times compared with single
microcavity model, in which the coupling effect of dou-
ble hole makes smaller particles be stably trapped. The
above research provides theoretical support for the design
and development of near-field optical tweezers.
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