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Near-field Trapping High and Low Refractive Index Particles
with a Binary Phase Fresnel Zone Plate
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Abstract: A method of near-field trapping high and low refractive index Rayleigh particles was proposed
using a binary phase Subwavelength Fresnel Zone Plate (SFZP) illuminated by the double-ring-shaped
vortex beam. Based on the angular spectrum representation, the distribution of SFZP's diffraction field
was calculated. Bright and dark spots can be generated in the near field of the SFZP by changing the
truncation parameter () and the vortex angle (&) of the incident beam. Numerical results show that the
SFZP can generate a subwavelength three-dimensional (3D) bright spot in the near-field region when g=
1. 09 and §=0. The tiny bright spot can be used to stably trap a gold particle with radius 19 nm, whose
refractive index is higher than that of the ambient medium. The axial and transverse trap distances are
respective 0. 49214 and 0. 2844)1. When p=1. 45 and §=0. 414x, a 3D dark spot surrounded by a light
shell can be formed in the near-field region. An air bubble with radius 30 nm is stably trapped at the
center of this subwavelength dark spot. The refractive index of the air bubble is lower than the ambient
medium. The axial and transverse trap distances are 0. 621 and 0. 3081A. The trap distance obtained
under two conditions is less than that in the conventional far-field trap system. The single trap system
can be used to accurately trap two types of Rayleigh particles with different refractive indices.
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0 Introduction

Since Ashkin successfully accelerated and trapped
micrometer-sized neutral particles by radiation pressure
from the visible laser light in 19707, the optical
trapping technique has been widely applied to various
fields, such as physics, chemistry and biology. One of
the most successful applications in biology is the

nondestructive trapping and manipulation of living
24

cells, bacteria and viruses Particles whose
refractive index is higher than the ambient (e. g.,
colloidal gold in water) can be trapped by a bright
spot™® . By contrast, particles whose refractive index
is lower than the ambient (e. g., cellular vesicles in
water) should be trapped by a dark spot™ ', Usually,
two different optical systems are required for trapping
high and low refractive index particles. Recently, some
researcher groups have proposed to trap both of these
two kinds of particles using a single optical trapping
system“]“‘.

Though far-field trapping is absolutely accessible
to micro-sized particles, it s difficult to manipulate
particles at the nanometer scale due to diffraction
However, near-field trapping is valid to

the

nanoscale. In

limitation.

particles in range from microscale down to

1992,

observed

Kawata and

the

the evanescent

Sugiura
experimentally movement of
microparticles in wave which was
produced in the near field of the surface of a prism
illuminated by a laser under the total internal reflection
condition™.  The M and

sharp metallic tips"

[ can be used to enhance the evanescent
Gu et al.

reported a focused evanescent wave trapping technique

nanoapertures

field and reduce the trapping volume.

by the use of a ring beam produced by a centrally

obstructive objective™™,

and both micro- and nano-
particles could be easily trapped in three-dimensional
(3D) trap form. Recently, more near-field trapping
methods have been suggested to trap high-refractive-

B2 Compared with the

index micro/nanoparticles
near-field trap for high-refractive-index particles, to
the best of our knowledge, the near-field trap for low-
refractive-index particles is seldom considered.

In this paper, we propose a novel method to trap
microparticles with high and low refractive index in the
near field. In our method, near-field focused 3D bright
and dark spots are generated by a binary phase
Subwavelength Fresnel Zone Plate (SFZP) under the
illumination of double-ring-shaped lLaguerre-Gaussian
(LGy,) vortex beams with the appropriate truncation
parameter and vortex angle. We calculate the focusing

filed distribution using the diffraction theory of the

vectorial angular spectrum and the optical trapping
force acting on Rayleigh particles using the Rayleigh

scattering theory.

1 The electric and magnetic fields diffracted
by the SFZP

Fig. 1 (a) shows the section plot of a circular
binary phase SFZP. The Fresnel zone plate pattern is
etched in the substrate of glass and then it is immersed

into water in the right half space. The SFZP is

normally illuminated by a LG,, beam with the
inhomogeneous polarization distribution.
E,.(rso) (ot
( « (rag ):AB(T)<Cf)S T >:
E, (ry@) sin(gp+
o T 7\ (cos(pt8) )

AL <2 w )exp( w’ ) (sin(go+8) D
where L{ is the associated Laguerre-Gassuain
polynomial with the wunit radial node and zero
topological charge. w is the beam waist and ¢ is the
vortex angle that denotes the inhomogeneous

polarization distribution of the incident beam (see Fig.
1(b».

related to the power of the incident beam P, , given by

A is a constant amplitude factor which is

?z() PO
<l | B |*rdr

A= (2)
is the intrinsic impedance of
and the

permeability in vacuum. For the SFZP considered in

Here 7 = (/e )

vacuum. g, and gy, are the permittivity
this paper, we assume the width of the outermost zone
is limited between A/3 and A to achieve subwavelength

[22]

focusing spots Under this condition, the coupling

effect of lights between groove and ridge zones inside

25211 5o that the ray

the grating’s body can be neglected
optics approximation can be used to calculate the
propagating of lights inside the SFZP's body. When the
cylindrical vector vortex beam is normally incident onto
the SFZP, the electric field in the exit plane of =0
can be written as

(E()J,(r,go)

Em(?’vgo) > :AB(r)EIAC(r)+

cos(¢+8)) (3)

sin(p+¢&)

where £#=2x/2, is the wave number in vacuum (}, is

tyD () expCikn,d) ] (

the wavelength in vacuum). n, is the refractive index
of water. d is the etching depth of the SFZP. ¢, and 15
are the Fresnel transmission coefficients of lights
the of h and (h-d),

respectively. C (r) correspond to the

thickness
and D (r)
structures of the ridge and groove zones of the SFZP,

passing through

respectively, given by

N
. . r . r
C(r):Z‘mrc( )*01r0<f>

n=0 ¥ opt1 Yon

4
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. ry . r
D(r)—”émrc<r2") c1rc<r2“ ] ) (5)
In Egs. (4) and (5), r,=[jAf+ (jA/2)* ] is the

radius of the jth zone. A=2.,/n, is the wavelength in
water, 2N is the number of zones, and f is the
designed focal length. The circ denotes the circular
function defined as circ(#/r;) =1 for »r<<r; and 0 for

r=>r.

(b) The instantaneous polarization
pattern of doible-ring-shaped
beam

h
(a) Section plot of a circular
binary phase SFZP

Fig. 1 Schematic diagram of the optical trapping setup
After lights pass through the SFZP, we use the
angular spectrum method " to calculate the diffraction
field. The electric field in the half space of 2>>0 can be

written in the Cartesian coordinate system as

1
E. Cospr)= (ZK)ZHA (& p)exp(i&z) X
exp[i‘oéco%(gof q)]Edegp (6)
E, (o) = (27[) [ [A (& prexp(igz) X
exp[ipécos(gof y)jédédga (D]
1 % £ A (&) HEA, (&9
, |
E (o9 =50 | .
exp(i&.z) X exp[ipgcos(p— ) J&déde (8)
where (p, 7, 2) denotes the observation point in the
cylindrical coordinate system. & = (& — &)Y* is for

propagating waves and & = 1(&-£*)"? is for evanescent
waves. A, and A, can be obtained from the spatial Fourier

transform from E, and E,, in Eq. (3), given by

A (g = ﬁE expl — irécos(p— @) Jrdrdp—
i2rcos(@p+8) T(O 9
A, (&)= | [E, expl—irgcos(g— ) Jrdrdg=
2sin(g+8) T(&) (10)
with

T(&) =As, i“] T Ge rdrt AryexpGikn,d) -

2 [, e rdr an
Here J, is the nth order Bessel function of the first
kind. Substituting Eqs. (9)-(11) into Egs. (6)-(8),
the electric field diffracted by the SFZP in the

cylindrical coordinate system is obtained as
E,(poe2) = c0s8] T(O, (p@)exp(i&2)6ds (12)
E,(pupe2) =sind| T(D, (pexp(ie)&ds  (13)
E:(p,r;,z):icosé‘i%T(E)Jo((OS)exp(iE:z)dE (14)

Similarly, we obtain the magnetic field in the 2>>0
space, giving

sind7

H, (o) == "2 T(@)], (o) explie.2)ede (15)

m

H,]<p,7,,z):‘3;s [T(OT, (porexp(ic)eds  (16)

Sll’l

H.(pigs2)=—

LQT(S)JO(pS)exp(i&z)dE an

Here %, = (/u(,/em * is the intrinsic impedance of
medium and e, is the relative permittivity of the
ambient medium.

Fig. 2 shows the electric intensity distributions in the
xz plane for different truncation parameters and vortex
angles. Calculation parameters are P, = 300 mw, A=0.
633 ym. f=0.5 ym, N=8 (NA=0.994), d=1. 5028
pm and A= 1000 pm, n,=1. 332, and n=1. 5426. When
p=1.09 and =0, that is, under the illumination of the
radially-polarized 1.G,, beam, the SFZP generates a
rotationally symmetric 3D bright spot around the
optical axis, and the actual focus is at ¥=0. 4411, as
shown in Fig. 2(a). The Depth of Focus (DoF) and the
Full-Width-At-Half-Maximum (FWHM) in the actual
focal plane are 1. 01341 and 0. 31491, respectively.
Such small a bright spot can be used to trap a
microparticle with high refractive index. However,
when f=1. 45 and §=0. 414x, the SFZP generates a
rotationally symmetric 3D dark spot surrounded by a
light shell. The center of the dark spot locates at x=
0. 7855 and its FWHM and DoF sizes are 0. 30384 and
0.5897X, respectively. Such small a 3D dark spot can
be used to three-dimensionally trap a low-refractive-
index microparticle. If the uniformity (U) of the light
shell surrounding a dark spot is described by the ratio
between minimum and maximum peak intensities in the
light shell, U =0. 57 in Fig. 2(b). We find that U
decreases when ¢ deviates from 0. 4147 (see Figs. 2(c)

and 2(d)).
spots in the diffraction field, which could be used to

When §=0, there are two separate bright

trap two high-refractive-index particles simultaneously.
Cartesian coordinates (x,, z,) in Fig. 2 (a) define
positions with respect to the center of the bright spot.
The v, direction in Fig. 2(a) denotes the direction at an
angle of 45° with respect to the positive z, axis in the
1,2, system. Cartesian coordinates (x,, z,) in Fig. 2
(b) define positions with respect to the center of the
The v, direction in Fig. 2(b) denotes the
direction which has the lowest height of the light shell

surrounding the dark spot in the x,z,system.

dark spot.
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Fig. 2 Total intensity distributions of the electric field in the xz plane

The time averaged Poynting vector is defined as

S=Re(EXH")/2. (18)
(12)-(17) into Eq. (18) we can
calculate the distribution of S in the diffraction field
generated by the SFZP. Fig. 3

component (S.) of the time averaged Poynting vector.

Substituting Eqgs.

shows the axial
It is noted that S, is very small in the vicinity of the
optical axis and S, =0 on the optical axis. Such axial
distribution is very useful for trapping absorptive and/
It is found that the scattering
distance when g=1. 45 and §=0. 414« is longer than
that when g/=1. 09 and §=0.

or metal particles.

x1010

x10'°
v2/m?)

1.5 2 25 3
z/\
(b) =145, 6=0.414n

Fig. 3 Axial component of the time averaged Poynting

vector in the xz plane
2 Optical trapping forces on Rayleigh
particles

A microparticle with refractive index n, is placed in

the vicinity of the actual focus at which the focusing

intensity is maximum for a bright trap and minimum for
a dark trap. The microparticle can be regarded as a
Rayleigh particle with a dipole moment in the
diffraction field. According to the Rayleigh scattering
theory, radiation forces acting on the microparticle can
be evaluated by two components: one is a so-called
gradient force, which is essentially due to the Lorentz
force acting on the dipole induced by the
inhomogeneous electromagnetic field and the other one
is a so-called scattering force which is the sum of
scattering and absorption forces. The gradient force
F,.. is in proportion to the intensity gradient of light
and the scattering force F., is dependent on the time
averaged Poynting vector, which can be expressed as ™’

F,..=Re(a)e, VI/4 (19)

F..=n,S(C,,.+tC,)/c (20)
where ¢ = 47r3 pe, (e, — ¢,)/(e, + 2¢,) is the
polarizability of the particle, and r, is the particle
radius. e, is the relative permittivity of the particle. ¢ is
I =1 E]|® is the total

intensity of the electric field. C,.. and C,. are the

the light speed in vacuum.

scattering and absorption cross sections, respectively,
given by C.., = k4 0|a|*/6x and C,, = k,n,,Im(a) /e,.
From the Fig. 3 it can be noted the axial component of
makes no

that is,

the time averaged Poynting vector
contribution to the axial scattering force,
F...=0 on the optical axis.

The 3D trapping occurs at the actual focus where
all the components of F,, vanish with a negative
derivative. When the Brownian motion of particle is

ignored, the condition of a stable trap is that all the

1105001~ 4
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components of F,, at the trapping point are larger than

grad
that of F,,, In the following analysis, we present two
calculation examples: the first example is to analyze
the trapping characteristics for a gold particle (whose
refractive index is larger than that of water) using the
bright spot in Fig. 2(a) and the second example for a
air bubble (whose refractive index is smaller than that

of water) using the 3D dark spot in Fig. 2(b).

Fig. 4 shows that the distribution of radiation
forces acting on a gold particle in the 2z, , x, and o,
directions, respectively. The radius of the gold particle
is r, = 19. 1 nm and its relative permittivity is e, =
—9.5+1. 21

force is much smaller than that of the corresponding

Comparison shows that the scattering

gradient force. In the special case on the optical axis,

F.. = 0 as predicted in the above section , and the
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Fig. 4 Radiation forces on a gold particle in the z,, x, and v, directions
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Fig. 5 The axial gradient force, the axial scattering force, and the total axial trapping force on a gold particle for

three different off-axis distances of x,=0.05), 0. 151, and 0. 252

1105001~ 5



ot T

2L

¥ i

equilibrium position locates at the center of the bright
spot (2., = 0). If the distance between positive and
negative peak values of the total trapping force (F,=
F,..t F.,) is delined as the trap distance, both the
axial trap distance (0. 49211) and the transverse trap
distance (0. 28441) are small enough to provide an
accurate trap in the near field. The subwavelength trap
distance we obtained is much smaller than that obtained

[712] " When the particle is at

by far-filed trap systems
off-axis position, the axial scattering force is no longer
zero and the axial equilibrium position shifts to the
The shift of the

equilibrium position is larger and the maximum gradient

forward propagation direction.

force is smaller for the larger off-axis distance, as
shown in Fig. 5. If k. =[09F,./3z2, | 4,415 defined as
the axial trap stiffness, where F, . is the total axial
trapping force, k. decreases as the off-axis distance z,

increases. These results imply that the gold particle is

easier to be trapped into the bright spot for small off-
For
example, x,>>0. 25, the particle cannot be effectively

axis distances. larger off-axis distance, for
trapped.

Fig. 6 shows that the distribution of radiation
forces acting on an air bubble of »,=30 nm and ¢, =1
using the 3D dark spot in Fig. 2(b). It is found that the
gradient force is much larger than the scattering force
in this dark trap and the air bubble can be trapped at
the actual focus. The peak value of the gradient force is

maximum along the radial axis (F 4 m =0. 1101 pN)

grad, min
0.0485 pN). The axial trap distance (0. 621) and the
transverse trap distance (0. 30811) are also smaller

than that of far-field trap systems. It is noted that the

and is minimum along the optical axis (F

gradient force of the 3D dark spot trap is ten times
smaller than that of the bright spot trap in the first

example.

0.1 0.2 0.1
| | |
Z
E‘_g 0 0 0
.
-0.1 l -0.2 -0.1 I
0 1 2 -1 1 -1 -0.5 0 0.5
%104 %1073
1 2 2
[ | I ] [
- ! AN |
< 0 0 0
Es WM K A
. Y | N/
-1 l 2 ] 2 S |
0 1 2 -1 0 1 -1 -0.5 0 0.5
0.1 ! 02 ! 0.1 [
_ N\ N N /\ A
s I N S\ N/ \V/N
N/ vV N ./ N
-0.1 l -0.2 I -0.1 l
0 1 2 -1 0 1 -1 0.5 0 0.5
zZ/\ x/h v/
(@2, (b) x, (ORA
Fig. 6 Radiation forces on an air bubble in the z,, z, and v, directions

3 Trapping stabilities

To stably 3D trap
[5. 26]

a Rayleigh particle, two

stability conditions need to be satisfied. One is
that gradient force must be opposite to the propagation
direction, i. e.» R= F,,/F., > 1, where R is the
stability the

gradient

criterion.  Considering asymmetrical
the
conservative estimation here can be written as R =

min{ (F’ grad),..,» (F" grad) ...}/ | Fuu | me >1, where

(F’ grad) .. and (F" grad),,. are the maximum values

distribution of axial force, a more

in the positive and negative gradient force directions.

The function min{A, B} means to take the smaller one
the
values of R are 26. 8 for the gold particle in the v,

between A and B. After several calculations,

direction and 29. 1 for the air bubble in the v, direction,
Another
that

respectively. necessary and  sufficient

condition is the potential well generated by
gradient forces must be deep enough to overcome the
kinetic energy in the Brownian motion. The criterion is
Ry = € V™71, where U,,, is the potential depth
given by U,...= |Re(a)e, I, /4|. Under a temperature
of T=300 K, the values of Ry, come out to be

2.16X10" for the gold particle and 0. 1278 for the air

1105001~ 6
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bubble, The

demonstrate particles with high and low refractive

separately. results calculated above
index can be stably trapped by giving the appropriate

truncation parameter and the vortex angle.

4 Conclusions

We' ve proposed a method of near-field trapping
high and low refractive index particles using a single
a SFZP under the
illumination of a double-ring-shaped LG, vortex beam

The

calculations based on the vector angular spectrum

optical system. In our method,

is used to generate bright and dark spots.
theory show that, by simply adjusting the truncation
parameter and vortex angle, the proposed system can
generate tiny three-dimensional bright and dark spots in
the near-field region. The tiny 3D bright spot can trap
high-refractive-index microparticles and the tiny 3D
dark spot can trap low-refractive-index microparticles.
We present two examples of numerical calculations:
one is the use of the generated tiny 3D bright spot to
trap a Rayleigh gold particle whose refractive index is
larger than that of the ambient and another is the use of
the generated tiny 3D dark spot to trap a small air
bubble whose refractive index is smaller than that of
the ambient. Numerical results show that when g=1.
09 and §=0 the Rayleigh gold particle can be stably
trapped and when f=1. 45 and §=0. 414x the small air
bubble can be stably trapped. The obtained axial trap
distance is shorter than that of the far-field trap
which that
proposed near-field trap system is higher. It is noted
that the stability of the dark trap is lower than that of
the bright But this could be
overcome by optimizing the structure of the SFZP,
which will be studied in the future.

system, implies the accuracy of the

spot. disadvantage
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