
Metalens for coaxial double wavelength focusing

Jiannong Chen (陈建农)*, Baodong Wang (王宝东), Linwei Zhu (朱林伟),
Jing Han (韩 靖), and Qinfeng Xu (徐钦峰)

School of Physics and Opto-Electronics Engineering, Ludong University, Yantai 264025, China
*Corresponding author: 13220935107@163.com

Received November 8, 2019; accepted December 11, 2019; posted online March 17, 2020

We propose a metalens for coaxial double wavelength focusing. One focusing spot is a circular solid spot, and the
other focusing spot is a doughnut-shaped spot that is circling the solid spot. The designed metalens was
composed of a meta-molecular nanostructured cell array. Each meta-molecular nanostructured cell was divided
into four squares. Two slots with exactly the same shape, but usually with the rotation angle measured clockwise
from the positive x axis, are etched into the gold film in two diagonally connected squares. Another two slots with
the same shape but with the rotation angle measured counter-clockwise from the positive x axis are etched into
another two diagonally connected squares in the same cell. The lasers with two different wavelengths are trans-
formed into right-handed and left-handed circularly polarized beams, respectively. The two sets of slots with
different azimuthal rotations modulated the phases of incident right-handed and left-handed circularly polarized
beams independently. The numerical simulation with finite-difference time-domain (FDTD) software was
carried out, and the experimental verification was also implemented. Both the experimental result and the
numerical simulation agree well with the theoretical design.
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Tightly focused far-field spots have many applications in
various fields such as laser precision processing, fluores-
cent microscopic imaging, lithography, optical data
storage, and micro-particle manipulation. The spot size
is usually measured with its full width at half-maximum
(FWHM). However, the Abbe’s diffraction limit strongly
restricts their minimum spot size. Fighting against the dif-
fraction limit has always been the topic optical scientists
make the effort to tackle. Mainly, there are two ap-
proaches to break through the diffraction limit. Conven-
tionally, we usually obtain the far-field spot size below the
diffraction limit by comprehensively modulating the am-
plitude, phase, and polarization distribution of the laser
beam at the entrance pupil of the objective with a high
numerical aperture. Because of its axial symmetry of
polarization, the radially polarized beam is preferred to
obtain a spot size smaller than the diffraction limit[1]. In
2003, Quabis’s group from Germany used the annular
aperture to block the central part of the light beam in
the focusing of radially polarized beams[2]. The central
blocking of incoming light increased the ratio of the lon-
gitudinally polarized component to the transversely polar-
ized component in the focal volume and made the size of
the focusing spot smaller. In their work, the annular aper-
ture acts as an amplitude filter. In 2008, Wang from the
Singapore Data Storage Institute designed a multiple
binary annular phase mask to modulate the incident radi-
ally polarized beam[3]. The FWHM of the focusing spot size
is around 0.42λ. It is a light needle with the focal depth of
more than 4λ. The long needle-shaped spot also makes the
off-focus insensitive in applications.
Another approach to break through Abbe’s diffraction

limit is the so-called super-oscillatory lens. The super-
oscillatory lens is first proposed theoretically, to the best

of our knowledge, by Berry from the University of Bristol
in 2006[4,5]. In 2012, Zheludev’s group from the University
of Southampton designed and fabricated a super-
oscillatory lens composed of a series of concentric binary
amplitude rings[6,7]. They obtained a spot size of 185 nm
ð0.29λÞ in the oil-immersion medium. However, limited
by its intrinsic physical nature of the super-oscillatory
lens, it will inevitably cause strong side-lobes besides
the main peak. To inhibit the strong side-lobes, the re-
search group from Singapore National University designed
and fabricated a binary amplitude-type planar super-
critical lens[8]. When it was illuminated by an azimuthally
polarized vortex beam with a wavelength of 633 nm, they
obtained the focusing spot with the transverse size of
265 nm ð0.42λÞ. Compared with the super-oscillatory lens,
the intensity of the side-lobes is greatly reduced. The
super-critical lens has now been used in a label-free
confocal scanning microscope to enhance the imaging
resolution[7].

In the field of scanning fluorescent microscopic imaging,
the resolution is directly determined by the obtainable
minimum focusing spot size. To circumvent this limit,
Hell invented stimulated emission depletion microscopy
(STED)[9,10]. He introduced a second laser beam with a dif-
ferent wavelength. It is imposed on a vortex phase modula-
tion and is focused into a doughnut-shaped spot that acts as
depleting stimulated fluorescentmolecules. It in turn greatly
reduces the size of the single pixel emitting fluorescent light.
The STED system usually requires careful coaxial tuning of
two laser beams along with a separate vortex phase plate
and a high numerical objective. The misalignment of the
optical elements will deform and damage the circular
symmetry of the doughnut-shaped spot. It seriously
compromises the resolution of the STED system.
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In recent years, metasurfaces have attracted great at-
tention attributed to their distinguished features, versatile
functionality, easy integration, and relatively simple fab-
rication. Metasurfaces are usually composed of an ultra-
thin, space-variant, and nanostructured subwavelength
cell array acting as local polarization, amplitude, or phase
modulation pixels[11–17]. By carefully designing the nano-
structure with deep subwavelength resolution, lots of
metasurface devices such as quarter wave plates[18], optical
vortex plates[19–21], and metasurface holograms[22–26] have
been reported.
In this study, we propose and demonstrate a metalens

for coaxial double wavelength focusing, which can be used
in the STED scheme. Due to the nature of the method, it
guarantees the coaxial feature, the optical stability, and
the circular symmetry of the doughnut-shaped spot.
We assume that the first laser with wavelength λ1 is sup-

posed to be focused into a circular solid spot, and a second
laser with wavelength λ2 is supposed to be focused co-
axially into a doughnut-shaped spot. The phase of the first
laser has to be modulated following Eq. (1), and the phase
of the second laser has to be modulated following Eq. (2):

ψ1ðx; yÞ ¼
2π
λ1

ð
��������������������������
x2 þ y2 þ f 2

p
− f Þ; (1)

ψ2ðx; yÞ ¼
2π
λ2

ð
��������������������������
x2 þ y2 þ f 2

p
− f Þ þ ϕðx; yÞ; (2)

where f is the common focal length of the metalens for two
lasers. Figure 1(a) is a graphic illustration for phase modu-
lation described by Eq. (1). ϕðx; yÞ is an azimuthal angle,
which is equal to the vortex phase with a topological
charge of one. Figure 1(b) is a vortex phase for ϕðx; yÞ.
Figure 1(c) is a graphic illustration for phase modulation
described by Eq. (2).
The metalens is composed of a square cell array. Each

square cell is further divided into four small squares, as
shown in Fig. 1(d). Four slots with the same width and
length are etched into the gold film deposited on a
SiO2 substrate. However, the red slots in the whole metal-
ens designed for the first laser are rotated according
to θ1ðx; yÞ ¼ ψ1ðx; yÞ∕2, while the green slots designed
for the second laser are rotated according to θ2ðx; yÞ ¼
ψ2ðx; yÞ∕2. If the rotational direction of the red slots is
clockwise, then the rotation direction of the green slots
is designed to be counter-clockwise. Meanwhile, the rota-
tion direction of the polarization of the circularly polarized
beam with wavelength λ1 has to be the same as the red
slots in order to achieve the Pancharatnam–Berry phase
modulation. Similarly, the rotation direction of the polari-
zation of the circularly polarized beam with wavelength λ2
has to be the same as the green slots. If the rotation direc-
tions of the red slots and green slots are exchanged,
accordingly, the rotation directions of polarizations of cir-
cularly polarized beams with wavelengths λ1 and λ2 should
also be exchanged. So, there are two schemes for the slot
rotation directions and polarization rotation directions

of circularly polarized beams. Figure 2 shows the de-
signed two-dimensional nanostructure for a relatively
small metalens 24.6 μm× 24.6 μm. The other parameters
are as follows: λ1 ¼ 633 nm, λ2 ¼ 532 nm, and f ¼ 25 μm.
It is imported into the three-dimensional model of finite-
difference time-domain (FDTD) solutions. The thickness
of the gold film is 150 nm. A right-handed circularly
polarized beam and a left-handed circularly polarized
beam are incident on the metalens from the substrate side.
We first obtained electric field distribution on the monitor
located 10 nm away from the front surface of the metalens.
Then, we calculate the far-field intensity distribution at
the focal plane using script command “farfieldexact3D”.
Figure 3(a) is the circular solid spot generated by the first
laser with wavelength λ1. The color is similar to the true
color of the laser. The FWHM of the spot is around

Fig. 1. Design scheme of the metalens for coaxial double wave-
length focusing. (a) The phase modulation for the laser with a
wavelength of λ1; (b) the phase modulation of a vortex with a
topological charge of one; (c) the phase modulation combining
(a) and (b) for the laser with a wavelength of λ2; (d) the
meta-molecular structure unit.

Fig. 2. Schematic diagram of the designed metalens for coaxial
double wavelength focusing.
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320 nm. Figure 3(b) is the doughnut-shaped focusing spot
with a diameter of 1050 nm. Actually, when two laser
beams are incident on the whole metalens, the laser with
wavelength λ1 will inevitably pass through the green-filled
slots, and the laser with wavelength λ2 will pass through
the red-filled slots. However, both of them will diverge al-
most randomly to all directions and will not collectively
focus to the effective spots. It assumingly causes weak
background and also greatly decreases the light efficiency.
The diffraction efficiency is around 13.5% for the circular
solid spot with wavelength λ1 ¼ 633 nm and 14.2% for the
doughnut-shaped spot with wavelength λ2 ¼ 532 nm. The
difference between the two spots arises from the different
wavelengths, while the green slots and red slots have
exactly the same width and length.
To verify the design effectiveness of the metalens, we

prepared a gold film on the substrate with the electron
beam evaporation technique, and the thickness of the film
is 150 nm. Then, the sample metalens is fabricated by a
focused ion beam (FIB, EFI Nanolab600, Helios). The size
of the experimental sample (100 μm× 100 μm) is much
larger than that of the simulation sample. The focal length
is 120 μm. Figure 4 is the local magnified scanning electron
microscope (SEM) image of the fabricated metalens.
The scale bar at the right-bottom corner of the image is
10 μm. Figure 5 illustrates the schematic diagram of the
experimental setup. The two laser beams (633 nm and
532 nm) are transformed into left-handed circularly
polarized light and a right-handed circularly polarized

beam as demanded in the design. The metalens is
mounted on a three-dimensional scanning stage. The
objective for observing the focal spot is from Olympus
(×100; NA ¼ 0.9). The camera is from Edmund (EO-
5012). Figure 6 shows the result. We see that the red solid

Fig. 3. FDTD-simulated focusing spot for designed metalens.
(a) The circular solid spot for the first laser with λ1; (b) the
doughnut-shaped focusing spot for second laser with λ2.

Fig. 5. Experimental setup for verifying the functionality of the
designed metalens.

Fig. 6. Experimental result that is captured by a CCD camera.

Fig. 4. Local magnified SEM image of the fabricated metalens.
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circular spot is strictly coaxial with the green doughnut-
shaped spot. Actually, it is insured by both the design
method and FIB super-resolution fabrication process. This
metalens will also guarantee the generation of a circularly
symmetrical doughnut-shaped spot. The result agrees well
with the expectation.
We have demonstrated the design scheme of a metalens

for coaxial double wavelength focusing. Both the numeri-
cal simulation of the FDTD solution and experimental
verification show that the design scheme is reasonable.
The advantage of the metalens lies in that the vortex
phase plate and conventional objective are combined into
one integrated metalens. This insures the coaxial demand
of two spots and the stability of the STED system. An-
other advantage of the metalens compared with the con-
ventional objective made of glass and metal is that it has
a very small size and weight. The small size may help to
realize the portability and instrument minimization. The
small weight is beneficial to the easy and precise scanning
of the relevant STED system.
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