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The solar-blind ultraviolet (UV) wavelength is particularly interesting within the range of 200 nm–300 nm. Here, we
propose a focusing metalens, focusing vortex beam (VB) metalens and metalens array that specifically work in the UV band
to focus a beam or VB. Firstly, a high numerical aperture (NA) focusing metalens working at a wavelength of 214.2 nm
was designed, and the NA reached 0.83. The corresponding conversion efficiency of the unit structure reached as high
as 94%, and the full width at half maximum was only 117.2 nm. Metalenses with large NA can act as optical tweezers
and can be applied to trap ultracold atoms and molecules. Secondly, a focused VB metalens in the wavelength range of
200 nm–300 nm was also designed, which can convert polarized light into a VB and focus the VB simultaneously. Finally,
a metalens array was developed to focus VBs with different topological charges on the same focal plane. This series of UV
metalenses could be widely used in UV microscopy, photolithography, photonics communication, etc.

Keywords: metalens, metamaterials, ultraviolet (UV), vortex beams
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1. Introduction

Optical lenses of ultraviolet (UV) wavelengths have a
wide range of applications in lithography, military, and med-
ical fields.[1–4] Traditional UV optical devices process the
material into a curved surface to achieve wavefront shaping,
which leads to bulky, expensive, and easy aging under UV
light.[5–8] The strong absorption of most materials hinders the
development of metalenses in UV light. All dielectric ma-
terials provide a promising method to control the amplitude,
polarization, and phase.[9–16] The application of all dielectric
materials to a UV metalens can greatly reduce the size of the
device and improve the degree of integration.[17] There are
few reports on metalenses in the UV range.[18,19] At present,
the function of the metalens in the UV band is relatively sin-
gle, and the focusing efficiency and polarization conversion
efficiency of the unit structure need to be improved urgently.
This research proposes a focused metalens and focused vortex
beam (VB) metalens that work in the UV band and provide a
new solution for improvement of the integration of UV optics.

In recent years, research based on metalenses has devel-
oped rapidly. Metalenses have the advantages of small size
and easy integration. Yu et al. designed a V-shaped metalens
with a thickness of only 60 nm, which has the characteristics
of double resonance, wide phase coverage, and ultra-thinness,

and is expected to replace traditional lenses.[20,21] Using C-
shaped resonators with discontinuous phases, Wang et al. pro-
posed a planar lens array based on a terahertz metasurface. A
metalens with a smaller volume, higher sensitivity, and larger
numerical aperture (NA) can be realized.[22] On this basis, re-
search on the expansion of the function of metalenses has also
been conducted subsequently. Peng et al. designed a chiral
metalens that works in the infrared band and can be used as
a photon probe to generate a strong pulling force.[23] Bai et
al. designed a type of dynamic adjustment of the lens array
by changing the state of the phase change material to work
in the near-infrared band, which can enable the metalens to
achieve different optical functions.[24–26] Wang et al. designed
and prepared an achromatic GaN metalens with a focal length
of the order of hundreds of micrometers in the visible light
band.[27] Chen et al. designed a full-color pixel-level imaging
GaN metalens that works in the visible light band, along with
beams of different colors that are incident simultaneously to
obtain different focal points on the same plane.[28] In recent
years, research on metalenses has mainly focused on the vis-
ible to infrared wavelengths; however, research on UV met-
alenses is still in its infancy. However, UV metalenses have
extremely important applications in the photolithography, bio-
logical, and communication fields.[29–31] The UV lens is a core
component of lithography and UV microscopy. It can be also
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used to improve the security of communication by using the
invisible characteristics of UV in the human eye and to achieve
sterilization. This article proposes a metalens that works in the
UV band. The unit structure of the metalens in this design sat-
isfies the Pancharatnam–Berry (P–B) phase distribution.[32,33]

The metalens can convert circularly polarized light into a VB
and focus the VB simultaneously. With the in-depth study of
VBs, the carried orbital angular momentum (OAM) has gar-
nered extensive attention in the fields of particle trapping[34]

and high-dimensional information processing.[34–37] The com-
bination of a VB and UV metalens could also be used to trap
cancer cells, which has great significance in medicine. Tra-
ditional VB generators are usually bulky, resulting in low in-
tegration of devices. The combination of a metalens and VB
generator can significantly reduce the size of the optical com-
ponents.

UV signals with wavelengths of 200 nm–300 nm only
exist in very few cases, such as lightning, and artificial so-
lar blind UV light sources. UV lenses play an important role
in nanomanufacturing. First, a single focus lens with a large
NA working at 214.5 nm is designed. We choose the incident
light of the lens as right circularly polarized (RCP). The single
focus lens has a maximum NA of 0.83 and a full width at half
maximum (FWHM) of 117.2 nm. The conversion efficiency
of the unit structure is 94%, and the polarization conversion
efficiency is the ratio of the optical power of the incident RCP
light to the outgoing left circularly polarized (LCP) light.[38,39]

A single focus metalens with a large NA can be used to ma-
nipulate bacteria and viruses in the UV range. Second, met-
alenses of the single focus focused VB with wavelengths of
214.2 nm, 248.3 nm, 260 nm, and 285.7 nm are designed. Fi-
nally, a focused VB metalens array is designed in the UV band,
which can focus VBs with different topological charges on the
same focal plane. The metalens array can be further extended
to several fields, such as wavefront control, communication,
and multipixel detector arrays, significantly improving design
flexibility and convenience.

2. Structural lens design
A structural diagram of the metalens is shown in Fig. 1(a).

When the RCP light is incident on the substrate, the metalens
can transform the beam into LCP light. To realize the conver-
sion of polarized light, the unit structure of the lens needs to be
filled with the P–B phase, and the nanopillars at any position
(x, y) on the lens must satisfy phase equation as follows:

ϕ(x,y, f ) =
2π

λ

(
f −
√

x2 + y2 + f 2
)
, (1)

where f is the focal length of the metalens and λ is the wave-
length of the incident light. The unit structure of the metalens
is shown in Figs. 1(b)–1(d), with a composition of 400 nm

GaN and 100 nm SiO2. We determine the size of the unit
structure by optimizing the parameters of the unit structure:
the length of the nanopillar is l = 0.08 µm, the width of the
nanopillar is w= 0.05 µm, and the length and width of the sub-
strate, that is, the period of the unit structure, is p = 0.15 µm.
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Fig. 1. Schematic of the overall and unit structures of the metalens.
(a) Schematic of the overall structure of the metalens; RCP light is in-
cident from the substrate, and the metalens can transform the light beam
into LCP light and focus on a specific focal plane. (b) 3D structure di-
agram of the unit structure, which consists of a SiO2 substrate and GaN
nanopillars. The thickness of the substrate is t = 100 nm, and the height of
the nanopillars is h = 400 nm. (c) and (d) Top views of GaN nanopillars,
and θ is the angle formed between the unit structure and the x-axis. The
period of the unit structure is p = 0.15 µm, and the length l = 0.08 µm
and width w = 0.05 µm of the rectangular nanopillar.

3. Results
CST Studio Suite (Dassault Systèmes Simulia 2016) is

used as the simulation software for this design, and in the
simulation process, the boundary conditions are set as fully
open boundaries. The mesh is set to 5 during simulation.
When the wavelength is 214.2 nm, the size of the metalens
is 15 µm× 15 µm, and the phase plane is 100× 100 pixels.
The size of a pixel is 0.15 µm× 0.15 µm, which is the same
as the size of the unit structure of the metalens. The radius of
the designed metalens is 7.5 µm. To obtain a metalens with a
smaller FWHM and larger NA, single focus metalenses with
focal lengths of 30 µm, 25 µm, 20 µm, 15 µm, 10 µm, and
5 µm were designed and simulated.
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Fig. 2. Design of a single focus metalens with an incident wavelength of
214.2 nm and different focal lengths. (a) Structure layout of the metalens.
The radius of the metalens is 7.5 µm and the phase of the unit structure
satisfies Eq. (1). (b) Phase distribution of the lens section along the x-axis.
The metalens satisfies the phase distribution of 0–2π .

The layout of the unit structure at different positions on
the metalens is shown in Fig. 2(a). The phase distribution
of the metalens section along the x axis at y = 0 is shown
in Fig. 2(b). Because the subwavelength structure can only
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achieve an approximate continuous phase distribution in a
small size range, the phase distribution of the designed plane
metalens does not meet the ideal hyperbolic division. The er-
rors in the figure are unavoidable during the design process. A
small unit structure can achieve a more ideal phase distribu-
tion; however, if the period is excessively small, the coupling
between adjacent unit structures cannot be ignored. Therefore,
a specific phase continuity must be sacrificed during the design
process. The NA and FWHM change as the focal length of the
meta lens changes, where NA = sin[tan−1(D/2 f )], in which
D is the diameter of the metalens and f is the focal length.
When the focal length is 5 µm, 10 µm, 15 µm, 20 µm, 25 µm,
and 30 µm, the FWHM is 117.2 nm, 169.2 nm, 215.9 nm,
340.4 nm, and 427.1 nm, respectively, and the NA is 0.8321,

0.6, 0.4472, 0.3511, 0.2837, and 0.2425, respectively. When
the focal point is 5 µm, the FWHM of the focal plane is
117.2 nm, which is slightly smaller than the diffraction limit
λ/2NA.

Normalized light field distributions of the x–z plane with
focal lengths of 30 µm, 25 µm, 20 µm, 15 µm, 10 µm, and
5 µm, are shown in Figs. 3(a)–3(f), respectively. When the fo-
cal length is 5 µm, the NA of the lens is 0.83, and the lens can
break through the diffraction limit and produce a sharp focus
at the far-field diffraction limit. A focal point with an FWHM
of 117.2 nm produces a strong optical force, which has great
application potential in particle trapping. This provides oppor-
tunities in lithography, data recording, and focal plane arrays.
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Fig. 3. Light field distribution diagram of the x–z plane of the single focus metalens with different focal lengths. (a)–(f) Normalized light field
intensity distribution of the x–z plane with focal lengths of 30 µm, 30 µm, 25 µm, 20 µm, 15 µm, 10 µm, and 5 µm, respectively.

In this design, the rotation angle of the unit structure of
the metalens is adjusted using the P–B phase, which make the
metalens produce VB carrying OAM,[40–42] and it is necessary
to add a spiral phase shift to the plane wave front. The phase
distribution of the unit structure must satisfy

ϕ
′(x,y, f ) =

2π

λ

(
f −
√

x2 + y2 + f 2
)
+ l · arctan(y/x), (2)

where (x, y) denotes the coordinate of any point on the plane
metalens, f represents the focal length, λ is the wavelength of
the incident light, and l is the topological charge of the VB.
In this design, the RCP light is used as the incident light. Ac-
cording to the Jones matrix

Eout = α

[
cos2θ cosθ sinθ

cosθ sinθ sin2
θ

]
EL/R

= α

[
cos2 θ cosθ sinθ

cosθ sinθ sin2
θ

]
1√
2

[
1
±i

]
=

1
2
√

2
α (cos2θ + i · sin2θ)

[
1
∓i

]
+

1
2
√

2
α

[
1
±i

]
=

1
2
√

2
α e i·2θ ER/L +

1
2
√

2
αEL/R. (3)

Here, Eout is the light field distribution of the outgoing light,
EL/R = 1/

√
2(ex± iey) denotes the polarization state of light,

and α is the propagation constant. In fact, the structure de-
signed in this paper is aimed at RCP as the incident light. This
method is also applicable to LCP as incident light. When the
RCP light is converted into LCP light, the projected reversely
polarized light undergoes a geometric phase shift, which is
twice the rotation angle of the nanopillar. θ is the angle formed
between the unit structure and the x-axis, that is, ϕ = 2θ is sat-
isfied. Therefore, θ needs to satisfy

θ
′(x,y, f ) =

π

λ

(
f −
√

x2 + y2 + f 2
)
+

1
2

l · arctan(y/x). (4)

A focused VB metalens with an incident wavelength of
214.2 nm and a vortex topological charge of 2 is designed.
This metalens is denoted by V214.2 hereon. The phase distri-
bution of the metalens satisfies Eq. (2) and the overall arrange-
ment of the plane lens is shown in Fig. 4(a). The unit structure
still uses 400 nm GaN placed on a 100 nm SiO2 substrate.
The size of the focused VB metalens is 15 µm× 15 µm, the
phase plane of the lens is 100× 100 pixels, the radius of the
designed metalens is R = 7.5 µm, and the focal length is set
to 15 µm. Figure 4(b) is a diagram of light field intensity in
the x–z direction and intensity distributions in the focal plane,
as measured for metalens V214.2. The focal length obtained by
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the simulation calculation is slightly smaller than the actual
focal length. The reason for this result may be errors in the
simulation process. Figure 4(b) shows that the FWHM in the
x and y directions is 654.2 nm.
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Fig. 4. Design of a metalens for a focused VB with a wavelength of
214.2 nm and a topological charge of 2. (a) Structure diagram of the fo-
cused VB metalens, the overall arrangement of the unit structure satisfies
Eq. (2). (b) Cross-focus cuts and intensity distributions in the focal plane,
as measured for metalenses V214.2.
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Fig. 5. Analysis of the focusing effect of a focused VB metalens with an
incident light wavelength of 214.2 nm and a vortex topological charge of
2. (a) Relationship between the conversion efficiency of the unit struc-
ture and the phase distribution with the rotation angle of the nanopillars.
(b) Phase distribution of the metalens; the phase distribution of the met-
alens satisfies 0–2π .

The simulation result of the V214.2 metalens is shown in
Fig. 5. Figure 5(a) shows the conversion efficiency and phase
distribution of the unit structure as a function of the rotation
angle of the nanopillars. The conversion efficiency of the unit
structure is 94%. The unit structure of the metalens can make

the phase shift meet the phase modulation of 0–2π . Most of
the incident RCP light is converted into VB carrying OAM
and focuses on the focal plane 15 µm from the metalens. Fig-
ure 5(b) shows the phase distribution of the V214.2 metalens.
The metalens can convert RCP light into a VB and focus the
VB simultaneously. The beam can be focused into a donut-
shaped annular aperture on a specific focal plane.

Focused VB metalenses with a topological charge of 2
and incident wavelengths of 248.3 nm, 260 nm, and 285.7 nm
are designed. Hereon, they are represented by V248.3, V260,
and V285.7, respectively. Figure 6 shows the simulation re-
sults of the V248.3, V260, and V285.7 metalenses. The average
conversion efficiencies of the cell structures at the three wave-
lengths are 93%, 76%, and 69%, respectively. Figures 6(a)–
6(c) show light field intensity in the x–z direction and intensity
distributions in the focal plane, as measured for metalenses
V248.3, V260, and V285.7, respectively. The FWHM values are
914 nm, 928.6 nm, and 894 nm, respectively. Each of the three
metalenses can focus the VB on a specific focal plane, forming
a donut-shaped annular aperture. Figures 6(d)–6(f) show the
phase distributions of the metalenses at the three wavelengths.
It can be seen from the figure that the phase of the metalens
satisfies the phase distribution of 0–2π . Figures 6(g)–6(i) are
the intensity distribution diagrams of the three metalenses in
the x–z plane, and the focal lengths obtained by simulation are
14.85 µm, 14.73 µm, and 14.5 µm, respectively. The focal
length of the focused VB metalens decreases as the incident
wavelength increases. The design of a focused VB metal is re-
alized in the UV range. The lens can be widely used in particle
manipulation and cell and virus manipulation.

This study also designs a metalens array of focused
VB with wavelengths of 214.2 nm, 248.3 nm, 260 nm, and
285.7 nm, which can focus VBs of different topological
charges on the same plane at different focal points. The up-
per left l =−1, upper right l = 1, lower left l =−2, and lower
right l = 2 of the metalens array. The structure diagram of
the focused VB metalens array is shown in Fig. 7(a). Fig-
ure 7(b) shows the phase distribution of the metalens array. It
can be seen from the figure that the phase of the lens satis-
fies the phase distribution of 0–2π . The phase plane is set as
100×100 pixels, the focal length as 15 µm, and the lens radius
as 7.5 µm. Figure 8 shows the simulation results of focusing
the VB metalens array with different topological charges. Fig-
ures 8(a)–8(d) show the diagram of the light field intensity in
the x–y direction at the focal plane when the wavelengths are
214.2 nm, 248.3 nm, 260 nm, and 285.7 nm, respectively. The
metalens arrays at three wavelengths can convert RCP light
into VB and focus the VB simultaneously. The array can fo-
cus the VB with different OAM on different focal points on
the same plane, forming four donut-shaped annular spots at
the focal point.
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Fig. 6. Focusing effect of the V248.3, V260, and V285.7 metalenses. (a)–(c) Cross-focus cuts and intensity distributions in the focal plane, as measured
for metalenses V248.3, V260, and V285.7. (d)–(f) Phase distribution diagram of the V248.3, V260, and V285.7 metalenses, and phase distribution at all
three wavelengths satisfying 0–2π . (g)–(i) Metalens x–z plane intensity distribution diagram of the V248.3, V260, and V285.7 metalenses.
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Based on the 2× 2 array design, we also design a 3× 3
lens array that can focus the VB with different OAM on the
same focal plane. The structure diagram of the focused VB
metalens array is shown in Fig. 9(a). The phase plane is set
as 120× 120 pixels, the focal length as 10 µm, and the ra-
dius of the lens as 9 µm. The metalens can focus the VB
with vortex topological charges of l = 1, l = 2, and l = 3
on the focal plane at a distance of 10 µm from the lens array.
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Fig. 8. Design of a metalens array with different wavelengths in the UV
band. (a)–(d) Light field intensity in the x–y direction at the focal plane
when the wavelengths are 214.2 nm, 248.3 nm, 260 nm, and 285.7 nm,
respectively. The lens arrays of four wavelengths can focus the VB with
different OAM on the same focal plane.

Figure 9(b) shows the phase distribution of the metalens ar-
ray. It can be seen from the figure that the phase of the lens
satisfies the phase distribution of 0–2π . Figures 10(a)–10(d)
show the light field intensity in the x–y direction at the focal
plane when the wavelengths of the lens array are 214.2 nm,
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248.3 nm, 260 nm, and 285.7 nm, respectively. The lens ar-
rays at the four wavelengths can focus the VB with different
OAM into a donut-shaped annular spot. The designed lens ar-
ray can be further extended to several fields, such as wavefront
control, communication, and multi-pixel detector arrays.
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Fig. 9. Design of 3× 3 metalens array for focusing a VB with differ-
ent OAM. The topological charge in the lens array is set as l = 3 in the
left column, l = 2 in the middle column, and l = 1 in the right column.
(a) Structure diagram of the focused VB metalens array; the radius of the
lens is 9 µm. (b) Phase distribution diagram of the lens array; the phase
distributions of the nine lenses in the array all satisfy 0–2π .
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Fig. 10. Design of a 3× 3 metalens array for focusing a VB with dif-
ferent OAM. (a)–(d) The light field intensity in the x–y direction at the
focal plane when the wavelengths are 214.2 nm, 248.3 nm, 260 nm, and
285.7 nm, respectively. The four-wavelength 3× 3 lens array can focus
the VB with different OAM on the same focal plane.

4. Discussion
In this study, GaN material is optimized used to realize

the UV metalens, with a band gap of about 3.4 eV (equal to
a wavelength of 364.67 nm) and a good transparent window
of 100 nm–600 nm. Our GaN-based metalens and lens array
possess some unique features compared with other UV metal-
enses published in recent years. The results are shown in Ta-
ble 1. When the wavelength is 250 nm, the FWHM of the UV
metalens made of Si3N4 is 206 nm,[17] the NA is 0.75, and the
conversion efficiency is 96%, which is slightly higher than the
conversion efficiency of the other materials. When the wave-
length is 260 nm, the UV metalens prepared by MgO has an
FWHM of 182 nm and a NA of 0.8.[43] When the wavelength
is 375 nm, the metalens is composed of AlN,[39] for which the

FWHM is about 620 nm and the NA is 0.196. In contrast, we
choose GaN in this study. The corresponding FWHM of the
metalens is optimized to be as small as 117 nm and the NA is
as high as 0.83. Compared with the other results in Table 1,
our FWHM value is the smallest, and simultaneously, our NA
value is the highest. This lens focal spot with large NA and
small FWHM is highly beneficial for the large gradient force
generation required in the optical tweezers field,[44,45] such as
for trapping cells and small particles. Considering our results
of about 100 nm FWHM and 0.83 NA, it is possible to trap
COVID-19 viruses and other nanoparticles. The diameter of
the COVID-19 virus is usually 60 nm–140 nm, and a metal-
ens device with a smaller FWHM is conducive to better direc-
tional sterilization. In addition, metalenses with large NA can
be used as light cameras and can be applied to trap ultracold
atoms and molecules.

Table 1. Performance comparison of different materials of metalenses in
the UV band.

Material Wavelength FWHM NA
Conversion Whether it
efficiency focuses the VB

Si3N4
[17] 250 nm 206 nm 0.75 96% no

MgO[43] 260 nm 182 nm 0.8 94% no
AlN[39] 375 nm 620 nm 0.196 79.46% no

GaN 214.2 nm 117 nm 0.83 94% yes

The main limitation of metalens fabrication is the high
aspect ratio of the cell structure.[46] Here, our cell structure
parameters of the metalens are l = 80 nm, w = 50 nm, and
h = 400 nm. Therefore, the aspect ratio is 8, which is lower
than that in Ref. [46]. Therefore, our cell structure is basi-
cally easier than that in Ref. [46] for fabrication. Addition-
ally, considering that Refs. [47–49] realized small-size meta-
surface processing, our UV metalens cell structures could also
use photolithography for possible scalable fabrication.

5. Conclusion
In this article, we propose both a focusing metalens and

a focusing VB metalens that work in the UV band. The phase
distribution of the metalens unit structure satisfies the P–B
phase. The polarization conversion efficiency of the focus-
ing lens in the UV band reaches 94%. When the focal length
is 5 µm, the NA of the lens is 0.83, and the FWHM size of
the focal point is only 117.2 nm, which can produce a strong
light force for future nanoparticle trapping. Next, we realize a
focused VB metalens that works in the UV band by adding a
helical phase shift to the plane wavefront. Furthermore, 2×2
and 3× 3 VB metalens arrays are also designed, which can
focus the VB with different OAM on the same focal plane.
The focusing metalens, focusing VB metalens and metalens
array in the UV band could have broad applications in wave-
front control, optical manipulation, imaging, target guidance
and other fields.
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