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Optical metasurfaces are two-dimensional arrays of nano-scatterers that modify optical wavefronts at subwavelength
spatial resolution. They achieve the effect of focusing through phase control under a subwavelength scale, and are called
metalenses. They are poised to revolutionize optics by enabling complex low-cost systems. However, there are severe
monochromatic aberrations in the metasurfaces. In this paper, the coma of the long-wave infrared optical system is elimi-
nated through a single-layer metasurface. By changing the phase function, this metalens has a numerical aperture of 0.89, a
focal length of 150 um and a field of view of 120° (0.4@60 line pairs/mm) that enables diffraction-limited monochromatic
imaging along the focal plane at a wavelength of 10.6 pm. The designed metasurface maintains a favorable value of the
modulation transfer function at different angles. This equipment can be widely used in imaging and industrial processing.

Keywords: long-wave infrared, all-dielectric metasurface, aberrations, metalens

PACS: 42.15.Fr, 42.79.Bh, 95.85.Hp, 51.70.+f

1. Introduction

Metamaterials are typical artificial structural materi-
als based on subwavelength structures (also called meta-
atoms).!!=3! They utilize the singular electromagnetic response
of a designed subwavelength structure to achieve electromag-
netic parameters or properties that do not exist in nature. Met-
alenses are two-dimensional metamaterials!*! in which the
thickness dimension is ignored. Metamaterials themselves
can be used to guide and control the flow of electromagnetic
waves. The ultra-thin, flexible nature of metasurfaces enables
them to modulate light. Metalenses are products that combine
all the above excellent characteristics and they have attracted
intensive attention from researchers.!”-%!

In recent years most work on metalenses has concen-
trated on high-efficiency focusing of visible and near-infrared
light.”! Yu et al. and Ni et al. achieved near-infrared phase
control by using V-shaped antennas.!!%!! This research ap-
proach and method opened up our understanding of optical
devices. Pors et al. designed a flat mirror that focused a
linearly polarized incident beam with a theoretical focusing
efficiency of 78% in a broadband wavelength regime from
700 nm to 1000 nm, while the experimental broadband fo-
cusing efficiency reached approximately 30%.['?) Capasso
and co-workers fabricated and designed high-aspect-ratio all-
dielectric (titanium dioxide meta-atoms and silica substrate)
metasurfaces as metalenses, achieving high efficiency at a
wavelength of 405 nm.[!3] There has been less work on long-

wave infrared light!'* and the actual metalenses do not work
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well.[13]

Most work on metalenses has been concerned with parax-
ial optics. However, research on wide-angle imaging and ap-
plications in optical systems is required. For example, minia-
ture wide field-of-view (FOV) imaging systems are of con-
siderable interest for application in both eye-tracked extraoc-
ular cameras for use in retinal prostheses and wearable vi-

16171 wide FOV, high-resolution, compact

sual equipment.
and real-time optical imaging systems are widely used in
most state-of-the-art vision applications, such as recording and
tracking clouds or stars, guidance of unmanned vehicles, threat
detection, situational awareness, surveillance, tracking omni-
directional threats and creative photography.!!8-2°1 The main
problem with a wide-angle optical system is coma.*!l Ai-
eta et al. processed the metasurface on a hyperboloid. It is an
enormous challenge to pattern the nanostructure on a curved
surface and many researchers have proposed solutions to this

[2223] The efficiency of this type of metasurface is af-

problem.
fected by the respective efficiencies of the two metasurfaces,
and the achievable field of view is limited. In summary,there
is a need to achieve wide-angle imaging through a single-layer
metasurface.

In the past year, multiple comparably bulky and heavy
refractive lenses have been introduced to achieve wide-angle
FOV imaging. They have achieved a 160° FOV in visi-
ble light.?*! Through multi-parameter optimization, the tra-
ditional method can achieve a 360° x (40°-90°) FOV in vis-

25

ible light, which is better than previous results.!>>! However,

the lens system is too large. So an imaging system which can
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achieve a wide-angle FOV with a single-layer lens would not
only reduce the difficulty of adjusting the system but would
also facilitate its miniaturization.

In summary, the need for a monolithic lens is imperative,
but research on long-wave infrared wide-angle metalenses has
rarely been reported. The present work uses a single-layer
quadratic phase function metasurface to achieve wide-angle
beam focusing. Comparison with a hyperbolic metalens shows
that the quadratic metalens still maintains a good modulation
transfer function (MTF) even at 120° (0.4 @60 line pairs/mm).
By controlling the phase through the thickness of the mate-
rial the quadratic phase function has high processability on the

metasurface.

2. Design and results
2.1. Design of the unit cell

With regrard to the transmission characteristics of struc-
tural units, figure 1(a) shows a schematic diagram of the ar-
rangement of subwavelength silicon structures. D, h, and P
are given adjustable parameters. Previous work!?®! fixed the
height of the nanopillars at 6.8 pm. Due to the subwavelength
lattice constant, the array acts as a zeroth-order grating and it
is entirely described by its transmission and reflection coeffi-

cients.

Table 1. Variable parameters.

P (um) a b d e f D (um)

1.2x10°° 2.56

45 3.18 1.57 018 048

5 279 208 024 047 6.0x107° 2.56
5.5 259 256 029 047 42x107° 2.56
6 2.47 305 033 047 20x107 2.56

6.5 238 359 047 046 52x107° 2.56

Figure 1(b) shows the simulated transmittance and phase
of the cylindrical structure as functions of the period (P) and
cylinder diameter (D). The fixed height of the selected struc-
ture is 6.8 um. The structural unit works at a wavelength
of 10.6 um but the concept is scalable to any wavelength.
As shown in Fig. 1(c), light is concentrated inside the posts
which behave as weakly coupled low-quality factor resonators.
Therefore, the high-refraction material not only provides a
flexible to 27 phase change but also weakens the mutual cou-
pling between the structures. The radius of the nanocylinder
varies from 1.5 pum to 4 um. In all cases, the phase and trans-
mittance change with the diameter of the cylinder, and the

change in phase with cylinder diameter satisfies
¢(D):aammnO%DAJ%)+fu)fD@2+d)+e,(U

Due to the large size of the structure we adopted the waveguide
theory. The phase increase required by the waveguide the-

ory is determined by the total reflection formula. Equation (1)

improves upon the total reflection formula. The coefficients
of Eq. (1) are given in Table 1, and the phase changes with
the diameter of the cylinder under different periods P. The
source of the improved formula depends entirely on the phase
formula established in the evanescent field. When phase in-
formation is added to the total reflection interface by light, it
follows Eq. (1).

2.2. Design of micro-lenses

To design a micro-lens that can implement a transmissive
phase mask, we must find a family of periodic nanostructures
with the same lattice but different scatterers that provide large
transmission amplitudes. Their phases must span the entire
to 27 range. Such a family is shown in Fig. 1(d), where the
heights of the tall posts with a diameter of 6.8 wm are var-
ied from 1.5 pm to 4 um in a hexagonal lattice with a 5 pm
period. According to Smith et al.,!?! the traditional method of
designing a micro-lens is based on the discretized phase,which
causes a certain phase error, but this is not conducive to phase
optimization of the lens. Using Eq. (1), we design a metalens
to achieve an ideal and controllable optimization effect.

Through Fourier optics it is known that many optical
phases can be focused. One such phase is the phase function
calculated based on the lens curvature distribution (Eq. (2)),
another is the phase function obtained by outputting an ideal
spherical wave (Eq. (3)). The phase distribution of the lens is
shown in Eq. (2). We define this type of lens as a type 1 met-
alens (hyperbolic lens). The phase is shown in Eq. (3). We
define this type of lens as a type 2 metalens (quadratic lens)

o) =k (f V7477, @
rZ
ﬁ.

The expressions for these two types of lenses in paraxial op-

¢ (r)=—ko A3)

tics are consistent. We designed a microlens with a diameter
of 600 mm, a focal length of 150 mm and a high numerical
aperture.

According to the generalized Snell theorem, the ray path
for the two types of microlenses is solved. Figure 2(a) shows
the light distribution for a two-position microlens. It can be
seen from this figure that the type 2 microlens has an obvi-
ous spherical aberration. This spherical aberration is caused
by the surface phase gradient. In Fig. 2(d) the spherical aber-
ration causes the focal length of the metalens to shift, and the
focal spot at the focal plane becomes larger. This is the op-
posite effect to a type 1 metalens (Fig. 2(b)) with no spherical
aberration. However, a type 2 microlens has a very high depth
of focus and better application prospects in some laser cutting

and achromatic optical systems.
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Fig. 1. Simulation results for the periodic structure unit. (a) Schematic diagram of the structural unit with adjustable parameters D, &, and P. (b) The simulated
transmittance and phase of the structural unit vary with the period of the structural unit and the radius of the cylinder. (c) Side view of the refractive index
distribution and energy distribution of the structural unit. The black line represents the waveguide boundary. (d) When the periodic structure constant is 5 pm,
the simulated transmittance and phase of the structural unit are shown. In all structures, the height of the structure is 6.8 um and the incident wavelength

Ao = 10.6 um.
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Fig. 2. Parallel light incident simulation of a micro-lens. (a) Illustration of the use of a micro-lens to focus parallel light. (b) Energy distribution diagram of
a type 1 micro-lens in the XZ plane and a schematic diagram of the spot size on the excitation plane (XY plane). (c) Schematic diagram of the micro-lens
design; the same period structure is selected to design the metalens. (d) Energy distribution diagram of a type 2 micro-lens in the XZ plane and a schematic

diagram of the spot size on the excitation plane (XY plane).

2.3. Micro-lens multi-angle results

The performance of the micro-lenses was evaluated by
three-dimensional finite difference time domain (FDTD) sim-
ulations. In Figs. 3(a) and 3(c) the ray chasing method is
used to solve the light distribution on the surface of the met-
alens.The results of geometric optics indicate that a type 1
micro-lens produces coma. As shown in Fig. 3(b), when the
incident light obliquely irradiates the surface of a micro-lens a
type 1 micro-lens will produce a comet-shaped spot at the fo-
cal plane. In addition, the position of the spot will vary greatly

with the angle of incidence. However, a type 2 micro-lens can

eliminate the coma aberration. As shown in Fig. 3(d), as the
angle of incident light increases to 60° it can still generate a
focal spot of wavelength size. The focal position produced by
the second type of lens is x = fsin(6), where f is the focal
length and 6 is the angle of incidence.

Coma aberration will further reduce the image resolution.
As shown in Fig 4(a), coma aberration causes the focal plane
spot to oscillate, and the focal spot becomes larger. As the an-
gle of incidence becomes larger, the focal point moves farther
and farther away from the center. In contrast, the microlens
shown in Fig. 4(b) can correct spherical aberration well, and
the focal point moves closer to the center. Compared with a

074212-3
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type 1 micro-lens, a type 2 micro-lens can be used in some
wide-angle imaging systems. The aberration that occurs at
75° is limited by the numerical aperture of the optical system.
By adjusting the numerical aperture of the optical system, this
aberration can be eliminated. In theory, a FOV angle greater
than 120° can be realized.
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Fig. 3. Micro-lens multi-angle results. (a) Schematic diagram of the per-
formance of an obliquely illuminated type 1 micro-lens. (b) Oblique illumi-
nation of a type 1 micro-lens produces coma. (c) Schematic diagram of the
performance of an obliquely illuminated type 2 micro-lens. (d) Schematic
diagram of a focal plane spot, representing, respectively, 30°, 60°, and 75°.
(e) Type 2 focal plane spot size. (f) The type 2 micro-lens has a long focal
length effect at 30°, 60°, and 75°.
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Fig. 4. Focal plane spot distribution. (a) When light is obliquely incident on
atype 1 lens it produces MTF. (b) When light is obliquely incident on a type
2 lens it produces MTF.

3. Discussion

Highly refractive silicon material is adopted for the de-
sign of the structural unit. This kind of highly refractive ma-
terial can better confine light in the structure and weaken the

mutual coupling between the structural units. In addition, a
flexible 27 phase change can be provided. However, there is
a problem of low efficiency in a micro-lens based on highly
refractive materials. Part of the light will be lost due to the
total reflection of the substrate. Most of the light is reflected
and cannot be combined with the structural unit.

Table 1 summarizes the phases of the structural unit as a
function of the cylinder diameter under different periods. The
empirical function is helpful when optimizing micro-lenses.
We have successfully designed two types of high-numerical
aperture micro-lenses using Eq. (1). Both have their unique
advantages, but type 2 micro-lenses are somewhat superior.
A type 2 micro-lens, which relies on only a single lens, can
achieve the effect of long-wave infrared wide-angle imaging
(FOV > 60°), and the FOV of this lens is only limited by the
numerical aperture. In particular, its large focal depth can be
used not only for achromatic imaging lenses but also for laser
cutting. In addition, the focal plane spot maintains a good
diffraction limit under wide-angle conditions.

In a word, through the design of empirical functions the
simulation time is greatly shortened and the phase design can
be worked out more easily. This method will be useful for
future engineering applications.

4. Conclusion

In this paper the design of long-wave infrared wide-angle
metalenses was studied. First, we looked at the design of the
structural unit. We found that the phase function of the struc-
tural unit and the size of the structure can be used to predict
the fitting function. Next, to verify the universality of this em-
pirical function, a hyperbolic lens and a quadratic lens were
designed. These two types of lenses were well focused un-
der paraxial incidence. We observed spherical aberration in
the quadratic lens. Simulations for a multi-angle lens were re-
alized. Although the effect of the quadratic lens in paraxial
optics is no better, it is excellent in wide-angle imaging and
can achieve a wide-angle imaging effect of 120° (0.4@60 line
pairs/mm) and maintain a good MTF value under multi-angle
conditions. The empirical function studied in this paper can
be used to optimize the superatom itself to provide a direc-
tion. Secondly, the quadratic lens has good performance and
the unprocessability of traditional optics. The performance of
the quadratic lens itself is good enough for wide-angle perfor-
mance, but the quadratic lens can be used to design the second
layer of a double-layer metasurface. By designing a different
metasurface from the first layer, the spherical aberration that
appears in the paraxial optics can be largely eliminated.
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