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Abstract: Metalens have been recently introduced to overcome shortcomings of traditional
lenses and optical systems, such as large volume and complicated assembly. As a proof-of-
principle demonstration, we design an all-dielectric converging cylindrical metalens (CML) for
working in long-wave infrared regions around 9 µm, which is made up of silicon-pillar on MgF2
dielectric layer. We further demonstrate the focusing effect of an orthogonal doublet cylindrical
metalens (ODCM). Two CMLs are combined orthogonally and a circular focusing spot was
demonstrated. This proves that within a certain size range, the focusing effect achieved by the
ODCM is similar to that of a traditional circular metalens.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The imaging effect of lenses has long been recognized and is routinely used in daily life, mainly in
the visible spectral range. With the continuous development of science and technology, cylindrical
lens as a simple alternative to spherical lens. Positive cylindrical lens have a converging effect
on light and the combination of cylindrical lens and spherical lens can be widely used in fields
such as laser beam expansion, eyewear optics, and wide-screen movie lenses. However, the
cylindrical lens achieves a converging effect in only one direction, while the other direction does
not converge the light beam, hence limiting their applications if not combined with other lenses.
Regarding the traditional materials used for long-wave infrared lens, they are still classified into
two major categories, crystals and glasses. Compared with the materials that can be used as
visible optical lenses, the infrared materials with perfect physical and chemical properties are
very limited. More importantly, the refractive index of infrared materials is generally high, which
generally leads to low transmittance of infrared lenses. Then, because a complete optical system
in long-wave infrared requires multiple traditional lenses, the energy loss of the whole system
will be consequently too large. Therefore, it is necessary to control the number of lenses of the
long-wave infrared system as much as possible. Furthermore, the processing technology of the
long-wave infrared lens is also more complicated than for visible lens. All these factors have
caused the long-wave infrared lens system to be expensive.

In recent years, due to the unique electromagnetic properties of subwavelength micro / nano
structures, the polarization, phase, and amplitude of light waves can be flexibly manipulated.
Therefore, metamaterials based on subwavelength micro / nano structures have developed rapidly
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and achieved many extraordinary applications [1–5], such as high-dimensional holographic
images [6–11], beam shaping [12], stealth cloaks [13], polarization control [14], and absorbers
[15–18], sensing, etc. As an emerging technique, metalens is becoming one of the most popular
directions of research on micro/nanostructured metasurfaces, as they enable controlling the
wavefront of light. Based on its planar topography and strong ability to manipulate light waves,
metalens has the advantages of ultra-light, ultra-thin, and easy integration. High NA metalens
[19], achromatic metalens [20–23] have been realized. Metalens are expected to open a new path
for sub-wavelength imaging and ultra-micro optoelectronic devices. However, large traditional
circle metalens designs result into large amounts of data to process [24], and the extremely high
data density over a certain area creates a total file size that becomes difficult to control due
to the huge amount of geometrical features. Recently, research on metalens in the visible and
near-infrared bands has been well developed, such as single-wavelength [19,24], multi-wavelength
[21,25,26], and broadband achromatic metalens [27]. At present, the research on the meta-lens of
the long-wave infrared band [20,23,27] is still limited by traditional materials used in long-wave
infrared spectral range. However, this long-wave infrared spectral range is of great interest in
thermal imaging and has great application prospects, which is the main motivation of our work.
Transmissive metalens [28–31] is attracting increasing interest and could be an interesting option
to achieve our goal. Therefore, the long-wave infrared metalens faces many challenges such as
the limitation of traditional infrared materials.

In order to solve the above-mentioned problems of generating extremely high design data
density when designing metasurfaces, and breaking the limitation of the materials used for
long-wave infrared lens, we design an all-dielectric converging cylindrical metalens (CML) for
working in long-wave infrared region around 9 µm wavelength. Since the CML focuses in only
one direction, the amount of data will be greatly reduced and the array design only needs to be
done in one direction. The simulation difficulty of cylindrical metalens is much smaller than that
of a complete traditional metalens, and as the size increases, the data growth of a column structure
is much slower. All-dielectric CMLs are made up of silicon nano column arrays on MgF2
dielectric layer, which breaks through the material limitation of traditional long-wave infrared
materials. The results show a high transmittance of 78.29%. Based on the CML, we design the
ODCM which greatly reduces the difficulty of metalens design, too. The ODCM consists of
two orthogonally CMLs, and allows obtaining a circular focusing spot with a transmittance of
52.43%. The intensity ratio of the focus center is 77.75%. Within a certain range, the focusing
effect of the ODCM is similar to that of a traditional circular metalens of much more complex
design features, but the ODCM greatly reducing the computational design difficulty of traditional
metalens. For the cylindrical lens, the focusing effect of the designed cylindrical metalens can be
obtained by designing and simulating a column of data results and then the column structure
can be copied to obtain the array structure. The design data in this article is the simulation data
volume of a column structure, which is much smaller than the design simulation data volume
of a conventional metalens. When the design idea proposed in this paper is established, the
amount of design data is only the amount of simulation data of two-column structure (orthogonal
two-column structures). This design method of ODCM breaks through major limitations due to
traditional materials used in long-wave infrared spectral range. It also greatly reduces the data
amount of the traditional metalens design. In this work, in response to those major challenges, we
have captured the characteristics of orthogonal doublet cylindrical lens, and reduced the amount
of simulation data of traditional metalens, which greatly reduces the difficulty of metalens design.

2. CML structure design

Based on Huygens electromagnetic metasurface, we realize a metalens with a series of high
transmittance and phase controllable dielectric artificial atoms. First of all, the design and
material selection of the unit structure is significant. One cylindrical lens has a converging
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or diverging effect in only one direction. The other direction acts as a flat glass and does not
converge or diverge the ray, as shown in Fig. 1(a). We select Si as the material of the array
structure. It is non-absorbing in the long-wave infrared region and its refractive index has a high
contrast with the refractive index of the environment. Therefore, electromagnetic waves will be
highly concentrated in the Si nano-cylinder. The phase shift can cover merely the whole range of
0-2π by changing the radius of the Si cylinders.

Fig. 1. Schematic diagram of the unit structure of metalens and the phase profile. (a)
Schematic diagram of a positive cylindrical metalens, micro / nano unit structure, a square
MgF2 dielectric layer with a side length P= 3.6 µm, Si cylinder height h= 4 µm. And the
incident wavelength is plane light of 9 µm. The permittivity of Si material is 3.4219. The
refractive index of the Si coming from the data of the literature [32]. (b) Simulated xz-slices
of normalized energy vector diagram of a single Si cylindrical structure supported by the
MgF2 dielectric layer. (c) When changing the base material, the phase profile changes with
the radius of the Si cylinder. The larger the radius, the larger the phase delay. (d) The phase
profile changes with the radius of the Si cylinder supported by the MgF2 dielectric layer.

Secondly, we choose materials with high transmission in the long-wave infrared region as
the dielectric layer of the all-dielectric metasurface. The simulation uses the finite difference
time-domain (FDTD) algorithm for calculation. According to Fig. 1(b), we can find that the
energy is concentrated in the Si cylinder, while it is relatively small in the dielectric layer. We
made simulations with a series of materials having high transmission in the long-wave infrared
range, as shown in Fig. 1(c). We decided to choose MgF2 as the dielectric layer material for
a better result of phase shift. We have determined the complete unit structure, as shown in
Fig. 1(d). The Si cylinder is arranged on MgF2 basement to modulate the phase of the incident
light according to effective medium within the unit cell. At a wavelength of 9 µm, the phase shift
covers the range of 0-2π with the change of radius of the Si cylinder ranging from 0.10 to 1.35
µm. Here, H is the designed Si nanopillar height (H= 4 µm), P is the period of unit cell (P= 3.6
µm), and its phase shift changes with the size of the nanopillar radius.
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In transmission mode, in order to achieve convergence, the wavefront generated by the
metasurface structure can be expressed by the following equation:

Φ =
2π
λ

(︃
f −

√︂
f 2 + x2 + y2

)︃
(1)

Here, λ is the design wavelength (λ= 9 µm), f is the target focal length (f= 90 µm), x and y
are position coordinates of each nanopillar with respect to an origin at the center of each lens.
According to Eq. (1), the phase profile on the metalens is related to the design wavelength λ, the
focal length f, and the location of each cell on the metalens.

A cylindrical lens has a converging or diverging effect in only one direction. The other direction
acts as a flat glass and does not converge or diverge the ray. According to the characteristics of
cylindrical lens, we can design just a row cylindrical structure to achieve the imaging effect. A
positive cylindrical lens has a converging effect on light, which is the first focus of this work.
Indeed, our aim is to design a CML first, which will then serve as a building block for the ODCM.

Taking y= 0, Eq. (1) leads to the following required phase profile:

Φx =
2π
λ

(︃
f −

√︂
f 2 + x2

)︃
(2)

When λ= 9 µm, f= 90 µm, the relationship between the phase profile required to realize the
metalens and the position x on the lens. Upon wrapping, the phase is controlled in the 0-2π range
as shown in Fig. 2(a). We split the design according to this cycle, and we select points at equal
x intervals to get the position where we need to place the unit structure and its corresponding
phase profile, as shown in the Fig. 2(a). Therefore, according to the relationship between the
phase profile and the radius of the Si nanocylinder, an arrayed structure arranged on the MgF2
dielectric layer can be obtained, as shown in Fig. 2(b).

Fig. 2. Phase profile and array diagram. (a) The phase calculated by formula (2) is folded
and controlled within the range of 0-2π from 0 to 86.5 µm, and take points at equal intervals
according to the period of unit structure, P. (b) The top view (xy slices) of the array structure
and the range is (0-86.5 µm). The radius of the Si cylinder in the x direction changes with
position.

The incident light is selected to be a plane wave at 9 µm. When the total length of the
simulation domain in the x-direction is 172.7 µm, the overall transmittance obtained is 78.29%,
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and the strongest focusing is achieved at 99 µm back of the structure, as shown in the Fig. 3(a).
The normalized intensity in the x-direction and the phase profile along the focal plane are shown
in the Fig. 3(b). From the phase profile obtained from the simulation, we can find that its curve
is not particularly smooth. It is mainly caused by discrete unit structure and periodic array
arrangement. The analysis results show that the width at half the maximum intensity (FWHM)
is 5.4 µm in the intensity curve. The focus center intensity ratio is 72.91%, and the convergent
intensity is 57.08% of the incident light intensity.

Fig. 3. (a) Normalized energy diagram on the x-z slices, focusing is achieved at 90-110 µm
after the incidence of plane light. (b) Normalized intensity of x when z is chosen as 95 µm
and y is chosen as 0, and the energy is concentrated in the center. The phase profile after the
structure Orthogonal doublet cylindrical metalens.

3. Orthogonal doublet cylindrical metalens

According to the principles of geometric optics, it can be known that a cylindrical metalens CML
has a converging effect in only one direction. We therefore combine two CMLs orthogonally and
compare the corresponding result with those of a spherical lens. For this purpose, we arrange the
two CMLs in the orthogonal directions on both sides of the same layer which serves as a common
base medium to achieve the effect of an orthogonal doublet CMLs. As shown in Fig. 4(a), the
two CML arrays are arranged in an orthogonal manner. The array above the dielectric layer
controls the phase only in the x direction, while the array on the bottom layer only controls the
phase only in the y direction. When the light passes through the two-layer array, phase control is
carried out on the two directions to achieve focusing, when the incident ray is a plane wave as
shown in Fig. 4(b). MgF2 with the thickness of 1 µm, was selected as the dielectric layer in the
middle connecting the two CMLs, and both corresponding cylindrical arrays are made of Si.

Without considering the thickness of the two orthogonal CMLs, the phase profiles of the CML
of y direction can be obtained as:

Φy =
2π
λ

(︃
f −

√︂
f 2 + y2

)︃
(3)

Assuming that the focusing effect of two orthogonal CMLs is the same as that of a circular
metalens, according to Eq. (2) and Eq. (3), we can obtain the equation,

Φ = Φx + Φy (4)

So, we can get

2π
λ

(︃
f −

√︂
f 2 + x2 + y2

)︃
=

2π
λ

(︃
f −

√︂
f 2 + x2

)︃
+

2π
λ

(︃
f −

√︂
f 2 + y2

)︃
(5)
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Fig. 4. (a) Schematic diagram of ODCM. The two CML arrays are arranged in an orthogonal
manner. The array above the dielectric layer only controls the phase in the x direction, while
the array on the bottom layer only controls the phase in the y direction. And MgF2 was
selected as the base material connected the two arrays, and the two cylindrical arrays are
made of Si. (b) Schematic diagram of focusing of o ODCM. When the light passes through
the two-layer array, phase control is carried out on the two directions to achieve focusing,
when the incident ray is a plane wave.

To simplify Eq. (5) by exchanging and squaring the terms on both sides, it can be obtained the
Eq. (6):

x2 · y2 = 0 (6)

So, when the maximum value of x2y2 is small enough, the above conditions can be met.
Based on the metalens presented in this paper, we have placed two CMLs, both with a focal

length of f= 90 µm in orthogonal arrangement, and discussed the range in which they can
achieve a focal spot similar to a circular metalens. First, we selected three groups of ODCM
with the different width for simulation. The length of side of the three groups were D= 100µm,
D= 197µm, and D= 361µm at the same wavelength of 9 µm. The resulting focusing effects are
shown in Fig. 5. As shown in Fig. 5, we can see that the focus on the xz and yz planes is slightly
different. The main reason is that the arrays for phase control in two directions are on both sides
of the dielectric layer. From the focus distance, the focus position is slightly deviated, which
leads to this phenomenon.

For those different ODCMs, we obtain three sets of the energy vector diagrams, shown along
two orthogonal propagation surfaces (x-z, y-z), and the energy vector diagrams of x-y surface
where the energy is most concentrated in the direction of propagation. That is, when z is constant
and y= 0 µm, the linear normalized intensity graph of energy is changing with the x position.
The peak range of energy concentration is selected to calculate the focusing efficiency. From this,
we find that ODCM with a size of D= 100 µm has the strongest focus at 88 µm behind the lens.
The corresponding FWHM of focal spot is 8.92 µm, the intensity ratio of the focus center region
is 77.75%, and the metalens transmittance is 61.7%. Therefore, the focusing efficiency of ODCM
is 47.97% and the NA is 0.494. The ODCM with a size D= 197 µm has the strongest focus at 85
µm behind it. The corresponding FWHM is 5.4 µm, the intensity ratio of the focus center region
is 80%, and the metalens transmittance is 52.85%. Therefore, the focusing efficiency of ODCM
is 42.28% and the NA is 0.757. The ODCM with a size of D= 361 µm has the strongest focus at
85 µm behind it with a high NA of 0.905. The corresponding FWHM is 5.23 µm, the intensity
ratio of the focus center region is 52.92%, and the metalens transmittance is 41%. Therefore, the
focusing efficiency of ODCM is 21.7% and the NA is 0.905.

Comparing those three groups of ODCMs, we can find that the ODCM with the size of 100
µm (D= 100µm) has a slightly dispersed focus with sub-focus points along the light propagation
direction, and the focus spots are more rounded. In the meantime, the energy intensity of the
main focus point is high. In the ODCM with size of 197 µm, the focus spot is closest to a
circle, and it does not have a sub-focus point in the propagation direction. Also, in the ODCM
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Fig. 5. Normalized energy diagram of the focal spot at three different wavelength, λ= 8.8,
8.9, 9.0 µm. In the 0.2 µm wavelength region, the focus center position is basically uniform.

with size of 361 µm, there is no sub-focusing concentration point in the propagation direction,
but the transmission is low. And it has a focus center spot in the shape of a cross. Figure 6
show the normalized intensity along x with ODCM lateral size of 100 µm (197 µm, 361 µm)
respectively, and the energy is concentrated in the center. The focus, transmittance, focusing
efficiency, FWHM and Numerical aperture (NA) of the three ODCM with different size lengths
are shown in Table 1.

Fig. 6. Normalized intensity along with x with size of 100 µm (197µm, 361µm) and the
energy is all concentrated in the center.

After comparing the focusing effects of three groups of ODCM of different sizes, the focusing
effect achieved by the ODCM is similar to that of a circular metalens within a certain range.
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Table 1. Focus, transmittance, focusing efficiency, FWHM and Numerical aperture (NA) of the
ODCMs with different size lengths.

Side length
(µm)

Focus
(µm)

Transmittance
(%)

Focusing
efficiency (%)

FWHM
(µm)

Numerical
aperture (NA)

100 88 61.7 47.97 8.92 0.494

197 85 52.85 42.28 5.4 0.757

361 85 41 21.7 5.23 0.905

Since the CML focuses in only one direction, the amount of data will be greatly reduced and
the array design only needs to be done in one direction, in other words, we just need to design
a row cylindrical structure. The simulation difficulty of a column array is much smaller than
that of a complete metalens, and as the size increases, the data growth of a column structure
is much slower. We reduce the amount of data in the design of the metalens by designing the
relevant CML. We can design a CML and then orthogonally design it to achieve the focusing
effect, which greatly reduces the difficulty of metalens design.

4. Conclusions

Based on the theory of plasmonic and micro-nano processing technology, we study the mechanism
of phase adjustment through dielectric metasurfaces, leading to the designs and simulation of a
metasurface structure that achieves phase control of light. By designing the micro / nano structure
array, we obtained the parameter properties of the phase profile changed with the geometric
parameters of the Si cylinder supported by an MgF2 dielectric layer. Based on the phase profile
properties, a CML operating at a wavelength of 9 µm was designed with a focusing efficiency of
57.08%. Then, on the basis of this CML, an ODCM was further designed and simulated in three
different lateral dimensions D. When the size of the ODCM is 100 µm, the focusing efficiency
reaches 47.97% with the NA of 0.494. Based on the above results, it is shown that within a
certain size range, an ODCM can achieve focused spots. It breaks through the limitation of
natural infrared materials, opening a pathway towards flat lenses operating in the long-wavelength
infrared, achievable by reasonable design, which improves the performance of the long-wave
infrared metalens from the principle and material basis. The ODCM greatly reduces the difficulty
of designing conventional metalens by reducing the amount of simulation data required by the
design. The long-wave infrared-based ODCM has a wide range of applications, and has many
advantages such as small size and light weight. It will be used in infrared imaging detection,
sensing, spectral analysis, temperature detection, meta-resolution imaging and other fields.
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