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Abstract: An all-silicon long-wavelength infrared (LWIR) achromatic metalens based on
deep silicon etching is designed in this paper. With a fixed aperture size, the value range of
the equivalent optical thickness of the non-dispersive meta-atoms constructing the achromatic
metalens determines the minimum f-number. The fabrication characteristic with high aspect
ratio of deep silicon etching amplifies the difference value of optical thickness between different
meta-atoms by increasing the propagation distance of the propagation mode, which ensures a
small f-number to obtain a better imaging resolution. A 280-µm-diameter silicon achromatic
metalens with a f-number of 1 and the average focusing efficiency of 27.66% has been designed
and simulated to validate the feasibility of this strategy. The simulation results show that the
maximum focal length deviation percentage from the target value between the wavelength of 8.6
and 11.4 µm is 1.61%. This achromatic metalens design is expected to play a role in the field of
LWIR integrated optical system.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The long-wavelength infrared (LWIR) thermal imaging technology plays a more and more
important role in many areas, such as medical diagnosis, facilities maintenance and environmental
monitoring [1], and the LWIR lens is the core device in the imaging system. However, the
traditional refractive optical lens usually possesses the characteristics of bulky volume and curved
surface due to the method of the wavefront modulation depending on the change of the optical
thickness distribution along the optical path [2]. These features will not only introduce spherical
aberration into the imaging system, but also will not be conducive to satisfy the integrated and
lightweight assembly requirements [3]. Therefore, the LWIR imaging element which owns
simple fabricating process and can be easily integrated has always been an attractive research
field.

Metasurface, a two-dimensional planar thin layer structure which is composed of the subwave-
length electromagnetic scatterers, attracts more and more attention due to its ability to modulate
the wavefront in sub-wavelength scale [4–9]. Many promising achievements have emerged,
such as metalens [10,11], beam deflectors and splitters [12,13], holograms [14,15] and vortex
beam generators [16,17]. Among them, the metalens is expected to become a new choice in
the integrated optical system because it circumvents many limitations existing in the refractive
optical elements [18]. The research of the achromatic metalens is of great significance for wide
band imaging, and some excellent research results have emerged in visible or near-infrared band
[19–22]. However, the researches of the achromatic metalens aiming at the long-wavelength
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infrared are of a relatively small number, and some realizable design methods need further
exploration.

In this paper, we design a LWIR achromatic metalens consisting of the all-silicon meta-atoms
with high aspect ratio based on deep silicon etching. First, we deduce the design constraint of
the achromatic metalens after analyzing the cause of the chromatic aberration of the diffractive
metalens. Then, the significance of adopting the all-silicon meta-atoms with high aspect ratio
is discussed since the value range of the equivalent optical thickness of the non-dispersive
meta-atoms constructing the achromatic metalens determines the minimum f-number with a
fixed aperture size. Finally, we simulate a LWIR achromatic metalens whose diameter is 280
µm and f-number is 1 to validate the feasibility of this strategy, and the maximum focal length
deviation percentage from the target value between the wavelength of 8.6 and 11.4 µm is 1.61%.
In contrast, the maximum focal length deviation percentage of the diffractive metalens with the
same aperture, the same material and the same f-number is 15.0%.

2. Design

Different from the refractive lens, the chromatic aberration of the LWIR metalens based on
the diffraction focusing effect mainly comes from diffraction effect rather than the wavelength
dispersion of the optical materials [23–26]. The reason for this phenomenon is that the diffractive
metalens selects the building elements with the same structural parameters to satisfy the same
phase requirement at different positions on the aperture [24]. The required phase at position r
must satisfy the following equation [27]:

φ = −
2π
λ

(︃√︂
r2 + f 2 − f

)︃
+ 2mπ, m = 0, 1, 2... (1)

where λ is the target wavelength, f is the focal length and the value range of φ is 0∼−2π.
Figure 1(b) shows the structure characteristics of the diffractive metalens, and the elements of
the same color are with the same structural parameters. As shown in Fig. 1(b), the metasurface
element distribution of the diffractive metalens has spatial repeatability. To the target wavelength
λ, the diffractive metalens selects the same metasurface elements to satisfy the same phase
requirement on different diffraction rings, and this modeling method leads to the result that the
structure of diffractive metalens is similar to the binary optical lens [28]. Figure 1(c) and Fig. 1(d)
show the change of the phase distribution curves at different wavelengths to a fixed f-number, and
the phase difference between two fixed positions on the metalens aperture varies with wavelength.
Obviously, the diffractive metalens cannot meet the phase change requirement shown in Fig. 1(d),
and its wavelength dispersion property is similar to that of the diffractive elements.

In order to illustrate the chromatic aberration of the diffractive metalens, silicon is selected
as the base material of the metalens to eliminate the influence of material dispersion, whose
refractive index changes very little in a broad LWIR bandwidth from wavelength of 8.5 µm to 10.5
µm [29]. The isolated cylindrical waveguide model is chosen to work as the basic element model
to construct the metalens as shown in Fig. 2(a) [27]. The period and height of these cylinder
nanopillars is 5 µm and 6 µm respectively, and the diameter varies from 1 µm to 3 µm. The
simulations are performed using the finite-difference-time-domain (FDTD) method with plane
wave illumination from substrate for an infinitely periodic array of these cylinder nanopillars.
The simulated amplitude and phase distribution are shown in Fig. 2(c) and Fig. 2(d). Generally,
eight basic building elements are selected by uniform discretizing 2π phase to construct the
metalens for simplicity, and the diffraction efficiency can reach 95% according to this modeling
method [28]. The eight building elements which we have chosen are shown in Fig. 2(b), and the
target wavelength is 9.5 µm.

Based on the eight selected elements in Fig. 2(b), we simulate the focusing property of the
diffractive metalens with different aperture sizes at the same f-number. The variation results of
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Fig. 1. (a) The schematic diagram of the metalens focusing effect. (b) The structural
diagram of the diffractive metalens. Here, the elements of the same color have the same
structural parameters. (c) The schematic diagram of the change of phase distribution curve
of the metalens with wavelength. (d) Part of the enlarged drawing of the change of phase
distribution curve of the metalens with wavelength.

Fig. 2. (a) The schematic diagram of the cylinder nanopillars. (b) Simulated amplitude and
phase of the eight selected nanopillars at the target wavelength. (c) The simulated transmission
amplitude distribution of the cylinder nanopillars. (d) The simulated transmission phase
distribution of the cylinder nanopillars.
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focal length with wavelength are shown in Fig. 3. For the ideal diffractive lenses, the product of
the working wavelength and the focal length is a fixed value, as described in the Eq. (2) [30]:

f1 · λ1 = f2 · λ2 = . . . = fn · λn (2)

where [λ1, λ2. . . λn] is the working wavelength range and [f1, f2. . . fn] is the corresponding focal
length range. The variation of the theoretical focal length values in Fig. 3 follows Eq. (2). With the
increase of the number of diffraction rings, the FDTD simulation result is gradually approaching
the theoretical value, which shows that the diffractive metalens has obvious diffractive lens
property and severe chromatic aberration.

Fig. 3. The schematic diagram of variation of focal length of the diffractive metalens with
wavelength. (a) Diameter= 205µm, f-number= 1. (b) Diameter= 335µm, f-number= 1. (c)
Diameter= 425µm, f-number= 1. (d) Diameter= 505µm, f-number= 1.

The phase shift φ of the electromagnetic wave through the meta-atom can be simplified as [27]:

φ = neff h
2π
λ

(3)

where λ is the working wavelength, neff is the equivalent refractive index of the propagation
mode of the meta-atom and h is the height of the meta-atom, i.e. the propagation distance of the
propagation mode. By substituting Eq. (3) into Eq. (1), the following equation can be obtained:

φ(r, λ) − φ(0, λ) = neff (r, λ)h(r)
2π
λ

− neff (0, λ)h(0)
2π
λ

(4)

neff (r, λ)h(r)
2π
λ

− neff (0, λ)h(0)
2π
λ
= −

2π
λ
(

√︂
r2 + f 2 − f ) (5)

where φ (r, λ) and φ (0, λ) represent the required phase at the position r and the metalens center
to the wavelength λ respectively, and neff (r, λ) and neff (0, λ) represent the required equivalent
refractive index of the meta-atom at the position r and the metalens center to the wavelength
λ respectively. Assuming that through appropriate design, the equivalent refractive index of
the meta-atom does not vary with wavelength, and the height of the meta-atoms is consistent.
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Equation (5) can be further expressed as:

neff (r) = neff (0) −
1
h
(

√︂
r2 + f 2 − f ) (6)

It can be seen from Eq. (6) that the distribution of equivalent refractive index is independent of
the wavelength. For a metalens with diameter D, the same focal length value under different
wavelength has the same requirement of the equivalent refractive index distribution. Conversely,
on the premise that the equivalent refractive index of the meta-atom does not change with the
wavelength, the metalens model designed according to the equivalent refractive index distribution
requirement of λ1 in the working wavelength band naturally satisfies the equivalent refractive
index distribution requirement of other wavelengths in the working wavelength band. Equation (6)
is equivalent to Eq. (1) on the premise that the meta-atoms are zero-dispersion. Therefore, from
the perspective of equivalent refractive index, meta-atoms constituting the achromatic metalens
should be distributed according to Eq. (6), and a suitable wavelength should be selected and
substituted into Eq. (1) as the boundary condition. The combination of Eq. (6) and Eq. (1) gives
the constraints of designing the achromatic metalens, as described below:⎧⎪⎪⎨⎪⎪⎩

neff (r) = neff (0) − 1
h (
√︁

r2 + f 2 − f )

φ(r) = − 2π
λt
(
√︁

r2 + f 2 − f ) + 2mπ, m = 0, 1, 2 . . .
(7)

where λt is the selected target wavelength and neff is the equivalent refractive index of the
meta-atoms in the working wavelength band. The achromatic focusing process of the metalens
designed according to Eq. (7) is described in Fig. 4.

Fig. 4. The schematic diagram of the achromatic metalens focusing effect.

Equation (6) can also be written as follows:

rmax =
△neff h

√
1 + 4F#2 − 2F#

(8)
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where rmax is the metalens radius, F# is the f-number of the metalens, h is the height of the
meta-atoms and

a
neff represents the maximum equivalent refractive index difference value among

the meta-atoms. Equation (8) shows the relationship between f-number of the metalens and the
value range of the equivalent optical thickness of the non-dispersive meta-atoms constructing
the achromatic metalens, as shown in Fig. 5. In general, the long-wavelength infrared imaging
systems require a small f-number. Therefore, increasing the value range of the equivalent optical
thickness of the meta-atoms is of great significance to improve the imaging performance. There
are mainly the following two ways to achieve this goal, (a) increasing the value range of the
equivalent refractive index neff , and (b) increasing the value of the height of the meta-atoms h.

Fig. 5. The relationship diagram between f-number of the metalens and the value range of
the equivalent optical thickness of the non-dispersive meta-atoms constructing the achromatic
metalens, with the aperture of the metalens assumed to be 200 µm.

The value range of the equivalent refractive index of the propagation mode of the meta-atoms
is limited by the refractive index of the optical materials [20], and increasing the structural
complexity of the meta-atoms cannot significantly increase the value range of the equivalent
refractive index, but greatly increases fabrication difficulty.

In contrast, increasing the aspect ratio of the structure of the meta-atoms instead of increasing
the complexity of the structure can linearly broaden the value range of the equivalent optical
thickness. The fabrication technology corresponding to this method is required to possess the
characteristics of high aspect ratio and straight side-wall to ensure that the propagation mode
accumulates the optical thickness in the propagation direction. Deep silicon etching technology
has the fabrication characteristics of high aspect ratio and straight side-wall [31,32], which is
consistent with the above requirements. Therefore, combined with the fabrication characteristics
of deep silicon etching, the achromatic design is carried out by selecting all-silicon blocks
coupled waveguide structure with large aspect ratio to construct the metalens. This strategy will
extend the design possibility of the achromatic metalens.

3. Simulation experiments

We choose the coupled waveguides model as the building element model to construct the
achromatic metalens, which possesses the ability to tailor the dispersion behavior of silicon
nanophotonic slot waveguides [33–35]. Figure 6 shows the schematic diagram of the meta-atoms.
The material of the metalens is silicon, and due to the proposed deep silicon etching technology,
the simulation design is carried out on the premise that the structure has a high aspect ratio [31,32].
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The parameters of our simulation experiment are as follows: the height h of the meta-atoms is 20
µm, the period P of the meta-atoms is 5 µm, the space g between two waveguides is 0.5 µm, the
parameter L1 sweeps from 2.6 to 4.0 µm in steps of 0.1 µm, the parameter W1 sweeps from 0.6
to 1.0 µm in steps of 0.1 µm, the parameter L2 sweeps from 1.6 to 3.0 µm in steps of 0.1 µm, the
parameter W2 sweeps from 1.1 to 1.5 µm in steps of 0.1 µm, and simulation wavelength range is
9∼11 µm.

Fig. 6. The schematic diagram of the coupled waveguide model meta-atoms.

We choose circular polarization as the polarization mode of the incident electromagnetic wave,
and analyze the cross-polarization response of the meta-atoms. In this way, Pancharatnam-Berry
(P-B) phase can be introduced into the design, and it will help to adjust the initial phase of the
meta-atoms by rotating the element around its center [36–39]. The electromagnetic response of
the meta-atoms excited by a circular polarization incident wave can be expressed by the Jones
vector [40]: ⎡⎢⎢⎢⎢⎣

˜︁Ex˜︁Ey

⎤⎥⎥⎥⎥⎦ =
˜︁tx +˜︁ty

2

⎡⎢⎢⎢⎢⎣
1

∓i

⎤⎥⎥⎥⎥⎦ +
˜︁tx −˜︁ty

2
e∓i2α

⎡⎢⎢⎢⎢⎣
1

±i

⎤⎥⎥⎥⎥⎦ (9)

where t̃x and t̃y represent complex transmission coefficients when the normalized electric field of
the incident electromagnetic wave is polarized along the x and y axis of the meta-atoms, and the
α term is defined as the counterclockwise rotation angle of meta-atoms with respect to the y-axis.

By sweeping the structural parameters, the equivalent refractive index of the meta-atoms
corresponding to the cross-polarization mode excited by the circular polarization electromagnetic
wave can be calculated by the following equation.

neff =
∂φ

∂( 2π
λ )

1
h

(10)

In order to satisfy the wavelength non-dispersion property of the meta-atoms, we specify that the
elements whose coefficient of determination of the linear fitting curve of P-B phase varying with
wave number is greater than 0.985 can be adopted to construct the achromatic metalens. Finally,
we obtain the meta-atoms group with the cross-polarization equivalent refractive index between
2.2190 and 3.7543. The dispersion curves and electric field distribution of cross-polarization of 4
meta-atoms with different structural parameters are shown in Fig. 7, the structural parameters are
shown in Table 1, and the green shaded area in the figures corresponds to the design wavelength
band from 9 µm to 11 µm. Through comparison, it can be seen that the coupled waveguide model
can tailor the interaction relationship of different modes without increasing the complexity of the
cross-section structure to change the equivalent refractive index of the meta-atoms.
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Fig. 7. The dispersion curves and electric field distribution of cross-polarization of the
meta-atoms with different structural parameters.

Table 1. The Structural Parameters and Cross-polarization Equivalent Refractive Index neff of the
Meta-atoms in Fig. 7

No. L1 (µm) W1 (µm) L2 (µm) W2 (µm) Period (µm) Height (µm) neff

Meta-atom 1 2.7 0.6 1.6 1.3

5 20

2.3926

Meta-atom 2 3.0 0.6 1.6 1.5 2.7938

Meta-atom 3 2.9 0.6 1.7 1.5 2.9318

Meta-atom 4 2.7 0.6 2.9 1.5 3.6312
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According to Eq. (7), we design an achromatic metalens with a diameter of 280 µm and a
f-number of 1 aiming at the wavelength of 9∼11 µm. The incident electromagnetic wave is left-
handed circular polarization and the right-handed circularly polarized part of the transmitted field
is focused. The cross-polarization equivalent refractive index, cross-polarization phase, and the
required rotation angle at each radial coordinate across the achromatic metalens corresponding to
the central wavelength are shown in Fig. 8(b)-(c), and the average cross-polarization transmission
from 9 µm to 11 µm versus equivalent refractive index for different meta-atoms in our simulation
library is shown in Fig. 8(a).

The model of the achromatic metalens is shown in Fig. 9(a). In order to validate the achromatic
effect, we construct a diffractive metalens with the same aperture size and f-number based on

Fig. 8. (a) Average cross-polarization transmission from 9 µm to 11 µm versus equivalent
refractive index for different meta-atoms in our simulation library. (b)-(c) Required and
realized cross-polarization equivalent refractive index and phase at each radial coordinate
across the achromatic metalens. (d) The rotation angle of the meta-atoms at each radial
coordinate across the achromatic metalens.

Fig. 9. (a) The schematic diagram of the achromatic metalens. (b) The schematic diagram
of the diffractive metalens.
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the selected elements in Fig. 2(b) to simulate the focusing property, as shown in Fig. 9(b). The
material properties of these two metalenses are exactly the same.

In the comparative simulation of the metalens, we appropriately broaden the simulation
wavelength range. It can be seen from the simulation results in Fig. 10, the achromatic metalens
achieves good achromatic focusing effect from the wavelength of 8.6 to 11.4 µm, and the
maximum focal length difference value in the working wavelength band is 5.5 µm. In contrast,
the maximum focal length difference value of the diffractive metalens is 83 µm.

Fig. 10. (a) The focusing effect of the achromatic metalens from the wavelength of 8.6 to
11.4 µm. (b) The focusing effect of the diffractive metalens from the wavelength of 8.6 to
11.4 µm. (c) Comparison diagram of focal length of the two metalenses with wavelength.
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Figure 11 shows the simulation results of the variation of the light intensity distribution with
wavelength at the focal plane of the central wavelength. At this position, the focusing effect of
the achromatic metalens in the wavelength range of 8.6–11.4 µm is close to the theoretical value
of diffraction limit, while the focusing effect of the diffractive metalens at this position obviously
changes with wavelength.

Fig. 11. (a)-(c) The two-dimensional variation diagram of the light intensity distribution
of the diffractive metalens at different wavelength. (d)-(f) The one-dimensional variation
diagram of the light intensity distribution of the diffractive metalens at different wavelength.
(g)-(i) The two-dimensional variation diagram of the light intensity distribution of the
achromatic metalens at different wavelength. (d)-(f) The one-dimensional variation diagram
of the light intensity distribution of the achromatic metalens at different wavelength.

According to the Eq. (8), with the further optimization of deep silicon etching process, the
aperture of the achromatic metalens is expected to further expand. Then, due to the limitation
of the amount of the simulation work in this paper, the focusing efficiency of the achromatic
metalens we designed is relatively low and the average value reaches 27.66% after eliminating the
surface reflection of the unstructured surface, as shown in Fig. 12. The focusing efficiency of the
achromatic metalens is expected to be improved by further expanding the parameters sweeping
range and reducing the step value to obtain a larger parameters selection range.
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Fig. 12. The cross-polarization focusing efficiency of the designed achromatic metalens.

4. Conclusion

In summary, through introducing the fabrication characteristics of deep silicon etching into the
design of the long-wavelength infrared achromatic metalens consisting of all-silicon meta-atoms
with high aspect ratio, the imaging performance of the achromatic metalens can be further
improved, and therefore the design possibility is extended. We have designed a silicon achromatic
metalens whose aperture is 280 µm and f-number is 1, and the focusing effect close to the
diffraction limit can be realized from the wavelength of 8.6 to 11.4 µm. The maximum focal
length deviation percentage from the target value between the wavelength of 8.6 and 11.4 µm
is 1.61% and the average focusing efficiency reaches 27.66%. In contrast, the maximum focal
length deviation percentage of the diffractive metalens with the same aperture, the same material,
and the same f-number is 15.0%. The achromatic metalens design strategy presented in this paper
has certain maneuverability and is expected to play a role in the field of the LWIR integrated
achromatic optics imaging system.
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