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Design of broadband achromatic far-infrared metalens based on

chalcogenide glass using parameterized topology optimization

ZHOU Yun-fei', ZOU Lin-er' ", CHENG Yang-bing', SHEN Yun'-
(1. School of Physics and Materials Science, Nanchang University, Nanchang 330031, China;
2. Institute of Space Science and Technology, Nanchang University, Nanchang 330031, China)
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Abstract: Metalens technology has been applied extensively in miniaturized and integrated infrared imaging
systems. However, due to the high phase dispersion of unit structures, metalens often exhibits chromatic
aberration, making broadband achromatic infrared imaging challenging to achieve. In this paper, six diff-
erent unit structures based on chalcogenide glass are constructed, and their phase-dispersion parameters are
analyzed to establish a database. On this basis, using chromatic aberration compensation and parameterized
adjoint topology optimization, a broadband achromatic metalens with a numerical aperture of 0.5 is designed
by arranging these six unit structures in the far-infrared band. Simulation results show that the metalens
achieves near diffraction-limited focusing within the operating wavelength range of 9—11 pm, demonstrating
the good performance of achromatic aberration with flat focusing efficiency of 54%—58% across all

wavelengths.
Key words: metalens; chalcogenide glass; topology optimization; high efficiency; long wave infrared; broad-
band operation
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1 Introduction

Metasurfaces possess the phase control capab-
ility of incident light waves at subwavelength scales
and are widely applied in planar optics', such as
mid-infrared detectors”, polarization conversion™,
and polarization splitters”®. Metalens is a planar lens
that uses metasurfaces for focusing, producing light
waves with hyperbolic phase characteristics and
providing higher diffraction efficiency than tradi-
tional lenses!®. However, due to metasurface materi-
al dispersion and relative group delay, chromatic ab-
erration remains challenging in metalens design.

In recent years, researchers have made signific-
ant progress in achromatic metalens design. In 2016,
M. Khorasaninejad et al. designed a broadband
achromatic metalens in the visible light range from
490 to 550 nm using waveguide effects based on
dielectric microstructure units, exploring phase dis-
tribution relationships with wavelength continuity
changes and proposing a preliminary broadband
achromatic method with continuity compensation”.
In 2018, Wang S et al. used transmission phase the-
ory to design nano-pillar structures of different
shapes in divided areas and achieve achromatism in
the range from 1200to 1680 nm™. In 2022, Yao
Xie et al. proposed a metalens with a numerical
aperture (NA) of 0.38, an achromatic wavelength of
3—5 um, and a focusing efficiency of 35%". Com-
pared to visible light, the design in the infrared field
is more difficult due to its long wavelength. In 2024,
LI Yun Peng et al. proposed a metalens with a large
depth of focus operational across a broadband range
from 9 pm to 11.5 um, and a focusing efficiency of
41.8%". The above research is based on the design
of the local period approximation (LPA) method.
There is inevitable interference between unit struc-

tures, which makes it impossible to improve the fo-

doi: 10.37188/C0O.EN-2025-0003

CSTR:32171.14.CO.EN-2025-0003

cusing efficiency further. For this purpose, the topo-
logy optimization method is introduced into the
design, as in 2022, Di Sang et al. achieved a
metalens with a focusing efficiency of approxim-
ately 61.8% at a working wavelength of 633 nm and
NA of 0.6"7, and M. Mansouree et al. designed a
metalens with focusing efficiency of 30%—60% in
the visible light range from 490 to 550 nm and NA
of 0.6!"". However, the metalens obtained through
topology optimization has narrow operating band-
width, small lens size, more significant fluctuations
in focusing efficiency, and difficulty in preparation
due to the small minimum feature size of the unit
structure (5-50 nm)!'*'"*. Moreover, there is relat-
ively little research applying topology optimization
in the far-infrared band.

In this paper, a new strategy for optimizing
metalens that combines chromatic aberration com-
pensation with topology optimization and paramet-
erizes the topology optimization process is pro-
posed, which improves the focusing efficiency of
the far-infrared band. The metalens with NA of
0.5 designed in this paper achieves near diffraction
limit achromatic focusing within the operating
wavelength range of 9—11 um and possesses the flat
focusing efficiency of 54%—58% across all wave-
lengths. Its unit structure shapes are simple, with po-
larization insensitivity and a minimum feature size
of 300 nm. This work explores the possibility of far-
infrared imaging and lays the foundation for the
miniaturization and integration of far-infrared ima-

ging devices.
2 Metalens design principles

2.1 Chromatic aberration compensation
To achieve diffraction-limited focusing of in-
cident light beams, the phase distribution of the

metalens should satisfy the ideal focusing condition
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that all lights within the operating wavelength focus
on one point (focal point), as shown in Fig. 1(a)

(color online).

(a) (b)

~
Phase/(°)

Pret |-

Fig. 1 (a) Schematic for achromatic metalens. (b) Schem-

atic for phase profile of an achromatic metalens

The phase distribution at any point on the

metalens relative to a reference point is given as™

(R, w) = —%(‘VR2+F2— 1/Rfef+F2)+t,0,ef, (D

where R and R, denote the radial distance of any
point and reference point to the center of the
metalens, respectively, @ represents the angular fre-
quency of the incident light, ¢ is the speed of light,
F is the focal length, and ¢, is the phase of the
reference point. For all operating frequencies
O=(Wmin,®max), an additional phase Ag is introduced
to optimize the phase distribution required for the
metalens focusing. In this paper, the edge points of
the metalens are chosen as the reference points, and
orer = 0, as shown in Fig. 1(b). Thus, the phase dis-

tribution of the metalens can be expressed as

o(R,w) = p(R,wyg) + Ap(R,w) 2)

where @y is the design frequency. To obtain Ag that
corresponds to different frequencies, ¢(R,w) can be

extended as a Taylor series at wq as

0p(R, w)

@R, w) =p(R,wq) + 3 (w—wq)+
W wW=wy
0*o(R

(3

In Eq. (3), the values of higher-order derivat-
ives are small and can be ignored. Thus, the com-

pensating phase in Eq. (2) and (3) required when fo-

cusing different frequencies of incident light to the
same position is written as

0p(R, w)

Ap(R,w) = e

(w—wq) . (4)

W=wq

Finally, Eq. (2) is rewritten as

0p(R,
oRw) = R+ ERD (. (5
0w om0,
In Eq. (5), ¢(R,wq) represents the phase distri-
. Ip(R, w)
bution of the metalens at wg, — — (w—wy)

is the phase dispersion relative to @y, which is the
relative group delay. For any position R on the
metalens, p(R,mq) is a determined value obtained by
the transmission phase of each unit structure at wy.

Additionally, ¢(R,w) has a linear relationship with
0p(R,w)

0w |y,
also shows a linear relationship with w, which al-

frequency w in Eq. (1), and (w—wq)

lows them to compensate for each other at the oper-
ating frequency.

Based on the above analysis, while satisfying
the phase distribution at the design frequency wy in

Eq. (5), the metalens can also match the phase dis-
0¢o(R, w)

0w |upmw,
the unit structure's own dispersion to reduce chro-

persion (w—wq) in Eq. (5) by using
matic aberration, that is, the match of the phase-dis-
persion parameters of the unit structure on metalens
is obtained for the reducing of chromatic aberration.
2.2 Unit structure design

AsySeq, chalcogenide glass exhibits a high re-
fractive index (approximately 2.78) and excellent
transparency (extinction coefficient of 3.28x1077) in
the far-infrared wavelength range, being selected as
the metalens material for both the unit structures and
the substrate in this paper. Fig. 2 (color online)
shows the six different shapes of unit structures
based on AsySeg chalcogenide glass: solid square
column structure, hollow square column structure,
square column ring structure, solid cylinder struc-
ture, hollow cylinder structure, and cylindrical ring
structure. These unit structures with structural sym-

metry demonstrate insensitivity to the polarization
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state of incident light, enabling polarization-insens-

itive imaging.

5 06 OO0

Fig. 2 The side and top views of the six different unit stru-

ctures

According to the finite-difference time-domain
(FDTD) simulation, it is found that unit structures
with a height of 8 pm provide optimal transmission
and phase coverage within the operating wavelength
range of 9—11 pum. Additionally, the period of the
unit structure is smaller than the equivalent wave-
length range in the AsySeg substrate (9 pm/2.78 =
3.23 pm) but greater than the diffraction condition
(11 pm/(2%2.78) = 1.98 pum), which ensures that
only zero-order diffraction exists at normal incid-
ence. Therefore, the height and period of the unit
structure selected for design are 8 um and 3 um, re-
spectively.

In order to obtain the phase-dispersion para-
meter of the unit structure, the phase of the unit
structure and 1/ were linearly fitted with the trans-
mission as the weighting coefficient, and the vari-
ation trend was obtained as shown in the straight

" n

line in Fig. 3(a) (color online). The "o" point repres-
ents the phase change of the unit structure with 1/4,
the "+" point represents the transmission of the unit
structure, and the "A" point represents the phase
distribution of the unit structure after removing the
2m phase mutation.

The phase in the wavelength of 10 um (the
incident light wavelength of the design frequency)
is taken as the phase of the unit structure, and
the product of the slope of the fitted line and
0.0202 pm™ (1/Amin—1/Ama) is taken as the disper-
sion of the unit structure. Fig. 3(b) (color online)
shows the normalized phase-dispersion parameters
of the square column unit structure, indicating that

a dispersion variation of only about 0.4m is one-

fifth of the phase variation(2m). This means that the
dispersion sensitivity to the unit structure size para-
meters is less than that of phase. Fig. 3(c) (color
online) presents the normalized phase and disper-
sion database of all unit structures of six different
shapes as a function of structural parameters, indic-
ating that the phase-dispersion parameters of most
unit structures do not match with the theoretical
structures (ideal unit structures for achromatic
focusing). According to the database shown in
Fig. 3(c), the unit structure closest to theoretical
structures is selected for each position's initial
structure, whose phase-dispersion parameters are
shown in Fig. 3(d) (color online). However, many
unit structures still cannot fully match the theoretic-
al structures, resulting in suboptimal focusing effi-

ciency of the metalens.
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Fig.3 (a) Phase simulation results of unit structure. (b)
Distributions of the phase-dispersion parameters for
the solid square column structure, where red cross
and blue point represent the phase-dispersion para-
meters of an actual square column structure and the
theoretical structure, respectively. (c) Database of
the phase-dispersion parameters for all unit struc-
tures. (d) Distributions of the phase-dispersion para-
meters of the initial structure closest to theoretical

structures for each position

3 Parameterized topology optimizati-
on

In the design of large-aperture metalens, the

LPA method is commonly employed, which con-
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siders the metasurface as composed of individual
unit structures arranged periodically, with the field
distribution of these unit structures replacing the

15181 However, for the unit

overall field distribution’
structure, the actual field distribution inside the
metalens differs from the field distribution obtained
by independent scanning, depending not only on its
structural parameters but also on parameters of adja-
cent unit structures. Although LPA simplifies the
design process of metalens, it ignores the coupling
effect between adjacent unit structures, which can
result in specific errors in the imaging effect!*2, In
order to overcome the shortcomings of LPA, im-
prove the focusing efficiency of metalens, and avoid
the problematic processing problems caused by ir-
regular geometric shapes of unit structures in tradi-
tional topology optimization, according to the res-
ults that the sensitivity of unit structure dispersion to
size parameters is smaller than that of phase(shown
in Fig. 3(b)), the parameterized adjoint topology op-
timization method!"* *"*? is used to fine-tune the size
parameters of the unit structure. This method makes
the surface phase distribution closer to the ideal situ-
ation while keeping the chromatic aberration of
metalens unchanged basically, achieving higher fo-
cusing efficiency.

Fig. 4 illustrates the parameterized adjoint to-
pology optimization process workflow in which for-
ward simulation is performed based on the selected
initial structure, and a Figure of Merit (FOM) is in-
troduced to calculate the imaging effect. If the op-
timal value of FOM is not reached, adjoint simula-
tion is performed to update and iterate the distribu-
tion of unit structures until the FOM reaches the op-
timal value.

Fig. 5 (a) and (b) (color online) are schematic
diagrams of the optical path for forward and adjoint
simulation, respectively. In the adjoint simulation,
the metalens is illuminated through backward
propagation by a light source located on the S plane
and excited from a light source at the focal point.

The FOM for topology optimization can be ex-

pressed as
FOM(p) = LE"* Ef(p)dA (6

where E‘ is the expected field on the S plane under
the ideal focusing condition, p represents the distri-
bution of unit structures, E'(p) is the excited field on
the S plane in forward simulation via p, and * rep-

resents the complex conjugate operation.

Update
structures

Calculate
gradient

1T

Adjoint
simulation

Select initial
structures
Forward
simulation

Fig. 4 The workflow of the parameterized adjoint topo-

logy optimization process

(@) (b)

Adjoint simulation

Forward simulation

Fig. 5 (a) Forward simulation light path. (b) Adjoint simu-
lation light path

FOM is the complex-valued projection of E on
E°. Optimization starts from the initial structures p©,
and is updated iteratively (p', p®, ---) via the gradi-
ent ascent of the objective function /(I = [FOMP).
After each iteration, FOM(p) approaches the local
optimal value, which indicates an improvement in
the metalens' performance.

In this paper, six different unit structures with
structural symmetry and similarity are selected for
design, FOM(p) varies with the size parameters of

unit structures p=(w,, wy, ‘-, wy), where w; denotes



1480 REYEE (FP3ES0)

#18 %

the size parameter of the i-th unit structure. Here,
taking the solid square column unit structure as

OFOM _
aw,» B

1' 2 2 f a 1 f rya
sio(m-n) [, (El-E|+KngDLDL A |
7

where o is the angular frequency of the excitation
light source, n,, and n,_ are the refractive indices of
the unit structure and substrate material, respect-
ively, 0€; represents the four lateral surfaces of the
i-th unit structure, Eﬁ and E| are the tangential com-
ponent of the electric field obtained in the forward
simulation and adjoint simulation respectively, and
D' and D? denote the standard component of the
displacement field obtained in the forward simula-
tion and adjoint simulation respectively. During the
iteration of unit structures, the gradient of the ob-

jective function can be represented as
Vol =2Re{FOM'V,FOM} . €))

In Eq. (8), V,FOM represents a vector com-

posed of partial derivatives concerning each unit str-

OFOM OFOM
ucture, denoted as Vo, FFOM = , R
an (9w2
OFOM .
) For multi-wavelength broadband opera-

tion systems, the total gradient of the objective func-

tion is represented as

VI’ItOt = (VPI/IO)I/LI/IZ et I/ln (Vpl/ll)]/lz et .
D)

4  Simulation results

The achromatic metalens with a metalens dia-
meter of 204 um, an NA of 0.5 and a focal length of
180 um in the operating wavelength of 9—11 pm is
designed. It is composed of six different-shaped unit
structures (in Fig. 2) with a period of 3 pm and a
height of 8 um.

According to the above design process, the unit
structure whose phase-dispersion parameters are

shown in Fig. 3(d) is selected as the initial structure

of the metalens for parameterized adjoint topology
optimization. Fig. 6(a) (color online) is a schematic
diagram of the unit structure changes during iterat-
ive optimization, showing small changes in size
parameters. Fig. 6(b) (color online) shows the phase
distribution of the metalens after the iteration step of
0 and 40. Fig. 6(c) (color online) shows the changes
in focusing efficiency corresponding to different
wavelengths during the iterative optimization, indic-
ating that the focusing efficiency of the initial struc-
ture (without iterations, that is, the step of optimiza-
tion iterations is zero) in the operating wavelength is
40%—43%. Then after the iteration step of 40, the
overall focusing efficiency reached a stable value
with increasing to 54%—58%. Meanwhile, the simu-
lation result also shows that the transmission of the
metalens is about 80%, and the minimum feature
size of the metalens is 0.3 pm. In addition, accord-
ing to the unit structure parameters of this metalens,
photolithography can prepare it'**],

Fig. 7(a) and (b) (color online) show the nor-
malized light intensity distribution of the achromat-
ic metalens in the x-z plane and the x-y plane of the
focal point after the iteration step of 40, respect-
ively. Fig. 7(a) displays that the light intensity is
basically concentrated at the axial focal length of
180 um with minimal axial focus shift, and Fig. 7(b)
demonstrates the good performance of focusing.

Fig. 8(a) (color online) shows the change of
focal length corresponding to the operating wave-
length in Fig. 7(a), indicating the achromatic fo-
cusing is basically realized at the focal length of
180 um with minimal axial focus shift of £ 10 um
that the error may be caused by the inevitable phase
errors between ideal phase profiles and actual phase
responses and the mesh precision. Fig. 8(b) (color
online) shows the change of full width at half
maximum (FWHM) of the normalized light intens-
ity distribution at the focal length of 180 pum in
Fig. 7(b), exhibiting that the FWHM with the value
range of A-1.11 is close to the diffraction limit
(A/(2NA)), which means sound focusing effects.
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Fig. 6 (a) Schematic diagram of the unit structures ch-
anges. (b) The normalized phase distribution of the
metalens after the iteration step of 0 and 40. (c)
Variation of focusing efficiency corresponding to
different incident wavelengths concerning the step

of optimization iterations
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Fig. 7 (a) Distribution of normalized light intensity on the

60 pm

(b)

x-z plane, with the white dashed line indicating the
position at 180 pum. (b) Distribution of normalized

light intensity at the focal point on the x-y plane

According to the definition of focusing effi-

ciency, expressed as the ratio of power in a circular

area within the focal plane with a radius equal to
three times the FWHM to the incident power, Fig. 9
shows the focusing efficiency of the achromatic

metalens with the value range of 54%—58%.

®12

=
&
©
S

[S]
=3
S

“ = FWHM

Focal length/pum
3 » o
o o O
FWHM/um

)

9
or e Diffraction limit
150 L~ L L L L gL L L L L
9.0 9.5 10.0 105 11.0 9.0 9.5 10.0 10.5 11.0

wavelength/um wavelength/um

Fig. 8 (a) Focal lengths at different wavelengths. (b)
FWHM values at different wavelengths, and corres-
ponding FWHM values that meet the diffraction
limit
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Fig. 9 Focusing efficiency of the metalens at different

wavelengths

Fig. 10 shows the simulated image created by
extracting the phase distribution of the metalens and
then importing it into Zemax soft, proving that the

designed metalens has good imaging capability.

INCUBNCU

Fig. 10 (a) The original image. (b) The simulated image in
the wavelength range of 9—11 um

Table 1 shows some key performances of
broadband achromatic metalens in previous studies
and this paper, indicating the comprehensive per-
formance of the metalens designed in this paper, in-
cluding NA, operating wavelength, diameter, aver-
age focusing efficiency, and sensitivity to polariza-

tion characteristics of incident light.
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Tab.1 Summary of performances for broadband achromatic metalens
NA Operating wavelength/pum Diameter/pum Average focusing efficiency Polarization Ref.
0.6 0.45-0.75 6 45% Insensitive [11]
0.6 0.63 20 65% Circular [10]
0.11 0.62 112 45% Circular [24]
0.38 3-5 30 46.5% Insensitive [8]
0.56 0.64 10.2 50% Circular [25]
0.82 15.5 50 2% Circular [26]
0.54 8.6-11.4 191.4 382% Circular [27]
0.5 9-11 204 56% (54%—58%) Insensitive This paper

5 Conclusion

In this paper, based on AsgSeg chalcogenide
glass with good transmission performance in middle
and far infrared band, the database of phase-disper-
sion parameters for six different shapes of unit
structures with a period of 3 pm and a height of 8
pm is established: solid square column structure,
hollow square column structure, square column ring
structure, solid cylinder structure, hollow cylinder
structure and cylindrical ring structure, which
provides the initial structure closest to each theoret-
ical structure for each position. On this basis, a
broadband achromatic polarization-insensitive meta-

lens with an NA of 0.5, a minimum feature size of

References:

300 nm, and an operating wavelength range of 9—
11 um is designed using chromatic aberration com-
pensation and parameterized adjoint topology op-
timization, achieving near diffraction-limited focus-
ing at the focal length of 180 um and demonstrating
the sound performance of achromatic aberration
with the focusing efficiency of 54%—58% across all
wavelengths. Moreover, the simulated image in
Zemax shows that the designed metalens has good
imaging capability. The broadband achromatic
metalens proposed in this paper has advantages in
comprehensive performance, such as broadband op-
erating wavelength in far-infrared band and high &
flat focusing efficiency. This work broadens the
possibility and application scenario for the metalens

in the field of infrared imaging.
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