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  Section 1: Theory of the field-driven optimization (FDO)

The optimization process of FDO starts by defining the FoM, which could be defined as the fraction of the output field
Ef in the ideal field distribution EidealS1: 

FoM =
∣∣⟨Eideal

∣∣Ef ⟩∣∣2 , (S1)

∂FoM
/
∂Ef

The subsequent imperative step involves acquiring the variation of the FoM with respect to the width w, which re-
quires  conducting  another  simulation,  namely  adjoint  simulation.  In  the  adjoint  simulation,  the  structures  remain
identical to that in the forward simulation. The adjoint source is set as S2, while the resultant electric field ac-
quired from the adjoint simulation is referred to as EA. If the FoM is given as Eq. (S1), according to the symmetry of the
Maxwell-Green’s function, the adjoint source can be set as an electromagnetic wave with electric field Eideal*S1, where *
indicates the conjugate. Different from the proposed adjoint-based shape optimization algorithm, which optimizes the
width and length of the rectangular structure, the proposed FDO method aims to optimize the width of each point on
the trajectory of the structure individually. As shown in Fig. S1, assuming the coordinates of point A on the structural
trajectory are (x, y), thus the orientation angle of point A is θ=tan–1(y/x). The coordinates of the corresponding points
on the boundary are (xu/l, yu/l). Then, based on the Lorentz reciprocity theorem, the partial derivative of FoM with re-
spect to the width wu,l at point A is expressed asS3: 

δFOM = 2Re

{
(ε2 − ε1)

[
EAx′(xu,l, yu,l)Ef

x′(xu,l, yu,l) +
DA

y′(xu,l, yu,l)Df
y′(xu,l, yu,l)

ε1ε2

]}
δwu,l , (S2)

where ε1 and ε2 denote the dielectric constants of the environment and the structures,  respectively. δwu,l indicates the
upper and lower width gradient of the point A. Ex',y' and Dx',y' represent the components of the electric field and electric
displacement vector along the x' and y' direction, which is tangent and normal to the trajectory of the structure as shown
in Fig. S1: 

[ Ex′ Ey′ ]
T
= R(θ)[ Ex Ey ]

T
, (S3)

where Ex and Ey are the x and y component of the electric field obtained by the two simulations, and R(θ) denotes the
coordinate transformation matrix. Finally, to ensure that the first order the merit function increases each iteration, the
gradient of each point at structures could be set asS4: 

δwu,l = Re

{
(ε2 − ε1)

[
EAx′(xu,l, yu,l)Ef

x′(xu,l, yu,l) +
DA

y′(xu,l, yu,l)Df
y′(xu,l, yu,l)

ε1ε2

]}
, (S4)

It's worth noting that the above method is a general framework that is not constrained by the polarization state of the
incident light, incident angle, wavelength or the desired functionality of the devices.
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Fig. S1 | Schematic of an FDO process. Different from the adjoint-based shape optimization, FDO is utilized to optimize the width of each point

along the trajectory of the catenary structure.
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  Section 2: Top view of the initial and optimized structures.

  Section 3: The broadband performance of the periodic devices.

Although,  the performances of  the devices are optimized at  the wavelength of  10.6 μm, a discernible improvement in
performance  is  evident  across  the  broadband of  8–13  μm.  The  average  diffraction  efficiencies  within  8–13  μm of  the
devices designed for CP, EP, and LP light improve from 90.6%, 82.29% and 76.61% to 95.27%, 88.54%, and 89.42%, re-
spectively. Here, we perform equal-frequency sampling of the devices’ performances within 8–13 μm, comprising a total
of 201 sampling points. The averaging diffraction efficiency is defined as the average value of these 201 diffraction effi-
ciencies.  For  the  shape-optimized  catenary  structure  which  is  designed  for  CP  incidence,  the  suppression  of  the
wavelength dependent parasitic propagation phase makes it maintain excellent performance across the broadband. By
optimizing the devices for light incidence with different wavelengths, the broadband performances of the devices may
be further enhanced.

  Section 4: Experimental setup

Figure S4 shows the experimental setup for detecting the efficiencies and the light intensity distributions of the samples.
The laser is modulated by the linear polarizer (LP) and quarter-wave plate (QWP), then illuminates the sample with a
beam expander (BE). An optical slit is placed at the focal plane to filter out the focused light. The power of the focused
light Pf is detected by a large-target power detector (diameter: 55 mm) with a distance of d ≈ 0.5 cm to ensure that all the
focused light is detected. Then, the slit is removed to measure the power of the transmitted lights Pt. The experimental
focusing efficiency is defined as Pf/Pt. Here d represents the distance between the detector and the focal plane. To meas-
ure the zero-order efficiency, the slit is removed, and the distance between the detector and the focal plane is set as d ≈

 

CP

EP

LP

Initial Optimizeda
3 μm h=4.7 μm

h=4.9 μm

h=4.3 μm

Initial Optimizedb
h=4.7 μm

h=5.2 μm

h=4.3 μm

Fig. S2 | The dimensions and heights (h) of the initial and shape-optimized structures with diffraction angles of (a) 45° and (b) 75°.
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Fig. S3 | The broadband performance of the periodic devices with diffraction angles of 45° with light incidence of 10.6 μm
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Fig. S4 | The  schematic  of  experimental  setup  for  detecting  the  efficiencies  and  light  intensity  distributions  of  the  designed
metalenses.
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25 cm. The efficiency of zero-order is defined as Pz/Pt, where Pz is the power of the zero-order. According to our meas-
urement  method,  the  theoretical  experimental  focusing  efficiencies  for  these  metalenses  all  exceed  99.9%,  while  the
zero-order  efficiency  is  all  less  than  0.1%.  The  theoretical  experimental  focusing  efficiencies  for  the  metalenses  with
NA=0.3, 0.4, and 0.5 are 99.92% (Exp: 90.8% and 79.1%), 99.94% (Exp: 94.6% and 81.3%) and 99.96% (Exp: 94.7% and
86.7%), respectively. To align with the experimental focusing efficiency definition, the theoretic prediction focusing effi-
ciency is defined as the ratio of the power of the diffracted field within a 0.5 mm range from the center of the focal spot
and the total  transmitted light  on the focal  plane.  In order to obtain the ideal  light  intensity  distribution on the focal
plane, an ideal metalens is illuminated with a plane wave, followed by calculating the light intensity distribution on the
focal plane using the vector angular spectrum theory. To detect the light intensity distribution on the focal plane, the slit
is removed, and a charge coupled device (CCD, pixel size: 17 μm × 17 μm) camera is placed on an electric moving stage.

  Section 5: The definitions of the mentioned efficiencies.

To demonstrate the excellence of our work, we compared the performance of transmissive dielectric catenary structures
operating at 10.6 μm, as shown in Table S2:

Catenary structures serve as fundamental components for optical devices such as deflectors and metalenses. High-ef-
ficiency foundational structures play a crucial role in designing functional devices with high-performance. For instance,
a catenary structure severs as a supercell of a deflector. Thus, the efficiency of the catenary directly impacts the perform-
ance of the deflector. Furthermore, a combination of a group of catenary structures forms a metalens, where high-effi-
ciency catenary structures significantly enhance its performance. Our research has demonstrated that improving the dif-
fraction efficiency of catenary structures has led to a notable ~15% increase in the focusing efficiency of metalenses.
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Table S1 | The definitions of the mentioned efficiencies and energy.

 

Efficiencies Subject to assessment Definitions

Diffraction efficiency (DifEff) Deflectors Pm/Pt

Focusing efficiency (FocEff) Metalenses (Sim.) P3FHWM/(Pt∙Ideal-FocEff)

Ideal-FocEff Metalenses (Sim.) The ideal FocEff

Absolute efficiency Deflectors/ Metalenses (Sim.) DifEff(FocEff)∙Pt/Pin

Experimental FocEff Metalenses (Exp.) Pf/Pt

Zero-order efficiency Metalenses (Exp.) Pz/Pt

Pm (power of the light at the target diffraction order); Pt (power of the transmitted light); Pin (power of the incident light); P3FHWM (power of the light
within a range of 3 times the FHWM on the focal plane); Pf (power of the focused light); Pz (power of the zero-order light)

 
Table S2 | Comparation of the diffraction efficiency of the dielectric catenary structures operating at 10.6 μm.

 

No. The optimization method Diffraction efficiency

1S5 Equal-width catenary 96.94%

2S6 Equal-width catenary ~97%

3S7 Periodic boundary approximation-based optimization algorithm 98.4%

Our Real boundary based FDO optimization algorithm 99.2%
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