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Genetic algorithm assisted meta-atom design
for high-performance metasurface optics

Zhenjie Yu!, Moxin Li!, Zhenyu Xing!, Hao Gao!, Zeyang Liu?,
Shiliang Pu?, Hui Mao?, Hong Cai?, Qiang Ma?, Wenqi Ren?, Jiang Zhu?*
and Cheng Zhang!'*

Metasurfaces, composed of planar arrays of intricately designed meta-atom structures, possess remarkable capabilities
in controlling electromagnetic waves in various ways. A critical aspect of metasurface design involves selecting suitable
meta-atoms to achieve target functionalities such as phase retardation, amplitude modulation, and polarization conver-
sion. Conventional design processes often involve extensive parameter sweeping, a laborious and computationally inten-
sive task heavily reliant on designer expertise and judgement. Here, we present an efficient genetic algorithm assisted
meta-atom optimization method for high-performance metasurface optics, which is compatible to both single- and multi-
objective device design tasks. We first employ the method for a single-objective design task and implement a high-effi-
ciency Pancharatnam-Berry phase based metalens with an average focusing efficiency exceeding 80% in the visible
spectrum. We then employ the method for a dual-objective metasurface design task and construct an efficient spin-multi-
plexed structural beam generator. The device is capable of generating zeroth-order and first-order Bessel beams respec-
tively under right-handed and left-handed circular polarized illumination, with associated generation efficiencies surpass-
ing 88%. Finally, we implement a wavelength and spin co-multiplexed four-channel metahologram capable of projecting
two spin-multiplexed holographic images under each operational wavelength, with efficiencies over 50%. Our work offers
a streamlined and easy-to-implement approach to meta-atom design and optimization, empowering designers to create
diverse high-performance and multifunctional metasurface optics.

Keywords: metasurface; metalens; Bessel beam; metahologram; genetic algorithm
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Introduction cately designing and arranging these meta-atoms over a

Over the past decade, metasurfaces have garnered signif- two-dimensional (2D) plane, metasurfaces can function

icant attention due to their capacity of manipulating var- as imaging lenses™'’, hologram plates'' ", structural

ious properties of electromagnetic (EM) waves' %, includ-
ing phase, amplitude, and polarization. Such versatile
manipulation is achieved through tailored light-matter
interactions within their constituent sub-wavelength
structures, commonly referred to as meta-atoms. By deli-

beam generators'* !¢, and more.

A crucial step in designing an optical metasurface is
the identification of an individual meta-atom structure
or a set of several meta-atom structures that can fulfill

the device’s target functionality'’. Such operation is also
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known as the establishment of meta-atom library. How-
ever, the process of establishing a meta-atom library is
often cumbersome and heavily reliant on the designer’s
experience. Take the task of designing a nanofin-shaped
meta-atom library as an example. The process typically
begins with selecting appropriate constituent materials
for both the meta-atom and its substrate. Subsequently,
it involves simulating and analyzing the EM responses of
various meta-atoms with different combinations of geo-
metric parameters such as height, period, and cross-sec-
tional dimensions (lateral width and length in the case of
a nanofin structure). For instance, if we assume sam-
pling of 50 points for each geometric parameter of the
nanofin, it would necessitate a total of 6250000 sweeping
loops to complete the EM simulation process. Further-
more, the computational workload would escalate with
the substitution of materials, leading to an even greater
number of calculations. Following the collection of EM
responses from various meta-atoms, the designer needs
to analyze the data to identify meta-atom structures that
can best support the intended functionality of the meta-
surface. This typically involves selecting meta-atoms with
high transmission efficiencies, specific phase-shift modu-
lation values, targeted polarization conversion function-
alities, and so on. In practice, conducting a comprehen-
sive parameter sweeping is often impractical. Designers
typically opt to explore only a portion of the meta-atom
parameter space based on existing literature or their pre-
vious design experiences. However, this approach heavi-
ly relies on the designer’s skill and expertise, and may re-
sult in sub-optimal solutions, particularly for complex
design tasks targeting at the modulation of multiple state
parameters of an EM wave and involving the selection of
a group of different meta-atom structures. Consequently,
there is a pressing need for more efficient and systematic
approaches to meta-atom library design to streamline the
structure searching process and enhance the perfor-
mance of metasurface optics.

To mitigate the afore-mentioned limitations, various
inverse design methods have been employed to facilitate
meta-atom library establishment'®!”. Inverse design ap-
proaches can be roughly classified into two categories:
machine learning-based methods'® and optimization-
based methods®. In machine learning-based inverse de-
signs, trained models can be utilized to predict the re-
sponses of different meta-atoms®*?! or directly generate
the structure parameters of required meta-atoms?>%.
This method offers significantly faster computational

speed compared to conventional EM simulations, but re-
quires substantial time and computational resources to
collect datasets and construct the model. Additionally,
the trained model is typically only applicable to pre-de-
termined meta-atom structures and constituent materi-
als*’. Optimization-based algorithms are another com-
mon approach for inverse design of meta-atoms and can
be broadly categorized into gradient-based ones and gra-
dient-free ones. Gradient-based optimization algorithms,
such as topology optimization, have been widely applied
in designing freeform meta-atom structures*>>”. Howev-
er, these methods are susceptible to getting trapped in lo-
cal optima and may perform poorly in multi-objective
design tasks?. In contrast, gradient-free optimization al-
gorithms such as genetic algorithm?, ant colony opti-
mization®, particle swarm optimization®!, possess global
search capability and are more suitable for addressing
multi-objective optimization problems.

Here, we propose a genetic algorithm assisted meta-
atom inverse design method that is suitable for both sin-
gle-objective and multi-objective metasurface design
tasks. Genetic algorithm (GA), as a type of gradient-free
optimization algorithm, mimics the process of biological
evolution and natural selection®*. By its exceptional
global search capability, multi-core parallel processing
ability, and compatibility with multi-objective optimiza-
tion, GA has been applied to inverse design meta-atoms
with regular® and binary*-° patterns, as well as freeform
structures®. In this work, we incorporate all the struc-
tural parameters (e.g., material, period, height, cross-sec-
tional dimensions, etc.) of meta-atoms as optimization
varjables, aiming to identify globally optimized struc-
tures of regular-shaped meta-atoms rather than increas-
ing the shape complexity. We first perform a single-ob-
jective optimization task and inverse design a meta-atom
structure that maintains high polarization conversion ef-
ficiency over a wide wavelength range (85% on average
from 450 nm to 650 nm). Using the obtained meta-atom,
we construct a Pancharatnam-Berry (PB) phase-based
metalens showing diffraction-limited focusing capability
and offering an averaged focusing efficiency of 80.76% in
the visible spectrum. Then, we conduct a multi-objective
optimization task and establish a meta-atom library con-
sisting of 8 different nano-structures. These structures
are selected to exhibit high transmission efficiency while
imparting phase shift modulation evenly distributed over
0 to 27 on a free-space incident light at 532 nm. Utiliz-
ing the obtained meta-atom library, we implement a

240016-2


https://doi.org/10.29026/oes.2024.240016

Yu ZJ et al. Opto-Electron Sci 3, 240016 (2024)

spin-multiplexed dual-beam generator capable of pro-
ducing zeroth-order and first-order Bessel beams under
right-handed circularly polarized (RCP) and left-handed
circularly polarized (LCP) illumination, respectively. The
profiles of the generated Bessel beams align well with
theoretical predictions, and the efficiencies of the two
generation channels reach 88.07% and 90.72%, respec-
tively. Finally, we undertake a more complex task of de-
signing a wavelength and spin co-multiplexed four-chan-
nel metahologram that operates at free-space wave-
lengths of 532 nm and 633 nm. The device can project
four independent holographic images based on the com-
bination of free-space wavelength and spin state of the il-
lumination light, exhibiting operational efficiencies ex-
ceeding 50% under green illumination and 60% under
red illumination. Our work provides an effective and
easy-to-implement approach for an array of meta-atom
design and optimization tasks, facilitating designers in
creating high-performance and multifunctional metasur-
face optics.

Results and discussion

Flowchart of the GA-based meta-atom inverse
design process

The flowchart of the GA-based meta-atom design algo-
rithm is illustrated in Fig. 1. The algorithm begins with
the random initialization of a population consisting of a
certain number of different individuals (IND;, IND,, ...,
IND,,). The population size (i.e., the number of individu-
als contained in the population) determines how many
electromagnetic (EM) simulations the algorithm will per-
form during each iteration. Population size affects the
search capability of the GA algorithm. Expanding the
population size enhances the search capability but re-
duces the algorithm’s convergence speed. In practice, de-
signers need to choose a proper population size to strike
a balance between the search capability and convergence
speed of the algorithm. In this study, we choose a popu-
lation size of 50 for the first two tasks, and 100 for the
3rd task. In the task of identifying a single meta-atom
structure, each individual contains a set of parameters
describing the single meta-atom, including its con-
stituent material, period, height, cross-sectional dimen-
sions, etc. In the task of identifying a group of meta-atom
structures, each individual contains a full set of parame-
ters describing all the meta-atoms. Considering practical
device implementation, structures within the same meta-

https://doi.org/10.29026/0es.2024.240016

atom library will be set to have the same constituent ma-
terial, height, and period. For instance, in the identifica-
tion of a group of rectangular-shaped nanofins, each in-
dividual will contain variables that are material (1), peri-
od (p), height (h), and various combinations of lateral
length (I) and width (w) of the rectangular-shaped
nanofins. The number of combinations is determined by
the number of structures in the meta-atom library under
construction.

After a population is initialized, the EM response of
each individual within the population will be calculated
through numerical simulation. Various simulation meth-
ods, including rigorous coupled wave analysis (RCWA),
finite element method (FEM), and finite-difference time-
domain method (FDTD), can be employed for this pur-
pose. In this study, we opt to use RCWA. To evaluate the
EM response and performance of each individual, fit-
ness functions are designed according to the target func-
tionalities of the metasurface under study. In single-ob-
jective design tasks, individuals which exhibit smaller fit-
ness function values are considered as high-performance
ones. In multi-objective design tasks, distinct fitness
functions are respectively designed for different design
objectives. The performance of an individual is evaluat-
ed by considering the values of all associated fitness
functions. In this study, we employ non-dominated sort-
ing* for the above purpose. As schematically illustrated
in Fig. 1, both the blue and yellow dots represent the in-
dividuals evaluated in each iteration for a dual-objective
design task, and the coordinate of each point is deter-
mined by the values of the two fitness functions respec-
tively corresponding to each design objective. In con-
trast to the yellow dots, the blue dots represent non-
dominated front. A key feature of such front is that its
constituent points cannot exhibit reduced value along
one axis (i.e., improved performance in one objective)
without increasing the values along the other axes (i.e.,
scarified performance in the other objectives). The blue
dots are labeled as rank 1. When ignoring the blue dots,
the yellow dots can form a new non-dominated front
and they are labeled as rank 2. All individuals in one
population can be ranked using such manner. Individu-
als corresponding to higher ranking (smaller rank num-
ber) are considered as better performance. For individu-
als of the same ranking, their performance is further
evaluated by their crowding distances (a measure of how
close an individual is to its neighbors). The one with a
larger crowding distance is considered better. We choose

240016-3
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Fig. 1 | Flowchart illustrating the genetic algorithm-based meta-atom design process. The algorithm commences with the random initializa-
tion of a population, where each individual is defined by parameters such as material (m), period (p), height (h), and lateral sizes (w1, wa, ..., Wy,
I1, I, ..., In) that characterize meta-atom structures. Electromagnetic responses are simulated for each individual, and their performance is as-
sessed via associated fitness functions. In single-objective tasks, lower fitness function values denote superior performance, while in multi-objec-
tive tasks, non-dominated sorting is employed. Blue and yellow dots represent individuals evaluated in iterations for a dual-objective task, with
their coordinates representing the associated fitness function values. The blue dots constitute the non-dominated front (rank 1), wherein improv-
ing one objective necessitates compromising others. Ignoring the blue dots yields a new non-dominated front (rank 2) represented by the yellow
dots. Such ranking aids in assessing individual performance considering all associated fitness functions, with crowding distances further differen-
tiating performance within the same ranking. For instance, the blue point within the dashed box exhibits a lower crowding distance, indicating
poorer performance compared to other blue dots of the same rank. Tournament selection identifies parents for generating the next generation
through crossover and mutation. During crossover, two parents exchange parts of their chromosomes to produce two children, while in the muta-
tion step, genes in each child’s chromosome are randomly altered. For simplicity, the chromosome is represented using binary notation. Itera-
tions persist until termination conditions are met, resulting in an optimized meta-atom library.
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tournament selection® to select parents to generate the
next generation, where two individuals are randomly
chosen from the population and the higher-performance
one is selected as the parent. Such comparison process is
repeated same number as the population size to select a
group of parents.

In the next step, the selected parents will produce the
next generation through crossover and mutation. In this
study, we choose the classic combination of simulated bi-
nary crossover® and polynomial mutation®. For ease of
description, the set of parameters in each parent individ-
ual can be referred to as a chromosome and each param-
eter can be referred to as a gene. In the crossover opera-
tion, two parents exchange parts of their chromosomes
to generate two children. In the subsequent mutation
step, the gene in the chromosome of each child is ran-
domly changed.

When the overall performance of a population almost
no longer improves with iteration, we determine that the
algorithm converges and the optimization process will
terminate. For a single-objective design task, the value of
the defined fitness function is the standard for measur-
ing the performance of a population. For a multi-objec-
tive design task, hypervolume is often used to evaluate
the performance of a population*'. It is defined as the
volume of the hypercube enclosed by all points in the
non-dominated front and a reference point in the design
objective space. A higher hypervolume value indicates
better performance of a population.

High-efficiency broadband PB phase metalens in
the visible

We will first employ the developed GA-assisted meta-
atom design method to construct a high-efficiency and
broadband metalens over the visible region (450 nm to
650 nm), which operates based on the Pancharatnam-
Berry (PB) phase modulation mechanism*. One core
step in designing such a PB-phase-based metalens that
can efficiently operate from 450 nm to 650 nm is to iden-
tify a meta-atom structure of high polarization conver-
sion efficiency (PCE) over the above target wavelength
range. PCE is an important metric®® for evaluating the
performance of meta-atoms that provide polarization-
dependent EM responses, and can be defined as:

PCEX) = ITII( g)

here, Iy and I, represent the total intensity of the

TA) (1)

https://doi.org/10.29026/0es.2024.240016

transmitted light through the meta-atom and the intensi-
ty of a specific polarization component in the transmit-
ted light, respectively. T is the transmittance of the
meta-atom.

In this design task, we choose to use nanofin-shaped
meta-atom structure with a rectangular cross-section
(Fig. 2(a)), by its ability to provide anisotropic (polariza-
tion-dependent) EM response. In a conventional meta-
atom library design process requiring iterative parame-
ter sweeping through EM simulation, the meta-atom’s
PCE is typically evaluated at a single wavelength (e.g.,
central wavelength of the target operational band) to re-
duce the computational workload. Afterwards, the select-
ed meta-atom structure is then evaluated again for its
broadband performance. However, in some cases, struc-
tures that exhibit high PCEs at a single wavelength may
not perform well over a broadband. In this work, we will
leverage the developed GA-assisted approach and direct-
ly take into account the meta-atom’s overall perfor-
mance in the target operational band by constructing a
fitness function (F) that evaluates the meta-atom’s aver-
aged PCE value over the visible (PCE,j).

F=1- PCE, , )
when calculating the PCE,;, 11 sampling points are se-
lected with an equal wavelength interval (20 nm) within
the target band (450 nm to 650 nm). The variables of the
GA algorithm include the constituent material (m), peri-
od (p), height (h), as well as the lateral length (I) and
width (w) of the nanofin-shaped meta-atom. We select
seven commonly-used transparent dielectrics in the visi-
ble as the candidate constituent materials**°, which are
Mng, TiOz, Ta205, HfOz, ZnO, A1203, and Si3N4. As a
varjable of the individual, each material is assigned a
number from 0 to 6. When calculating the EM response
of a certain individual, the associated dielectric constant
of the specific material with the designated number is
used. The ranges of variation for p and h are respectively
set to be 200-449 nm and 100-1000 nm. The ranges of
variation for the cross-sectional dimensional (w and [)
are all constrained within 50 ~ (p — 40) nm. Figure 2(b)
depicts the convergence process of the optimization pro-
cess, where algorithm convergence is achieved after ap-
proximately 75 iterations. For the clarity of display, we
plot four curves as a function of iteration number, name-
ly, the polarization conversion efficiency (PCE,,) and
fitness function value (F,,) of the optimal individual in
each iteration, and the averaged polarization conversion
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Fig. 2 | High-efficiency broadband PB phase metalens in the visible. (a) Schematic representation of the focusing metalens with a diameter

D and focal length f. Inset: Schematic representation of a nanofin-shaped meta-atom structure with a constituent material m, period p, height h,

as well as cross-sectional length / and width w. The meta-atom is set to have an in-plane rotation angle of 6, and will impart a phase modulation

of 26 over a circularly-polarized incident light based on the Pancharatnam-Berry (PB) phase modulation mechanism. (b) Convergence plot of the

optimization process. Four different evaluation metrics, which are the polarization conversion efficiency (PCEopt) and fitness function value (Fopt)

of the optimal individual in each iteration, and the averaged polarization conversion efficiency (PCEayg) and averaged fitness function value (Fayg)

over the whole population in each iteration, all get flatten after approximately 75 iterations. (¢) PCE of the inverse designed meta-atom (blue

curve) and simulated focusing efficiency (1) of the metalens (orange curve) as a function of free-space illumination wavelength. (d) Intensity dis-

tribution at the focal plane along the x-axis (orange dots) for the constructed PB phase metalens, simulated at free-space illumination of Ag = 532

nm. Theoretical prediction (orange solid line) is shown for comparison. Inset: 2D intensity distribution at the focal plane.

efficiency (PCE,,) and averaged fitness function value
(Fyg) over the whole population in each iteration. The fi-
nally designed meta-atom structure employs TiO; as its
constituent material, and has a height of & = 1000 nm,
period of p = 241 nm, lateral dimension (w, [) = (111 nm,
201 nm). As displayed in Fig. 2(c) (blue curve), PCE of
the designed meta-atom structure in the target band (450
nm to 650 nm) is maintained higher than 70%, with an
averaged value of 85.12%.

Next, we will use the designed meta-atom to construct
a PB-phase-based metalens. The required phase profile

modulation of a metalens, ¢, , can be expressed as:

Prens (x,y) = _%(\/ X+y+f -1,

where, x and y are in-plane distances along orthogonal

A3)

directions from the center of the lens, given incident
light propagating along the positive z-direction. Here,
the designed metalens occupies a circular area with a di-
ameter of D = 100 pm, and has a focal length of f = 100
um at free-space wavelength of 1, = 532 nm. To imple-
ment the required phase modulation profile, the in-plane
rotation angle of each nano-fin structure is set to be half
of the required phase shift value at the center of the
structure based on the PB phase modulation mechanism.

The performance of the constructed metalens is evalu-
ated through FDTD simulation, where a RCP light is in-
cident onto the metalens along positive z-axis. For all
constructed metasurfaces in this study, the substrate ma-
terial is fused silica (SiO3), chosen for its excellent opti-

cal transparency within the wavelength range of study in

240016-6
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this work. During the FDTD simulation, the incident
light source is placed inside the fused silica substrate.
The intensity distribution at the metalens’ focal plane re-
veals a circularly-symmetric focal spot (Fig. 2(d)), char-
acterized by a cross section that closely matches the in-
tensity distribution theoretically predicted for a diffrac-
tion-limited lens with the same numerical aperture (NA).
We further evaluate the device’s focusing efficiency over
the target band. The focusing efficiency, #, defined as the
ratio of the total optical power within a circle with a ra-
dius three times the full width at half maximum
(FWHM) of the focal spot to the total power incident on-

to the metalens, maintains to be high across the visible

have filtered out the unmodulated co-polarization com-
ponent and only accounted for the modulated cross-po-
larization component in the efficiency evaluation.

Spin-multiplexed metasurface dual-beam generator
We will further employ the developed method to design
a spin-multiplexed metasurface dual-beam generator
working at free-space wavelength of A, = 532 nm. The
device is capable of generating a zeroth-order Bessel
beam under RCP illumination, and first-order Bessel
beam under LCP illumination (Fig. 3(a)). The target EM
response of such metasurface can be described by a Jones
Matrix (J) satisfying the following pair of equations:

region and exhibits an averaged value of 80.76% from e |[L) =J |R) , (4)
450 nm to 650 nm (orange curve, Fig. 2(c)). For calculat- .
ing the device operational efficiencies in this study, we e’ [R) =J L) , (5)

R

| i
-
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Fig. 3 | Spin-multiplexed metasurface dual beam generator. (a) Schematic depiction of the spin-multiplexed metasurface dual-beam genera-
tor with a diameter D, positioned in the z = 0 um plane with its center at the coordinate origin. The device generates a zeroth-order Bessel beam
under right-handed circular polarized (RCP) illumination and a first-order Bessel beam under left-handed circular polarized (LCP) illumination. (b)
Hypervolume plotted against iteration number. The hypervolume curve tends to plateau after approximately 250 iterations, indicating conver-
gence of the genetic algorithm (GA). (¢) Non-dominated front plot of the population in the final iteration of the algorithm. (d) Schematic illustration
of the 8 meta-atom structures obtained through the GA optimization. Their electromagnetic (EM) performance at Ap = 532 nm is represented by
red dots in a polar coordinate system, where the azimuthal angle denotes the phase shift modulation value (in radians) and the distance from the
origin signifies the polarization conversion efficiency (PCE).
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where ¢, and ¢, denote the phase modulation profile for
the RCP (|R)) and LCP (|L)) incident light, respectively.
The above equations indicate that the metasurface needs
to impart independent and arbitrary phase shift modula-
tions on the RCP and LCP illumination light. One way to
implement such a device is to identify a group of meta-
atoms that can i) act as half-wave plates at the target op-
erational wavelength (1, = 532 nm) and simultaneously,
ii) provide high and evenly-spaced phase shift modula-
tions for a linearly polarized (x- or y-polarized) incident
light of Ay = 532 nm. The associated detailed discussions
can be found in Refs.”! =%,

In this task, we choose to establish a meta-atom li-
brary consisting of 8 different meta-atoms that provide
equally-spaced phase shift modulation values spanning a
full 21 range. This can be done by first identifying 4 ba-
sic half-wave-plate-like meta-atom structures providing
phase shift modulation covering half of the 2m range, and
then get the other 4 meta-atom structures by in-plane ro-
tating the 4 basic structures by 90°. Similar to the first de-
sign task, we also choose to employ TiO;-based nanofin-
shaped structures to construct the metasurface. The vari-
ables of the GA algorithm include the period (p), height
(h), as well as the lateral width (w) and length (/) of the
nanofin-shaped meta-atom. Different from the earlier
task, each individual now consists of 10 variables, name-
ly, the period (p) and height (4) which the 4 meta-atoms
share, and 4 sets of lateral width and length (w;-wx,
I;-1s) of the meta-atoms. The ranges of variation for p
and h are respectively set to be 250-450 nm and 100-800
nm. The range of variation for the cross-sectional di-
mensions (w1-wy, I1-14) are all constrained within 50 ~
(p - 40) nm. Two fitness functions (F, and F,) are respec-
tively defined to evaluate the meta-atom’s even-spaced
phase shift modulation coverage and half-wave-plate-like

response.

F=33fae -]+ 52 0059, ©

F, =1— PCE,,, . )
Fitness function F, evaluates the even-spaced phase
shift coverage of the meta-atoms, where A¢, (i =1, 2, 3)
represents the phase shift modulation intervals among
the 4 structures in each individual. A¢ is the average val-
ue of the 3 phase shift modulation intervals within an in-
dividual. Fitness function F, evaluates the half-wave-
plate-like response of the meta-atoms, where PCE,;, is
the smallest PCE value of the four meta-atom structures
in one individual. In order to rule out the interference of
any resonance effect, the PCE value of each meta-atom is
averaged at three adjacent wavelengths of 527 nm, 532
nm, and 537 nm. Figure 3(b) plots the value of hypervol-
ume as a function of iteration number. The hypervol-
ume curve tends to flatten after ~250 iterations, indicat-
ing the convergence of the GA algorithm. The non-dom-
inated front plot of the population in the final iteration
step is shown in Fig. 3(c). The 4 basic meta-atom struc-
tures selected through the optimization process have
height of h = 600 nm and period of p = 350 nm. Table 1
lists key parameters of the meta-atoms, including their
lateral dimensions (w and ), phase shift modulation val-
ues for x-polarized light (¢,) and PCE values at A, = 532
nm. The other 4 meta-atom structures can be obtained
by in-plane rotating the above 4 structures by 90°. Fig-
ure 3(d) displays the PCE and phase shift modulation
coverage of the 8 meta-atoms, where they all exhibit PCE
higher than 90% and provide close-to-ideal even-spaced
phase shift modulation for a x-polarized incident light of
Ao =532 nm.
Using the obtained meta-atom library, we implement
a spin-multiplexed metasurface dual-beam generator oc-
cupying a circular area with a diameter of D = 50 um.
The output beam from the device can switch between
two Bessel beams with different orders and NAs under
RCP and LCP illuminations, respectively. The associated
two distinct phase shift profiles are expressed as:

by = TN (VEEF) L ®

Table 1 | Key parameters of the optimized meta-atoms for the spin-multiplexed metasurface dual-beam generator.

Lateral dimensions Phase shift modulation value for x-polarized light Polarization conversion efficiency
w (nm) [ (nm) ¢x (rad) PCE (%)
224 92 0.00 94.18
242 106 0.79 92.68
260 118 1.58 92.84
63 270 2.37 92.02
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¢, (x,y) = fi—nNAz (\/W) + arctan (%) , (9)

here, x and y are in-plane distances along orthogonal di-
rections from the center of the circular shaped metasur-
face, given incident light propagating along the positive
z-direction. We choose NA; = 0.7 and NA; = 0.3. To
construct the metasurface, the meta-atom at a given co-
ordinate location (x,y) should provide a phase shift
modulation for x-polarized incident light that is closest

to the required phase shift modulation value, ¢ _(x,y),

b6 =5 () +9,00) - (0

At the same time, the meta-atom’s in-plane rotation

angle, 0(x, y), should be set as:

9(9@)’) = _i ((/51()6,)/) - (/52(-’(,}/)) . (11)

The performance of the constructed spin-multiplexed
metasurface dual-beam generator is evaluated thorough
FDTD simulation. When illuminated by an RCP light at
free-space wavelength of A, = 532 nm, the transmitted
beam is a zeroth-order Bessel beam with NA = 0.7 (Fig.
4(a)) and its horizontal cut (at z = 7 um) fits well with the
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zeroth-order Bessel function (Fig. 4(b)). When the spin
state of the illumination light is switched to LCP, the
transmitted beam changes to a first-order Bessel beam
with NA = 0.3 (Fig. 4(c)) and its horizontal cut (at z = 20
um) exhibits a high degree of consistency with the first-
order Bessel function (Fig. 4(d)). The FWHM widths of
the zeroth-order and first-order Bessel beams are respec-
tively 0.2733 um and 0.5088 pm, all corresponding well
with theoretical ones (0.2721 pm for the zeroth-order
Bessel beam and 0.5178 pm for the first-order Bessel
beam). To evaluate the generation efficiency of the dual-
functional metasurface, we first identify a cross-section
where the generated beam exhibits the highest intensity.
The efficiency is then computed as the ratio of the total
optical power within a circle with a radius three times the
FWHM of the generated Bessel beam’s intensity profile
to the total incident power on the metasurface. The gen-
eration efficiency is calculated to be 88.07% and 90.72%
for RCP and LCP illuminations, respectively.

Wavelength and spin co-multiplexed four-channel
metahologram
Finally, we employ the developed method to design a

o
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Fig. 4 | Bessel beams generated by the optimized spin-multiplexed metasurface. (a, b) The normalized intensity profile of the zeroth-order

Bessel beam (NA1 = 0.7) in the y-z plane at free-space RCP illumination of Ap = 532 nm (a) and its corresponding horizontal cut at z =7 um (b).
(c, d) The normalized intensity profile of the first-order Bessel beam (NA2 = 0.3) in the y-z plane at free-space LCP illumination of Ap = 532 nm (c)

and its corresponding horizontal cut at z = 20 ym (d).
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wavelength and spin co-multiplexed four-channel meta-
hologram. The device projects holographic images of the
capital letters “H” and “S” respectively under RCP and
LCP illumination at a free-space wavelength of 532 nm,
and simultaneously, images of the letter of “U” and “T”
under RCP and LCP illumination of free-space wave-
length of 633 nm (Fig. 5(a)). The target EM response of
such metasurface can be described by a Jones Matrix (J)

satistying the following equation:

e A =3 AT) (12)
where ¢, and ¢, denote the phase modulation profile
for the LCP (| A;)) and RCP (] A, )) incident light at
free-space wavelength of 1, = 532 nm, respectively. ¢,
and ¢;" denote the phase modulation profile for the LCP

(| ")) and RCP (| A)) incident light at free-space
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wavelength of A, = 633 nm, respectively. This equation
indicates that the metahologram imparts independent
and arbitrary phase shift modulation over the LCP and
RCP illumination light at the two specific wavelengths.
One way to implement such a device is to identify a
group of meta-atoms that can (i) provide close to half-
wave-plate-like responses at the two target operational
wavelengths (532 nm and 633 nm), (ii) offer high and
close to evenly-spaced phase shift modulations for a lin-
early polarized (x- or y-polarized) incident light at both
wavelengths.

In this task, we choose to establish a meta-atom li-
brary consisting of 16 different meta-atoms that satisfy
the aforementioned requirements. Similar to the previ-
ous task, we use TiO,-based nanofins to construct the

metasurface. The variables of the GA algorithm include

HZR -

.- - -
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Fig. 5 | Wavelength and spin co-multiplexed four-channel metahologram. (a) Schematic depiction of the wavelength and spin co-multi-

plexed four-channel metahologram with a side length L, positioned in the z = 0 um plane with its corner at the coordinate origin. The letters “H”
and “S” are reconstructed at the z = 150 pm plane, under the RCP and LCP illumination at free-space wavelength of Ap= 532 nm. The letters “U”
and “T” are reconstructed at the same plane, under the RCP and LCP illumination at free-space wavelength of A1= 633 nm. (b) Phase shift modu-

lation plot of the 16 meta-atom structures obtained through the final iteration of the GA optimization. The meta-atoms are represented as blue

points, with their coordinates representing the phase shift modulation values for x-polarized incident light under wavelengths of 532 nm and 633

nm. d; represents the distance from the i-th point to its nearest point in the coordinate system. For the clarity of display, we draw a red dashed cir-

cle centered at the i-th point with a radius of dj, where the nearest point lies on the circle. (¢) Hypervolume plotted against iteration number. The

hypervolume curve tends to plateau after approximately 1700 iterations, indicating convergence of the GA. (d) Non-dominated front plot of the

population in the final iteration of the algorithm.
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the period (p), height (h), as well as the lateral length (I)
and width (w) of the nanofin-shaped meta-atom. Each
individual consists of 34 variables: the period (p) and
height (h) which the 16 meta-atoms share, and 16 sets of
lateral width and length (w;—wis, [1—li6) of the meta-
atoms. The ranges of variation for p and h are respective-
ly set to be 250—450 nm and 100-1000 nm. The range of
variation for the cross-sectional dimensions (w;—wie,
I1—1l16) are all constrained within 50 ~ (p — 30) nm. The
phase shift modulation values provided by each meta-
atom for x-polarized incident light at the two target op-
erational wavelengths are represented as a coordinate
point in a 2D Cartesian coordinate system, with the axes
denoting the phase shift modulation for wavelengths of
532 nm and 633 nm, respectively. Two fitness functions
(F, and F,) are respectively defined to evaluate the meta-
atom’s uniform phase shift modulation coverage and
half-wave-plate-like response.

1 & b
F=— ‘d,-—f‘ 13
1 16; S|+ (13)

F, =1— PCE,;, . (14)

Fitness function F, evaluates the uniform phase shift
coverage of the meta-atoms, where d; (i = 1, 2, ..., 16)
represents the distance from coordinate point of the i-th
meta-atom to its nearest point in the 2D coordinate sys-
tem. As an example, Fig. 5(b) plots the distribution of the
16 coordinate points for the optimized individual after

https://doi.org/10.29026/0es.2024.240016

the last iteration. d is the average value of the all 16 dis-
tances within an individual. Fitness function F, evalu-
ates the half-wave-plate-like response of the meta-atoms,
where PCE,,, is the smallest PCE value at two target
wavelengths of the 16 meta-atom structures in an indi-
vidual. Figure 5(c) plots the value of hypervolume as a
function of iteration number. The hypervolume curve
tends to flatten after ~1700 iterations, indicating the con-
vergence of the GA algorithm. The non-dominated front
plot of the population in the final iteration step is shown
in Fig. 5(d). The 16 basic meta-atom structures selected
through the optimization process have height of h = 990
nm and period of p = 330 nm. Table 2 lists the key pa-
rameters of the obtained meta-atoms, including their lat-
eral dimensions (w and [), phase shift modulation values
for x-polarized light at two target wavelengths (¢°* and
¢%*), and average polarization conversion efficiency for
the two wavelengths (PCEpean). The average PCEs of the
meta-atoms at free-space wavelength of 532 nm and 633
nm are 59.91% and 78.15%, respectively.

Using the obtained meta-atom library, we implement
a wavelength and spin co-multiplexed four-channel
metahologram occupying a square area with a side
length of L = 150 um. Gerchberg-Saxton (GS) algorithm
is employed to calculate the phase shift profiles,¢; (x, y),
¢ (x,y), ¢, (x,y) and ¢, (x,y), required to project a
holographic “H”, “U”, “S” and “I” image (150 pm in
width) located in the z = 150 pm plane, respectively, un-
der illumination at free-space wavelengths of 533 nm,

Table 2 | Key parameters of the optimized meta-atoms for the wavelength and spin co-multiplexed four-channel metahologram.

Lateral dimensions

Phase shift modulation values for x-polarized light

Average polarization conversion efficiency

w (nm) I (nm) ¢>32 (rad) ¢33 (rad) PCEmean (%)
186 57 6.15 2.48 57.43
300 54 2.55 4.41 74.42
118 247 2.04 3.47 77.08
271 144 2.28 1.97 94.16
164 300 0.93 0.93 79.26
212 90 3.32 4.20 71.76
160 300 0.53 0.69 85.06
134 300 4.62 5.20 82.76
144 292 5.61 5.74 88.98
262 187 2.98 2.94 37.37
97 218 5.93 2.39 65.95
75 249 4.81 1.83 66.42
164 214 5.87 5.75 40.29
219 62 1.52 3.20 75.04
261 100 5.40 6.22 59.90
271 91 6.18 5.84 48.54
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633 nm, 532 nm, and 633 nm. Here, x and y are in-plane
distances along orthogonal directions from the corner of
the coordinate system where the square shaped metasur-
face located, given incident light propagating along the
positive z-direction. To construct the metasurface, the
meta-atom at a given coordinate location (x,y) should
provide phase shift modulations for the two target wave-
lengths closest to the required phase shift modulation
values, ¢°*(x, y) and ¢ (x, y),

) =5 (97 on) T () . (9

E ) = 5@ N H o) ()

At the same time, the meta-atom’s in-plane rotation

angle, 6(x, y), should be set as:

6(x7y):_ (‘PH%)’)“/’J(%)’)*“/’T(X;)’)—‘Pf(xa)’)) :
(17)

We evaluate the performance of the constructed meta-

™| —

hologram thorough FDTD simulation. Figure 6 displays
the simulated holographic imaging results. As expected,
four images are selectively projected onto the target
plane, depending on the combination of free-space wave-
length (532 nm or 633 nm) and spin state (RCP or LCP)

A;=532 nm

Polarization
conversion:
RCP—LCP
-75 -50 -25 0 25 50 75
X (um)
75
50
25
Polarization __
conversion: €
LCP—RCP T
-25
-50
=75

-75 -50 -25 0 25 50 75
X (um)

of the illumination light. The device operational efficien-
cy, defined as the ratio of the optical power of the pro-
jected holographic image to the power illuminating the
metahologram, is calculated to be 53.24% (RCP illumina-
tion) and 52.45% (LCP illumination) at 532 nm, and
62.06% (RCP illumination) and 60.90% (LCP illumina-
tion) at 633 nm.

Conclusions

In summary, we introduce a genetic algorithm assisted
meta-atom design approach that is efficient and effective
for both single- and multi-objective metasurface design
tasks. The developed method incorporates a comprehen-
sive set of parameters describing the meta-atoms, includ-
ing constituent material, period, height, and lateral sizes,
as variables of an individual during the optimization pro-
cess. Similar to natural selection and evolution processes,
a population of individuals undergoes multiple itera-
tions of selection, crossover, and mutation, continually
adjusting their chromosomes (i.e., meta-atom variables)
to minimize the fitness function values which reflect the
design targets. This iterative process culminates in glob-
ally optimized parameter sets that best fulfill the desired

device functionalities. Through the application of our

A=633 nm
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Fig. 6 | Simulated holographic imaging results of the four-channel metahologram. Four images (capital letters “H”, “U”, “S” and “T”) are se-

lectively projected into the target plane, depending on the combination of free-space wavelength (532 nm or 633 nm) and spin state (RCP or

LCP) of the illumination light. The image plane is located 150 ym above the metahologram device.
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developed method, we showcase the design of three
high-performance metasurface devices operating in the
visible spectrum. Specifically, we present a broadband
Pancharatnam-Berry phase-based metalens with an aver-
age focusing efficiency exceeding 80% from 450 nm to
650 nm, a spin-multiplexed structural beam generator
which generates two different Bessel beams depending
on the spin of the illumination light and exhibits opera-
tional efficiencies surpassing 88% at 532 nm, and a wave-
length and spin co-multiplexed four-channel metaholo-
gram which exhibits efficiencies exceeding 50% and 60%
at 532 nm and 633 nm, respectively. In this work, the
cross-sectional dimension of the meta-atom is con-
strained to be at least 30 nm smaller than the period,
thereby minimizing the coupling effect between neigh-
boring meta-atoms. In design tasks where the coupling
of meta-atoms plays a significant role in their EM re-
sponses, the cross-sectional dimension of the meta-atom
can be set to have a wider range of variation, and the EM
simulation step in the algorithm can be adjusted to ac-
count for the coupling effect. Additionally, integrating
optimization algorithms and machine learning methods
for metasurface inverse design could offer additional ad-
vantages, which include accelerating computational
speed™>¢, improving device functionality””>, and better
accounting for near-field coupling effects®. Our work of-
fers an effective and easily implementable approach for
diverse meta-atom design and optimization tasks, there-
by empowering designers to create high-performance
metasurface optics across a range of operational bands
and with a variety of functionalities.

Methods

The algorithm runs under python version 3.10, pymoo
version 0.6.0, and grcwa version 0.1.2 on a workstation
(Intel(R) Xeon(R) Gold 5218R CPU @ 2.10Hz with 512
GB RAM, running the Windows 10 operating system
(Microsoft)). The runtimes for the three tasks are about 1
hour, 2 hours, and 31 hours, respectively.
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