Nanoscale

rsc.li/nanoscale

ISSN 2040-3372

#® OYAL SOCIETY MINIREVIEW
OF CH EMISTRY Shijie Xiong and Xianguang Yang

- Optical color routing enabled by deep learning

Volume 16
Number 19

21 May 2024
Pages 9139-9628




Published on 21 de marg 2024. Downloaded on 21/2/2026 13:20:54.

Nanoscale

MINIREVIEW

{ '.) Check for updates ‘

Cite this: Nanoscale, 2024, 16, 9284

Received 9th January 2024,
Accepted 21st March 2024

DOI: 10.1039/d4nr00105b

rsc.li/nanoscale

Introduction

7 ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online
View Journal | View Issue

Optical color routing enabled by deep learning
Shijie Xiong and Xianguang Yang = *

Nano-color routing has emerged as an immensely popular and widely discussed subject in the realms of
light field manipulation, image sensing, and the integration of deep learning. The conventional dye filters
employed in commercial applications have long been hampered by several limitations, including subpar
signal-to-noise ratio, restricted upper bounds on optical efficiency, and challenges associated with minia-
turization. Nonetheless, the advent of bandpass-free color routing has opened up unprecedented
avenues for achieving remarkable optical spectral efficiency and operation at sub-wavelength scales
within the area of image sensing applications. This has brought about a paradigm shift, fundamentally
transforming the field by offering a promising solution to surmount the constraints encountered with tra-
ditional dye filters. This review presents a comprehensive exploration of representative deep learning-
driven nano-color routing structure designs, encompassing forward simulation algorithms, photonic
neural networks, and various global and local topology optimization methods. A thorough comparison is
drawn between the exceptional light-splitting capabilities exhibited by these methods and those of tra-
ditional design approaches. Additionally, the existing research on color routing is summarized, highlight-
ing a promising direction for forthcoming development, delivering valuable insights to advance the field
of color routing and serving as a powerful reference for future endeavors.

engineering methodologies," deep learning can adeptly
process and analyze intricate spectral data generated by color

Image sensor color routing has attracted heightened attention
across various domains including facial recognition, auto-
nomous nhavigation, virtual reality, and academic research,
with deep learning technology serving as a promising comp-
lement." Equipped with formidable capabilities in pattern
recognition,” optimization strategies,” and adaptive reverse
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routing, which enables the identification of subtle features
and patterns within light signals across various wavelengths.
This facilitates extensive training and meticulous parameter
selection based on anticipated spectral attributes, and ulti-
mately optimizes the achievement of the desired color routing
structure by learning the underlying mapping between spectra
and color routing structures.>® In more detail, color manage-
ment in image sensors encompasses spectral truncation and
spatially guided propagation of incident broadband light.”®
Dye filters currently reign as the predominant color realization
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Fig. 1 Different image sensor filtering strategies and color routing mechanisms. (a) V-shaped all-dielectric antenna wavelength router. Reproduced

with permission.?®
Reproduced with permission.®

Copyright © 2016 American Chemical Society. (b) Sub-micrometer nanostructure-based RGB filters for CMOS image sensors.
Copyright © 2019 American Chemical Society. (c) R-G1-B-G2 full-color routing with multiplex GaN metalens.®! (d)

Schematic of a conventional CMOS image sensor and metalens-based color router. Reproduced with permission.>* Copyright © 2017 American

Chemical Society.

technology in the realm of image sensors, capitalizing on the
transmission and absorption characteristics of organic
materials.”'® As shown on the left panel of Fig. 1d, a back-illu-
mination CMOS image sensor consists of microlenses and an
RGB color filter array. In Fig. 1b, nanostructured color filters
based on uniform-height amorphous silicon structures are
designed and optimized, accompanied by a submicron-sized
RGB filter array reduced to 0.5 pm. Specifically, they selectively
propagate light within the targeted spectral range while attenu-
ating light across other spectral domains."" Nevertheless, as
imaging pixel sizes continue to diminish, there is an urgent
demand for enhanced wunit pixel signal-to-noise ratios,
improved optical and photoelectric conversion efficiencies,
and effective noise suppression. Conventional dye filters and
traditional filtering methodologies based on micro- and nano-
structures fall short in meeting these stringent
requirements.’””™® In this context, the concept of nano-color
routing has emerged. Specifically, some structures, leveraging
the meta-lensing effect, can focus light on extremely small
regions at the nanoscale, enabling precise directional manipu-
lation and control of light, thereby enhancing optical
efficiency.'®"° In Fig. 1a, a V-shaped all-dielectric wavelength
router can effectively control the incident light by scattering it
into two different wavelengths (1; = 755 nm and 1, = 660 nm).
The routing of spatial light is primarily determined by the dis-
tribution of the refractive index in three-dimensional space. As

This journal is © The Royal Society of Chemistry 2024

demonstrated by Fig. 1c and the right panel of Fig. 1d, R-G1-
B-G2 color routing is manifested by integrating into a square
with dimensions of 11.55 pm x 11.55 pm with a 4 pm focal
length, showing three distinct meta-lenses with respective
wavelength A4 values of 430, 532, and 633 nm. Henceforth,
nano-optical structures exhibit the capability of achieving
precise phase modulation at the nanoscale. In particular, tech-
surface plasmon reso-

21,22 dielectric
25,26

niques such as grating diffraction,*’

nances in metal

23,24

nanostructures,
nanoantennas, and metasurfaces and metamaterials
can be designed based on phase modulation. These structures
enable the manipulation of the wavefront of light through the
transmission phase, geometric phase, or resonance phase,
thereby achieving spatial dispersion of optical beams.
Furthermore, with the neural networks being trained on large-
scale spectral data and benefiting from self-feedback mecha-
nisms, the spectral splitting capability of nanoscale color
routing can be well enhanced, and the emerging deep learn-
ing-enabled optical color routing holds promise in opening
new avenues for future research.>”*®

Nanophotonic spectral sorting

The essence of nano-color routing lies in the dispersion and
precise guidance of light, with its functionality intricately
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intertwined with the art of spectral manipulation.®® In the
realm of nanophotonics, spectral strategies encompass tech-
niques consisting of grating diffraction color separation, plas-
monic mechanisms, metasurface arrays, and dielectric
nanoantenna color separation.**”*> The scattering behavior of
nanostructures is intrinsically wavelength-sensitive. Besides
the spectral control engendered by surface plasmon resonance
in metallic nanostructures, additional light routing effects can
be achieved through wavelength-dependent scattering in con-
junction with the effective reflection resulting from the place-
ment of dielectric nano-pillars just above the pixel interface of
image sensors.’®?” In Fig. 2e, an SiN-based metalens array
exhibits average optical efficiencies of 64%, 75%, and 94% at
wavelengths of 430, 520, and 635 nm, respectively, through the
entire RGB areas, which greatly exceed the upper limits of the
optical efficiencies of the filter array for Bayer pixel arrange-
ments (~33%). More impressively, as demonstrated in Fig. 2f,
the pixel-level Bayer-type color router holds the color collection
efficiencies of 58, 59, and 49% at wavelengths of 640, 540, and
460 nm, representing R, G and B pixels, respectively. Using a
200 pm sized array working with a monochromatic imaging
sensor, the image intensity reaches twice that achieved using a
Bayer color filter. Accordingly, both endeavors have succeeded
in enhancing the optical efficiency on using Bayer array image

() Spectrum
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sensors. At the same time, other implementations including
multilayer-disordered semiconductor routing arrays, and struc-
turally irregular monolayer spectral routers also demonstrated
commendable optical efficiency. In Fig. 2a, a novel color
routing scheme with an irregular dielectric structure is
designed with a pixel size of 800 nm. Clever pixel arrangement
cyclically distributes red, green, and blue pixels, reducing
simulation time and achieving a notable improvement of over
80% in optical efficiency. The irregular structure of the color
routing model can be observed more intuitively through the
quarter-array region denoted by the yellow dashed box in
Fig. 2b. More profoundly, a three-dimensional dielectric color
scatter, composed of SiO, and TiO, materials, was fabricated,
exhibiting over 70% efficiency across the entire visible spec-
trum (400 nm-700 nm) among three subpixels (red, green, and
blue) as depicted in Fig. 2c. In Fig. 2d, a breakthrough in color
routing was achieved with a multilayer SiO, array, showcasing
a novel advancement by standard lithography and material
deposition. However, as optical structures venture into submi-
cron and even nanometer scales, the simplistic ray optics the-
ories may no longer be applicable.’®*® At this point, simu-
lation methods based on traditional finite element or finite
difference in time domains often yield only locally optimized
solutions, posing various bottlenecks at the practical appli-
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Fig. 2 Color routing mechanisms in different implementation forms. (a) A new type of splitter composed of irregular structures.*? (b) Top view of
the color-coded layers for an irregular-layer topology-optimized splitter structure. Reproduced with permission.*? Copyright ©® 2021 Elsevier. (c)
Spectrum splitter consisting of TiO, bars and SiO, substrates. Reproduced with permission.*3 Copyright © 2019 IEEE. (d) Multilayer-designed spec-
tral router fabricated by lithography and material deposition. Reproduced with permission.** Copyright © 2020 The Optical Society. (e) Schematic of
an image sensor with a full-color-sorting metalens array. Reproduced with permission.*> Copyright © 2021 Optica Publishing Group. (f) Pixel-level
Bayer-type color router based on metasurfaces. Reproduced with permission.*® Copyright © 2022 Springer Nature.
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cation level. Recently, the rapid advancement of deep learning
has injected new spirit into the field of nanophotonics
research.’®'’ The deep learning approach, known for its
efficient optimization across the entire parameter space, has
recently emerged as a major focal point of research interest.

Deep learning-enabled engineering

In recent years, the field of optics has witnessed remarkable
advancements propelled by the advent of deep learning
technology.”” Generally, in the optimization design process of
color routing, deep learning is typically applied by first collect-
ing a large amount of spectral data for processing and ana-
lysis, aiming to extract valuable mapping relationships
through training.*® Subsequently, the corresponding optimiz-
ation parameters need to be formulated, typically reflecting
the optical efficiency of spectral splitting for each pixel
channel in the color routing problem. Finally, through a com-
bination of strategies, such as gradient descent optimization
using neural networks or multi-objective optimization algor-
ithms, the color routing structure tends to be iteratively opti-
mized towards the desired outcome.**® Specifically in other
applications, from image recognition, pattern identification,
and image reconstruction in optical imaging to the efficient
optimization of inverse design on the micro- and nano-
structures, and further into domains such as optical signals,
photonics communication, and laser technology, the flexibility
and precision of deep learning have infused new spirits and
possibilities into optical research and applications.> ™ Fig. 3a
illustrates a multispectral imaging system based on a diffrac-
tive optical network. Through deep learning training, this
system can create a virtual spectral filter array in the output
image field, transforming a monochrome focal plane array
into a multispectral imaging device without any spectral filters
or image recovery algorithms. This system achieves snapshot
multispectral imaging with 4, 9 and 16 unique spectral bands
within the visible spectrum, with a compact design that axially
spans ~724n, (An represents the mean wavelength of the spec-
tral band of interest). Also, deep learning plays a pivotal role in
the simulation and inverse design of individual nano-optical
particles. As indicated in Fig. 3b, an artificial intelligence
neural network was trained with 50000 examples using a
learning rate of 0.0006 and a decay of 0.99. This network pre-
dicts the thickness of nano-shell structures with high pre-
cision, achieving comparable accuracy of over ~90% to tra-
ditional simulations with minimal training data. While cur-
rently applied to nano-shell structure prediction, the demon-
strated potential of this method extends to various inverse
design problems. Similarly, this avant-garde inverse prediction
method is highly popular in the metasurface domain. The
metasurface design often involves elemental atoms, requiring
repeated trial and error to achieve the desired electromagnetic
response. The conventional design process, entailing numer-
ous physical and geometric parameters, demands significant
computational resources.’®>” As highlighted in Fig. 3c, the

This journal is © The Royal Society of Chemistry 2024
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meta-atom data were randomly split into training and test data
sets, with 70% data used during the training process and the
remaining 30% data used to evaluate the trained network. The
average mean squared error (MSE) for the real and imaginary
parts of the predicted coefficients in the test data were 0.00035
and 0.00023, respectively, which dramatically reduces repre-
sentation time while ensuring accuracy. In Fig. 3d and e,
another model, deep neural network (DNN), predicts the geo-
metric shape of nanostructures by collecting the far-field
response spectrum. This method can be extended to predict
other physical or optical parameters of host materials and
compounds, addressing inverse problems that conventional
methods struggle to resolve. In the field of chemistry, a DL
model has been proposed to predict the optical and physical
properties of organic compounds. This model, trained on a
dataset of 30094 luminescent groups, successfully achieves
effective prediction and screening, as illustrated in Fig. 3f.
Another core application of deep learning is dedicated to the
realm of optical storage and computation. For this purpose, a
geometric information encoding scheme for subwavelength
dielectric nanostructures has been introduced. Building neural
networks based on over 40000 scattering spectra of these
structures, it ultimately achieves a readout accuracy of >99%,
with sequences of up to 9 bits as shown in Fig. 3g. This paves
the way for high-density optical information storage in planar
silicon nanostructures.

Algorithm-driven spectroscopic
optimization

Traditional optical simulation and optimization strategies are
closely associated with methods such as physical optics, ray
tracing, and electromagnetic field solvers, especially when
studying nanophotonic devices or optical waveguides at the
microscopic scale.®>®® The electromagnetic field equations,
such as Maxwell’s equations, are commonly employed to simu-
late the propagation and interactions of light. Numerical
methods like the finite element method (FEM) and finite
difference time domain (FDTD) have traditionally been preva-
lent for solving these equations.®® However, with the continual
shift in computing capabilities and numerical algorithm para-
digms, algorithm-assisted design for nanoscale color routing
has garnered widespread attention in recent years. In the
realm of holographic optical design, algorithmic optimization
for controlling the wavefront of light has allowed precise phase
modulation on nanostructures, enabling highly customized
dispersion effects. This method opens up new possibilities for
the creation of high-performance nanoscale color routing
devices. Specifically, in the optimization of nanoscale color
routing designs, the application of algorithms like genetic
algorithms, particle swarm optimization, and simulated
annealing makes finding the optimal color routing schemes in
complex optical systems more feasible.®”®® Taking genetic
algorithms as an example, the optical efficiency of each pixel
in color routing becomes the global optimization target.

Nanoscale, 2024, 16, 9284-9294 | 9287
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Fig. 3 Relevant achievements and progress of various deep learning technologies in the field of optics. (a) Diffractive optical network-based multi-
spectral imaging system. Reproduced with permission.>® Copyright ® 2023 Springer Nature. (b) A method using artificial neural networks to approxi-
mate light scattering by multilayer nanoparticles. Reproduced with permission.>® Copyright © 2018 AAAS. (c) CNN-based model aiming at modeling
meta-atoms with high degrees of freedom. Reproduced with permission.® Copyright © 2020 The Optical Society. (d and e) Deep neural network-
enabled plasmonic nanostructure design. Reproduced with permission.5t Copyright © 2018 Springer Nature. (f) Deep learning optical spectroscopy
applied in molecular design. Reproduced with permission.®? Copyright © 2021 American Chemical Society. (g) The deep learning method used in
increasing optical information storage. Reproduced with permission.®® Copyright © 2019 Springer Nature.

Through multiple iterations with the initialization, fitness cal-
culation, crossover, and mutation operations, the algorithm
converges to the region of optimal output, as depicted in
Fig. 4a-c. In Fig. 4a, the 1 pm-pixel-sized color router achieves
algorithm optimization through a 16 x 16 nanopillar encoding
strategy, of which the termination condition is set such that
the global fitness function value is less than ~1 x 10™® within
every 2000 solutions of 200 iterations. Similarly, Fig. 4b adopts
a 0-1 encoding method, mapping the routing array into a con-
tinuous RGB arrangement of 11 x 33, achieving over 60%
optical efficiency improvement in every RGB channel. As
shown in Fig. 4c, the specific implementation process of the
genetic algorithm originates from the continuous selection,
iteration, and sorting of 4 and /. values. However, globally
optimized results obtained through genetic algorithms may
still leave room for improvement in the optical efficiency of
individual pixels. Local optimization strategies, inspired by
deep learning models based on local gradient descent, can
further refine the results. As illustrated in Fig. 4d, a lossless
device implementing RGB-IR four-channel pixel color routing
adopts a gradient-based optimization method, achieving
nearly perfect color routing with width dimensions smaller
than 400 nm. The color channels are defined by the central
wavelengths, which serve as the point peak of optical efficiency

9288 | Nanoscale, 2024, 16, 9284-9294

or center of the spectral band, ie. blue (450 nm), green
(550 nm), red (650 nm), and NIR (750 nm), while each channel
is perfect with simulation optical efficiency of >0.99 and
optical crosstalk of <0.01. More intriguingly, some accompany-
ing optimization methods in deep learning combine multiple
different models to obtain greater parameter space
flexibility.”>”" They achieve dimensionality reduction for
complex multidimensional optimization problems through
techniques such as convolution, pooling, and deconvolution,
which greatly enhance the feasibility of synchronous optimiz-
ation of images and spectra in color routing design.
Specifically, a deep learning model called UCNN, based on
adjoint optimization, was employed to learn the correlation
between far-field amplitude phase patterns and subwavelength
images, achieving the accurate recognition of hand-written
digits from 0 to 9, as shown in Fig. 4e. The training data of
this model including input images taken from the MINIST
database of handwritten digits (70 000 images with (20 x 20)-
pixel resolution) were eventually down-sampled into 8 x 8
pixels reaching a classification accuracy of 97.5%. Addressing
spectral optimization challenges at the algorithmic level, deep
learning function interpretation proves more capable of reflect-
ing implicit connections between structural parameters and
optical responses. In Fig. 4f, a proposed convolutional correla-

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Optical splitting routing design under different optimization strategy designs. (a) Bayer-array color routing optimized using the genetic algor-
ithm. Reproduced with permission.*® Copyright ® 2022 Springer Nature. (b) A single-layer QR-code-like nano-color router enhanced using the
NSGA-II algorithm.”? (c) Ultracompact color splitter driven by an inverse design genetic algorithm. Reproduced with permission.”®> Copyright © 2022
American Chemical Society. (d) RGB-IR router optimized by gradient-based optimization combined with an FDTD solution. Reproduced with per-
mission.”* Copyright © 2021 John Wiley and Sons. (e) The deep neural network for far-field recognition of subwavelength image sensor optimiz-
ation. Reproduced with permission.”® Copyright © 2020 American Physical Society. (f) The correlator convolutional neural network architecture
used in image reconstruction optimization. Reproduced with permission.”® Copyright © 2021 Springer Nature.

tor neural network (CCNN) serves as a non-linear architecture
generating features that can interpret class image data effec-
tively, demonstrating excellent model generalization capabili-
ties for recognizing images with random structures in the red,
green, and blue color routing channels.

Structure prediction and inverse
design of nanophotonics

The design of nanophotonic color routing relies heavily on
structural simulation and prediction, typically involving tech-
niques such as computational modeling, numerical analysis,
and algorithm optimization.””””® The inverse design strategy in
deep learning has broad and profound implications for opti-
mizing color routing. Typically, in the inverse design process,
the forward networks were employed to train and learn the
potential mapping relationships between label quantities and
images, which precisely reflects upon the corresponding struc-
tures and spectra in color routing.”® Conversely, the reverse
networks focus on feedback loss values to evaluate the quality
of training results, which often determines the performance

This journal is © The Royal Society of Chemistry 2024

superiority or inferiority of the final design structure in color
routing.®*”®" Through such a combined forward and reverse
method, the inverse design process of color routing is thus
succinctly interpreted. However, traditional simulation pro-
cesses mainly entail modeling the electromagnetic behavior
and optical performance of structures, followed by predictions
in the optical domain.®* This process often necessitates
addressing multiple physical field couplings, including
thermal and mechanical considerations, leading to intricate
computations and substantial workloads.®* To address these
challenges, deep learning techniques have been introduced
with the aim of achieving more efficient and precise optimiz-
ation of nanophotonic structures. At the deep learning level,
one widely employed model is that of the convolutional neural
network (CNN), a forward-propagating neural network that
extracts features from input data for -classification or
regression.®>®> CNNs are commonly applied to image proces-
sing tasks, utilizing convolutional layers, pooling layers, and
fully connected layers to learn features inherent in input data.
In contrast, the focus of inverse design methods is on optimiz-
ing objectives, making them particularly attractive for nano-
photonic color routing and associated optimization problems.

Nanoscale, 2024, 16, 9284-9294 | 9289
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multiple photonic structure classes using generative deep learning. Reproduced with permission.®® Copyright ® 2021 John Wiley and Sons.

Given the known outputs or performance criteria, these
methods involve training to establish mapping relationships
between latent variables, optimizing design parameters to
achieve the optimal performance of specific devices.*>®” As
illustrated in Fig. 5a, a deep neural network designed for a
power splitter based on a compact (2.6 x 2.6 um?) silicon-on-
insulator (SOI) chip demonstrates minimized reflection (below
—20 dB), achieving over 90% transmission
efficiency and the desired splitting characteristics. Similarly,
another inverse design approach has shown significant effec-
tiveness in predicting structural colors based on Fabry-Perot
(F-P) cavity structures. This method utilizes a bidirectional
artificial neural network to generate a broader color space cov-
erage exceeding 125% of sRGB, demonstrating high accuracy
(as shown in Fig. 5b). Both of these inverse design solutions,
based on spectral datasets related to transmission or scatter-
ing, showcase the effectiveness of inverse design in optimizing
nanophotonic structures. In another work, a generative adver-
sarial network (GAN) model based on an absorption spectral
dataset (consisting of 20 000 metasurface unit cell designs) is
proposed for optimizing the designs of plasmonic and dielec-
tric metasurfaces (as shown in Fig. 5c). The mentioned
DCGAN model exhibits good generalization capabilities in
both image and spectral generation (maintained accuracy
~90%). By training the generator to establish the mapping
relationship between input data and random latent vectors
(200-dimensional column vector), and iteratively refining the
results through error backpropagation with the discriminator,
the model achieves structures that closely approach the optim-

maximum
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ization objectives. This work undoubtedly represents a notable
application of deep learning in the inverse design of nanopho-
tonic structures, offering constructive insights into the inverse
design of nanophotonic color routing.

Outlook and perspective

In summary, this paper extensively explores color separation
technologies in various image sensors, ranging from tra-
ditional commercial dye filters to plasmonic metasurfaces,
nanoantenna arrays, and algorithmically supported color
routing designs. The analysis of this comprehensive review
leads to the conclusion that wavelength-correlated spatial
routing for color separation technology has advantages over
traditional color filtering techniques, particularly in terms of
high optical flux.* It also holds potential application value for
the continuous development of high-pixel-density image
sensors. The study of multi-wavelength spatial routing at the
submicron scale is of significant academic importance for
advancing novel optical field control technologies in micro-
and nano-optics.”> From the reported research results, it is
evident that, compared to macroscopic diffraction gratings,
both metallic nanostructures and dielectric nanostructures,
based on pattern coupling and phase mutation mechanisms,
can achieve miniaturized spatial color separation.”® These
structures possess the potential for pixel-level integration on
image sensors, theoretically providing 2 to 4 times the optical
flux.”* This issue has not only attracted considerable attention
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from the academic community but has also ignited research
and development enthusiasm among major players in the
image sensor industry. Furthermore, this review delves into
the current state of development of color routing technology
based on deep learning, analyzing the superiority gained by
overcoming bottlenecks of traditional color separation tech-
niques through the introduction of deep learning methods.
Simultaneously, the discussions on spectral sorting, deep
learning-assisted engineering, algorithm-based spectral optim-
ization, and the prediction and reverse design of nano-optical
structures reveal the latent advantages and innovation of deep
learning in color routing design.’>°° In conclusion, this review
provides readers with a comprehensive understanding of the
application of deep learning technology in the field of nano-
color routing. It emphasizes the crucial role of deep learning
in nanophotonics and anticipates future directions in this
field. We look forward to witnessing more exciting discoveries
and innovations in this cutting-edge domain, providing a refer-
ence for the development of next-generation, high-perform-
ance color routing.
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