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Table 1 Comparison of common design algorithms

. Characteristic
Algorithm Type .
of solution

Advantage

Limitation

) ) ) Local . ) ) Sensitive to initial conditions, only applicable to
GS algorithm  Iteration . High calculation speed, simple structure . . .
optimum unitary optical transformation system
. . . Local High calculation speed, suitable for any . o .
YG algorithm Iteration ) . . Sensitive to initial conditions
optimum optical transformation system
Hill-Climbing Local . Sensitive to initial conditions, low calculation
) Search . Simple structure
algorithm optimum speed
) Global ) .
SA algorithm  Search ) Simple structure, strong robustness Slow convergence, sensitive to parameter
optimum
Genetic ) Global . ) )
. Search . Parallel operation Slow evolution, premature convergence
algorithm optimum
. . Global . . . . .
Deep learning Learning . Accurate results, high calculation speed Long training time, sensitive to training data
optimum
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Table 2 Common auxiliary tools for designing DOE

Software Developer Principle Major function Characteristic

Virtuallab Jena University, Diffraction and interference ~ Component and system design for ~ Solver integrating geometry
Fusion Germany of light imaging, detection and shaping and wave optics
DOE Diffraction and interference Multiple optimization

Light Soft, America

Master of light

Diffraction
Tools @
BIT

Beijing Institute of  Diffraction, interference and

Technology, China polarization of light

algorithms, design cascade

DOE

Design of DOE

Multiple design modules,
Design of micro-optics and DOE  joint optimization of complex

optical systems

RS HEH Diffraction Tools@BIT k451, %ob H: i 5 |
KA UEAT T A A IF A A BRI T S 16 P % T
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B3 G0 I TR N 2T A 9 A 1
22 P s Ry S A A R A
AT R . B0, W06 T 3620 (48
80 T A R 48 B A R T 0
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Fig. 4 Design examples of Diffraction Tools @ BIT"™ ™. (a) Intensity distribution of original image; (b) intensity distribution of

reconstructed image; (c) reconstruction error varying with number of iterations; (d) optical setup of image decryption system with

polarization DOE; (e) designed surface relief pattern of polarized DOE; (f) decryption image

%3 DOEMTI5 2% b
Table 3 Comparison of DOE processing methods

o Point-by-
. Projection .
Fabrication method Mask point Source of error
system
method
Binary mask lithography'*" NG X X Mask alignment, line width, depth
Grayscale mask lithography'* ™"’ N X X Nonlinear error
Thin film deposition technology” NG X X Mask alignment, coating thickness
. L . o Mask displacement, mask deformation, particle
Particle beam projection lithography" N NG X )
scattering
Sub-wavelength holographic lithography* ™ «/ X X Holographic mask calculation, mask alignment
Diamond turning'”” X X NG Residual knife mark, surface profile
. . o . S Proximity effect, substrate location, processing
Particle beam direct writing lithography " X X NG .
environment
Imprint"™ X X X Mold, viscous deformation, elastic deformation
Injection moldingL = X X X Mold, viscous deformation, elastic deformation
Digital lithography"***"’ X X X Discrete of DMD pixel elements, illumination uniformity
Femtosecond laser direct writing""""! X X NG Mechanical displacement, proximity effect
Laser interference lithography"""" X X X Material nonlinearity, loss of high frequency

WRAEROE I HOE I T RN P B R K e i TR, B R s 6 3 23 A 9 DOE A2 4 sine bR ECr
SCHCRIE N B S B TOER . BET OGHREIE AT DU A S0 S 2 i 1 DOE AT RATE — E FR Rk A b
MAERR BB RS BOEB I RIE R R, R S R T i T vk R A B
ZA> DU PF I PR A RE HER SR AN TR AR T I AFAE R AP AT A T IO M LR A DG AR R
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Fig. 5 Schematic diagram of two DOEs and two output layers'"”
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Fig. 6 Diffraction deep neural network based on DOE". (a) DOEs manufactured by 3D printing; (b) schematic diagram of cascaded

DOEs for handwritten digit classification
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Fig. 7 Algorithm flow chart for designing DOE that can generate beam with ultrahigh aspect ratio"”

23 38 2T DOE ] L[] e 98 i A5 1 A0 0
i) B G i o0 A, HeH A RS Ta) = 4 0 R R — i AR
2K, TN F 3D A M 4 B ST AR R SRS .
S ZS (8] =4 s B TR 45 A Dammann St i A
Dammann 3% 4 5, PA & #% i1 X Fibonacci Yt F
AR iR A R A R AR 3D O AL 3D
R 3D AR A A S Y T VA B N o

iR DOE 3= 2238 £ %5 A 56 19 I i 8 A8 47 o 17
P A S H ARG R A A o BRI Z AR XA AN ]
Ui o R LI D S Raba o7 N i S S B 7 71 TS
TEA W MR, T o T8 Ot e S H A A
PR AT S 2 IR Ak s 7 AR A [R) B AR 7 ZE AR BIXT AN [
Pt % 000 S5 06 AT DA™= A AN [R] BR l ] o XoF 4% 1) S5 1 A R

T DOE #9058 — J5 181 2 I FH 5 i e R 1 42 = R
go bk REYY, ) — O R A5 A MR e IR R Y
DOE"™ . 478 4% ] [7) 1 A1 FF b il £ £8 4 R ~F 5 06 3
KAl L8 DOE 25 ¥ i, wh 201 R FH ™A% 19 2% 2 775 i 2
WHEAT A, i T IR XU 5 N T XU 568 3% 0
DOE M7 55 25t B PR 81 DAL okl FH 45 1o (] 42 A
Al DA A AR 98 i R O 2 19 DOE .
4.2 EETE

FE T AR A I 1 B I B T 0k AR R B AR SR — X i
HEHE AT V8 i 4 2R T A A BR T A I T P AN S G
HAAREZEMN A, LuE " #E T —METIE e
S RTIE S R DR AE R A I R4 . FEERIES %
1 IR T e BURL, AT LA A e A BR 1 T

0822007-9



B LA

DC JE A Al BR T A, 22015 4 B IR B RO I 2
IR 5 28 i D T F S e AR 4 B PR R DB R &
AT, T A s BUAR BR T 1A A AR

e 3 AR A7 9 A S O TR0 e T R A R Dl
SR R — ol Y ) O R R R A i O TR T I S 5
TR R G 45 U b B B R R — AR
AL AL BETH I DOE AR F i 1 5, S B T X ik 3

%43 % F 8 HI/2023 &£ 4 B/ HEER
BAHRM N AR XFMOLR A B R AERRE,
FE O T ' 2 PR A 45 40 3 LA T R A R FH R
o N T AR BRSO T A AT R h A EE N Y B e R
FEH, Niu &R T —Fh LT 2 A Al A A R 4 B A
HOG o AR S TT . WAY DOE 2 51 68 % i 2 800] LA
SEELAT AR Y BE DGR, 75 20 9 DOE A0 07 43 A5 FIAS 5]
P B AL 1 e G 43 A B 8 TR .

FEl8  SrEl Al A HEEH M DOE™", (a) DOE M43 i 5 (b) AS ] s 5 5 5 b 119 B i ok 3 43 A 1]
Fig. 8 DOE that can realize controllable spin beam""". (a) DOE phase distribution; (b) spin light field distribution at different exit

distances
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Fig. 9 DOE for spectral separation’"”’
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Fig. 10 Polarization filter array and focal plane array sensor'*"
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printing system
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Table 4 Parameters of typical dynamic DOE

Drivin
Material Function Tuning mode Mask Response time &
voltage
Liquid crystal™™" Switchable Electrical X 15 ms/50 ms 20V
) ) ) e ) Electrical/optical/ Dozens of SkV@
Azo-benzene functionalized polymer film Rewritable X i R}
thermal minutes 130 °C
Liquid crystal"'*” Switchable Electrical X 6V
. Switchable/ -
Hybrid nematic liquid crystal '™ . C‘ e Electrical/optical v 1 ms 3Vepm !
rewritable
Blue phase liquid crystal"*™” Switchable Electrical X 545 ps/673 ps 180 V
Chiral liquid crystals"""’ Rewritable Electrical/optical X 100 ps ~175V
Blue phase liquid crystal"*” Rewritable Electrical/optical N/ 16 min 0V
Liquid crystal"” Tunable Optical N, 24 min
Holographic polymer-dispersed Liquid
grapmic poty . lr“::]p § e Rewritable Optical X 40s
crystals '
. 10V
Cholesteric liquid crystal"” Rewritable Optical N 17 min/90 s ( )
erase
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Abstract
Significance Diffractive optics is the most dynamic and potential branch of micro-optics based on diffraction theory.

Diffractive optical element (DOE) is widely used in the design of optical systems as an element that modulates light waves
through optimized structures. As DOE has the characteristics of light weight, easy replication, and high degree of
freedom, and can achieve wavefront conversion, spectral modulation, array generation, and other functions that are
difficult to be achieved by traditional refraction and reflection elements, it has become one of the research hotspots in
modern optics. The characteristics of DOE can be widely combined with optical systems due to its compliance with the
development trend of miniaturization and functional integration of modern optical systems. In addition, it has played an
important role in modern industrial and national defense fields such as information processing, optical fiber communication,
biomedicine, and space technology, and has shown broad application prospects.

DOE based on scalar diffraction theory is the most widely used, and it has the characteristics of reasonable calculation
and wide application ranges. In the process of combining with practical optical systems such as laser shaping, micro-
measurement, and advanced processing, its design method has made significant progress in design theory, design process,
optimization algorithm, and auxiliary design tools. The modeling, design optimization, pre-processing optimization, and
evaluation analysis of DOE in typical optical systems can be realized.

In recent years, there are a large number of interests in DOE designs and some reviews of DOE with a specific
function or purpose, and the latest DOE design methods are required to be summarized. In order to promote the further
development of DOE design methods based on scalar diffraction theory and better serve the development requirements of
modern optical systems for structural compactness and functional integration, it is necessary to summarize the research
progress of existing DOE design methods, discuss the problems restricting their further development, and prospect the

future development trend, so as to provide reference and inspiration for the future research on DOE design methods.

Progress This paper summarizes the design methods of DOE based on scalar diffraction theory. The basic principle of
DOE design is reviewed, and the existing DOE design methods based on the diffraction principle and interference principle
are briefly described. The specific DOE design methods and their applicability are described through several typical
applications, and the technical difficulties in DOE design and the possible application direction in future science and

technology are predicted.

0822007-19
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The scalar diffraction theory is applicable to the case where the feature size of DOE is much larger than the

wavelength. The commonly used formulas include Kirchhoff diffraction integral formula based on point source and plane
wave angular spectrum theory based on plane wave source. The scalar diffraction theory only considers the paraxial
approximation of a single linearly polarized light but fails to discuss the vectorization and polarization coupling of the wave.
It has the advantages of small calculation amounts, fast calculation speeds and can obtain the design results that meet the
requirements of the optical system when the feature size is more than ten times larger than the wavelength.

The design of DOE based on the diffraction principle is an inverse design problem. Since there is generally no
analytical solution to this problem, it is necessary to solve the optimal solution through an optimization algorithm based on
iteration, search, or deep learning (Table 1). The characteristics of the optimization algorithm in terms of convergence,
initial value sensitivity, calculation speed, and whether the solution is the global optimum are critical, which largely
determines the design efficiency and the proximity of the design solution to the real solution.

The design of DOE based on the interference principle is a problem of obtaining an analytical solution through inverse
decomposition. In terms of design, it can be summarized as the inverse decomposition problem of solving the interference
sources with known interference light field. In terms of processing, it can be summarized as the inverse decomposition
problem of solving the interference sources with known encoded light intensity distribution, where the interference source
distribution can be any of amplitude, phase, or complex amplitude. DOE following this principle is often processed by
holographic interference lithography.

DOE is designed to be applied to practical optical systems, so the development of DOE design methods is closely
related to the requirements of applications. Considering the functional requirements of DOE in the fields of light field
regulation, wavefront modulation, spectral modulation, and imaging, this paper discusses the new development of DOE
design methods in traditional application scenarios such as beam shaping and array generation, and summarizes the
integration and development of DOE design methods and new system requirements in cutting-edge directions such as all-
optical diffraction neural networks and extreme ultraviolet lithography masks. In addition, the main design methods of
complex amplitude DOE and dynamic DOE are summarized from the perspective of the development direction of DOE as

an optical element.

Conclusions and Prospects After years of theoretical design and practical requirements of DOE for optical systems,
DOE design methods based on scalar diffraction theory have made important progress in the theoretical model
establishment, optimization algorithm development, and joint optimization with processing technology. However, in the
face of higher diffraction efficiency, higher modulation accuracy, wider spectrum and temperature range, and more diverse
functions of optical systems, the existing design methods still have problems of slow design speed, complex design
process, and limited design freedom. In the future, the universality, accuracy, and applicability of DOE design methods
can be improved by innovating physical models, learning from other fields, and integrating the advantages of existing
optimization methods. It is expected that the well-designed DOE will play an increasingly important role in fields such as

biomedicine, AR display, and space technology.

Key words optical design; diffractive optical element; design; applicability; application
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