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Airy beam applications such as optical trapping, micro-machining, and imaging microscopy have 
garnered significant attention in recent years. This research introduces a comprehensive methodol-
ogy for the design, simulation, fabrication, and evaluation of micro-binary diffractive optical elements 
aimed at generating Airy beams. First, a binary pattern is meticulously designed by means of computer-
generated holography. Subsequently, the optical performance of the pattern is simulated using a Fresnel 
impulse response propagator, which is rooted in the Rayleigh–Sommerfeld diffraction in Fourier optics. 
Following this, a laser writing path is generated through a machine learning decision tree algorithm. A 
multifunctional direct laser lithography system is then used to fabricate the pattern. Lastly, a meticu-
lous assessment of the surface quality is conducted, and an optical verification system is established to 
confirm the optical performance. This holistic process is characterized by its simplicity, self-contained 
nature, and cost-effectiveness due to its independence from masks, unlike traditional methods such as 
photolithography, ensuring a high level of accuracy. Moreover, it is important to note that this process 
is not only suitable for fabricating Airy beam diffractive optical elements, but also has the potential to 
generate other binary diffractive optical elements, notably on the micro-scale.
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I. INTRODUCTION

Diffractive optical elements (DOEs) were invented to 
deflect light into different orders and angles, and they have 
two noticeable advantages. On the one hand, DOEs can 
work at special wavelengths, for instance ultra violet (UV) 
light [1], X-rays [2, 3], or gamma rays [4]. On the other 
hand, DOEs can form unique focal spots such as a vortex 
beam [5, 6] for transdermal drug delivery [7] and X-ray 

microscopy [8] or a Bessel beam [9, 10] to cut glass [11] 
and for light sheet microscopy [12]. As a result, DOEs are 
currently attracting more and more attention. Additionally, 
an Airy beam (AB) is one in which optical waves move 
along a curved trajectory [13–15]. ABs are well known due 
to their use in optical trapping [16, 17], micro-machining 
[18, 19], and microscopy [20, 21]. Specifically, ABs can be 
generated by binary DOEs, even on the micro-scale, and 
thus offer a complete process to design, simulate, fabricate, 
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and evaluate DOE patterns to generate ABs. In this study, 
we present a comprehensive approach for the fabrication 
of an amplitude AB DOE that independently generates an 
Airy beam without the requirement for lenses or additional 
support equipment. Our method is notably straightforward, 
efficient, reliable, and cost-effective, and facilitates the pro-
duction of various binary DOEs in a wide range of complex 
geometries. 

Firstly, computer-generated holography (CGH) [22, 23] 
is employed to create an axicon Fresnel zone plate DOE 
pattern, which generates a conical wave and a beam path 
steering element (BPSE). These elements are combined to 
form a new DOE capable of producing an AB. A Fresnel 
impulse response propagator, based on Rayleigh–Sommer-
feld diffraction in Fourier optics, is used to predict the focal 
spot of the DOE. Following this, a decision tree algorithm 
in machine learning is employed to generate the laser writ-
ing path from the binary matrix of the DOE pattern. The 
design simulation and laser generation steps are facilitated 
with MATLAB Simulink R2020b. Subsequently, the laser 
writing path coordinates are transferred to a direct laser li-
thography (DLL) system.

DLL is renowned for having several advantages, such 
as not requiring a mask to create a high-resolution DOE 
pattern, good cost-effectiveness, and operability in general 
room conditions. The effectiveness of DLL has been dem-
onstrated in previous research on binary DOE manufactur-
ing [24–27], even on cylindrical surfaces [28]. In some 
instances, AB DOE patterns have been manufactured using 
a digital micro-mirror device (DMD) [29] or by means of 
electron-beam direct writing (EDW) [30]. While a DMD 
provides a quick solution to create a DOE pattern, EDW 
can fabricate detailed DOE patterns without requiring a 
mask. However, both methods have drawbacks that must be 

considered. For instance, DMD or a spatial light modulator 
can require many supporting optical elements that increase 
the complexity of the optics system, while EDW will incur 
a high cost and requires a complicated setup and a long 
fabrication time. Consequently, the DLL method is pre-
sented as an alternative alongside DMD, EDW, or any other 
method due to its advantages. In the final stage, the AB 
DOE pattern is validated for its surface quality and optical 
performance capabilities. It is important to note that the AB 
DOE pattern can generate the AB by itself without any sup-
porting optical elements. The entire process is illustrated in 
Fig. 1(a).

This paper is structured as follows: Section II details the 
design and simulation method of the AB DOE pattern, Sec-
tion III describes the fabrication method and presents the 
experiment and results, and Section IV provides the conclu-
sion of the paper. 

II. DESIGN AND SIMULATION

2.1. Design Method
In the first stage, the AB DOE pattern must be carefully 

designed and simulated to define both its shape and its opti-
cal performance. The primary objective of this stage is to 
employ CGH to generate the AB DOE binary matrix, which 
serves as the input for the simulation and laser path genera-
tion step. Previous research [31] has demonstrated that the 
potential-free Schrödinger equation can be used as below: 

j ∂∅
∂ξ

 + 1
2

∂2∅
∂s2  = 0 . (1)

 

  

. (1)

The Airy Accelerating equation [32, 33] is expressed 
here as Eq. (2):

FIG. 1. Entire manufacturing process of (a) the Airy beam diffractive optical element (AB DOE) and (b) an AB DOE pattern design 
method by computer-generated holography (CGH).
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where ∅  is the electric field envelope, s = x / x0 is a dimen-
sionless transverse coordinate, x0 is an arbitrary transverse 
scale, ξ  = z / kx0

2 is the normalized propagation distance 
and k = 2πn / λ 0. In addition, the trajectory is described by 
(ξ  / 2)2 and A(s) = ∅  (0, s) at the origin. Based on these 
equations, different methods of designing and generating a 
binary AB DOE pattern have been studied [29, 30]. In this 
research, a straightforward method is employed to compute 
the AB DOE pattern using CGH in the MATLAB Simulink 
R2020b software. The AB DOE pattern represents a com-
bination of a conical wave generated by an axicon Fresnel 
zone plate [Eq. (3)] and a BPSE [Eq. (4)] [34] prior to 
entering the binary classification process [Fig. 1(b)]. The 
equation for the binary AB DOE pattern is expressed as

A = D exp[2πj(�
λ
)tan(θ)], (3)
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where r = √x2 + y2, x and y are the coordinates, λ  is the 
wavelength, θ  is the angle to control the curvature, n is the 
resolution of the matrix or pixel pitch, M is the number of 
rows and columns of the matrix, and D and E are constants. 
Simply, the constants D and E control the thickness of the 
curves and the angle adjusts the curvature, while M and n 
determine the dimensions of the pattern. Depending on the 
design purpose, these parameters can be changed to control 
the shape of the DOE pattern. As a result, the AB DOE pat-
tern is formed by combining A and B in a binary classifica-
tion process. The transparent area is represented by 0-pixels 
and the opaque area is represented by 1-pixels.

2.2. Optical Simulation
In the following stage, a Fresnel impulse response prop-

agator is used to simulate the optical performance of the 
AB DOE pattern, based on the theoretical Rayleigh–Som-
merfeld diffraction solution I [35]:

U’(u,v) =∬U (x,y) h(u  –  x, v  –  y) dxdy , (5)
 

  

, (5)

where the standard equation of the Rayleigh-Sommerfeld 

impulse response is: 

h(u,v) = 
z
jλ  

exp(jpq)
r2 , (6) 

 

  

, (6)

and

q = √ z 2 + u 2 + v 2 .   (7)
 

 

  

. (7)

U′ (u, v) is the propagation result of the U (x, y) source 
plane, z is the propagation distance and p = 2π / λ . In cer-
tain instances, if there are adjustments to the distance prop-
agation, focal length, or dimensions of the DOE, it may be 
necessary to investigate alternative propagation methods to 
maintain the accuracy of the simulation [36–38]. In Table 
1, DOE patterns with varying parameters are presented to 
elucidate their influence on the shape and focal spot of the 
AB DOE patterns depicted in Fig. 2.

In this section, we present a methodology for the design 
and optical simulation of AB DOE patterns using CGH 
and the Fresnel impulse response propagator method. The 
process is implemented using MATLAB Simulink R2020b 
software. To validate the design and simulation process, we 
use the AB DOE pattern illustrated in Fig. 2(c) as a case 
study for subsequent fabrication and verification in the 
following sections. The resulting binary matrix of the AB 
DOE pattern serves as the basis for defining the laser path 
coordinates, and it is fabricated by means of DLL in the 
subsequent section.

III. FABRICATION AND EXPERIMENT

3.1. Fabrication Results
In the preceding section, we obtained a binary matrix 

that enables the direct generation of laser paths in MAT-
LAB Simulink R2020b without the need for additional 
software. This approach provides precise control over all 
parameters, ensuring the efficiency of the system.

Initially, the position of each pixel in the binary ma-
trix result is transformed into the coordinates of the DOE 
pattern. 0-pixels are designated as NaN (Not a Number), 
and the locations of 1-pixels in the row and column are 
marked to construct the coordinate matrix. Subsequently, 
the coordinate matrix is multiplied by the pixel pitch n 
from the previous section to convert the coordinates to real-
life dimensions in the DLL machine. Finally, the machine 
learning decision tree algorithm is used to scan each row 

TABLE 1. Airy beam diffractive optical element (AB DOE) parameters

M n (um) λ (nm) θ (degree) D E Propagation 
Distance (mm)

750 4 632.8 0.05 0.5 0.5 75
750 4 632.8 0.3 1 1 75
750 4 632.8 0.3 0.5 0.5 75
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(or column), connect every point, and to skip NaN points 
to reduce the calculation capacity and manufacturing time. 
The laser path coordinates are input into the DLL system to 
manufacture the DOE pattern, as depicted in Fig. 3.

The entire process from Section II to the generation of 
all laser path coordinates in Section III was computed in 18 
seconds using MATLAB Simulink R2020b on a laptop (Dell 
Latitude 7390, Intel Core i7-8650U CPU @ 1.90 GHz 2.11 
GHz, 16 GB of RAM; Dell Technologies Inc., TX, USA).

The diagram presented in Fig. 4(a) details the opera-
tional process of the DLL system. First, (1) a laser source 
is activated to produce a laser beam. Following this, (2) 
an acousto-optic modulator is used to regulate the beam’s 
intensity before it traverses through the (3) shutter. The 
shutter, with (4, 5, 6) three mirrors serves to obstruct the 
beam path as required, then redirects the laser beam to the 
(7) laser writing head. The (8) specimen is precisely fixed 
on (9, 10) linear stages X and Y. Notably, the entire system 

  

 

(a) (b) (c)

  

 (d) (e) (f)

FIG. 2. Airy beam diffractive optical element (AB DOE) (a) with D = E = 0.5 and θ = 0.05, (b) with D = E = 1 and θ = 0.3, and (c) 
with D = E = 0.5 and θ = 0.3, (d) simulation results of the DOE pattern in (a), (e) simulation results of the DOE pattern in (b), and (f) 
simulation results of the DOE pattern in (c). The x- and y-axis in (a) to (f) represent a pattern size in those directions.

  

 

FIG. 3. Explanation of laser paths generated by the decision tree learning algorithm.
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is intricately integrated with the control system for efficient 
and coordinated functionality.

The fabrication process of the DOE using the DLL sys-
tem is visually presented in Fig. 4(b). It starts with the prep-
aration of a glass substrate with a refractive index close to 1 
and a chromium (Cr) layer (70 μm) on top its surface, and 
progresses with the importation of the laser paths from the 
previous stage into the DLL system for inscription of the 
desired pattern on the surface. Under the influence of the 
laser beam (514.5 nm), the Cr undergoes a conversion into 
chromium(III) oxide (Cr2O3). Subsequently, a five-minute 
etching procedure is conducted using a chemical solution 
consisting of K3[Fe(CN)6] and NaOH to eliminate the Cr 
layer while safeguarding the Cr2O3 content. This meticulous 
sequence of steps culminates in the successful fabrication 
of the DOEs.

Figure 5(a) shows the results of the fabrication process 
after following the procedure outlined in Section II and 
Section III. Comparison between the simulation results and 
the fabrication results [Figs. 5(b) and 5(c)] indicates a good 
match. Further details regarding the surface measurement 
results and optical verification of the AB DOE pattern will 
be given in the following section.

3.2. Experiment and Results
This section provides a thorough analysis of the surface 

measurement findings and optical capabilities of each DOE. 
Surface measurements were carried out using a commercial 
nano surface profiler (NV-2400; Nano System Co. Ltd., 
Daejeon, Korea).

The AB DOE pattern is presented in Fig. 5(d), which 
provides a comprehensive global view. Moreover, local 
views are depicted in Figs. 6 and 7. Specifically, Figs. 5(d), 
6(a), and 7(a) depict the overall shape of the DOE local 
view, showing a perfect match with the simulation results 
presented in Fig. 2(c). Furthermore, the 3D representations 
in Figs. 6(c) and 7(c), along with the surface measurements 
on the x- and y-axes, reveal stable surface profiles, indica-
tive of flawless fabrication. These findings emphasize the 
robustness, efficiency, and precision of the design and fab-
rication process, which has consistent outcomes from con-
ceptualization to production.

In order to assess the optical performance of the DOEs, 
a precise optical system was meticulously assembled [Fig. 
8(a)]. This system consists of a (1) He-Ne laser as a beam 
source, with a specific wavelength of 632.8 nm. To adjust 
the intensity for the CMOS camera, a meticulous method 
was employed, involving the use of (2, 3) two lenses to ex-
pand the laser beam and a (4) filter. Notably, the experiment 

 

  

 

 
(a)

(b)

FIG. 4. Schematic diagram of (a) the direct laser lithography (DLL) system and (b) its fabrication process.
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(a)

(b) (c) (d)

FIG. 5. Fabrication results: (a) Photographic view of the pattern, (b) the simulation and (c) the experimental results, (d) the 3D shape 
of the pattern obtained by a commercial white-light scanning interferometer.

  

 

(a) (b)

  

 (c) (d)

FIG. 6. Measurement results of (a) the Airy beam diffractive optical element (AB DOE) in Fig. 5(d) (red box), (b) its x-profile, (c) 
the 3D view, and (d) the y-profile.
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(a) (b)

  

 (c) (d)

FIG. 7. Measurement results of (a) the Airy beam diffractive optical element (AB DOE) pattern in Fig. 5(d) (yellow box), (b) its 
x-profile, (c) the 3D view, and (d) the y-profile.

  

 

(a)

  

 (b) (c)

FIG. 8. Photographic view of (a) an optical evaluation system setup, (b) the simulation and (c) experiment images. The x- and y-axis 
in (b) and (c) represent a pattern size in those directions.
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made use of a AC254-030-A-ML lens (with a focal length 
of 30 mm and diameter of 25.4 mm, BBARR COATING 
400–700 nm, N-BAF10/N-SF6HT; Thorlabs Co., NJ, 
USA) and a AC254-300-A-ML lens (with a focal length 
of 300 mm and diameter of 25.4 mm, BBARR COATING 
400–700 nm, N-BK7/SF2; Thorlabs Co.). The (5) specimen 
was accurately positioned in front of the (6) CMOS camera 
on a movable stage. It is essential to note that no additional 
equipment was used to augment the performance of the 
DOEs, thus ensuring that the experimental outcomes pro-
vide an accurate representation of the performance capabili-
ties of the DOEs.

The experimental image presented in Fig. 8(c) exhibits 
a strong correlation with the simulated image in Fig. 8(b), 
indicating a high degree of consistency between the two. 
This alignment suggests that the design, simulation, and 
fabrication processes employed are not only reliable but 
also accurate, effectively validating the methodologies used 
throughout the study.

Furthermore, AB DOE can be further enhanced by inte-
grating a Fresnel zone plate with the AB DOE (the Fresnel 
zone plate must have the same dimensions, resolution, and 

row-column number in comparison with the AB DOE), for 
instance an AB DOE that is similar to the AB DOE in Fig. 
2(a). This innovative combination results in a new type 
of DOE capable of generating dual amplitude beams with 
improved focus without a lens or other support equipment. 
The enhancement is primarily attributed to the superior 
light-focusing characteristics of the Fresnel zone plate, 
which is recognized for its ability to concentrate light into 
a small focal point and is an effective alternative to tradi-
tional lenses in various applications.

The equation of the Fresnel zone plate is given below:

F = exp (jπr2)
λf

, (8)

 

, (8)

where r = √x2 + y2, x and y are the coordinates, λ  is the 
wavelength, and f is the focal length equal to 40 mm. The 
construction of the new AB DOE is illustrated in Fig. 9(a), 
and its optical simulation is presented in Fig. 9(b). The 
manufacturing results of this new design are depicted in 
Fig. 9(c). The parameters employed in the fabrication of the 
new AB DOE are detailed in Table 2.

  

 

(a)

  

 (b) (c)

FIG. 9. A new Airy beam diffractive optical element (AB DOE) formation: (a) A typical design and its image obtained by (b) a 
simulation and (c) a fabrication. The x- and y-axis in (a) and (b) represent a pattern size in those directions.

TABLE 2. New Airy beam diffractive optical element (AB DOE) parameters

M n (μm)  λ (nm) θ (degree) D E Propagation 
Distance (mm)

750 3.5 632.8 0.05 0.5 0.5 40
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The evaluation of the new DOE is depicted in Figs. 10 
and 11. It is evident that the geometric characteristics of 
the new DOE align closely with the simulation results. 

Additionally, there is a significant improvement in focus 
capability compared to the previous DOE design. Figure 11 
provides a comparative analysis of the focus ability at vari-

 FIG. 11. Optical performance of new Airy beam diffractive optical element (AB DOE) in different positions in simulation and 
experiment.
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FIG. 10. Simulation and experimental results of the combined Airy beam diffractive optical element (AB DOE): (a) Simulation 
result, (b) its global view, (c) and (d) local view of the new AB DOE, (e) simulation image, (f) experiment image, (g) and (h) surface 
profile of (d).
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ous positions, thereby substantiating the superior optical 
performance of the new AB DOE in terms of focal depth. 
The new AB DOE is generated on a dual beam at 40 mm 
while remaining only one beam at 30.5 and 44 mm. The fo-
cal length can be optimized by changing the parameters of 
AB DOE and focal length of the Fresnel zone plate. 

The present section introduces a comprehensive proce-
dure for assessing the surface quality and optical perfor-
mance of AB DOE patterns after they are manufactured. 
The findings indicate exemplary surface quality and affirm 
the efficacy of the fabrication method. Additionally, the 
precision of the optical performance of AB DOE patterns, 
as evidenced in comparison to the simulation process, un-
derscores the suitability of the design and simulation for 
the calculation of AB DOE patterns. The applicability of 
this comprehensive methodology surpasses AB DOE. pat-
terns and encompasses a range of other binary DOE pat-
terns, thereby establishing its suitability for broad-spectrum 
manufacturing.

IV. CONCLUSION

This paper presents a comprehensive process for design-
ing, simulating, fabricating, and verifying a micro-binary 
DOE to generate an AB. In this process, the CGH method 
is used as a design tool, and the simulation results are ob-
tained using the Fresnel impulse response propagator in 
Fourier optics. The laser writing path is generated using a 
decision tree algorithm in machine learning and then input 
into the DLL system to produce the DOE pattern. The pat-
tern is then etched into a chemical solution and evaluated 
using an optical verification system to ensure accuracy.

The experimental results match the design and simula-
tion, demonstrating the effectiveness of the calculation 
and manufacturing method. The DOE pattern is compact, 
durable, and ready for use in any optical system without the 
need for additional support equipment. The design method 
is simple and contained within the software to ensure ac-
curacy without the need for expensive additional software. 
The calculation process can be easily optimized for other 
methods or machine systems. Additionally, the DLL system 
does not require a mask and can be maintained in a standard 
room, making fabrication and maintenance costs reason-
able. The chemical solution used for etching is safe, inex-
pensive, readily available, and can be used for an extended 
period of time under standard room conditions. These ad-
vantages make it possible to design and manufacture binary 
DOEs in various shapes and on micro- or even nano-scale 
dimensions with controllable parameters.

The shape of the AB can be easily controlled, including 
the dimensions of the pattern, the thickness of the curves, 
or its curvature, by adjusting the parameters in the design 
equation. Applications of the AB generated by the micro-
binary DOE pattern are widespread and include optical 
trapping, micro-machining, and microscopy, giving it wide 
potential, not only academically but also industrially.
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