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A Fresnel zone plate (EFZP) with an extended depth of focus can maintain focused monochromatic light at differ-
ent distances compared to a general Fresnel zone plate (FZP). The focal distances are determined by dividing the
zone plate into multiple areas based on the desired order. The EFZP has potential applications in various research
fields such as microscopy, direct laser lithography, and optical coherence tomography. However, manufacturing an
EFZP is challenging due to the high precision requirements and difficulties associated with the calculation and sim-
ulation processes. In this research, a complete process is presented to design, simulate, and fabricate an EFZP using
a Fourier optics design, simulations, and a direct laser lithographic machine. The resulting EFZP has an increased
depth of focus of about nine times compared to a general Fresnel zone plate with similar parameters, while main-
taining the focal spot diameter. The performance of this EFZP is evaluated through optical verification and math-
ematical simulation methods. © 2024 Optica Publishing Group. All rights, including for text and data mining (TDM), Artificial

Intelligence (Al) training, and similar technologies, are reserved.
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1. INTRODUCTION

The FZP is a well-known diffractive optics element that finds
various applications in the field of optics such as computer-
generated holograms [1-3], software testing, and even
photography. One of the most impressive features of a FZP
is its capability to function efficiently in short-wavelength light,
such as X-rays [4,5], gamma rays [6,7], and ultraviolet rays [8,9],
which distinguishes it from a lens. Therefore, the FZP plays
a crucial role in not only the optics research field but also the
optics industry.

In the photography and optics field, the depth of focus and
depth of field are two distinct concepts. The depth of focus is
the distance that the image plane moves along the optical axis
while acceptably maintaining the sharpness. Meanwhile, the
depth of field is the space between the farthest and the nearest
objects that are in sharp focus. Some optical systems require
a large depth of focus or depth of field, such as those used in
laser ablation [10,11], microscopy [11,12], and machine vision
lenses [13]. In this research work, we develop a method that
can extend the depth of focus (DoF) of FZPs. Previous research
papers have proposed various solutions to overcome the short
focal length distance of FZPs. Some researchers have modified
the FZP pattern and added additional equipment to the optics
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system to achieve the desired DoE For instance, Zhang ez al.
used a fractal zone plate and one lens [14,15], while Xu ez /.
combined a multiring pure-phase FZP and a single lens [16].
Similarly, Torcal-Milla ez a/. used a sector-based FZP combined
with a spatial light modulator (SLM) and two lenses to achieve a
larger DoF [17].

However, these studies still have some limitations. For exam-
ple, the concept of a fractal zone plate [14,15] or a multiring
pure-phase FZP [16] may result in a loss of intensity due to the
large opaque area, especially when relatively few stages are used.
Additionally, using a lens to focus the light from the zone plate
can cause certain optical aberrations. Moreover, the concept of
the sector-based zone plate in earlier work [17] requires multiple
optical elements in the system, such as a SLM with a beam split-
ter, two lenses, a pinhole, a quarter-wave plate, and a phase map
to remove the aberrations of the wavefront. Moreover, using
a SLM to implement a zone plate pattern can pose additional
challenges when fabricating patterns with small parameters [18]
or, in [19], the three-dimensional finite-difference time domain
algorithm is applied to evaluate the optics performance but has

not fabricated the real product making it difficult to use in the
industrial field.
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To address these drawbacks, our research focuses on devel-
oping a method of designing and manufacturing an EFZP
that does not require any external optical equipment, while
the EFZP is in use. Thus, we divided the FZP into multiple
sub-areas with different focal lengths, allowing us easily to
determine the order of the sub-areas and their focal length for
specific purposes, such as extending the DoF or creating a zone
plate with multiple focal lengths. The greatest challenge is the
fabrication process due to the complexity of the FZP pattern and
the small parameters involved. To overcome this challenge, the
directlaser lithography method, which has been proven effective
in previous research [20-22], especially in FZP manufacturing
[23-25], is utilized. First, we calculate the EFZP by adjusting
the ratio between each sub-area, after which we apply Fresnel
propagation [26-28] to simulate its performance. The laser
writing pattern is then generated to control the laser machine,
and finally, a chemical etching method is used to form the EFZP.
In order to prove the effectiveness of the EFZP, we conducted an
experiment using an optical verification system.

The rest of this paper is structured as follows: Section 2
explains the design method of the EFZP; Section 3 demon-
strates the simulation process; Section 4 explains the fabrication
method; Section 5 presents the experiment; finally, Section 6
concludes the paper.

2. EFZP DESIGN PROCESS

The well-known transmittance function of the FZP in Fourier
optics is based on the traditional design equation of creating
alternating transparent and opaque regions [29]:

ty(r) = % {1 + sign |:cos (%{7"2)]} circ (%) , (1)

whilst w is the radius of the zone plate of the FZP; k = 2;’ s A s
the wavelength, and fis the focal length of the zone plate; r =
Vx24 )/2; and x and y are the coordinates of the sample matrix.

The circle equation circ is given by

Lif | 2| <1
circ <L>: l |“’|_ , (2)
w 0 if |i| > 1
and the purpose of the circle equation is to generate the circular

shape of the zone plate. Moreover, the sign function necessary to
form the binary zone plate is defined as follows:

1if [cos (%ﬂ)]
(-

0 if [cos <2f )] =0. (3)
—1if [cos <2f )] >0
Subsequently, the binary zone plate with a diameter of 2w
focuses the light with A at focal length £ [Fig. 1(a)]. In addition,
by modifying some of the parameters in Eq. (1), other variants
of the zone plate are generated. For example, upon a change of
Eq. (1) to

w0t s o () e (2).

0
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(a) (b) (c)

w=1mm w=1mm w=1mm
f=20mm f=20mm f=20mm
A=632.8 nm A=632.8 nm A=632.8 nm

u=landv=0.5

Fig.1. (a) Negative binary zone plate, (b) positive binary zone plate,
and (c) elliptical zone plate.

the zone plate will change from a negative zone plate to a positive
zone plate [Fig. 1(b)]. Alternatively, if adding two constants p
and v toadjustr =/ ux2+vy?, thecircularzone plate will turn
into an elliptical zone plate [Fig. 1(c)].

As explained in the introduction, in order to create a muldi-
region zone plate with multiple focal lengths, the zone plate
is divided into several sub-areas by adding a constant value
(7) to the equation (Eq. 1). For example, the first area of the
multi-region zone plate can be defined as follows:

1 . ko, o
tg1(r) = 5 {1 — sign |:cos (ﬁr )]} circ (ET]> ,
while0 < 71< 1. (5)

Here the new zone with a radius equal to w; = Ty w is com-
pared to the original zone plate. The next region 74, with focal
length /" and radius w, =
inside area equal to T; w so that the transmittance function of 24,

T,w is calculated by removing the

can then be calculated using the equation below:
1 k
tar(r) = E {1 — sign |:cos (2_f/72>:|} circ (%Tz)
1 k
3 {1 — sign [cos (Tfrz>:|} circ <%r1>

while0 <ty ,<1;T1< 12, 1+ = 1. (6)

The outcome here is a new zone plate with acreage identical
to the original zone plate but with two focal lengths f and f.
In summary, the general formula to create a multi-region zone
plate with radius w and m, focal lengths f1, f2, f3, ... fo, as

wellas m 4 1 constants 7y, 71, T2, T3..-
Z (1 . ko, . r
ta(r) = mX::I {5 {l — sign |:cos (mr )i“ circ (Etm)
1 k
- = {1 — sign [cos (me rz)iH circ (%rm_l)}

while 7o =0; 7,,—1< Tpy, T1, T2, T3... T > 1,

m
D =
m=1

7, is given by

[\S}

()
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Fig.2. Multi-focal-length Fresnel zone plate.
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(c)

Fig.3. Different types of multi-region zone plates: (a) multi-region
elliptical zone plate, (b) multi-region square zone plate, and (c) combi-
nation of these three zone plate types.

Fig. 4.

(a) EFZP and (b) FZP simulation model.

As mentioned in the introduction, this concept is highly
flexible. The acreage of each area, as well as the position of
each focal length, can easily be arranged. This results in advan-
tages when attempting to control the intensity of each focal
length. Additionally, this design minimizes the opaque regions,
unlike the fractal zone plate concept [14,15]. Figure 2 provides
an example, showing a zone plate with three focal lengths of
f1=30mm, f,=15mm, and f3 =50 mm with each zone
having a different acreage with 7; = 0.25, 1, = 0.5, and 13 = 1;
the total radius w = 1 mm, and the wavelength A = 632.8 nm.

Furthermore, many types of multi-region zone plates can be
created, such as a multi-region elliptical zone plate [Fig. 3(a)],
a multi-region square zone plate [Fig. 3(b)], and even a unique
pattern that combines these three types of zone plates [Fig. 3(c)].

To increase the depth of field of a FZP, the gap between each
focal length of the EFZP should be minimized. Depending
on the number of regions, the focal length of the EFZP will
be larger and smoother. The area of each region should also be
considered to maintain the intensity of the EFZP. This paper
presents the design of an EFZP to demonstrate its efficiency, as
shown in Fig. 4(a). The EFZP will be simulated mathematically
and verified through experiments in subsequent sections. In
addition, a normal FZP, with similar parameters, will be used as
areference for comparison with the EFZP, as shown in Fig. 4(b).

Table 1. EFZP and FZP Parameters

w(mm) f(mm) A (nm) T
EFZP 1 = 20:0.1:22 6328 1/\/& whilea=1,2,3...21
Fzp 1 21 632.8

The EFZP has a radius of 1 mm and is divided into 21 regions
with focal lengths ranging from 20 to 22 mm, with a gap of
0.1 mm between each focal length. Additionally, the wavelength
used is A = 632.8 nm, and each region has the same area. As a
result, the total expected focal length of the EFZP ranges from
19.5 to 22.5 mm, which is a range of 3 mm. The parameters of
this EFZP are illustrated in Table 1.

3. SIMULATION METHOD

Matlab software is used for the simulation process. The well-
known Fresnel propagation equation is applied to describe the
optical performance of the EFZP and FZP [30]:

Jkz .
U (u,v) = e’kz // U(x, y) e%[(”_")z"'(”_y)z]dxdy, (8)

J

while U'(u, v) is the propagation result of the source plane
U(u, v) at a distance of z (millimeters). The intensity chart is
calculated a shown below [31]:

I (u,v)=|U (u, v)|". (9)

Equations (8) and (9) can simulate the optical performance
of many diffractive elements. Figure 5 shows the simulation
image and intensity result of a circular FZD, linear FZP, elliptical
FZP, and square zone plate with the same focal length of 20 mm
and wavelength A = 632.8 nm. In a unique case such as the
micro FZP, the numerical aperture of the FZP is bigger than 0.4;
another method is suggested in [32-35].

Additionally, the image and intensity simulation results of
the EFZP and FZP with a beam source A = 632.1 nm and with
a propagation distance ranging 19-25 mm are illustrated in
Figs. 6 and 7 (see Visualization 1 and Visualization 2 for more
details).

It is evident that the EFZP is more focused compared to the
FZP. While the effective focal length of the FZP ranges from
20.5 to 21.5 mm (about 1 mm), the EFZP has a much larger
range of 19-24.5 mm, resulting in a depth of field of about
5.5 mm, exceeding the expected DoF of 3 mm. In the next
step, the process of fabricating the EFZP through direct laser
lithography and chemical etching will be presented.
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Fig.5. Simulation results by Fresnel propagation.
Z = 20 mm
Z =19 mm
Fig.6. Imagesimulation results: (a) EFZP and (b) FZP (see Visualization 1).

4. FABRICATION

During the fabrication process, direct laser lithography and a
chemical etching process are applied to manufacture the final
product. The entire process is presented in Fig. 8.

For the direct laser machine system, an EFZP pattern is

required as input information. In other words, the laser path’s

movement must be generated by the traditional equation
introduced in many previous studies [36-38]:

2)\2
S f, + ”4 =t (10)

Here 7, is the radius of the nth ring. To ensure that the acreage
is similar, it is necessary for the outermost ring of each region to
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Fig.7. Normalized intensity simulation result: (a) EFZP and (b) FZP (see Visualization 2).
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Fig.8. Fabrication process.

(b) (c)

Fig.9. (a) Laser moving path, (b) initial three regions of the EFZP,
and (c) final pattern of the EFZP.

have a similar value of w - 7,,, as shown in Table 1. The values
for each parameter in Eq. (10) are provided in Table 2, with the
wavelength A set t0 632.8 nm.

For every value of 7, one r, value is generated, and a pair of
these values creates a ring, resulting in two rings in each region.
Figure 9 illustrates the formation of the EFZP and the zig-zag
pattern used to optimize the manufacturing process [39].

In the nextstep, the direct laser lithography system uses a laser
beam source to illuminate Cr material on a glass substrate with
a refractive index of approximately 1. Under the effect of the
laser beam, the material turns to Cr,O3. In the following stage, a
chemical treatment is utilized with two solutions—K3Fe(CN)¢

Table 2. EFZP Pattern Parameters

Region No. Jo (mm) n

1 20 l1to4
2 20.1 5to08
3 20.2 9t0 12
4 20.3 13t0 16
5 20.4 171020
6 20.5 21t024
7 20.6 25t028
8 20.7 29t0 32
9 20.8 331t036
10 20.9 37 t0 40
11 21 41 to 44
12 21.1 45t048
13 21.2 491052
14 21.3 53 to 56
15 21.4 57 to 60
16 21.5 611t0 64
17 21.6 65 to 68
18 21.7 69t072
19 21.8 73t076
20 21.9 77 to 80
21 22 81to 84

and NaOH—for 5 min. Subsequently, the Cr is removed, while
the Cr,O3 remains on the glass. In other words, the EFZP is
successfully created. The detailed measurement results of the
EFZP are shown in Fig. 10.

5. EXPERIMENTAL RESULTS

An optical verification system was designed to evaluate the
effectiveness of the EFZD, as shown in Fig. 11. The system
uses a He—Ne laser as a beam source with a wavelength of
632.8 nm. In order to reduce the intensity to suit the CMOS
camera, a filter is used along with two lenses to expand the
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Fig.10. (a) EFZP surface, where R, = 14.03 nm, R, = 16.52 nm,
R, =70.52 nm, and R, =70.27 nm. (b) Measurement of two differ-
entareas of the EZP specimen: (a) Position 1 and (b) Position 2.

laser beam. Two lenses in the experiment are the Thorlabs
AC254-030-A-ML  (f=30mm, D=254mm, BBARR
COATING 400-700 nm, N-BAF10/N-SF6HT) and Thorlabs
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AC254-300-A-ML (/=300 mm, D =25.4mm, BBARR
COATING 400-700 nm, N-BK7/SF2).

The CMOS camera is placed on a moving stage and travels
a distance of 17-25 mm away from the zone plate. It should
be noted that no other equipment is capable of enhancing the
performance of the zone plate, meaning that the experimental
results are the true representation of the EFZP. The results of
the experiment are presented in Figs. 12 (see Visualization 3
for more detail) and 13. It is readily apparent that the outcome
demonstrates a high level of agreement with the simulation
results in the previous section.

The effective focal length ranges from 19 to 24.5 mm
(5.5 mm) in comparison to the normal FZP, which ranges
from 20.7 to 21.3 mm (0.6 mm). This implies that the depth
of field has increased by approximately nine times. Figure 14
compares the focal spot diameter between the EFZP and normal
FZP. On the one hand, the focal spot diameter of the EFZP
remains consistent at approximately 0.035-0.04 mm through-
out the 5.5 mm DoF. On the other hand, the focal spot diameter
of the normal FZP is roughly 0.03 mm within the 0.6 mm
DoEF. Table 3 presents the results of a comparison of devices in
previous research and the EFZP here.

6. CONCLUSION

In this research, a new method for creating an EFZP using direct
lithography has been developed. The EFZP is based on the idea
of a multi-region FZP, which can increase the DoF, depending
on the number of regions and the focal length. A simulation
is conducted using Fresnel propagation on Matlab software.
The EFZP is then created using direct laser lithography and
chemical etching on a glass substrate with a refractive index of
approximately 1.

The optical verification system confirms that the EFZP
closely matches the simulation. The EFZP can extend the DoF
without the need for additional optical elements such as lenses
or a SLM. The design of the EFZP is highly flexible and can be
adjusted for different purposes by changing parameters such

He-Ne laser Beam expander

Fig.11. Experimental setup.

CMOS
Camera

Filter EFZP

=

Moving Stage

- WY\
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Z =19 mm

(a)

Z =19 mm (b)
Fig.12. Experimentimage results: (a) EFZP and (b) FZP (see Visualization 3).
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0.0 "0 4 oA 0.0 vz =24mm
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Fig.13. Experimentintensity results: (a) EFZP and (b) FZP.
as the number of regions, their size, or the order of the focal
lengths.
- This new concept has several advantages over those presented
)
P in previous studies. First, it eliminates the need for support
o* . .
0.05 . F 3 equipment such as lenses or a SLM, reducing both the cost
b * . . . . .
= el and size of the system, while also removing optical aberrations.
% o Additionally, the design of the EFZP minimizes the opaque
-0.05 '.-'° . % area, unlike a fractal zone plate. This makes it a viable option
ok ™, fo.r ap?llcatlons in microscopy, coherence tomogra;.)hy, :and
v, direct lithography, particularly in UV and X-ray band imaging,
S e=—0 21 22 23 =4 0ot where the use of lenses is difficult and the depth of field is crucial.
z [mm] Furthermore, the EFZP can function as a filter if the wavelength
Fig.14. Focal spot diameter comparison. value A differs in certain regions. In future work, we plan to
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Table 3. Comparison Results
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Concept DoF (mm) Extend DoF Note

Fractal Zone plate [14] 2.5 14 times greater Require lenses

Quasi-fractal zone plate [15] 20 1.5 times greater Require a special image device to achieve a better result

Sector-based zone plate [16] 25 5 times greater Require two lenses, a pin hole, and a SLM to create a
sector-based Zone plate

Multi-ring pure-phase binary 2.5 Requirealensand a SLM

optical elements [17]

EFZp 5 9 times greater Support equipment is no required.

develop a method for optimizing the intensity and focal spot
diameter of this EFZP to improve its performance.
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