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Abstract: Multilevel diffractive lenses (MDLs) has undergone considerable advancements, marked
by their exceptional efficiency and diverse focusing capabilities, resulting in their widespread use in
optical systems. In recent times, MDLs have consistently been juxtaposed with metalenses, which
have experienced swift progress over the last decade. Concurrently, MDLs have continued to evolve,
propelled by their distinct advantages, such as cost-effective production and adaptability for mass
manufacturing. This article explores the evolution and foundational concepts of MDLs, highlighting
the advantages of their circular symmetry in enhancing simulation and optimization efficiency.
Furthermore, we present several innovative fabrication methods for MDLs that capitalize on the
latest advancements in 3D printing technology. We also show the practical applications and potential
future developments of MDLs.

Keywords: multilevel diffractive lens; cylindrical FDTD; 3D printing

1. Introduction

Optical lenses have been crucial components in various fields, such as microscopy and
laser technology, where they act as the central pieces of optical systems. In classical wave
optics, the manipulation of light propagation is mainly achieved through the phenomena
of reflection, refraction, and diffraction. The governing principles of these processes are
the law of reflection, Snell’s law, and the grating equation, respectively [1]. Meanwhile,
traditional optical systems rely heavily on large optical components such as convex lenses
and parabolic mirrors, which operate based on the principles of refraction and reflection,
respectively. However, traditional lenses that operate on the principle of refraction are
terribly affected by the Rayleigh diffraction limit. Furthermore, the reliance on convex
lenses hinders the progress of optical systems towards achieving greater compactness
and integration.

To relieve the effect of this limitation, there is a growing emphasis on the importance
of optical diffraction devices, which are compact and easily integrated into systems [2—4].
These devices have the potential to revolutionize the field by enabling the creation of more
compact, efficient, and highly integrated optical systems. Due to their compactness and
ease of integration, diffractive devices are increasingly playing key roles in the advancement
of optical technology, for example the planar lenses.

Over the past few decades, significant progress has been made in developing planar
lenses [5], known for their lightweight, thin profiles, and high efficiency, as well as their
capacity to handle the Rayleigh diffraction limit. [6].

A range of planar lenses has been brought to fruition through the concerted efforts
of numerous researchers, as depicted in the Figure 1, which exemplifies the relationships
between different planar lenses. Among these, Fresnel zone plates (FZPs) stand out as an
exemplary type of Fresnel lenses that embodies feature of compact sizes [7-10]. However,
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the fabrication capability may affect the diffraction efficiency of FZPs [11]. Consequently, a
more efficient type of planar lenses, specifically the multilevel diffractive lenses (MDLs), is
increasingly capturing the interest of researchers, showed in Figure 2.

Metalens

Multilevel Planar lens
diffractive lens

Fresnel zone plate

Fresnel lens

Figure 1. The category of planar lenses comprises Fresnel lenses, Fresnel zone plates, and the quickly
developing field of metalenses, which have made significant progress in recent years. Researchers
posit that multilevel diffractive lenses (MDLs), which have evolved from the principles of Fresnel
lenses, share many common functionalities with metalenses and are sometimes considered a novel
class of metalenses.

MDLs provide a substantially greater degree of freedom compared to FZPs [12]. As
a result, MDLs can achieve a relatively high efficiency and have potential applications
across a variety of fields, including imaging [13,14], optical communications, holography,
and virtual reality [15]. There has also been examples of MDLs working range from keV
X-rays [16], ultraviolet [17], visible light to infrared [18], terahertz frequencies [19]. The
benefits of MDLs include their compact size, lightweight construction, and compatibility
with the integration of other optical components. These attributes render them highly
suitable for use in compact optical systems, particularly those found in mobile devices and
micro-optical systems.

In the last decade, the emergence of metasurfaces which alter the amplitude, phase,
and polarization of light through the use of structures smaller than the wavelength of light
has paved the way for researchers to delve into the design and manufacturing of metalenses
across an extensive spectrum of wavelengths, extending from the visible light spectrum
to infrared and terahertz frequencies [20-23]. However, it’s crucial to recognize that the
current research on metalenses is mainly concentrated on materials with high refractive
indices or metals, which results in complex manufacturing processes. Consequently, the cost
of producing metalenses remains excessively high, which hinders their mass production
and large-scale manufacturing capabilities.

Currently, there is an increasing perspective that MDLs can be considered as metal-
enses when their structures are reduced to the sub-wavelength scale [24,25]. This under-
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scores the vast potential of MDLs across various contemporary optics disciplines, offering
researchers substantial incentive to continue advancing and make further progress in
this domain.

However, the production of MDLs can be quite demanding due to the exacting require-
ments of their multilevel structure. Fabrication methods like electron-beam lithography
(EBL) and direct laser ablation (DLA) are frequently employed for creating MDLs, but
these necessitate complex manufacturing processes. The complexity of fabrication has
historically posed a challenge to the development of MDLs, slowing progress in the field
since the previous century.

In this article, we will begin by examining the principles of MDLs, including the
design and simulation processes. This involves innovative inverse design methods and
electromagnetic simulation techniques that relying on the capabilities of modern comput-
ing. These advanced tools have significantly enhanced our ability to refine and evaluate
the performance of MDLs. Next, we will focus on the prevalent fabrication techniques
employed for MDLs, highlighting how emerging additive manufacturing technologies offer
advantages over conventional lithography methods. We will delve into the progress that
has been made in this area, as well as explore the emerging applications and the potential
future developments in the field of MDLs.

Elarvioptics Sub-wavelength  |nverse design

20t century

19t centul 21st centu

Fresnel lens Multilevel diffractive optics 3D printing

Figure 2. The research in Fresnel lens concept by Augustin-Jean Fresnel in the 19th century repre-
sented a significant early development in the field of diffractive optics. As laser technology emerged
and there was a demand for more efficient optical components, binary diffractive optics, such as FZPs,
were invented in the 20th century. The late 20th century saw the evolution of multilevel diffractive
optics to enhance efficiency and expand functionality. In the 21st century, advancements in MDLs
included the creation of sub-wavelength structures, the utilization of 3D printing technology, and the
adoption of inverse design methods.

2. Principles

Multilevel diffractive lenses (MDLs) and metalenses are promising optical technologies
that surpass traditional lenses by utilizing multiple discrete phase levels to manipulate
light wavefronts. This results in improved focusing performance, such as high numerical
aperture (NA) and the correction of optical aberrations. Typically, these lenses are made
from dielectric materials such as silicon and are designed using optimization algorithms
and inverse design methods. In the case of metalenses, nanostructures are meticulously
patterned on a sub-wavelength scale to produce the desired optical performance. MDLs
also require a similar patterning to achieve specific phase profiles. Fortunately, the circular
symmetry characteristic of MDLs allows for electromagnetic simulations to be conducted
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in cylindrical coordinates, significantly reducing the computation time required for finite-
difference time-domain (FDTD) methods, which are essential for inverse design processes.

2.1. Optical Path Difference

Figure 3a depicts the illustration of a MDL, highlighting the ring structures charac-
terized by their width w, heights h and radial distances . In the case of a chromatic MDL
designed to function at a specific wavelength Ay and with a given focal length f, the phase
profile gpp;, must conform to the equation Equation (1):

puoL (1) = 30 (f ./ +f2) M

where r represents the radial distance. This equation ensures that the MDL is capable of
focusing light at the desired wavelength and focal point.

To attain the phase profile ¢)p;, as described by the equation Equation (1), the indi-
vidual rings of the MDL must introduce a phase change that corresponds to their radial
position r. The optical path length through the dielectric material, which has a refractive
index n, can be expressed as the product of the ring’s height hypr (r) - n and the refractive
index n. Consequently, the difference in optical path length relative to that through free
space is given by hypr(r) - (n — 1).

This optical path length difference translates to a phase difference ¢py, which is
calculated by the formula Equation (2):

2r
¢mpL(r) = hppr(r) - (n— 1)70- @
Here, Ay is the design wavelength. By equating this phase difference to the desired
phase profile, we can derive the expression for the height of each ring, as shown in the
equation for hypr. (r) Equation (3). This relationship allows for the precise design of MDL
ring heights to achieve the desired optical performance.

A
hmpr(r) = mGDMDL (r) 3)
(b)
Initial Optimization
structure algorithms

No

Satisfying
performance

Yes

Optimized
structure

Figure 3. Illustration of MDL and inverse deign methods. (a) The depiction of a MDL under

cylindrical coordinates, the variable r denotes the radial distance from the lens’s central axis, w
signifies the width of each concentric ring structure, and  corresponds to the heights of the individual
ring cylinders that comprise the MDL. (b) The inverse design methodology initiates with a preliminary
configuration of widths w and heights h associated with each radial distance r. Following the
application of optimization algorithms, this leads to the refinement of the structure, culminating in a
design that meets the specified performance criteria.
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2.2. Cylindrical FDTD

The efficacy of MDLs is often assessed through sophisticated simulation methods,
with the FDTD approach being widely utilized. This technique entails the discretization
of the electromagnetic field in both spatial dimensions and the time domain, enabling
computational processing by computers. Such simulations are instrumental in confirm-
ing the design accuracy of a MDL and in guaranteeing that its performance aligns with
predefined specifications.

However, the computational demands of these simulations can be substantial, fre-
quently necessitating considerable processing time and computational resources. Particu-
larly, FDTD analyses, which require the management of a vast array of mesh points, often
demand considerable memory resources. This is due to the large volume of data that must
be processed and stored during the simulation, especially when high-resolution modeling
is required for precise predictions of the MDL's optical behavior.

Researchers have been exploring solutions to the computational challenges associated
with simulating MDLs, for example a nonuniform FDTD for simulation of MDLs has been
promoted [26], which can provide more efficient simulations for MDLs by varying the
grid size across the computational domain. This technique allows for higher resolution in
critical areas while using a coarser grid elsewhere, thus reducing the overall computational
resources required.

Additionally, the circular symmetry inherent in MDLs can be strategically utilized
to simplify FDTD simulations. By taking advantage of the symmetry in the cylindrical
coordinate system, the complexity of the simulation can be significantly reduced, leading
to faster computation times and less demand on memory resources [19,27]. This approach
is particularly beneficial for MDLs, as it aligns with their natural symmetry, making the
cylindrical FDTD method an ideal choice for their analysis.

Here, we offer a straightforward theoretical examination of the cylindrical FDTD’s
capacity to effectively simulate an MDL. Considering the Ampere’s circuital law with
Maxwell’s addition, the differential equation could be:

oD

VxH=204], (4)

in cylindrical coordinate showed in Figure 3a, the curl of magnetic field H could be
represented by:
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and the partial derivative of electric field D with current J could be written as:
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the components of electromagnetic field in Equations (5) and (6) along the same vector
could be extracted like:
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suggest that the electromagnetic property of MDLs satisfy % = 0 due to the circular
symmetry characteristic, then:
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Notably, the Equations (10)—(12) are similar to the two-dimensional FDTD equations

in Cartesian coordinates except the term —* Hy , which indicates that using the cylindrical
coordinate FDTD simulation of MDL could reduce the dimensionality of the spatial grid,
and wouldn’t affect the precision of results. Besides the Ampere’s circuital law with
Maxwell’s addition, the Maxwell-Faraday equation in cylindrical coordinate also satisfy
this conclusion.

2.3. Efficiency Depends on Phase Levels

Extensive research has been conducted on the efficiency of MDLs, taking into account
factors such as numerical aperture and the quantification of phase levels [28]. One of the
key benefits of MDLs over FZPs is their construction of rings with varying heights, which
facilitates the creation of multiple phase levels, thereby ensuring higher efficiency [29,30].
In comparison, FZPs often feature a binary structure, which may result in lower diffraction
efficiency due to its limited phase variation capabilities [31]. The optical performance of
MDLs is further improved by incorporating a multitude of height levels or phase steps,
allowing for more precise control over the wavefront of light rays and enhancing the overall
efficiency [32].

Researchers are continually examining the efficiency variations in MDLs that result
from different phase level quantifications between 0 — 2 7t [33-35]. It has been widely
shown that the incorporation of additional height levels in MDLs enables more exacting
control over light wavefront, leading to enhanced focal points and the rectification of optical
aberrations. Through the meticulous regulation of phase at successive levels, MDLs can
achieve greater diffraction efficiency and reduce unwanted optical artifacts.

Nevertheless, there is often a need to balance the sophistication of phase level precision
with the practicalities of manufacturing. The quest for higher optical performance through
finer phase quantification may be constrained by the limitations and expenses of producing
lenses with an increased number of distinct height levels, necessitating a trade-off between
optical precision and fabrication feasibility.

Intriguingly, the selection of quantification levels can also be strategically optimized.
A pioneering approach has been introduced that employs varying phase quantifications
across different regions of MDLs [36]. This method has demonstrated that satisfactory
performance can be maintained, even when the outer zones are quantified with only 4 phase
levels, while the central region is characterized by a higher degree of phase precision. This
innovative strategy provides fresh insights into the quantification approaches for MDLs.
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2.4. Inverse Design

Designing MDLs often requires the application of inverse design method with ad-
vanced computational approaches and optimization strategies to achieve complex optical
functions that are not readily computable through conventional principles, such as achrom-
atization and enhancing depth of focus in lenses. To facilitate the design process, an array
of cutting-edge computer-aided design and simulation tools has been developed [37,38].

The inverse design method initiates with the desired end result and then retraces the
steps to engineer the required device or system specifications. This is in contrast to tradi-
tional design methods that start from known principles and make gradual improvements.
Inverse design is unique in that it sets the target outcome first and then seeks the most
suitable configuration to realize that goal.

One of the key advantages of inverse design is its ability to reveal innovative design
solutions that could be overlooked by more traditional methods. It frees designers from
conventional constraints, enabling them to explore novel configurations that may boost
performance, efficiency, or functionality.

Inverse design frequently employs computational tools including optimization algo-
rithms [39], machine learning [40,41], and artificial intelligence. These technologies aid in
exploring the vast design space to identify the most effective solution that meets the prede-
fined goals. Through iterative design parameter adjustments, the optimal configuration
can be ascertained, ensuring the lens performs as intended, as illustrated in Figure 3b.

2.5. MDLs with Sub-Wavelength Structure

The performance distinctions between MDLs and metalenses have been a topic of
investigation [42]. A few studies have indicated that metalenses used for image projection
do not necessarily outperform MDLs in terms of optical efficiency [43].

When it comes to metalenses, a defining feature is their sub-wavelength detailing [44].
With the current progress in micro-nano fabrication technologies, an increasing number
of MDL structures are being realized with sub-wavelength dimensions. Consequently,
several scholars have categorized MDLs with sub-wavelength structures as a subset of
metalenses [24,25,45]. This indicates that the future evolution of MDLs is likely to embrace
flexible design methodologies akin to those used for metalenses.

MDLs vs metalenses: Although MDLs with sub-wavelength structures sometimes
could be considered as metalenses, there are some differences between them.

* Design approach: MDLs can be designed through inverse design techniques using
cylindrical FDTD simulations, which offer high efficiency and accuracy. Conversely,
metalenses are typically crafted by calculating meta-structures with the application of
periodic boundary conditions, a process that might introduce minor inaccuracies when
aligning the meta-structures.

¢ Material: MDLs have the flexibility to be manufactured from various materials utilizing
dielectric materials with a high refractive index. In contrast, metalenses may incor-
porate metals along with materials of high refractive index to facilitate the required
phase changes.

* Fabrication: MDLs are generally less complex and less costly to fabricate than met-
alenses, especially for large apertures. In comparison, the fabrication of metalenses
tends to be more complex and expensive, owing to the fine precision needed to create
their nanostructures.

¢ Polarization sensitivity: MDLs typically exhibit polarization insensitivity, maintaining
consistent performance irrespective of the polarization of the incident light. In con-
trast, metalenses can be engineered to respond variably to different polarization states,
a feature that may be advantageous or disadvantageous depending on the specific
application requirements.
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2.6. Achromatic MDLs

The sub-wavelength features and multilevel phase quantification of MDLs enable
their potential for aberration correction across specific frequency bands, which is especially
beneficial for broadband imaging applications. Theoretically, researchers have shown
that MDLs can achieve a high numerical aperture (0.9) along with a broad operating
bandwidth (300 nm within the visible spectrum) [46]. Comparative theoretical analyses
of broadband performance among various planar lenses also highlight the potential of
achromatic MDLs [47].

One approach to tackling chromatic aberration involves increasing the height of the
MDL, effectively extending the phase quantification from 0 to n - 2 7. By employing a
numerical method that minimizes an objective function representing the deviation between
the complex transmission functions of the designed MDL at multiple wavelengths and the
complex transmission functions of lenses with a focal distance f tailored for each wave-
length, achromatic MDLs can be engineered [48]. This process necessitates optimization
algorithms to find a satisfactory achromatic MDL [13,49].

Furthermore, the inverse design technique can be applied in the design of achromatic
MDLs, integrating optimization algorithms with electromagnetic simulations [19,50]. This
underscores the significant value of an efficient electromagnetic simulation, such as cylin-
drical coordinate FDTD. A variety of optimization algorithms could be utilized in this
context, including differential evolution (DE) [50], particle swarm optimization (PSO) [19],
genetic algorithms (GA), and stochastic gradient descent (SGD), among others.

3. Fabrication

The manufacturing of MDLs is significantly influenced by the progress in micro-nano
fabrication technologies. Concurrently, these fabrication techniques have a direct impact
on the performance characteristics of MDLs [51-54]. The complex, multilevel structures
of MDLs have posed challenges for micro-nano fabrication [55]. Nonetheless, with the
evolution of micro-nano fabrication technologies into more advanced and adaptable forms,
the successful production of MDLs has been repeatedly achieved using various state-of-
the-art methods. These include reactive ion etching (RIE) [56-59], lithography [60,61], and
3D printing [62]. Additionally, efforts are being made to apply antireflective coatings to
MDLs to enhance their efficiency [63]. In this section, some of the most commonly utilized
fabrication techniques for creating MDLs would be explored.

3.1. Electron Beam Lithography

Electron beam lithography (EBL) is a nanotechnology technique renowned for its
precision and resolution in fabricating micro-nano structures. It entails focusing a precise
electron beam onto a surface coated with an electron-reactive material, known as a resist, to
etch the desired patterns. After patterning, the resist is developed and etched, transferring
the design to the underlying substrate. EBL stands out for its sub-10 nanometer resolution,
making it crucial for MDLs intended for visible light or shorter wavelengths.

EBL is especially proficient in creating binary diffractive lenses, such as FZPs, which
are prized for their precise focus control. For instance, EBL has been effectively used to
produce lenses that can finely tune the light’s focal point, as depicted in Figure 4a [64].
While EBL is highly effective for creating binary structures, it might not be the best choice
for devices requiring multilevel configurations.

For multilevel structures using EBL, the lithography must be repeated several times,
as outlined in [65]. The intricacy of such designs can pose challenges, and the associated
costs can be variable and potentially very high, which may render it less practical for
producing MDLs.
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40-layer diffractive lens mask

Figure 4. This figure showcases various examples of widely used fabrication technologies for MDLs.
(a) A binary diffractive lens fabricated by EBL. Reprinted with permission from [64] © Optical
Society of America. (b) A 40-layer diffractive lens produced on a photoresist layer atop a glass
substrate by GSL, featuring a topographic range of approximately 10 um and designed for operation
at A = 1550 nm [66]. © 2022 Published by Elsevier B.V. under a Creative Commons CC-BY 4.0
License. (c) A diffractive lens manufactured using NIL, showing a sine-like radial relief of fabricated
diffractive lens [67]. © The Authors. Published by SPIE under a Creative Commons Attribution
4.0 Unported License. (d) A 4-level MDL crafted through DLA with a laser system operating at a
wavelength of 1064 nm, a pulse duration of 13 ps, a repetition rate of 1 MHz, and a peak energy of
60 pJ. Reprinted with permission from [68] © Optical Society of America.

3.2. Grayscale Lithography

To surmount the challenges associated with fabricating multilevel structures through
EBL, grayscale lithography (GSL) has been developed, enabling the creation of substrate
features with varying depths or heights [69,70]. Distinct from conventional lithography
techniques that typically yield binary outcomes, GSL is capable of producing patterns with
different levels of exposure or material removal, leading to three-dimensional structures
with smooth gradients or steps in height.

GSL has proven particularly effective for crafting MDLs. For instance, a long-
wavelength infrared (LWIR) MDL was manufactured using GSL on a silicon substrate
for imaging purposes [71]. Additionally, a 40-layer diffractive lens, with a topographic
range of approximately 10 pm and designed for operation at A = 1550 nm, has been
realized on a photoresist layer over a glass wafer, as depicted in Figure 4b. This lens could
be incorporated into a two-lens varifocal system [66].

3.3. Nanoimprint Lithography

Nanoimprint lithography (NIL) is a highly effective technique for creating multilevel
structures. It is a cutting-edge nanofabrication method that allows for the high-resolution
and precise patterning of nanostructures onto a range of substrates. During the NIL process,
a template or mold with nanoscale features is applied onto a polymer resist, impressing
the pattern onto the resist. The resist is subsequently cured and solidified, after which the
template is removed, resulting in an exact replica of the pattern on the resist’s surface.

NIL is recognized for its simplicity, high production efficiency, and scalability, which
positions it as a potential technology for the economical production of nanoscale devices
and structures.



Symmetry 2024, 16, 1377

10 of 19

In a recent development, researchers have successfully fabricated MDLs utilizing
both GSL and NIL [72]. This approach has been shown to allow for the accurate creation
of MDL microstructures with a error margin of 10%, highlighting excellent structure
control capabilities and fabrication accuracy. Significantly, NIL has drastically reduced the
fabrication time for MDLs, from 5 h to merely 10 min per unit.

3.4. Direct Laser Ablation

During micro-nano fabrication, various techniques are employed to etch patterns onto
surfaces. Direct laser ablation (DLA) stands out as a particularly popular choice. DLA
involves the use of a precision laser beam to inscribe or remove material from the surface
of optical elements [73,74], creating patterns with resolutions that span from sub-micron
to nanometer scales. This method facilitates the production of intricate, high-resolution
micro-nano structures tailored to specific designs, making it ideal for the fabrication of
multilevel architectures.

The lasers utilized in DLA are mode-locked and can emit pulses in the picosecond
(ps) to femtosecond (fs) range. A series of terahertz MDLs with varying degrees of phase
quantization, from binary to continuous profiles, have been documented [68]. These were
created with a laser system operating at a wavelength of 1064 nm, a pulse duration of 13 ps,
a repetition rate of 1 MHz, and a peak energy of 60 uJ. An example of a 4-level MDL among
them is depicted in Figure 4d.

In addition to ps pulse lasers, there has been a growing trend in the use of fs pulse
lasers for fabrication tasks. The feasibility of fabricating a 4-level terahertz MDL using fs
laser ablation has been demonstrated [75]. Another instance of MDL fabrication using an fs
laser was also presented, where the laser provided the shortest pulse duration of T = 156 fs,
maintained an average power of P = 5 W at a repetition rate of 50 kHz, resulting in an
energy per pulse of E = 100 pJ [76].

3.5. Fused Deposition Modeling

Fused deposition modeling (FDM) is a form of additive manufacturing, commonly
known as 3D printing, that employs a thermoplastic filament. This filament is heated to
its melting temperature and then extruded layer by layer through a nozzle to construct a
three-dimensional object. The printer head traverses a predetermined path, depositing the
material continuously and allowing each layer to cool and solidify before the subsequent
layer is deposited.

While FDM 3D printing may not match the fabrication precision of methods like
lithography or DLA, it is well-suited for the production of MDLs intended for frequencies
below the infrared spectrum, such as millimeter wave or terahertz wave. A range of phase
binary diffractive lenses operating at 0.625 THz have been successfully created using a
3D printer [77]. Additionally, 3D printing has been utilized to fabricate MDLs for the
0.11-0.17 THz frequency band [19], a 21-level MDL produced via FDM 3D printing is
showcased in Figure 5a. There are also instances of 3D printing being used for MDLs
designed for lower frequencies; for example, a MDL for 10 GHz applications has been
manufactured using FDM [78].
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Figure 5. Several instances demonstrate the application of cutting-edge 3D printing technologies in
the fabrication of MDLs. (a) A 21-level MDL created using FDM 3D printing technology working at
0.14 THz. Reprinted with permission from [19] © 2023 Chinese Optics Letters. (b) A MDL integrated
onto the tip of an optical fiber, designed for operation at a wavelength of 780 nm, crafted through
TPP 3D printing. Reprinted with permission from [79]. © 2021 American Chemical Society. (c) A
single-layer, aberration-compensated supercritical lens operating at a wavelength of 633 nm, also
produced using TPP 3D printing. Reprinted with permission from [80] © Optica Publishing Group.

3.6. Two-Photon Polymerization

Two-photon polymerization (TPP) is an advanced 3D printing technique that is gaining
prominence in the fabrication of micro-optics and integrated optical components [81,82].
Offering greater precision than FDM 3D printing, TPP is well-suited for applications at
infrared or visible wavelengths [83]. This method involves focusing a femtosecond laser into
a photosensitive resin through a high NA microscope objective, which leads to a nonlinear
absorption process where two photons are absorbed at once, initiating polymerization at
the focus [84]. By steering the laser beam along a predefined path, intricate 3D structures
can be crafted with high precision and fine details.

TPP has been extensively utilized in the production of MDLs. An example is an
MDL fabricated on an optical fiber tip for operation at a wavelength of 780 nm, which
achieved a focusing efficiency of 73% with a notably high NA of 0.85, as depicted in
Figure 5b [79]. Additionally, a single-layer aberration-compensated supercritical lens for
a working wavelength of 633 nm has been proposed, capable of sub-diffraction limited
focusing within a 20° field of view, consisting of 300 concentric rings with a fixed lateral
scale of 200 nm but varying thicknesses to achieve an eight-level phase modulation, as
shown in Figure 5¢ [80]. A similar MDL designed for 633 nm operation [85] was also
created using a femtosecond pulsed laser with a wavelength of 780 nm, a 100 fs pulse
duration, and an 80 MHZz repetition rate in the TPP 3D printing. Recently, an achromatic
lens has been successfully demonstrated using TPP [86], featuring a multilayer structure.

In summary, an increasing number of researchers are exploring the use of 3D printing
technology for the manufacture of MDLs, attracted by the convenience and efficiency of
3D printing, as well as the growing maturity of the technology, which now allows for the
fabrication of high-precision structures.

4. Application

In contrast to conventional lenses, MDLs offer several advantages such as compact-
ness, ease of integration, and the ability to handle the diffraction limit, rendering them
particularly valuable for certain applications. Unlike metalenses, which are known for
their polarization-sensitive properties and can exhibit varied effects depending on the
polarization direction, MDLs are generally utilized in scenarios that require polarization
insensitivity [39]. Additionally, MDLs tend to be more straightforward to manufacture
with large apertures when compared to metalenses. In this section, several applications of
MDLs would be explored.
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4.1. Integration

Leveraging their compactness factor, MDLs can be more readily incorporated into
optical systems. They are especially advantageous in applications that demand lightweight
optical components, making MDLs a suitable alternative to conventional bulky lenses. A
case in point is the ultra-lightweight harmonic diffractive lens deployed in the 3U CubeSat
nanosatellite launched in March 2021 for Earth remote sensing [87]. Furthermore, MDLs
can be integrated with fiber tips [88], working together for light focusing, collimation,
coupling to a light source, beam tailoring, and also for imaging and trapping applications.

4.2. Imaging

Similar to metalenses, MDLs are capable of delivering resolutions that surpass the diffrac-
tion limit, which enables the visualization of intricate structures and details that conventional
lenses might struggle to capture. Moreover, MDLs can be engineered for a variety of special-
ized imaging systems serving diverse objectives. They can notably extend the depth-of-focus
across multiple wavelengths, also mitigating the limitations associated with larger aberrations
and achieving achromatic focusing and imaging within a specific wavelength range [14].

Additionally, MDLs can be designed to possess multifocal capabilities, allowing them
to focus different wavelengths at their respective desired focal lengths [65,89]. They are
also adept at managing both high NA and broadband imaging in a single setup [90].

With the assistance of MDLs, innovative approaches and algorithms have been de-
veloped for lensless, full-color computational imaging. The innovation lies not only in
the design and optimization techniques for MDLs but also in the novel definition of the
point spread function (PSF) for RGB imaging with a broadband input light and the com-
putational inverse imaging based on sparse color image modeling for simultaneous RGB
channels [91,92]. The imaging process utilizing MDLs is depicted in Figure 6a. Further-
more, the successful design and end-to-end optimization for computational imaging with a
hybrid optical setup consisting of a single refractive lens and a diffractive phase-encoded
multi-phase mask have been demonstrated, taking into account the aperture size, lens
focal length, and the distance between the MDL and sensor as variables for optimizing
diffractive achromatic extended depth-of-field imaging [93].

(a) Conventional Lens
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Figure 6. MDLs serve various imaging functionalities. (a) MDLs enable lensless, full—color computa-
tional imaging. Reprinted with permission from [91] © 2018 Informa UK Limited, trading as Taylor
& Francis Group. (b) A MDL designed for extreme depth—of—focus imaging has been showcased,
capable of focusing a beam across a range from 5 to 1200 mm. Reprinted with permission from [94]
© Optical Society of America. (c) A multilevel diffractive doublet, consisting of two MDLs, has
been demonstrated to achieve a 100° field of view (FOV) at A = 850 nm, offering high focusing
efficiency and excellent resolution for imaging purposes. Reprinted with permission from [95]. ©
2023 American Chemical Society.
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A MDL designed for extreme depth-of-focus imaging, as shown in Figure 6b, has been
developed to focus a beam across a range from 5 to 1200 mm. This demonstrates that new
types of planar optics with large bandwidths and extensive DOF are feasible [94]. The use
of a varifocal diffractive lens in multi-depth microscope imaging has also been showcased,
highlighting the potential of flat shapeshifting optics as a foundation for next-generation
optical systems [96].

A multilevel diffractive doublet, comprised of two MDLs, as illustrated in Figure 6c,
has been demonstrated to achieve a 100° FOV at A = 850 nm, offering high focusing
efficiency and excellent resolution for imaging [95]. Beyond the visible spectrum, the
potential of MDLs for use in terahertz imaging has also been explored [97].

4.3. 3D Display

Autostereoscopic 3D displays often encounter several critical challenges, including
the need for a broad FOV, minimizing crosstalk and ghost image, achieving satisfactory
light efficiency, resolving the vergence-accommodation conflict, and maintaining a compact
design [15]. These issues can be mitigated through the use of planar optics, such as MDLs.

An example of this is a planar diffractive lens that manipulates the light field to create
converged views across a significantly extended depth-of-field, providing high spatial
resolution suitable for the human eye [98], as depicted in Figure 7a,b. In this instance, all
the previously mentioned gaps were meticulously addressed, with a viewing distance that
spans from 24 to 90 cm, an enhancement of the depth-of-field by a factor of 1.8 x 10*-fold,
crosstalk reduced to below 26% across a range of 66 cm, and light efficiency reaching 82%.

Figure 7. MDLs enhance the capabilities of 3D displays. (a) A diagram illustrating how a planar
diffractive lens can modulate the light field to create converged views across an extended depth-
of-field, offering high spatial resolution suitable for human vision. Reprinted with permission
from [98] © Optica Publishing Group. (b) Visual representations of the vector light field 3D display as
seen from various angles. Reprinted with permission from [98] © Optica Publishing Group. (c) The
proposal of a large (20-inch) see-through combiner that utilizes 2,073,600 pixelated, intertwined MDLs
for a full-color, glasses-free 3D display experience. Reprinted from [99], © 2024, with permission
from Elsevier.

In recent developments, a sizeable (20-inch) see-through combiner has been conceptu-
alized, utilizing 2,073,600 pixelated intertwined MDLs to enable a full-color, glasses-free 3D
display [99], as depicted in Figure 7c. This setup has successfully achieved light efficiency
rates of 30.57% for red, 30.68% for green, and 18.58% for blue light, respectively.

4.4. Functional Devices in Optical Systems

In addition to their diverse applications, MDLs serve crucial roles in controlling
light within numerous optical systems, such as those used in optical communication
systems [19,100].
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A single multi-focal MDL has been suggested to enhance the design of laser seek-
ers, simultaneously improving both the linear measurement range and the measurement
sensitivity of the seeker [101].

MDLs are also utilized for creating structured light. For instance, a demonstration
of THz light being shaped into structured, self-accelerating, and nonlinearly propagat-
ing nonparaxial radiation has been showcased [76]. Additionally, there are examples of
generating orbital angular momentum (OAM) light using a multilevel angular phase con-
tour [102]. Moreover, a novel MDL, deviating from the typical circular symmetry, has been
designed and experimentally tested for focusing high-power terahertz radiation into a
square area [103].

5. Conclusions and Outlook

In this article, we present a comprehensive review of the evolution of MDLs, tracing
their development from FZPs to MDLs and metalenses. We delve into the core principles
underlying the design of MDLs, with an emphasis on inverse design methodologies and
efficient electromagnetic simulation techniques. Subsequently, we examine the fabrication
approaches that are commonly used in the production of MDLs. Furthermore, we highlight
the potential of cutting-edge fabrication technologies, such as 3D printing, which show
great promise for the manufacturing of MDLs, including FDM and TPP.

We also outline various applications where MDLs could be effectively utilized. The
increasing significance of planar optics indicates that MDLs are poised to become a key
element in future optical systems, serving vital functions in the realms of micro-nano optics,
photonic computing, and virtual reality. Additionally, we believe that the design principles
of metalenses could greatly enhance the design process for MDLs, revealing immense
potential for the further advancement of MDL technology.

Challenges: The fabrication of MDLs with sub-wavelength features, similar to met-
alenses, often demands high-precision techniques, which can be difficult to accomplish,
particularly for larger apertures or finer phase level quantification. Additionally, there is
a need for the development of dielectric materials with higher refractive index suitable
for MDLs. Furthermore, the inverse design methods used for MDLs face the challenge of
requiring more efficiency and modernization, such as through the integration of neural
networks or other advanced machine learning technologies.

Future perspectives: The advent of additive manufacturing technologies like FDM
and TPP offers a higher degree of precision for the production of MDLs, enabling the
achievement of more finely quantified phase levels. As inverse design strategies continue
to evolve, it becomes possible to design MDLs with multifunctional capabilities aiding by
sub-wavelength structures, such as lenses with extended depth-of-focus and achromatic
lenses, demonstrating a more versatile control over light manipulation.
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Abbreviations

The following abbreviations are used in this manuscript:

DE Differential Evolution

DLA  Direct Laser Ablation

EBL Electron Beam Lithography
FDM  Fused Deposition Modeling
FDTD  Finite-Difference Time-Domain
FOV Field of View

Fzp Fresnel Zone Plate

GA Genetic Algorithms

GSL Grayscale Lithography
LWIR  Long-Wavelength Infrared
MDL  Multilevel Diffractive Lens
NA Numerical Aperture

NIL Nanoimprint Lithography
OAM  Orbital Angular Momentum
PSO Particle Swarm Optimization
RIE Reactive Ion Etching

SGD  Stochastic Gradient Descent
TPP Two-Photon Polymerization
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