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Abstract  

 

The inherent limitations of refractive optics, such as bulkiness, limited field of 

view, and significant size and weight, have prompted a shift toward the development of 

ultra-thin, cost-effective optical solutions. The adoption of flat optics is crucial for a 

wide range of applications, from consumer electronics such as smartphones, wearables, 

and virtual reality, to specialized fields such as quantum technologies, space exploration, 

and communication systems. As the technology landscape is expected to shift from 

electronic to photonic technologies that use light for information processing and data 

exchange, there is an urgent need for the next generation of flat optical components. 

These components promise to modulate the light wavefront in dimensions comparable to 

the wavelength of light. However, conventional manufacturing methods present several 

challenges, including complex lithographic processes, inefficient use of resources, 

generation of hazardous waste, and high energy consumption. Maskless lithography on 

amorphous polymers containing azobenzene molecules is emerging as a groundbreaking 

alternative. 

This Thesis presents the development of an azomaterial-based lithography technique for 

the fabrication of flat diffractive optical elements with reprogrammable light response. 

The fabrication process is driven by a large-scale surface mass transport that occurs in 

azopolymers under structured light absorption, allowing the direct and all-optical 

inscription of reconfigurable optical devices in a single lithographic step. This process 

enables the fabrication of fully reconfigurable diffraction gratings with varying 

periodicity and chromatic dispersion, flat lenses with tunable focal lengths at low cost 

and high quality, and pixel-free holographic projectors, with efficient and advanced 

image formation capabilities. This sets the stage for future innovations in optical device 

fabrication, and provides a sustainable, versatile, and cost-effective pathway of 

prototyping and manufacturing flat optics. 
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1 
1 Introduction 

From the earliest cave paintings to the most advanced semiconductor 

manufacturing processes, the art and science of surface engineering  

 has played a central role in the evolution of human civilization.  

 

Over the course of evolution, both animals and plants have developed a wide 

variety of structures to ensure their interaction with the environment, including the 

ability to modulate light. This can be achieved through micro- and nanostructures that 

bend, reflect, and scatter light to produce color without pigments.1 For example, light 

waves interfering with surface microstructures on the wings of a Morpho butterfly 

produce its signature iridescent blue.2 This natural ability to manipulate light serves as 

a profound inspiration for human research advances.3 It outlines a pathway that aims 

first to replicate and subsequently extend the solutions observed in nature and then to 

extend them to new emerging frontiers. This ambition is driven by the expected 

transition from electronics to photonics, which will represent a significant leap in 

technological evolution. In the field of IoT, photonics can facilitate the development of 

more efficient and faster communication between devices, enhancing connectivity and 

functionality in smart homes, industries, and cities.4 Similarly, in quantum computing, 

photonics plays a crucial role in the development of systems that use the principles of 

quantum mechanics to perform computations at speeds unattainable by conventional 

computers.5 Optical elements have traditionally been represented by refractive 

components such as glass-made prisms and lenses. They have been represented the core 

of optical systems, allowing us to access the cosmos or the micro-world with the advent 

of telescopes and microscopes, respectively.6,7 Despite their effectiveness, refractive 

optics impose several limitations in terms of size, weight, and optical performance. The 

advent of flat optical elements has been a transformative shift,8–10 and it is linked to the 

revolution that quietly began more than 200 years ago with the fabrication of the first 

diffraction grating.11 A diffraction grating is an optical component with a regular 

pattern of closely spaced lines, apertures, or microstructures, with a scale size 

comparable to the wavelength of light.12,13 When light interacts with the 

microstructures, it is shifted or dispersed in a manner complementary to refractive 

prisms, but in this case the mechanism responsible for these effects is diffraction. 

Despite their longstanding development, diffraction gratings remain a key technology,14 

because they enable the miniaturization of optical systems, such as spectrometers,15 
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where light needs to be dispersed. This ability to miniaturize and integrate into devices 

such as smartphones16 or tissue-detection systems17 marks a significant advance that 

was once considered unimaginable, and demonstrates the innovation that diffraction 

gratings can bring to modern optical applications.  

Diffraction gratings pioneered a new era in photonics by introducing the principle of 

manipulating light through diffraction, paving the way for the advent of Diffractive 

Optical Elements (DOEs) for light shaping.18,19 Diffractive lenses took this revolution a 

step further by using the phenomenon of diffraction to precisely focus and shape light 

beams by changing the amplitude or phase of incoming light waves.20 They can even 

outperform standard refractive lenses in terms of functionality. In hybrid refractive-

diffractive systems, diffractive lenses with complementary dispersion properties to that 

of glass can be used to correct chromatic aberrations.21 Alternatively, they can be 

combined with polarization optics to implement vector diffractive optical elements such 

as full-Stokes parameter sensors.22 Their design can be further extended and empowered 

by deep learning models,23 to achieve the light focusing beyond the diffraction limit from 

light superoscillations,24 or to develop diffractive lenses capable of broadband 

achromatic imaging.25 For these reasons, flat lenses are listed among the world’s top ten 

most promising technologies.26 The main advantage of flat diffractive optics over their 

standard counterparts is the possibility to design planar components capable of 

arbitrarily shaping of an incident light wavefront, enabling the next generation of 

displays and holographic projectors.27–29 In addition, DOEs are inherently thin and flat, 

with typical sizes on the scale of light wavelength, making them significantly more 

compact and lightweight than refractive components. By integrating multiple functions 

into a single diffractive element, optical systems can be simplified, reducing the number 

of optical components, alignment challenges, and size.8 This advantage is particularly 

critical for applications where size and weight constraints are paramount. Photonic 

devices designed for space exploration are a notable example. Here, additional weight 

and size are severe limitations. In this field, diffractive optical elements have proven to 

be the core component of space telescopes,30,31 and even at the basis of solar sails.32,33 

Several other technological fields can benefit from DOEs, such as virtual and augmented 

reality,34–36 green energy harvesting,37 healthcare38,39 and, most notably, quantum 

photonics.40,41 

Despite the enormous applicability of DOEs, the landscape of flat optical components 

has been dominated by metasurfaces in recent years. Metasurfaces are artificially 

structured thin films with subwavelength features. The geometry and the orientation of 

these subwavelength resonators induce a phase shift in the incident wavefront of light, 

allowing a full control of light propagation, including phase, amplitude, and 

polarization.42–44 Metasurfaces have been used to implement various optical components, 

including blazed gratings,45,46 lenses,47–49 and holograms,50–52 with unprecedented 

functionalities and applications.53 Compared to DOEs, metasurfaces face more 

demanding design and fabrication processes that are complex and resource-intensive.54 

This complexity arises from the intricate structures of metasurfaces, which require 

precise engineering and fabrication at the nanoscale to achieve their novel light 

manipulation capabilities. As a result, the development of metasurfaces entails 

significant challenges, including higher costs and longer production times. Consequently, 
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despite the theoretical advantages of metasurfaces in terms of their superior control of 

light, the practical advantages of these surfaces over traditional DOEs for conventional 

applications, such as imaging, remain a subject of ongoing debate within the scientific 

community.55–57 

The enhanced performance of planar optical elements is achieved at the cost of precise 

surface geometries, which must be manufactured at the (sub-)wavelength scale, using 

fabrication processes similar to those employed in the chip industry. Optical lithography 

and e-beam lithography stand out as the dominant fabrication techniques for planar 

optics.13,58,59 The conventional fabrication workflow of optical lithography begins with 

the exposure of a photoresist to UV light, which is patterned by a photomask.60 

Electron beam lithography replaces this process with an electron beam raster scanning, 

resulting in a higher lateral resolution,59,61 typically required for metasurfaces 

fabrication.54 Optical lithography methods are generally more resource efficient than e-

beam lithography, offering higher throughput and lower cost, at the expense of limited 

resolution. After exposure, a series of chemical, physical, and thermal treatments are 

typically required to transfer the pattern to a suitable substrate capable of modulating 

light.58 This is a significant challenge, as this methodology is associated with the 

generation of waste products, including residual materials and chemicals that pose a 

significant health risk to those involved in the manufacturing process.62 In addition, the 

need for high-resolution equipment for the photomasks fabrication,63 as well as the 

requirement for cleanroom conditions,13 further compounds the complexity and cost of 

those standard process. Advances to improve sustainability include the adoption of 

nanoimprint lithography,64,65 or scanning probe approaches66,67 which remain severely 

limited by mask dependency and extremely low throughput, respectively. Another key 

limitation of conventional lithographic techniques is that they inherently produce static 

surface geometries. This means that the functionality of a planar optical device is frozen 

at the fabrication stage, limiting its adaptability to future requirements or applications. 

Currently, liquid crystal technology stands as the only method to implement fully 

reconfigurable DOEs, although it faces significant challenges in terms of electronics and 

miniaturization.28 Conversely, experimental efforts have been directed at enabling the 

post-fabrication tuning of metasurfaces to provide them with adjustable functionalities, 

however the tunability range that can be achieved remain limited.68–71  

As a result, the development of fully reprogrammable planar optical components, 

manufactured using a scalable and environmentally sustainable methodology remains a 

challenge. 

 

1.1 Research motivations 

 

The Ph.D. program in "Quantum Technologies" aims to foster a new scientific 

awareness based on interdisciplinary skills useful for the development of quantum 

devices and technologies. This approach is crucial, especially considering the current 

landscape where quantum computing resources are only accessible to large corporations 

and research institutions. From a purely photonic perspective, the gap between the 
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theoretical foundations of quantum sciences and their practical applications is 

significantly influenced by the challenges associated with the physical implementation of 

quantum computers. To illustrate the scale of these challenges, consider that a 

functional linear optics quantum computer would require an experimental setup 

consisting of approximately 104 optical components,72 such as beam splitters and phase 

shifters. Building such an extensive optical table is beyond our current capabilities and 

imagination, making the task seemingly insurmountable using conventional approaches. 

The path forward a working device therefore lies in the miniaturization and integration 

of all the necessary optical components, including photon sources and detectors, onto a 

single chip.73 Micro- and nanostructure fabrication facilities are dominated by a few key 

players scattered around the world.74 From a pure research perspective, this 

monopolization significantly limits the research focused on the development of novel 

planar optical components. This complexity arises because the design process, material 

synthesis, fabrication, and subsequent testing of the device may need to be carried out 

in different facilities, often outside the researcher's own institution and dispersed around 

the globe. 

During my three-year Ph.D. program, my research focused on the development of a 

direct, all-optical, maskless lithography technique for the fabrication of fully 

reconfigurable diffractive optical elements. The core of my research was the use of 

azobenzene-containing polymers as an alternative to conventional photoresists. 

Amorphous azopolymer thin films incorporate azo dye molecules within their polymer 

chains. Absorption of UV-visible light by these molecules initiates a photoisomerization 

process, that causes a macroscopic mass migration within the polymer matrix. This 

migration results in the creation of surface relief structures, whose geometries are 

precisely defined by the pattern of the illuminating light and its constituent parameters 

such as intensity, polarization, and wavefront shape.75 Unlike conventional photoresists, 

these surface relief patterns are developed directly under illumination and remain stable 

after the light source is turned off. This process unfolds in a single photopatterning step, 

eliminating the need for the post-exposure treatments required in standard lithography. 

By employing a simple optical setup where two beams interfere at the material surface, 

periodic structures acting as diffraction gratings can be produced in one all-optical step. 

The use of a digital light modulator, capable of generating and projecting a grayscale 

spatially structured intensity distribution of light onto the film surface, allows for the 

creation of even arbitrarily complex structures.  

The essence of my research revolved around the arbitrary spatio-temporal modulation of 

the writing beam, laying the foundation for a maskless lithographic tool designed for the 

complex fabrication of DOEs. This approach brings several advantages to the field. 

First, the ability to generate arbitrary surface patterns by tailoring the light distribution 

at the azomaterial surface facilitates the fabrication of highly customized optical 

elements. In addition, by circumventing the conventional lithographic post-exposure 

steps, and eliminating the need for a physical mask, this technique significantly reduces 

the materials consumption and operating costs for DOEs fabrication. This direct 

patterning method also introduces the promising capability to test DOEs during their 

actual fabrication process. This integration facilitates real-time analysis and 

optimization of the surface geometry throughout the entire fabrication process, ensuring 
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that adjustments can be made instantaneously to achieve the desired results. An 

additional turning point in this methodology is the reconfigurability of the generated 

structures. It is possible to optically erase and rewrite the intended surface geometry, 

allowing for a dynamic modification and tuning of the optical properties of the DOEs. 

This feature not only increases the flexibility and utility of the fabricated devices, but 

also opens up new avenues for adaptive optics, where devices can be tailored in situ 

without the need for a physical replacement.  

The proposed technique has been demonstrated and validated by experiments carried 

out over the last three years. This approach has enabled the fabrication of 

Shapeshifting Diffractive Optical Devices such as diffraction gratings with fully 

controllable and reprogrammable periodicity and geometries, diffractive lenses with 

variable focal lengths, and holographic projectors that can be reprogrammed on demand 

to generate images or encode and store encrypted information. The guiding principle of 

my research has been shaping microstructures with light and shaping light with 

microstructures. This dual-focus approach encapsulates the essence of not only using 

light as a tool to shape microstructures, but also using those microstructures to 

manipulate light itself.  

A fundamental aspect of this research project was that it was carried out entirely within 

the University of Naples, without any dependence on external facilities. The research 

was fully conducted at the Department of Physics in the Optics of Materials 

Laboratory, headed by Dr. Stefano Luigi Oscurato and Prof. Pasqualino Maddalena. 

Here the azomaterial photopatterning framework for the fabrication of DOEs was 

developed and refined. This was also made possible through a collaborative effort with 

the Department of Chemistry, particularly with the research group of Prof. Fabio 

Borbone, responsible for the material synthesis and engineering. 

 

1.2 Structure of the Thesis and Author’s contribution 

 

This Thesis adopts the format of an article dissertation, consisting of a four-

chapter summary and a collection of nine original articles, which constitute the central 

body of the work. These articles, which have been published in peer-reviewed journals 

spanning the disciplines of optics, materials science, and chemistry, reflect the 

interdisciplinary nature of my research. It's important to note that while the articles are 

listed according to their publication dates, they are discussed in a different order within 

the Thesis. This deviation from chronological order is intentional, as it better represents 

the collaborative and parallel nature of the research efforts. This approach ensures a 

coherent narrative that follows the thematic and conceptual development of the 

research, rather than its temporal progression. This idea also drove the decision to 

structure this Thesis as an article dissertation, in order to give equal weight to all the 

works involved. A monographic dissertation would not have adequately captured the 

breadth and depth of the contributions made across the various studies.  
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The structure of this Thesis meticulously delineates the comprehensive exploration of 

diffractive optical elements, from theoretical foundations to innovative fabrication 

techniques. Each chapter is designed to contribute significantly to the overarching 

narrative of the study. Chapter 2 sets the stage by introducing the concept of DOEs 

and their mathematical description through the Fourier optics formalism and scalar 

diffraction theory. This chapter provides an essential theoretical framework for the 

design and analysis of DOEs, equipping the reader with the necessary tools to 

understand their operation and the challenges in their development. Chapter 3 then 

provides an in-depth examination of the conventional lithography techniques employed 

in the fabrication of flat optics. It addresses the complexities, limitations, and practical 

challenges encountered within standard lithography workflows, and highlights the need 

for advancements to overcome these hurdles. This discussion is critical for 

contextualizing the novel approaches presented later. Chapter 4 represents the core of 

the Thesis, where the innovative use of azopolymer photopatterning for the fabrication 

of DOEs is detailed. Through a comprehensive review of the relevant literature, this 

chapter frames the research within the broader scientific dialogue and showcases the 

unique contributions of the study. It discusses the key findings, their significance in 

advancing the field, and potential directions for future research, underscoring the impact 

of this work. The final section of the Thesis comprises a collection of appended articles, 

which constitute the intellectual cornerstone of the research. Focusing on different 

aspects of the study, these articles present the methods and results of the experiments, 

enriching the thesis with detailed insights into each area of investigation. 

As usual in scientific research, all the work presented in this Thesis is the result of 

collaborative efforts involving several scientists. The Author’s contribution to each 

publication is summarized in Table 1. Three key areas encompass the contribution to 

the published scientific work: 

• Conception: this involves the conception of the research question and theoretical 

framework. It also includes the critical thinking and idea generation that guides 

the project from its inception to its final dissemination, ensuring its meaningful 

contribution to the scientific field. 

 

• Research execution: this stage involves the design of the experimental setup, 

data collection, and analysis, ensuring that the research concept is put into 

practice through rigorous experimental techniques. 

 

• Reporting: includes writing, editing, and revising the manuscript, to ensure that 

the results of the experimental research are disseminated clearly and coherently to 

the scientific community and readers. It also involves feedback from co-authors 

and peers. 
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PUB. CONCEPTION 
RESEARCH 

EXECUTION 
REPORTING 

I Low Medium Low 

II Low Medium Low 

III Medium High Medium 

IV High High High 

V Medium High Medium 

VI High High High 

VII Low Medium Low 

VIII Medium High Medium 

IX High High High 

    

Table 1: Author contribution for each of the reprinted publications. 
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2 
2 Design of diffractive optical elements 

 

For centuries, refractive optical components have been the backbone of optical 

systems, such as microscopes and telescopes.6 These components operate on the 

principles of Snell's law, bending light as it passes through the material interface that 

makes up the optical element.76 The result is that the manipulation of light depends on 

the macroscopic shape of the component and to its optical properties, represented by 

the refractive index 𝑛 of the component material (typically glass) at the wavelength of 

light being considered. In refractive optics, light accumulates a gradual phase 

retardation as it propagates through the bulk of the optical element, which is 

proportional to both the thickness and the refractive index. In most transparent 

materials, the phase retardation depends on the light wavelength as 𝑛 decreases in the 

visible region of the light spectrum with increasing wavelength 𝜆. This property is 

typically referred to as normal dispersion.7 For this reason, refractive optics exhibit a 

chromatic behavior when used with broadband light. Common examples of refractive 

optical components include prisms and lenses, which allow light to be deflected and 

focused, respectively. When light enters a prism, it is refracted at each of its tilted faces. 

The refraction angle 𝜗(𝜆) depends on the wavelength, resulting in the different colors of 

the spectrum being spread out. A refractive lens, on the other hand, uses the principles 

of refraction to converge or diverge light. The shape of the lens, the curvature of its 

surfaces, and the refractive index determine its focal length 𝑓(𝜆) for each chromatic 

component of light. The chromatic behavior of refractive optics is fully summarized in 

Figure 1. Refractive optical elements, and their reliance on the principles of refraction 

gives rise to several inherent problems. In addition to chromatic aberrations, the bulk 

and weight associated with refractive optical elements pose a challenge for their 

integration into miniaturized or complex optical systems.28,46  

The bulk refractive prism can be converted into a thin optical element using the 

Fresnel’s technique,13 illustrated in Figure 1. Suppose the prism is sliced into one-

wavelength-high (𝜆) pieces, removing all the rectangular sections that do not contribute 

to the path length.13 The resulting optical element is called a blazed grating. A blazed 

diffraction grating encodes similar optical functionality to a prism, except that the light 

bending, and chromatic dispersion is produced by diffraction rather than refraction and  

is determined by the periodicity Λ and the thickness Δℎ = 𝜆.77 This concept can be 

applied to the design of any diffractive optical element starting from its refractive 
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counterpart. The Fresnel lens, designed over a century ago, is a well-known example of 

a thin diffractive equivalent of a refractive lens.78 The blaze grating and the Fresnel lens 

are the first examples of Diffractive Optical Elements, DOEs. 

 

 

Figure 1: From refractive to diffractive optical components using the Fresnel’s technique. Refractive 

prisms and lenses can be converted to their equivalent DOE by removing all the bulk sections that do not 

contribute to the path length. The chromatic behavior of both refractive and diffractive optics can be 

found in ref.6 

 

Diffractive optical elements modulate light waves, by imposing either a phase shift or an 

amplitude change when light is transmitted or reflected through the device. For 

amplitude modulating DOEs, the mechanism of modulation primarily involves changing 

the transmission or reflection properties at different points of the DOE. This is typically 

accomplished by a series of apertures or opaque zones.76,78 However, this directly affects 

the energy distribution of the light wave, resulting in a lossy form of light modulation. 

In contrast, phase-modulating DOEs manipulate light without changing its amplitude. 

This is accomplished by introducing variations in the optical path length that the light 

travels over the DOE, resulting in a pure phase modulation.13 Engineering phase-only 

DOEs can be achieved by two primary methods. One is to generate a patterned 

refractive index within the bulk of the material while maintaining a constant surface 

shape. This technique is often employed using liquid crystals.19 The alternative approach 

utilizes modulated surfaces, where the physical geometry of the surface is altered to 

achieve the desired modulation in the light path. Regardless of the implementation 

strategy, phase-modulating DOEs are characterized by their ability to offer a flat and 

lightweight form factor, enabling light modulation in an inherently lossless manner. The 

optical properties of a DOE completely determine how the light diffracts and interferes 

with itself. Consequently, the design of a DOE requires careful consideration of several 

parameters, including the shape, size, and spacing of the microstructures, as well as the 
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wavelength of the light and its corresponding refractive index. To optimize the 

performance of DOEs for specific applications, mathematical tools such as Fourier optics 

are often used in the design process.13 

 

2.1 Introduction to Fourier optics 

 

Fourier optics is a branch of optics that applies the principles of Fourier analysis 

to the study of optical systems and phenomena by decomposing a complex waveform 

into a set of Fourier components. The Fourier transform is used to describe the 

propagation of light waves, which is particularly powerful for understanding the 

diffraction and interference patterns produced by diffractive optical elements. These 

optical devices typically manipulate the phase and amplitude of light, creating complex 

wavefronts that are easier to understand and design by using a frequency domain 

representation. Under this formalism, optical fields can be decomposed as a 

superposition of plane and evanescent waves, both of which are intuitive solutions of 

Maxwell’s equations.  

Assume that the electric field 𝐸⃗ (𝑥, 𝑦, 𝑧) is well defined at each point in the space. In the 

angular spectrum picture, considering 𝐸⃗  in a plane at 𝑧 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡, the two-dimensional 

Fourier transform 𝐸⃗ ̂ of the field can be defined as:79 

   𝐸⃗ ̂(𝑘𝑥, 𝑘𝑦, 𝑧) =
1

2𝜋
∬ 𝐸⃗ (𝑥, 𝑦, 𝑧)𝑒−𝑖(𝑘𝑥𝑥+𝑘𝑦𝑦)
+∞

−∞

𝑑𝑥𝑑𝑦 (2.1) 

 

where (𝑥, 𝑦) are the transverse Cartesian coordinates and (𝑘𝑥, 𝑘𝑦) are the corresponding 

spatial frequencies or reciprocal coordinates. The Fourier transform allows the field to 

be decomposed into a superposition of plane waves. This becomes evident when defining 

the inverse transform as: 

 𝐸⃗ (𝑥, 𝑦, 𝑧) =
1

2𝜋
∬ 𝐸⃗ ̂(𝑘𝑥, 𝑘𝑦, 𝑧)𝑒

𝑖(𝑘𝑥𝑥+𝑘𝑦𝑦)

+∞

−∞

𝑑𝑘𝑥𝑑𝑘𝑦 (2.2) 

 

The exponential term appearing in the integrand represents a plane wave propagating 

with wave vector 𝑘⃗ , whose complex amplitude 𝐸⃗ ̂(𝑘𝑥, 𝑘𝑦, 𝑧) is defined by the Fourier 

relation (2.1). Since the magnitude of the vector |𝑘⃗ | = 𝑘 is fixed, the third reciprocal 

coordinate can be derived from the relation: 

 𝑘𝑧 = √𝑘2 − 𝑘𝑥2 − 𝑘𝑦2 
(2.3) 
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Note that in the notation of equations (2.1) and (2.2), the field 𝐸⃗  represents a vector, 

thus the Fourier integrals hold separately for each vector component (𝐸𝑥, 𝐸𝑦, 𝐸𝑧).79 

 

2.1.1 Light propagation in homogeneous media 

 

The introduced formalism can be applied to describe the propagation of 

monochromatic radiation in a medium that is homogeneous, isotropic, linear, and 

source-free. Then, a time-harmonic optical field with angular frequency 𝜔 must satisfy 

the vector Helmholtz equation: 

 ∇2𝐸⃗ (𝑥, 𝑦, 𝑧) + 𝑘2𝐸⃗ (𝑥, 𝑦, 𝑧) = 0 (2.4) 

 

where 𝑘 = 𝜔𝑛/𝑐 is the magnitude of the wave vector 𝑘⃗  and 𝑛 is the refractive index of 

the medium. Substituting the Fourier representation of 𝐸⃗ (𝑥, 𝑦, 𝑧), represented by 

equation (2.2), into the Helmholtz equation, allows the evolution of the Fourier 

spectrum along the z-axis to be evaluated as: 

 𝜕2

𝜕2𝑧
𝐸⃗ ̂(𝑘𝑥, 𝑘𝑦, 𝑧) + 𝑘𝑧

2𝐸⃗ ̂(𝑘𝑥, 𝑘𝑦, 𝑧) = 0 
(2.5) 

 

This differential equation can be solved component-wise and has the following 

solution:79 

 𝐸⃗ ̂(𝑘𝑥, 𝑘𝑦, 𝑧) = 𝐸⃗ ̂(𝑘𝑥, 𝑘𝑦 , 0)𝑒
±𝑖𝑘𝑧𝑧 (2.6) 

 

The ± sign specifies that two distinct solutions are possible: the solution with the 

positive sign refers to a wave propagating in the positive direction of the z-axis, while 

the solution with the negative sign refers to a wave propagating in the negative 

direction of the z-axis. This solution thus shows that the Fourier spectrum of the field in 

an arbitrary image plane at a fixed 𝑧 can be calculated by multiplying the spectrum in 

the object plane (𝑧 = 0) by the factor 𝐻̂(𝑘𝑥 , 𝑘𝑦, 𝑧) ≡ 𝑒
±𝑖𝑘𝑧𝑧 , which is called the 

propagator in reciprocal space or the optical transfer function.  

As shown in equation (2.3), given the pair (𝑘𝑥 , 𝑘𝑦), two different solutions for 𝑘𝑧 are 

possible: if 𝑘𝑥
2 + 𝑘𝑦

2 ≤ 𝑘2, then 𝑘𝑧 is a real quantity, making the propagator an 

oscillating exponential; conversely, if 𝑘𝑥
2 + 𝑘𝑦

2 ≥ 𝑘2, the 𝑘𝑧 component becomes purely 

imaginary, making the propagator take the form of an exponential decaying along 𝑧. In 

general, both solutions are possible, meaning the field can always be described by the 

superposition of both plane waves and evanescent waves. From a physical point of view, 
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the propagation of the field over distances much larger than the wavelength (far-field) 

always involves a loss of information, specifically related to the presence of non-

propagating evanescent terms; they can contribute significantly only when the 

propagation occurs over distances comparable to the light wavelength (near-field). For 

this reason, in practical applications where long-range propagation is considered the field 

will be supposed to have a finite bandwidth.79 In other words, the field at 𝑧 is a low-pass 

filtered representation of the field at the object plane and from near- to far-field 

propagation only features with lateral dimensions greater than 1/𝑘 can be accurately 

reproduced.79 

To determine how the fields themselves evolve, equation (2.2) must be extended for any 

arbitrary z, using equation (2.6), considering the action of the optical transfer function: 

 𝐸⃗ (𝑥, 𝑦, 𝑧) =
1

2𝜋
∬ 𝐸⃗ ̂(𝑘𝑥, 𝑘𝑦, 0)𝑒

𝑖[𝑘𝑥𝑥+𝑘𝑦𝑦±𝑘𝑧𝑧]

+∞

−∞

𝑑𝑘𝑥𝑑𝑘𝑦 (2.7) 

 

Alternatively, the Fourier spectrum can be expressed in terms of the direct-space field, 

using equation (2.1) to determine how the field evolves in direct space: 

 𝐸⃗ (𝑥, 𝑦, 𝑧) =
1

2𝜋
∬ 𝐸⃗ (𝑥, 𝑦, 0)𝑒𝑖[𝑘𝑥(𝑥−𝑥′)+𝑘𝑦(𝑦−𝑦′)±𝑘𝑧𝑧]
+∞

−∞

𝑑𝑘𝑥𝑑𝑘𝑦𝑑𝑥′𝑑𝑦′ (2.8) 

 

This relation connects the field in an arbitrary image plane with the optical field in the 

object plane. From equation (2.8) it is possible to define the propagator in direct space 

𝐻(𝑥, 𝑦, 𝑧), which turns out to be the Fourier Transform (ℱ𝒯) of the propagator in 

reciprocal space: 

 𝐻(𝑥, 𝑦, 𝑧) =
1

2𝜋
∬ 𝑒𝑖(𝑘𝑥𝑥+𝑘𝑦𝑦±𝑘𝑧𝑧)
+∞

−∞

𝑑𝑘𝑥𝑑𝑘𝑦 = ℱ𝒯[𝑒±𝑖𝑘𝑧𝑧] (2.9) 

 

As predicted by fundamental properties of the Fourier transform, the evolution of the 

optical field in direct space is equal to the convolution product:79 

 𝐸⃗ (𝑥, 𝑦, 𝑧) = 𝐸⃗ (𝑥, 𝑦, 0)⨂𝐻(𝑥, 𝑦, 𝑧) (2.10) 

 

This equation poses the basis of Fourier optics. The optical field in any plane of the 

space is determined from the Fourier spectrum of the field in the source plane. Indeed, 

by using the convolution theorem,80 equation (2.10) is equivalently rewritten as:79 
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 𝐸⃗ (𝑥, 𝑦, 𝑧) = ℱ𝒯−1 {ℱ𝒯{𝐸⃗ (𝑥, 𝑦, 0)}  × ℱ𝒯{𝐻(𝑥, 𝑦, 𝑧)}} (2.11) 

 

where ℱ𝒯 and ℱ𝒯−1 denote the Fourier transform and its inverse operation, 

respectively. From this relationship, once the spectrum of the source field is known, the 

spatial distribution of the propagated field depends only on the transfer function, which 

is determined by the geometry of the source and observation planes, but it is 

independent of the source field. The different levels of approximation of the transfer 

function for far-field propagation lead to the Rayleigh-Sommerfeld, Fresnel and 

Fraunhofer theories, which are widely used to solve diffraction problems.81 

A first approximation can be made by assuming that the wavevectors constituting the 

spectrum of the source field are parallel to the propagation axis, and therefore the 

transverse components are small compared to 𝑘. This approximation is valid in many 

physical cases, as with laser beams, where light propagates along a specific direction. In 

this scenario, relation (2.3) can be expanded to obtain: 

 𝑘𝑧 ≈ 𝑘 −
𝑘𝑥
2 + 𝑘𝑦

2

2𝑘
 (2.12) 

 

This approximation, known as the paraxial approximation, simplifies the Fourier 

integrals.79 As an example, considering the propagator in direct space described by 

equation (2.9) and introducing the paraxial approximation, the following result is 

obtained:80 

 𝐻(𝑥, 𝑦, 𝑧) =
2𝜋

𝜆𝑧
𝑒𝑖𝑘𝑧𝑒−𝑖

𝜋
2𝑒𝑖

𝑘
2𝑧
(𝑥2+𝑦2) (2.13) 

 

where the well-known result of the Gaussian integral has been used. The form of the 

propagator in the paraxial approximation allows for the analytical derivation of 

significant relationships between the focal planes of a thin lens, which are fundamental 

relations to describe light propagation in various optical systems.  

The above formalism predicts how the filed propagates and how it is mapped at any 

arbitrary position z. An interesting result is found when considering the propagation to 

a very remote plane, resulting from the asymptotic far-field evaluation of the filed for 

𝑧 → ∞. Introducing the following dimensionless vector 𝑠 = (𝑥 𝑟⁄ , 𝑦 𝑟⁄ , 𝑧 𝑟⁄ ) where 𝑟 =

(𝑥2 + 𝑦2 + 𝑧2)1/2 is the distance from the origin, the asymptotic angular spectrum 

representation 𝐸⃗ ∞ can be written as:79  

 𝐸⃗ ∞(𝑠𝑥, 𝑠𝑦) = lim
𝑘𝑟→∞

[
1

2𝜋
∬𝐸⃗ ̂(𝑘𝑥, 𝑘𝑦, 0)𝑒

𝑖𝑟[𝑘𝑥𝑠𝑥+𝑘𝑦𝑠𝑦±𝑘𝑧𝑠𝑧]

 

Σ

] 𝑑𝑘𝑥𝑑𝑘𝑦 (2.14) 
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The integration domain Σ = (𝑘𝑥
2 + 𝑘𝑦

2) ≤ 𝑘2 has been restricted to the plane waves 

domain since evanescent waves do not contribute to the field at infinite distance because 

of their exponential decay. This allows the integral to be solved by the stationary phase 

method.79 The result of equation (2.14) can be expressed as: 

 
𝐸⃗ ∞(𝑠𝑥, 𝑠𝑦) = −𝑖𝑘𝑧

𝑒𝑖𝑘𝑟

𝑟
𝐸⃗ ̂(𝑘𝑥, 𝑘𝑦, 0) 

(2.15) 

 

This equation shows that the far-field is completely determined by the Fourier spectrum 

of the field in the object plane. In other words, the far-field 𝐸⃗ ∞ forms a Fourier 

transform pair with the field at 𝑧 = 0. The only deviation is given by the 𝑘𝑧 term, but in 

the paraxial approximation, where 𝑘𝑧 ≈ 𝑘, the two fields form a perfect Fourier-

transform pair.79 As it will be demonstrated in the next section, a similar result can also 

be derived for finite distances by exploiting the optical relations between the conjugate 

planes of a thin lens. 

 

2.1.2 Fourier transforming properties of a thin lens 

 

A lens is an optical component made of an optically dense material, typically glass, 

and is the best-known example of a refractive optical component.7 The case of a thin 

lens is considered, which, by definition, is a valid approximation when the translation of 

optical rays within the lens itself is negligible. Therefore, a thin lens introduces only a 

phase delay to the incident wavefront that is proportional to the thickness of the lens at 

each point. Under this approximation, it is possible to define a complex transmission 

coefficient 𝑡(𝑥, 𝑦) that allows to determine the field at the rear surface of the lens (𝐸⃗ 𝑜𝑢𝑡), 

given the expression of the field at the front surface of the lens (𝐸⃗ 𝑖𝑛), as illustrated in 

Figure 2. This formalism will be extended in the next section to describe any thin 

optical component, acting as a pure phase-modulating device. The complex transmission 

coefficient for a thin lens under paraxial approximation is:80 

 𝑡(𝑥, 𝑦) = 𝑒𝑖𝑘𝑛∆0𝑒
−𝑖𝑘

𝑥2+𝑦2

2𝑓  (2.16) 

 

where 𝛥₀ is the maximum thickness of the lens, 𝑛 is the refractive index of the medium 

from which the lens is made, and 𝑓 is the focal length of the lens. Considering 𝐸⃗ 𝑖𝑛 the 

field on the front surface of the lens, equation (2.16) represents the phase delay 

accumulated by the field because of the propagation through the lens, resulting in an 

output field 𝐸⃗ 𝑜𝑢𝑡(𝑥, 𝑦, 𝛥₀) = 𝐸⃗ 𝑖𝑛(𝑥, 𝑦, 0) ∙ 𝑡(𝑥, 𝑦). Let us now consider that the field 

propagates in the second focal plane of the lens.  Recalling the action of the propagator 
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in direct space in paraxial approximation, as shown in equation (2.13), the optical field 

in the focal plane of the lens is: 

 𝐸⃗ (𝑥, 𝑦, 𝑓) = 𝐸0𝑒
𝑖𝑘
𝑥2+𝑦2

2𝑓 ∬ 𝐸⃗ (𝑥′, 𝑦′, 0)𝑒
−𝑖
𝑘
𝑓
[𝑥𝑥′+𝑦𝑦′]

𝑑𝑥′𝑑𝑦′

+∞

−∞

 (2.17) 

 

where 𝐸0 includes all constant terms; the integral in (2.17) is the Fourier transform of 

the field in the source plane, once that the spatial frequencies are defined as 𝑘𝑥 ≡ 𝑘𝑥 𝑓⁄  

and 𝑘𝑦 ≡ 𝑘𝑦 𝑓⁄ .  

 

 

Figure 2: Fourier transforming property of a thin lens. The optical field in the image plane at distance 𝑧 =

𝑓 is proportional to the two-dimensional Fourier transform of the field in the object plane, at 𝑧 = −𝑓. 

 

Therefore, the field in the second focal plane of the lens is given, except for a phase 

factor, by the Fourier transform of the field incident on the lens itself. Moreover, this 

phase factor can be rewritten in paraxial approximation, introducing the spatial 

frequencies just defined: 

 𝐸⃗ (𝑥, 𝑦, 𝑓) = 𝐸0𝑒
𝑖𝑘𝑓𝑒−𝑖𝑘𝑧𝑓  ∙  ℱ𝒯[𝐸⃗ (𝑥, 𝑦, 0)] (2.18) 

 

Recalling the action of the propagator in reciprocal space, the exponential term 

𝑒−𝑖𝑘𝑧𝑓represents a propagation factor for a distance equal to −𝑓. In conclusion, the 

following fundamental result is obtained: 

 𝐸⃗ (𝑥, 𝑦, 𝑓) = 𝐸0𝑒
𝑖𝑘𝑓 ∙  ℱ𝒯[𝐸⃗ (𝑥, 𝑦, −𝑓)] (2.19) 

 

The field in the second focal plane of a thin lens (image plane) is proportional to the 

Fourier transform of the field in the first focal plane (object plane). A visual example is 
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provided in Figure 2 where a circular aperture in the object plane, produces the well-

known Airy pattern80 of light in the image plane. This configuration, called the 2f 

configuration,80 suggests an operational way to generate fields in a given plane of the 

optical axis based on the ability to appropriately modulate the field in one of the two 

focal planes of a thin lens. 

 

2.2 Scalar theory of diffractive optical elements 

 

Equation (2.11) also represents the core to design the diffraction of light by 

engineering the spectral content of the field in the source plane. A diffractive optical 

element can be modeled as an amplitude and/or a phase mask, described by the 

functions 𝐴(𝑥, 𝑦) and 𝜑(𝑥, 𝑦), which modulates an incident beam through a complex 

space-dependent transmission function 𝑡(𝑥, 𝑦), resulting in a field modulation that can 

be written as:80 

 𝐸⃗ 𝑜𝑢𝑡(𝑥, 𝑦, Δℎ) = 𝐸⃗ 𝑖𝑛(𝑥, 𝑦, 0) ∙ 𝑡(𝑥, 𝑦) = 𝐸⃗ 𝑖𝑛(𝑥, 𝑦, 0) ∙ 𝐴(𝑥, 𝑦) ∙ 𝑒
𝑖𝜑(𝑥,𝑦) (2.20) 

 

where Δℎ is the modulation depth, representing the effective modulating thickness of the 

device excluding any layer or substrate that does not contribute to the wavefront 

shaping. If the incident field is a plane wave propagating along the z-axis, then 

equations (2.20) and (2.11) fully determine the diffracted field, which is only dependent 

on the transfer function of the system and the Fourier transform of the complex 

transmission function 𝑡(𝑥, 𝑦). In the following sections, phase-only modulating DOEs 

will be considered, neglecting any effects related to amplitude modulation. The 

wavefront modulation occurring in a DOE encoded as a modulated surface is illustrated 

in Figure 3. The microscale surface geometry produces complex diffraction patterns. The 

phase modulation is the result of the optical path difference accumulated by the incident 

plane with respect to the surrounding medium with refractive index 𝑛𝑠. The phase term 

appearing in equation (2.20) can be written as:80 

 𝜑(𝑥, 𝑦) = [𝑛(𝑥, 𝑦) − 𝑛𝑠] ∙ 𝑘0 ∙ ℎ(𝑥, 𝑦) (2.21) 

 

where 𝑘0 = 2𝜋/𝜆 is the magnitude of the wavevector in vacuum, with 𝜆 being the 

wavelength of light. Equation (2.21) fully determines the functionality of a phase-

modulating DOE. This class of DOEs can be implemented by varying the refractive 

index of the material 𝑛(𝑥, 𝑦) at a microscopic scale, while keeping the device thickness 

flat ℎ(𝑥, 𝑦) = Δℎ. Different regions of the DOE will have different refractive indices, 

causing the light to speed up or slow down and thus changing its phase as it passes 

through. This type of modulation is typically used for refractive elements by using 

birefringent materials such as liquid crystals. 
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Figure 3: Light wavefront modulation occurring in a diffractive optical element implemented as a 

structured surface. The output modulated wavefront depends only on the input optical field and the 

complex transmission function of the DOE. 

 

On the other hand, height modulation ℎ(𝑥, 𝑦) involves physically shaping the surface of 

the DOE into a specific relief pattern. The height variations change the optical path 

length of different parts of the wavefront, resulting in phase shifts that manipulate the 

light as it passes through the device with uniform refractive index 𝑛(𝑥, 𝑦) = 𝑛. Equation 

(2.21) also allows to estimate the effective modulation depth required for an efficient 

modulation. The maximum phase excursion for the filed is 2𝜋, a condition achieved for 

surface modulated DOEs when Δℎ = 𝜆/(𝑛 − 𝑛𝑠). This condition sets the maximum 

required height modulation. Its value is typically of the same order of magnitude with 

the light wavelength. Excluding the contribution of substrates or the unmodulated layer 

of the material, this demonstrates that DOEs can shape light within a significant 

thickness (and consequently weight) reduction if compared to refractive optics.  

 

2.2.1 From sinusoidal gratings to Optical Fourier Surfaces  

 

Diffractive optical elements fabricated as microstructured surfaces can have both 

smooth and stepped profiles. Smooth profiles provide continuous phase modulation, 

making them suitable for applications such as holography. On the other hand, step 

profiles offer simplified fabrication and can exhibit better performance over a wider 

range of wavelengths.13 Smooth and step profiles are interchangeable with proper design 

considerations. The choice between smooth and step profiles depends on the specific 

design requirements and desired results of the optical system in question.  
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As first example of smooth DOE, let us consider a periodic sinusoidal phase modulating 

surface constituted of a surface relief ℎ(𝑥, 𝑦) in a medium of index 𝑛 immersed in air 

(𝑛𝑠 = 1). For such diffracting surface, acting as a diffraction grating, equation (2.11) can 

be solved analytically, allowing to highlight the connection between the Fourier 

spectrum of the surface geometry and the diffracted field in far-field. The phase 

transmission function of the sinusoidal surface can be written as:  

 𝑡(𝑥, 𝑦) = 𝑒𝑖𝑘0
(𝑛−1)

1
2
[1+𝑠𝑖𝑛

2𝜋𝑥
𝛬
]Δℎ (2.22) 

 

where 𝛬 is the spatial period of the sinusoidal relief, as illustrated in Figure 4a. Due to 

the symmetry of the surface geometry, the analysis can be simplified by solving the 

simple unidimensional problem. Let us consider a plane wave 𝐸⃗ 𝑖𝑛(𝑥, 𝑦, 0) = 𝐸⃗ 0𝑒
𝑖𝑘0(𝑥 𝑠𝑖𝑛𝛼), 

incident on the surface in the source plane at 𝑧 = 0 with an angle 𝛼. The field in source 

plane is then 𝐸⃗ 𝑖𝑛(𝑥, 𝑦) ∙ 𝑡(𝑥). To retrieve an analytic expression of the diffracted field, 

the complex transmittance is expanded in terms of the Jacobi–Anger identity:82 

 𝑡(𝑥) = 𝑡0 ∑ 𝐽𝑚 (
𝑘0(𝑛 − 1)Δℎ

2
)𝑒𝑖(𝑚

2𝜋𝑥
Λ
)

𝑚=+∞

𝑚=−∞

 (2.23) 

 

By substituting the field and the complex transmittance in equation (2.11), the 

following diffracted field is obtained:  

 𝐸⃗ (𝑥, 𝑧) = 𝐸⃗ 0 𝑡𝑜 ∑ 𝐽𝑚 (
𝑘0(𝑛 − 1)Δℎ

2
) 𝑒𝑖(𝑘0𝑠𝑖𝑛𝛼+𝑚

2𝜋
Λ
)𝑥 𝑒

𝑖𝑧√𝑘0
2−(𝑘0𝑠𝑖𝑛𝛼+𝑚

2𝜋
Λ
)
2𝑚=+∞

𝑚=−∞

 (2.24) 

 

where 𝐽𝑚 is a first kind Bessel function of the 𝑚𝑡ℎ order. The diffracted field is a 

superposition of waves characterized by the wavevector components: 

 

{
  
 

  
 𝑘𝑥 = 𝑘0𝑠𝑖𝑛𝜃𝑚 = 𝑘0𝑠𝑖𝑛𝛼 + 𝑚

2π

Λ
   

  
 

𝑘𝑧 = √𝑘0
2 − (𝑘0𝑠𝑖𝑛𝛼 + 𝑚

2π

Λ
)
2

 

 (2.25) 

 

which include a finite number of propagating orders and evanescent non-propagating 

terms. 

Equation defining the transversal 𝑘𝑥 component is the familiar Bragg’s relation,12 which 

defines the diffraction angle 𝜃𝑚 of the propagating orders produced by the sinusoidal 
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diffracting surface in terms of diffraction order 𝑚 and surface periodicity 𝛬. Figure 4b 

shows the simulation of the far-field diffraction pattern produced by a sinusoidal 

diffraction grating for an incident plane wave with unitary amplitude for three different 

wavelengths. The diffracted field is evaluated considering the Rayleigh–Sommerfeld 

diffraction integral in Fresnel approximation.81  

 

 

Figure 4: Diffraction behavior of sinusoidal diffraction gratings. a) Schematic illustration of the wavefront 

modulation and the Bragg’s diffraction for a sinusoidal diffraction grating. b) Simulation of the diffraction 

pattern produced by a superposition of three wavelengths (488 𝑛𝑚, 532 𝑛𝑚 and 633 𝑛𝑚). A periodicity 

equal to Λ = 2.0 𝜇𝑚 was considered for the simulation. The diffraction pattern is evaluated at a distance 

of 𝑧 = 10 𝑐𝑚 from the modulated surface, and it has been normalized to the maximum diffraction 

efficiency. c) Diffraction efficiency as a function of the dimensionless parameter 𝛽 for the first five 

diffraction orders of a sinusoidal grating. 

 

The power fraction 𝜂𝑚 carried by each of the terms of the field expansion, with respect 

the total intensity |𝐸⃗ 0|
2
, is: 

 𝜂𝑚 = |𝐽𝑚 (
𝑘0(𝑛 − 1)Δℎ

2
)|

2

 (2.26) 

 

which is also typically referred to as diffraction efficiency of the grating. The power 

distribution across the diffraction orders is directly related to the phase modulation 

depth of the surface through the values of refractive index and surface modulation depth 

Δℎ. Figure 4c shows the diffraction efficiency for the first five diffracted orders with 𝑚 =
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0;±1; ±2 as function of the parameter 𝛽 = 𝑘0(𝑛 − 1)Δℎ. The plot shows that the 

maximum efficiency for each order happens for different values of Δℎ and hence that, 

once the material is fixed, the amplitude of the relief is the structural parameter to be 

tuned to control the relative distribution of light intensity in the diffracted pattern. 

Maximum efficiency for the first order is 𝜂±1 = 0.34, obtained for the value 𝛽 = 3.68. As 

an example, for a dielectric surface with 𝑛 =  1.70 this condition is achieved, for 

monochromatic light at 𝜆 = 633 𝑛𝑚, at Δℎ ~ 0.530 𝜇𝑚. 

Equation (2.23) can be generalized to any periodic one-dimensional function ℎ(𝑥) with 

the same formalism developed explicitly for the sinusoidal surface profile, by expanding 

the periodic phase modulation in terms of a Fourier series. In this case the Bessel 

functions must be substituted with the actual Fourier coefficient:83 

 𝑡(𝑥) = ∑ 𝑉𝑚 𝑒
𝑖(𝑚

2𝜋𝑥
Λ
)

𝑚=+∞

𝑚=−∞

 (2.27) 

 

The diffracted field from these surfaces assumes the same form of the equation (2.24), 

with an equivalent Bragg’s relation. The diffraction efficiency from a generic periodic 

surface is equal to 𝜂𝑚 = |𝑉𝑚|
2. On one hand, this model can be used to reconstruct the 

diffraction efficiency considering the experimental surface profile, including deviation 

from the desired analytic function due to fabrication defects. On the other hand, it also 

suggests a practical design tool to engineer the diffracted field by tailoring the weight of 

each of the surface geometry components appearing in the equation (2.27).  

 

 

Figure 5: Design of unidimensional multiplexed gratings (𝛾𝑖 = 0). a) Multiplexed sinusoidal diffraction 

grating obtained with three equally weighted sinusoidal functions with periodicity Λ𝑖 = (Λ1 , 0.91 ∙ Λ1,

0,77 ∙ Λ1) and 𝜙𝑖 = 0. b) Design of a Fourier‑synthesized blazed grating from six sinusoidal functions with 

𝑤𝑖 = 1/𝑖, Λ𝑖 = Λ1/1 and 𝜙𝑖 = (−1)𝑖𝜋/2. Each panel shows, from top to bottom, the designed surface 

geometry, the lateral profile, and the simulated diffraction pattern.  
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Those results can be indeed generalized to diffractive surfaces built as sum of multiple 

bidimensional sinusoidal functions 𝑔𝑖 (𝑥, 𝑦) each of periodicity 𝛬𝑖 and relative height 

modulation w𝑖: 

 ℎ(𝑥, 𝑦) =∑w𝑖𝑔𝑖 (𝑥, 𝑦)

𝑁

𝑖=1

=∑w𝑖 [1 + 𝑠𝑖𝑛 (
2𝜋

Λ𝑖cos (γi)
𝑥 +

2𝜋

Λ𝑖sin (γi)
𝑦 + 𝜙𝑖)]

𝑁

𝑖=1

 (2.28) 

 

where the angle 𝛾𝑖 represents the in-plane orientation angle with respect to the x 

direction of the 𝑖𝑡ℎ sinusoidal function, and 𝜙𝑖 is a relative phase between sinusoids. In the 

simple case where 𝛾𝑖 = 0, the symmetry of the surface geometry allows to simplify the 

analysis by solving a simple unidimensional problem. In this case, the transmission 

function is the product of 𝑁 terms, each representing the Jacobi–Anger expansion of the 

𝑔𝑖 (𝑥, 𝑦) function. According to equation (2.24), the optical field diffracted by this 

surface is: 

 𝐸⃗ (𝑥, 𝑧) = 𝐸⃗ 0  [∏𝑡0𝑖

𝑁

𝑖=1

( ∑ 𝐽𝑎𝑖 (
𝛽

2
𝑤𝑖)

𝑎𝑖=+∞

𝑎𝑖=−∞

)] 𝑒
𝑖(𝑘0 sin𝛼+∑ 𝑎𝑖

2𝜋
Λ𝑖

𝑖 )𝑥
𝑒
𝑖𝑧√𝑘0

2−(𝑘0 sin𝛼+∑ 𝑎𝑖
2𝜋
Λ𝑖

𝑖 )
2

 (2.29) 

 

The diffracted field is again a superposition of a finite number of propagating and 

evanescent waves, determined from a generalized Bragg’s relation. Each diffracted order 

carries an optical power determined by each of the Bessel functions composing the 

complex surface geometry expansion.  

The synthesis of DOEs according to equation (2.28) allows the design of multiplexed 

gratings, where two or more sinusoidal diffraction gratings are combined into a single 

structure. This integration allows multiple optical functions to be performed 

simultaneously or to operate efficiently over a wider angular range. In principle, a 

similar surface can be not globally periodic, but it is still characterized by a discrete 

Fourier spectrum, such as the multiplexed grating in Figure 5a. On the other hand, if 

the one-dimensional multiplexed grating is obtained as a superposition of a finite 

number of harmonic Fourier functions, a periodic diffraction grating is achieved, such as 

the Fourier‑synthesized blazed grating shown in Figure 5b. This DOE, resulting from 

the combination of six harmonic gratings with the same orientation but different 

amplitudes and phases, can diffract light into a target diffraction order. This approach 

can be easily extended to two-dimensional geometries, including periodic, quasi-periodic 

and non-periodic surfaces obtained as a finite superposition of sinusoidal functions, as 

shown in Figure 6a. Again, the diffracted optical field in the far-field regime is 

characterized by a discrete set of intensity spots, occurring at the angular positions 

predicted by the Bragg’s relation, extended in two dimensions. Each diffraction order 

carries a fraction of the incident power, which is related to the geometrical shape of the 

surface and the phase modulation imposed on the incident field by the diffractive phase 

mask in the source plane. This category of ideally infinitely extended surfaces, typically 

referred to as Optical Fourier Surfaces,84 includes many diffractive surfaces that can be 
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used to angularly and spectrally split a light beam, as illustrated in Figure 6b. Examples 

are quasicrystal and spiral-quasicrystal gratings.   

 

 

Figure 6: Design of Optical Fourier Surfaces. a) Schematic representation of the sequential multiplexing of 

sinusoidal gratings with different periodicity Λ𝑖, orientation γ𝑖 and amplitude 𝑤𝑖. b) Two-dimensional 

diffraction gratings with a quasicrystalline design and engineered Fourier spectra. The inset shows the 

decomposition of the surface in terms of the multiplexed Fourier components and the corresponding 

diffraction pattern. Both DOEs are designed by imposing 𝑤𝑖 = 1, 𝜙𝑖 = 0, and 𝛾𝑖 = 𝛾𝑖−1 + 30°. For the 

quasicrystal 𝛬𝑖 = 𝛬0, while for the spiral-quasicrystal 𝛬𝑖 = 𝛬0 − 𝑖𝑑, where 𝑑 is a fixed quantity.      

 

2.2.2 Cosinusoidal phase zone plates  

 

Diffractive optical elements can also be designed to focus light, in a similar way to 

standard glass-made lenses. A relevant example is the Fresnel zone plate discussed in 

the previous section. Here it is discussed the diffraction behavior of the cosinusoidal 

Phase Zone Plate (c-PZP), representing the smooth counterpart of the Fresnel zone 

plate,85,86 whose profile is represented in Figure 7a. The smooth cosinusoidal focusing 

diffractive surface is a surface relief in a medium of refractive index n, whose 2D radial 

distribution ℎ(𝑟) is given by:78 

 ℎ(𝑟) = (
1 + cos(𝛼𝑟2)

2
)Δℎ (2.30) 

 

where 𝑟 = (𝑥2 + 𝑦2)1/2. Here the parameter 𝛼 sets the lateral size of the relief and 

defines the distance on the optical axis where constructive interference occurs. This 

parameter is then directly related to the focal lenght 𝑓 of the diffractive lens.  
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Figure 7: Design and functionality of a phase-only cosinusoidal zone plate (c-PZP) lens. a) Schematic of a 

Gabor zone plate with the corresponding radial profile. The radial coordinate has been renormalized with 

respect to the distance of the first minima in the phase mask: 𝑟∗  =  (𝜋 𝛼⁄ )1/2. b) Illustration of the 

multiple diffraction foci produced by a c-PZP lens. Normalized axial intensity profile of the simulated 

point spread function. The Fresnel transfer function was used for the simulation.81 

 

Due to the axial symmetry of the system with respect to the optical axis, the problem 

can be simplified in one dimension. The total phase delay accumulated by a plane wave 

of wavelength 𝜆 modulated by the surface relief (acting as a pure phase mask) as it 

travels to the axial position 𝑧 = 𝑓 takes into account two space-dependent contributions: 

the phase delay accumulated due to the propagation for a distance ℎ(𝑟) in the material 

and the optical path accumulated due to propagation in air from the lens to the focal 

plane. To have an intensity maximum in the focal plane, different points of the surface 

must give rise to wavelets differing in phase at that point by multiples of 2𝜋. This 

condition of constructive interference is guaranteed for:78 

 𝛼 =
2𝜋

𝜆2 − 2𝜆𝑓
 (2.31) 

 

Equation (2.31) is the operative relation between the focal length of the focusing 

diffractive surface and the relief lateral structure. An incident monochromatic plane 

wave of wavelength 𝜆, travelling in the positive 𝑧 direction, accumulates a phase delay 

described by the complex transmittance:  

 𝑡(𝑟) = 𝑒𝑖𝑘0
(𝑛−1)

1
2
[1+𝑐𝑜𝑠(𝛼𝑟2)]Δℎ (2.32) 
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This expression can be again expanded in the base of radial harmonics using the Jacobi 

expansion:  

 𝑡(𝑟) = 𝑡0 ∑ 𝑖𝑚𝐽𝑚 (
𝛽

2
)

+∞

𝑚=−∞

𝑒(𝑖𝑚𝛼𝑟
2)     (2.33) 

 

Assuming that the light wavelength is negligible compared to the focal length (𝜆 ≪ 𝑓), 

the term 𝜆2 appearing in equation (2.31) can be neglected. The expansion in equation 

(2.33) demonstrates that a c-PZP has a transmission function of a multifocal lens as 

each of the terms appearing in the series has the same form as that appearing in 

equation (2.16). A plane wave incident on the device emerges as a sum of spherical 

waves with focal lengths that are fractions of the first order focal length 𝑓𝑚 = 𝑓/𝑚. In 

the same way that a diffraction grating separates an incident plane wave into a sum of 

emerging plane waves with different wavevectors, a c-PZP acts as a phase grating with 

circular symmetry and radially variable groove spacing, splitting an incident wave into a 

sum of spherical emerging waves, each converging at distances 𝑓𝑚 from the lens, where 

the integer number 𝑚 again defines the focal diffraction order. Figure 7b shows this 

diffractive behavior resulting from an axial simulation of the light power distribution 

from a c-PZP. The emerging waves representing a specific diffraction order can be 

spherically divergent if 𝑚 < 0, spherically convergent if 𝑚 >  0 and a plane wave (𝑚 =

 0), that corresponds to the unmodulated component.78 For an ideal c-PZP, the fraction 

of light power diffracted in each order follows exactly the same dependence on the 

modulation depth Δℎ derived for a sinusoidal grating, equation (2.26). 

Cosinusoidal phase zone plates can also be used for imaging. In geometrical optics, the 

imaging process of a lens is a form of information transfer between the object plane and 

an imaging plane. The axial position where the image is formed (the imaging plane) is 

determined by both the axial object position (object plane) and by the focal length of 

the lens, according to the conjugate planes law. These relations remain valid also for the 

description of the image formation from a multifocal c-PZP, which simply requires a 

generalization of the Newton’s equation6,7 for thin lenses to account for the simultaneous 

presence of multiple focal lengths: 

 (𝑝 −
𝑓

𝑚
)(𝑞 −

𝑓

𝑚
) = (

𝑓

𝑚
)
2

 (2.34) 

 

As usual, in equation (2.34), 𝑝 is the distance between the object and the plane of the 

lens, 𝑞 is the position of the image plane relative to the plane of the lens, and 𝑓 is the 

designed focal length for the first diffraction order. This relation can be useful to design 

versatile optical imaging systems working as multifocal diverging or converging lenses, 

including telescope imaging systems or multi-depth hybrid microscopes, able to focus on 

objects placed at different positions. 
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2.2.3 Holographic projectors   

 

Conventional projection displays exploit amplitude-modulating pixels to locally 

and selectively block a portion of the incident light to form images. A DOE can be 

engineered to project images by implementing a phase-only planar device for coherent 

monochromatic light modulation. The result is the possibility to reconstruct a desired 

light pattern without the use of absorption phenomena. Phase-only holographic plates, 

producing arbitrary intensity distribution, are typically named kinoforms.87 According 

to the diffraction theory, the emerging modulated field 𝐸⃗ 𝑜𝑢𝑡(𝑥, 𝑦) produces a far field 

𝐸⃗ ∞(𝑥, 𝑦) corresponding to the two-dimensional spatial Fourier transform of the beam 

modulated at the kinoform plane, resulting in a reconstructed image 𝐼∞(𝑥, 𝑦) determined 

by the relation:80 

 𝐼∞(𝑥, 𝑦)  = |𝐹𝑇[𝐸⃗ 𝑖𝑛(𝑥, 𝑦) ∙ 𝑒
𝑖𝜑(𝑥,𝑦)]|

2
 (2.35) 

 

where 𝜑(𝑥, 𝑦) is the phase modulation imposed by the kinoform to the incoming field 

𝐸⃗ 𝑖𝑛(𝑥, 𝑦). An analogous result can be also found between the two focal planes of a thin 

lens, reducing the image reconstruction to finite distances. By inverting equation (2.35), 

the kinoform phase profile 𝜑(𝑥, 𝑦) and the relative surface relief pattern ℎ(𝑥, 𝑦) for any 

given holographic target image 𝐼∞(𝑥, 𝑦) could be potentially computed, allowing the 

design of DOEs with almost arbitrary optical functionality. However, for a phase-only 

modulator, the kinoform can only be retrieved through numerical algorithms.88  

 

 

Figure 8: Block diagram of the Gerchberg–Saxton algorithm. 

 

Figure 8 schematically shows this process for the case of the desired output image 

𝐼∞(𝑥, 𝑦) representing the Greek letter “𝜋”, where the conventional Gerchberg–Saxton 

(GS) algorithm89 is used as the Iterative Fourier Transform Algorithm (IFTA).90,91 The 

GS algorithm is an iterative method typically used to solve for phase retrieval problems. 

The algorithm works with two main planes, the modulation plane where the amplitude 
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of the field is known, and the phase is to be retrieved, and the holographic plane, where 

the desired intensity pattern is known. An initial guess of the phase distribution in the 

input plane is typically performed. This guess may be random or based on some a priori 

conditions.88,92 The algorithm then enters a loop in which each iteration consists of a 

few steps. Forward propagation combines the known amplitude with the estimated 

phase in the input plane to form a complex field. A discrete Fast Fourier Transform 

(FFT) is then performed to propagate this field to the target plane. In the target plane, 

a new complex field is obtained whose intensity is generally not the same as the desired 

one. The phase of this field is maintained but its intensity is replaced by the square root 

of the desired intensity distribution. At this point, back propagation is performed by 

applying the inverse FFT to this modified complex field. Once back in the input plane, 

the intensity of the field is replaced by the known original amplitude while maintaining 

the newly calculated phase. If the algorithm has not converged, the newly calculated 

phase from the input plane is used in the next iteration step. When the algorithm 

converges or reaches a preset number of iterations, the phase in the input plane is taken 

as the retrieved phase solution. There are several modifications and extensions to the 

basic GS algorithm that aim to improve convergence speed, robustness, and accuracy.88 

 

 

Figure 9: Optical functionality of holographic projectors. a) A kinoform DOE can generate an arbitrary 

far-field diffraction pattern with unmodulated and ghost orders. b) Diffraction efficiency the holographic 

image, the DC term, and the ghost hologram as function of the imposed phase modulation depth.  

 

Once the kinoform is calculated, the design of the holographic projector is fixed, and all 

the all the challenges are at the manufacturing level. Optimal image reconstruction 

requires an accurate transfer of the designed phase mask. Any defect arising in this 

process will degrade the hologram quality, causing the reduction in the diffraction 

efficiency and the appearance of spurious contributions in the target holographic image, 

as shown in Figure 9a. Suppose that the holographic projector is represented by a 

complex transverse transmittance function in the form of 𝑡(𝑥, 𝑦) = 𝑒𝑖𝜑(𝑥,𝑦). The phase 

encoding process, starting with the proper phase design, and ending with the fabrication 

process, generally leads to a device whose experimental transmittance 𝑡𝑒𝑥𝑝 (𝑥, 𝑦), and in 
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particular its phase modulation provided on the transmitted field, is a function 𝑔 of the 

design phase:93 

 𝑡𝑒𝑥𝑝 (𝑥, 𝑦) = 𝑒𝑖𝑔[𝜑(𝑥,𝑦)] (2.36) 

 

In the best case, this functional relationship is linear, allowing the total surface relief 

amplitude Δℎ to be tuned to reach a 2𝜋 modulation depth. According to equation (2.21), 

this condition is achieved for Δℎ = 𝜆/(𝑛 − 𝑛𝑠). This condition guarantees the maximum 

diffraction efficiency and ensures that all the incident optical power is effectively shaped 

into the reconstructed holographic pattern. During the encoding process, more complex 

distortion effects may impose a non-linear shape on 𝑔. These certainly include 

quantization and pixelation effects, as well as non-linear responses of the material to the 

patterning process, leading to a DOE in which phase mismatches are included. 

Assuming that the deformation is space invariant, the spatial coordinates in equation 

(2.36) can be omitted and the function 𝑡𝑒𝑥𝑝 can be expanded in terms of its argument, 

according to the generalized harmonic analysis:94 

 𝑡𝑒𝑥𝑝 (𝑥, 𝑦) = ∑ 𝐺𝛼𝑒
𝑖𝛼𝜑

+∞

𝛼=−∞

 (2.37) 

 

where the coefficients 𝐺𝛼 can be determined as: 

 𝐺𝛼 = ∫ 𝑡𝑒𝑥𝑝𝑒𝑖𝛼𝜑
2𝜋

0

𝑑𝜑 (2.38) 

 

where 𝛼 is an integer number. The term of the series obtained for 𝛼 = 1 is the only one 

whose Fourier transform gives an optical field whose intensity profile in the 

reconstruction plane corresponds to 𝐼∞(𝑥, 𝑦). The amount of optical power shaped in the 

reconstructed intensity profile with respect to the total transmitted power, is equal to 

|𝐺1 |
2 and is equal to unity only when the ideal case is reached (𝑔(𝜑) = 𝜑), as 

demonstrated by the plot in Figure 9b. The other terms of the series, apart from the 

term 𝛼 = 0 which determines an unmodulated optical component named DC term, 

contribute with shifted and scaled replicas of the desired intensity pattern, known as 

ghosts or false images.93,95 The total reconstructed pattern is a weighted sum of the 

desired image, the DC term, and the false images with a relative efficiency related to 

|𝐺𝛼 |
2. These contributions may overlap in the reconstruction plane, eventually requiring 

an off-axis design for the hologram, reducing the available target image domain by half 

of the field of view.95 However, even in the case of a defect-free lateral pattern transfer, 

a deviation from a full 2𝜋 modulation depth, associated with eventual total relief heigh 

errors induced in the dielectric structured surface, will still cause the emergence of the 

spurious holographic terms.93  
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3 
3 Standard manufacturing processes 

 

The surface relief geometry of a DOE can be designed in a wide range of shapes, 

each defining a specific functionality of the final device. The required phase modulation 

can be a binary two-phase step, a multilevel discrete distribution, or even a continuous 

phase profile. Once that the target phase modulation has been determined from the 

design process, it is necessary to reproduce this phase geometry in a physical device. As 

specified by the DOE design equation (2.21), the target phase profile 𝜑(𝑥, 𝑦) should be 

proportionally encoded as a specific height distribution ℎ(𝑥, 𝑦) at the material surface. 

In some cases, ℎ(𝑥, 𝑦) can be represented by a relatively simple equation, while in other 

cases it can be designed numerically and iteratively on a computer. As in the case of a 

holographic projector design, the resulting phase solution of equation (2.35) may assume 

a continuous geometry with an almost random distribution of phase discontinuities and 

sharp variations. This results in an elaborate and complex structure, which makes the 

DOE fabrication a non-trivial process.  

In addition to the lateral patterns, which can be one or two dimensional with varying 

degrees of symmetry or asymmetry, the modulation depth plays a fundamental role in 

determining the final diffraction efficiency of the fabricated DOE. While the typical 

lateral resolution required for the fabrication of diffractive optical elements is on the 

order of the light wavelength 𝜆, the modulation depth tolerance is typically smaller on 

the order of fractions of 𝜆. Over the years, many different methods have been developed 

to fabricate diffractive microstructures, including optical lithographic techniques, direct 

micropattern inscription, or replication from a mold. Optical lithography uses 

photosensitive polymers, and the patterning process is the result of controlled exposure 

and subsequent chemical and physical processes. In direct writing processes, the surface 

relief structure is created by controlled removal of material without any intermediate 

processes. Finally, replication techniques allow the creation of copies of surface relief 

structures in polymers or other optical materials from a master element. The choice of 

fabrication method is generally driven by the target function and cost, as each of them 

has different advantages and disadvantages. 
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3.1 Fabrication of DOEs by photolithography  

 

Optical Lithography (OL), also known as photolithography, is the backbone process 

for the semiconductor manufacturing, also representing a standard for the fabrication of 

optical microstructures.13,96 Despite the development of even more advanced 

lithographic techniques, photolithography remains at the forefront of scientific 

research.58 The core of the process is the use of photoresists, which are photosensitive 

materials that can polymerize or depolymerize under the influence of light, thereby 

changing their physical or chemical properties. Figure 10 illustrates the complete 

sequence of steps that characterize optical lithography, for surfaces micropatterning. 

First, the photoresist is spin-coated onto the substrate, with the film thickness being 

controlled by changing the resist viscosity and the spinning speed. The most commonly 

used substrate material to form the photolithographic wafer, is silicon, due to its 

semiconducting properties, and the mature chip industry that surrounds it. For optical 

applications, other materials may be used, depending on the desired properties.13,97 After 

the coating process, the wafer is prebaked to drive off excess photoresist solvent. The 

coated substrate is then exposed to a light pattern produced by a lithographic mask, 

that defines the exposure areas.60 

 

 

Figure 10: Typical workflow for standard EUV optical lithography. 

 

In optical lithography, the mask, also known as the photomask, is a critical component 

used to transfer patterns onto the photoresist. The base material of a photomask is 

usually a transparent, flat, and pure substrate. Quartz and fused silica are commonly 

used due to their high transparency to ultraviolet light, which is often used in the 

lithography process. A layer of material that can absorb or block the writing light is 
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applied to the substrate. This layer is usually a metal such as chromium.60 An 

antireflective coating may be applied between the chromium layer and the substrate to 

reduce reflections that could lead to exposure errors. The chrome layer is either present 

or absent, defining the binary pattern of the mask. Phase shift masks are also used to 

improve image resolution by manipulating the phase of the light passing through 

different areas of the mask.98 The early process used for photolithography was contact 

printing. In this process, the mask is in direct contact with the resist during exposure to 

light. The major challenge with this approach is that the proximity effects arising from 

the contact between the mask and the wafer produce a high level of defects.13 A 

different approach is represented by the projection exposure. The mask, which encodes 

the desired pattern, is positioned between the light source and the resist. The mask 

pattern, generated by the transmitted light, is reduced, and projected onto the wafer 

surface through a series of optical lenses or mirrors. Typical pattern demagnification 

values range from 0.1 to 1.13,60 Precision alignment and focusing systems ensure that the 

pattern is accurately aligned with any existing patterns on the wafer and is sharply 

focused to achieve the required pattern size.60,99 

The achievable lateral resolution Δ𝑥 of the lithographic system can be evaluated by the 

Rayleigh equation:7  

 Δ𝑥 =
𝑘1𝜆

𝑁𝐴
 (3.1) 

 

where 𝜆 is the exposing radiation wavelength and 𝑁𝐴 is the numerical aperture of the 

projection system. The constant 𝑘1 is an empirical coefficient depending on the on the 

photoresist, the illumination system, and the mask pattern. The actual lower limit is 

𝑘1 = 0.25.99 To achieve high resolution, a high numerical aperture or shorter wavelength 

is required. Since achieving high numerical aperture is typically challenging, the trend 

over the years has been to reduce the wavelength, with challenges related to finding 

compatible optical elements, light sources, and resists. The current standards for 

photolithography involve the use of UV radiation at wavelengths of 436 𝑛𝑚, 405 𝑛𝑚 or 

365 𝑛𝑚, defining the G-, H-, and I-line standards, respectively. These standards also 

refer to mercury spectral lines, as the common light source of the optical lithography 

systems were vaporized mercury arc gas lamps.60 The continuous downscaling roadmap, 

required by the chip and semiconductor industry, led to the replacement of mercury 

lamps with excimer lasers. Typical wavelengths in the deep ultraviolet range are reached 

with these sources (e.g. 193 𝑛𝑚 for ArF laser).100,101 The use of shorter wavelength 

sources has allowed higher lateral resolution at the expense of the setup complexity. The 

ultimate limit today is represented by the extreme ultraviolet (EUV) lithography.60 The 

basic concept of EUV lithography is to produce a bright source of 13.5 𝑛𝑚 radiation 

using a laser-pulsed tin (Sn) plasma.102,103 Since common optical materials, including air, 

absorb in the EUV range, the projection system is typically designed with reflective 

optics, typically requiring high manufacturing standards. The entire optical system must 

be kept under vacuum, as air absorption and scattering can compromise the entire 

process.60 An alternative to the transmissive mask is required for EUV sources. In this 
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standard, a reflective mask is typically used. Unlike the transparent substrates used in 

traditional masks, reflective masks are based on a multi-layer structure that reflects 

light. On top of the reflective coating, an absorber layer is added where the patterns are 

defined. To further improve the lateral resolution, immersion fluids can be introduced 

into the gap between the projection system and the resist to increase the numerical 

aperture. However, immersion lithography suffers of severe limitations related to the 

presence of the fluid, which causes imperfections and defects on the wafer.104 In UV 

optical lithography, the actual resolution limit is set at around 0.1 𝜇𝑚,97 which is still 

acceptable for the fabrication of diffractive optical elements, but out of the demand of 

the integrated circuit industry. EUV lithography, can easily achieve higher resolution 

with a resolution limit below 0.01 𝜇𝑚.101,105  

After exposure, the wafer is moved one step forward by a stepper, implementing the so-

called step-and-repeat method. A small grid area of the wafer is exposed at a time, and 

then it is moved to the next step until the entire wafer is exposed.97 At this stage, the 

wafer is treated with a chemical development to remove the unwanted resist. For 

positive photoresists, the exposed areas become more soluble in the developer solution, 

so during development, these regions are washed away, leaving the unexposed areas 

intact. Conversely, negative photoresists become less soluble where they are exposed to 

light, leaving only the exposed regions remain after the development step. The most 

widely and commercially used resists in the G-line and I-line are positive photoresists, 

which often contain Novolak resin that provides the structural framework of the film. 

The resin contains photoactive compounds that generate acid upon exposure, which 

then catalyzes a solubility change in the resin. Developers are usually alkaline solutions 

(such as sodium or potassium hydroxide) that selectively dissolve the more soluble areas 

of the photoresist after exposure. The result is a copy of the photomask micropattern, 

formed by the resist resin on the wafer substrate.59,97 The final pattern transfer from the 

resist to the substrate is performed by etching, which is a subtractive pattern transfer 

technique. At this stage, any portion of the wafer that is not protected by the 

photoresist is removed. Wet etching uses liquid chemicals or etchants (such as 

hydrofluoric acid for silicon dioxide) to remove material. It typically results in isotropic 

and rough surfaces, and it is not recommended for high-accurate micropatterns. Dry 

etching, instead, involves using gases, plasmas, or particles (such as sulfur hexafluoride 

for silicon) to etch materials. This process can be highly material selective and can 

result in an anisotropic process, allowing for relatively high aspect ratio geometries. 

After the etching process, a stripping process removes the remaining photoresist by 

using organic solvents or oxidizing acids. Finally, a cleaning solution is used to remove 

contaminants and particles from the wafer surface.13,59,60 

 

3.2 Direct fabrication and replication techniques 

 

While optical lithography is a cornerstone in the fabrication of diffractive 

microstructures, it has significant limitations. One of the primary constraints is its 

dependence on masks. The process requires prefabricated photomasks, which in turn are 
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produced using other lithographic techniques, like Electron Beam Lithography (EBL).60 

This dependency creates several challenges. First, the reliance on masks means that the 

geometries of the DOEs are predetermined by the mask design. This restricts the 

flexibility of the DOE design, as any change in the DOE pattern necessitates the 

creation of a new mask, making the process less adaptable and more time consuming. In 

addition, the fabrication of these masks is not only expensive but also impacts to the 

overall cost and duration of the DOE manufacturing process. Optical lithography 

predominantly produces binary surface profiles.96 However, many advanced applications 

of DOEs require smooth, continuous surface profiles.13 To achieve these continuous 

profiles using binary lithography, several strategies must be employed, each with its own 

drawbacks.  

Multilevel lithography, involving multiple lithography and etching steps to approximate 

a continuous profile, is a first example of continuous DOEs manufacturing.13,106 This 

process is not only complex, but also introduces more opportunities for error and 

misalignment, and requires a different mask at each iteration. Other approaches, 

typically used for blazed grating fabrication, involve precise control over an anisotropic 

etching process to create slanted profiles,107,108 or the use of grayscale masks.109,110 

Masks are the major limitation associated with optical lithography, pushing the 

transition to direct writing techniques. This shift has been driven by the need for 

greater precision, flexibility, and efficiency in the fabrication of small-scale features, 

especially for the semiconductor industry. The simplest approach for the fabrication of 

DOEs without masks is the holographic interference lithography.111,112 This technique is 

particularly effective for creating periodic structures such as photonic crystals and 

diffraction gratings.13 It involves splitting a laser beam into two or more coherent beams 

that interfere on the photoresist coated substrate. The interference of these beams 

produces a periodic intensity pattern.  This is a primary method for producing 

diffractive gratings with extremely controlled periods:112 

 Λ =
𝜆

2sin (𝜗/2)
 (3.2) 

 

where 𝜆 is the illumination wavelength and 𝜗 is the angle between the two interfering 

beams. Interference lithography has been used to produce diffraction gratings with 

periods of less than 0.3 𝜇𝑚113–115, however complex gratings typically require multiple 

beams or exposure steps.116–118 Moreover, this method lacks the flexibility to create 

arbitrary patterns. In direct writing techniques, the exposure pattern is generated 

directly and sequentially on the photoresist layer using an electron beam or laser beam. 

Instead of using a mask exposure, the intensity of the beam is locally controlled so that 

the local exposure is proportional to the required depth of the resist. When the resist is 

developed, the depth of the local surface relief structure is proportional to the dose 

delivered to that area by the e-beam or laser source.13 

Electron beam lithography involves directing a focused beam of electrons to draw 

custom shapes on a surface covered with an electron-sensitive film acting as a resist.59,61 

The pattern is written on the resist by a raster scanning, in which the beam moves back 



34 

 

and forth across the resist. The resolution of EBL is determined by factors such as the 

diameter of the electron beam, the e-resist, and the proximity effect, which is an effect 

related to electron scattering. EBL can achieve resolutions of less than 10 𝑛𝑚 

nanometers, making it an invaluable tool in nanotechnology.61 This technique is often 

deemed an inefficient and costly for the fabrication of DOEs. The high resolution 

achieved by EBL is not essential for the fabrication of diffractive devices and does not 

offer significant advantages when considering the high facility costs119 and the slow 

manufacturing speed.120 However, blazed gratings121 and microlenses122,123 with a 

continuous profile can be fabricated using this technique. Conversely, the scenario is 

different in the field of metasurface fabrication. Metasurfaces, which manipulate light on 

scales smaller than the wavelength, require the kind of high-resolution patterning that 

EBL provides.54  

A similar approach can be developed by replacing electrons with photons, considering a 

Direct Laser Writing (DLW) lithography. DLW allows for reduced costs than EBL at 

the expense of lower resolution. Laser direct write systems typically use tightly focused 

beams from helium-cadmium or argon-ion lasers to produce spots on the order of a 

micrometer in size. This approach has been demonstrated to be particularly suitable for 

the fabrication of DOEs.124 Complex surface patterns, also resulting from complex 

computer design, can be directly transferred to an appropriate optical material, enabling 

the realization of diffractive optical elements with advanced optical functionality such as 

broadband lenses.25,125,126 The exploitation of nonlinearities in the photoresist optical 

response, can also allow the implantation of two-photon techniques,127 with a further 

increase in axial and lateral resolution beyond the diffraction limit, resulting in near-

perfect DOEs profiles.127,128 

The use of direct writing approaches allows the creation of continuous surface relief 

structures. These processes eliminate the need for lithographic masks, reducing the time 

and cost of producing prototype elements. A disadvantage of direct writing is that it is a 

serial process. Each element must be written one at a time by the scanning beam, before 

performing the postexposure processes, making it unsuitable for volume production of 

DOEs.13 Differently from these techniques, direct machining methods for DOEs do not 

require any intermediate processing step such, as developing or etching as the 

microstructures are formed by direct removal of the material. Early examples are 

represented by mechanical ruling and diamond turning methods, where a sharp diamond 

tip is used to scrape the substrate.13,129 Despite their past use for the fabrication of 

gratings130 and diffractive lenses,131 their widespread application has been limited by 

fabrication errors due to the tip shape and the limitation to fabricating structures 

composed of either straight line or circularly symmetric gratings.   

Mechanical ruling and diamond turning can be considered the prototypes of modern 

Scanning Probe Lithography (SPL) techniques. Unlike traditional lithography 

techniques that use light or electrons to pattern surfaces, SPL employs a physical probe 

to create patterns at the nanoscale. This allows for very precise control of pattern size, 

often down to the atomic or molecular scale, and represents a widely accessible form of 

lithography by eliminating the need for high power sources and large facilities. At the 

core of SPL is a sharp probe similar to those used in Atomic Force Microscopy (AFM). 
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The probe interacts with the surface of the material that is to be patterned, with direct 

mechanical interaction causing material removal,132 local deposition of materials,133 or 

inducing a thermal evaporation of the substrate if the tip is properly heated up.66 In 

particular, the thermal scanning probe has proven to be a powerful and accessible tool 

for fabricating DOEs, ranging from complex gratings and lenses geometries,84 up to 

plasmonic nanostructures.67 Scanning probe lithography offers a significant advantage as 

the pattern is created directly in the optical material substrate, eliminating the need for 

photoresists. A similar approach is represented by Focused Ion Beam (FIB) lithography. 

In this process, a focused beam of ions, typically gallium ions, is directed at the material 

surface. The high-energy ions collide at the surface, sputtering away material on a 

nanometer scale.58 This direct etching of the surface allows the fabrication of DOEs with 

continuous profiles and high accuracy.134–136 However, FIB lithography has significant 

drawbacks. The ion beam can damage the substrate material, and ion implantation 

effects and material redeposition can cause severe fabrication errors. In addition, FIB 

systems are expensive, and the process can be slower than other lithography methods, 

making it less suitable for high-volume production. Similarly, laser ablation can be 

employed to fabricate DOEs.137–139 Here, a high-energy laser beam heats, melts, and 

vaporizes the material at the surface. Laser ablation can be performed on a wide range 

of materials, but it shares the same limitations as FIB lithography.140 

Because of the time and cost required to fabricate diffractive optics by direct machining 

and lithography techniques, it is attractive to produce replicas of these surface relief 

structures in other materials at low cost starting from a master or a mold. In these 

processes, the master element is brought into contact with a formable material, usually 

a curable polymer or a thermoplastic material. Several methods, such as molding, 

embossing, or casting can be employed.13,141,142 Nanoimprint Lithography (NIL) is an 

example of a replication technique. The master template is pressed into the resist-coated 

substrate. This can be done at room temperature (cold embossing) or with the 

application of heat (thermal nanoimprint lithography). The resist is deformed and takes 

on the inverse pattern of the master template. After the resist is deformed it is cured, 

and the master template is removed, leaving a negative replica of its pattern on the 

substrate.64,65 NIL allows for the rapid production of large areas and high volumes of 

patterned surfaces at relatively low cost,143 but its dependence on the master element 

makes it unsuitable for versatile DOE prototyping.  

 

3.3 Need of alternative form of lithography 

 

Standard lithographic techniques, described in the previous sections, face several 

limitations that make them less suitable for the fabrication of DOEs. Figure 11 

summarizes the major strengths and weaknesses of the discussed techniques. The main 

problem with optical lithography is its strong dependence on photomasks, which define 

once and for all the patterns to be replicated on the substrate. This dependency not 

only limits design flexibility, but also increases the cost and time required to fabricate 

custom or complex diffractive devices. EBL, DLW, and FIB partially solve this problem 
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with a maskless approach, but the equipment cost and the usage of resources are critical 

factors to be considered.144,145 OL, EBL, and FIB, especially in their more advanced 

forms, demand high energy consumption and specialized equipment, making it a 

resource-intensive process. This aspect can be particularly challenging when scaling up 

production or pursuing green solutions.146 Another primary constraint is the limited 

choice of materials available for optics. Standard lithography often requires materials 

that are compatible with its process parameters, which are typically optimized for the 

chip industry and do not always match with the ideal optical properties required for 

diffractive elements. When specific materials are required, additional processes are 

typically used, such as lift-off processes, which involve an additional resist coating after 

the exposure.147,148 

 

 

Figure 11: Comparison of standard lithographic techniques. 
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The use of hazardous chemicals is another significant concern. These processes typically 

involve various chemicals for etching and pattern development, many of which pose 

environmental and health risks.62,149 This, in addition to expensive lithography 

equipment that requires substantial energy consumption and cleanrooms, limits 

lithographic facilities, with a limited number of key players in the word.74 This prevents 

the accessibility of lithography to smaller research institutions or companies and 

increases the overall cost of DOEs. On the other hand, SPL and NIL together represent 

a more accessible form of lithography, allowing DOEs to be produced in high volumes 

and on a large scale, once that the master template is defined by one of the SPL 

techniques. However, at the research level they still have severe limitations, related to 

the slow serial processes required to fabricate the molds and the limited flexibility.   

To overcome these bottlenecks, maskless lithography has emerged in recent years as a 

promising alternative to traditional mask-based lithography for the fabrication of 

microstructures. At its core is the use of Spatial Light Modulators (SLM) to replace 

photomasks. Both liquid crystal devices63,150,151 and Digital Micromirror Devices 

(DMDs)152–155 have been validated as good candidates for mask replacement. In the first 

case, the SLM consists of an array of pixels, each of which can be individually controlled 

to modulate the light passing through or reflected by the device. DMDs, on the other 

hand, consist of an array of micromirrors, each corresponding to a pixel in the projected 

image. These mirrors can be individually tilted to control the reflection of light, 

directing it either into the projecting lens to expose the photoresist, or out of the lens to 

leave it unexposed. SLMs allow the amplitude, phase, or polarization of light beams to 

modulate in space and time, enabling rapid prototyping and customization of optical 

patterns. Because the design is controlled by software, it can be modified easily and 

quickly, allowing for a high degree of optimization in diffractive optics design and 

prototyping.  

The introduction of maskless approaches does not completely solve the problem, because 

whatever it is, any lithographic approach leads to a static nature of the surfaces after 

fabrication, which is a notable limitation. Once the pattern is created by lithography, it 

cannot be modified or adjusted, which limits the functionality of the diffractive elements 

in dynamic or adaptive optical systems. The combination of a maskless approach with 

innovative photosensitive materials can be a complete game changer. Such materials 

should have the property to be directly patterned with low power light sources, allowing 

the use of low intensity lasers, and avoiding any post exposure process. One class of 

photosensitive materials with these properties already exists and is represented by 

azopolymers, where direct and reversible structuring of the surface can occur under 

low power light absorption. 
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4 
4 DOEs from photopatterning of azopolymers 

 

Azomaterials are chemical systems that incorporate azobenzene molecules into 

their matrix. They are a unique class of materials that has garnered significant interest 

in the field of materials science in recent years.156 The chemical structure of the 

azobenzene consists of two phenyl rings linked through the azo bond (−N=N−).157 

Azobenzene can exist in two isomeric forms, the thermodynamically stable trans state 

and the metastable cis state.158,159 While the trans molecule has a rod-like and planar 

geometry, the cis azobenzene has a folded chemical structure with the two phenyl rings 

forming an angle of about 90° and the emergence of a molecular dipole moment. The 

isomerization process from trans to cis can be triggered by photon absorption in the 

UV-visible region, as this process has a broad absorption band around 320 𝑛𝑚 (pi-pi* 

transitions) and a weak absorption band centered at 450 𝑛𝑚 (n-pi* transitions).75 The 

reverse isomerization can occur due to thermal relaxation or when the molecule absorbs 

a new photon with an energy matching the absorption band of the cis isomer.160 For this 

reason, bare azobenzene represent a two-state photo-switchable system.161,162  

The chemical structure of azobenzene can be modified by adding functional groups to 

the phenyl rings while retaining the nitrogen double bond. This process allows the 

creation of a wide range of materials known as azomolecules. These molecules can be 

designed to have an overlap in the trans and cis absorption curve, resulting in a cyclic 

photoisomerization process under the absorption of monochromatic light.75,163 This 

cyclic process can give rise to some interesting phenomena as a photo-orientation effect 

of an ensemble of azomolecules illuminated with linearly polarized light. Considering the 

light absorption process as a dipole interaction, its probability varies with cos2 𝛿, where 

𝛿 is the angle between the electric field of the polarized light and the molecular dipole 

direction.75 A trans azomolecule can absorb a photon, initiating a photo-isomerization 

cycle. After each isomerization, a new photon absorption can return the molecule from 

the cis to the trans state. However, the orientation of the molecular axis changes 

randomly, and after a certain number of isomerization cycles, it could be oriented 

orthogonal to the light polarization direction. A new isomerization cycle has an almost 

zero probability to take place even if the light irradiation continues. The result of this 

orientational alignment is that after many isomerization cycles, the population of 

molecules oriented in the direction perpendicular to the electric field increases. The 

photo-orientation effect of the azomolecules under linearly polarized light irradiation 
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leads to strong birefringence and dichroism, but it is a completely reversible and 

reconfigurable state. A new alignment can be induced by rotating the irradiating linear 

polarization direction, or circularly polarized or unpolarized light can eventually be used 

to restore the isotropic molecular distribution.157  

When azomolecules are embedded in a host material, the cyclic isomerization process 

can generate a photoinduced stress at the nanoscale,164–166 which can be translated into 

macroscopic effects.75,167 In particular, a light-induced reversible and directional mass 

migration is observed in amorphous azomaterial films. This phenomenon leads to the 

formation of stable surface reliefs on the free surface of the film, whose geometries 

depend on the intensity distribution, polarization state, and wavefront shape of the 

irradiating light beam.75 Because of this effect, amorphous azomaterial films are 

different from any other photosensitive material, such as standard photoresists used in 

optical lithography. Photoinduced mass migration has been studied for a long time and 

a large literature has been produced, which is the foundation of my research.  

 

4.1 Interference lithography using azopolymers 

 

Light induced mass migration is the most captivating phenomenon occurring in 

azobenzene-containing materials as a result of the cyclic photoisomerization processes. 

This effect is widely observed in azopolymers, prepared in the form of amorphous thin 

films.75 In these materials, the azobenzene unit is bonded to a polymeric matrix by 

supramolecular or covalent interaction.156 Upon irradiation with patterned light, the 

isomerization of the azo chromophores leads to local photoinduced forces that result in a 

mass transport of the polymer from the illuminated areas to the dark regions. This mass 

migration manifests as surface relief patterns on the polymer film. The morphology of 

these patterns can be intricately controlled by the intensity, polarization, and duration 

of light exposure. The surface geometry is not just the result of surface-level changes, 

but involves the movement of material, essentially reshaping the surface of the 

polymer.75 The first observation of this phenomenon was made independently in 1995 by 

Natansohn and Rochon168 and Kim et al169. They observed that the free surface of an 

azopolymer thin film develops a large-scale periodic modulation when irradiated with a 

two-beam interference pattern, as shown in Figure 12a-b. The polymer surface geometry 

exactly matches the sinusoidal spatially modulated light pattern as stable sinusoidal 

surface reliefs, now called Surface Relief Gratings (SRGs). While the periodicity Λ of the 

SRGs matches the periodicity of the interferogram, the modulation depth Δℎ varies with 

the exposure time. For sufficiently low intensity, the relief depth increases 

approximately linearly with the exposure time Δ𝑡:170,171 

 Δℎ = 𝑐 ∙ Δ𝑡 (4.1) 

 

where 𝑐 > 0 is a phenomenological parameter depending on the material and the 

illumination conditions.    
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The surface modulation occurs at very low light intensities, ruling out any ablative or 

destructive processes. The phenomenon is indeed a light-triggered mass migration 

process, occurring at temperatures considerably below the glass transition temperature 

(Tg) of the amorphous azomaterial.75 These early experiments represented the moment 

when a Pandora's box was opened. Things became immediately even more fascinating 

when subsequent experiments demonstrated that the polarization state of the two beams 

plays a crucial role.172,173 It was observed that under polarized light irradiation, the 

material motion is highly directional, with the polarization direction fixing a preferential 

direction for the mass transport.174,175 In other words, an intensity modulation across 

the azopolymer surface alone is not enough to induce the SRG formation. The presence 

of both a spatially varying intensity pattern and a non-zero component of the optical 

electric field in the direction of the intensity gradient is required for efficient material 

motion.75 

 

 

Figure 12: Interference lithography on azopolymer films. a) Schematic of the typical experimental setup 

for interference-based inscription of azopolymer SRGs and diffraction efficiency measurement in real-time. 

b) Surface profile obtained from AFM scan of the surface right after the exposure, as first observed by 

Kim et al. in 1995. The panel is reproduced from ref.169. c) Plot showing the typically reported SRG 

modulation depth Δℎ as a function of the periodicity Λ. Different colors refers to different polarization 

configurations. The periodicities are plotted on a logarithmic scale to improve data visualization. 

 

In the case of interference illumination, depending on the polarization state of the two 

interfering beams, both periodically varying intensity and polarization patterns can 

occur, which also affect the SRG inscription efficiency. A schematic representation of a 

two-beam interference setup for the SRGs formation is given in Figure 12a. Two 

coherent light beams, with arbitrary polarization state and wavevectors 𝑘⃗ 1 and 𝑘⃗ 2 

interfere at the azopolymer surface. The effect of the polarization state on the 

interferogram generation can be taken into account by considering a generalized 

interference picture, obtained as the vectorial addition of the two beams.176 Interference 

can result in a spatial variation of light intensity or polarization, depending on the 

polarization ellipse of each beam. The two beams, with amplitudes 𝐸⃗ 1 and 𝐸⃗ 2, intersect 
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at the azopolymer surface at angles 𝜗𝑖 so that wavevector component along the x-

direction for each beam can be written as: 

 
𝑘1𝑥 = 𝑘𝑠𝑖𝑛(𝜗1)𝑥̂

 
𝑘2𝑥 = −𝑘𝑠𝑖𝑛(𝜗2)𝑥̂

 (4.2) 

 

where 𝑥̂ is the unitary vector in x-direction and 𝑘 = 2𝜋/𝜆. The two interfering beams 

generate a total electric field amplitude distribution at the azopolymer surface equal to: 

 E⃗⃗ 𝑡𝑜𝑡 = 𝐸⃗ 1 ∙ 𝑒
𝑖𝑘1𝑥𝑥 + 𝐸⃗ 2 ∙ 𝑒

𝑖𝑘2𝑥𝑥 (4.3) 

 

The intensity distribution in the interference region of the material (with refractive 

index 𝑛) can be calculated as:176 

 I𝑡𝑜𝑡 = 𝐼1 + 𝐼2 + 2Δ𝐼 ∙ 𝑐𝑜𝑠(𝑞𝑥) (4.4) 

 

Here, 𝑞 represents the grating vector magnitude, related to the optical path difference 

between the two beams. It can be evaluated as follows: 

 𝑞 = 𝑘1𝑥 − 𝑘2𝑥 =
2𝜋

𝜆
(2𝑠𝑖𝑛 (

𝜗

2
) 𝑐𝑜𝑠 (

Δ𝜗

2
)) (4.5) 

 

where  𝜗 = 𝜗1 + 𝜗2 and Δ𝜗 = 𝜗1 − 𝜗2. Equation (4.4) predicts that the total intensity 

varies sinusoidally in the x-direction with a spatial periodicity equal to Λ = 2𝜋/𝑞, 

expressed in terms of the wavelength 𝜆 and the angle 𝜗 between the two interfering 

beams. For symmetric interference, Δ𝜗 = 0 and the spatial period corresponds to the 

expression in equation (3.2). 

To consider the SRG inscription process under different polarization combinations for 

the writing beams, the intensity variation range Δ𝐼 can be expressed as the trace of a 

three-by-three generalized interference matrix:176 

 Δ𝐼 = 𝑡𝑟{𝑀𝑖𝑗} (4.6) 

 

where 𝑀𝑖𝑗 = 𝐸1𝑖𝐸2𝑗
∗  and the indices 𝑖, 𝑗 stand for the spatial coordinates. Here, the off-

diagonal elements correspond to the polarization variations in the interference region. 

Using the above formalism, the periodic spatial variations of the polarization ellipse can 

be calculated for any polarization configuration. The first polarization configuration 
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used since early experiments168,169,177 is the p-p configuration. In this case, the 

interfering beams are linearly polarized perpendicular to the y-direction in the x-z plane, 

such that 𝐸1,2𝑦 = 0. By imposing this condition in equation (4.6), is found that this 

configuration results in both intensity and polarization variations in the interference 

plane. For small angles 𝜗, the electric field component along the z-direction can be 

neglected and the resulting electric field can be considered parallel to the x-direction, 

favoring the mass migration process. However, as the interfering angle 𝜗 increases, the 

intensity modulation Δ𝐼 decreases and vanishes for 𝜗 = 90°, due to the z-component.176 

This, among other effects, contributes to the lower efficiency in writing small periodicity 

gratings, which typically requires to be compensated by reducing the inscription 

wavelengh.178 This configuration has been widely used to fabricate SRGs acting as 

diffraction gratings178–181, templates with different periodicity for soft molding182  or to 

implement tunable lasers from inscribed SRGs.183 

Contrary to the previous configuration, the SRG formation is unfavored when the two 

interfering beams are linearly polarized in the y-direction. This configuration, called s-s, 

produces a pure intensity modulation in the interference plane and a high contrast Δ𝐼 =

𝐼0 for beams of equal intensity 𝐼0. However, even if the surface is exposed for a long 

time, the resulting SRGs show a low modulation depth184–187 because the total electric 

field is orthogonal to the intensity gradient. This represents the fingerprint of 

azopolymers. In fact, this configuration ensures a favorable condition for any 

photosensitive material that responds solely to the light intensity pattern. For 

azopolymers, where polarization plays a fundamental role, the fabrication of periodic 

structures in this configuration is instead completely disfavored. To further demonstrate 

the role of the polarization in SRGs inscription, the s-p configuration can be considered. 

In this case, both beams are linearly polarized in the x-z plane, one along and the other 

orthogonal to the y-direction. In this situation, a pure polarization pattern is generated 

since there is no spatial variation of the intensity (∆𝐼 = 0). The polarization state of the 

total electric field varies with half of the periodicity predicted by equation (4.5) 

resulting in the surprising inscription of half-period SRGs.188,189 Mixed polarization and 

intensity modulation can be achieved in many other configurations by orienting the 

beams polarization at ±45° with respect to the y-direction or by using right and left 

circularly polarized beams (RCP-LCP configuration).176 In both cases the fabrication of 

SRGs with high modulation depth has been demonstrated.190–193 

In addition to the illumination configuration, several other factors influence the SRGs 

inscription, including the chemical structure of the material,185,194 azo concentration,195–

197 film preparation,184 and film thickness.198 Recently, azo-nanocomposites with 

incorporated nanorods have been found to exhibit a higher patterning efficiency.199 The 

large number of parameters involved in the mass migration process, has complicated the 

development of a theoretical framework to fully explain the relationship between the 

molecular azo dye interaction with light and the macroscopic material transport. 

Various models have been proposed based on photoinduced mechanical stress,166 

pressure forces,200 force gradient,171 and even diffusive transport driven by the 

Marangoni effect.201 The different combinations of material properties and illumination 

configurations have led to the realization of SRGs with different characteristics such as 

periodicity, modulation depth, efficiency, and fabrication times. A detailed review is 
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presented in Appendix, while the plot in Figure 12c shows the relationship between 𝛥ℎ 

and Λ extracted from several works in the literature reporting SRGs under different 

polarization configurations. Typical values for Λ range from a few hundred of 

nanometers up to 20 𝜇𝑚, depending on the angle between the two interfering beams.  

Although not fully explained, the SRGs formation process from interference illumination 

suggests an alternative way to fabricate periodic surfaces, allowing for the 

implementation of a direct interference lithography. The photoinduced surface geometry 

is stable immediately after the exposure process, eliminating the need for complex 

intermediate lithographic processes such as development and etching steps. This 

behavior allows the surface of azopolymers to be inspected in real-time for the 

topographic acquisition of the developing surface, which can be accomplished by 

integrating a microscope system into the illumination setup. Both atomic force 

microscopy202 and digital holographic  microscopy203 have been successfully used for this 

purpose. Real-time inspection also means that the optical properties of the grating can 

be characterized in-situ, without the need for separate test phases. By integrating a 

probe beam (Figure 12a), at a wavelength outside of the absorption band of the 

azopolymer, the diffraction behavior of the SRG can be measured without interfering 

with the inscription process. A typical parameter to be measured is the real-time 

diffraction efficiency, which, according to equation (2.26), provides the information 

about the grating modulation depth.190,191,204–206 Another fundamental aspect lies in the 

non-destructive and reversible process at the core of the SRGs inscription. The first 

implication is that two consecutive interference exposures produce the inscription of a 

complex two-dimensional periodic surface, where the two structures that would be 

produced by two independent exposures are linearly multiplexed.182,186 The second 

fundamental aspect is that the pristine flat surface can be easily restored by locally 

heating the polymer,207 or by illuminating the target area with a uniform light beam208. 

In addition, the complete erasure of an inscribed SRG has also been demonstrated by a 

half-period shift of the interference pattern,209 again confirming the full reversibility of 

the phenomenon. Figure 13 summarizes the state of the art in the fabrication of complex 

DOEs by azopolymer-based interference lithography. 

The deterministic realization of quasicrystals over large scales certainly belongs on this 

list. Quasicrystal-like DOEs are realized by sequential rotations of the azopolymer film 

upon multiexposure steps to a fixed interference pattern of light.210 The diffraction 

pattern fully reproduces the theoretical prediction of the Bragg’s diffraction law, with a 

discrete distribution of spots composing the far field diffraction pattern (Figure 13a). 

This approach represented a fundamental milestone, demonstrating that engineered 

discrete Fourier spectra of the surface geometry allows to fully shape the angular 

distribution of monochromatic light. Similarly, surface multiplexing via sequential 

exposures was also shown to be a valid tool for fabricating DOEs with control over the 

chromatic dispersion properties. This requires high accuracy over the periodicity of the 

light pattern, which can be achieved by using a piezo-controlled interference setup and 

integrating a digital holographic microscope for surface inspection.203 The result is a 

large-scale patterning where multiple exposures are combined to fabricate DOEs able to 

manifest structural color patterns (Figure 13b). One of the limitations in using 

azopolymers as a DOE platform is related to their high absorbance in the UV-visible 
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range, which typically limits their use as diffractive optical elements in the visible-NIR 

region of the spectra. However, the DOEs inscribed on an azopolymer film can be used 

as a mold to be replicated on other materials with more suitable optical properties. This 

has allowed the fabrication of SRGs for virtual and augmented reality applications,211,212 

by using a polydimethylsiloxane (PDMS) stamp, fabricated from prestructured optical 

Fourier surfaces (Figure 13c). Such DOEs allow light of different wavelengths to be 

efficiently coupled, guided, and outcoupled through the PDMS layer.  

 

 

Figure 13: State of the art of DOEs fabrication by azopolymer interference patterning. a) Quasicrystal-like 

structure achieved with six serial exposures, and relative diffraction pattern. Image reproduced from ref.210 

b) Photograph of a Rainbow Lorikeet written on an azopolymer film. Each pixel of the image contains 

three gratings that reflect red, green, and blue light toward the camera to create the image. Reproduced 

from ref.203 c) Spatially multiplexed waveguides for VR display, developed by multiple interference 

inscriptions and replicated on PDMS stamps. Reproduced from ref.211 d) AFM profile of SRG fabricated 

with a Lloyd’s interferometer setup using UV exposure, producing sub-micron periodicity. After the 

fabrication, a PDMS replica is deposited on a flexible polycarbonate sheet for lasing applications. Images 

reproduced from ref.178 e) AFM profile micrograph and corresponding profile of a SRG with high 

modulation depth. Reproduced from ref.191 f) Plot of DE as a function of the SRG modulation depth 

measured at three different positions. The mismatch occurs due to the SRG amplitude modulation, which 

also causes a spatial intensity modulation of the first-order diffraction spot during the irradiation time. 

Images reproduced from ref.213 

 

The first demonstrations of SRG structures with nanometer-scale periodicity were 

performed with a Lloyd’s mirror interferometer operating at 355 𝑛𝑚.178 The use of UV 

wavelength enabled the fabrication of SRG in the form of one- and two-dimensional 

gratings with different periodicities in the range below 1 𝜇𝑚 (Figure 13d). On the other 

hand, different strategies have been proposed to achieve a high modulation depth to 

maximize the diffraction efficiency towards larger wavelengths. The actual reported 

maximum depth is Δℎ = 1.7𝜇𝑚, using the RCP-LCP configuration.191 Due to the 

Gaussian shape of the inscribing beams, the SRGs exhibit an amplitude modulated 
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geometry, resulting in a modulated shape for the diffraction spots (Figure 13f). While 

interference-based inscription facilitates the fabrication of SRGs over large areas with a 

specific periodicity, any beam misalignment can introduce deviations from the ideal 

sinusoidal target profile. Since the cross-sectional profile of the writing beams is 

typically Gaussian, the corresponding modulation depth of the SRG changes over the 

inscribed area.213 When a wide probe beam is used to test the diffraction behavior, this 

results in a fine structure in the spatial profile of the diffraction spot, that changes even 

during the exposure process (Figure 13f). Additional effects, such as the appearance of 

SRG superstructures, can even further impact the SRG diffraction behavior, when long 

exposures are performed.214,215 

 

4.2 Comment to author’s published papers, part I  

 

The preceding literature review serves as the backbone of my research, providing a 

foundational context from which my work can be framed. The findings in these studies 

(and several others that are not reported here) have directly guided my research. The 

following section describes the first part of my own contributions, where interference 

photopatterning of azopolymers has been used to test new material designs and to 

precisely engineer and study the diffraction behavior of SRGs. Publication I-IV and 

Publication VIII belong to this section.*  

In Publication II, a novel molecular design for the azopolymer was proposed. It is 

characterized by a double supramolecular interaction acting on two positions of the 

aromatic ring of the azobenzene unit. This results in a highly directional azo-

chromophore and polymer chain interaction, preventing additional rotational degree of 

freedom around the long molecular axis of the azobenzene. In this work, this novel 

design has been directly compared to single-bonded supramolecular structures. The 

hypothesis is that a greater directional constraint on the bond results in a more efficient 

mass migration. A p-p interference configuration was used as a test platform. 

Optimization of the material resulted directly from the quantitative characterization of 

the SRGs inscription process, suggesting effective feedback between the chemical design 

 

* Publication I: M. Salvatore et al. Programmable surface anisotropy from polarization-driven      

azopolymer reconfiguration, Journal of Physics: Photonics 3(3), 034013 (2021). 

   Publication II: F. Borbone et al. Enhanced photoinduced mass migration in supramolecular 

azopolymers by H-bond driven positional constraint, Journal of Materials Chemistry C 9(34), 11368–

11375 (2021). 

   Publication III: S. L. Oscurato et al. Large-scale multiplexed azopolymer gratings with engineered 

diffraction behavior, Advanced Materials Interfaces 2101375, 1–9 (2021). 

   Publication IV: F. Reda et al. Accurate morphology-related diffraction behavior of light-induced 

surface relief gratings on azopolymers, ACS Materials Letters 4(5), 953–959 (2022). 

   Publication VIII: M. Salvatore et al. Diffractive refractometer based on scalar theory, Polymers 

15(7), 1605 (2023). 
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of the azopolymers and their use as photoresponsive materials. The comparative study 

led to the optimization of a new molecular design, characterized by a significant 

improvement in mass migration and surface relief grating inscription efficiency. SRGs 

fabricated from a double-bonded system showed a final first-order diffraction efficiency 

of 0.31. Under the same illumination conditions, SRGs inscribed in single-bonded 

azopolymer films prepared with the same thickness produced a diffraction efficiency of 

0.019. In addition, in this work, the extraction of the azobenzene units from a 

photopatterned film by solvent rinsing was demonstrated. This process leaves the 

periodicity and the profile of the inscribed SRGs unchanged, but with a visible 

reduction of the SRG modulation depth (from about 110 𝑛𝑚 to 60 𝑛𝑚). This promising 

process may in the future expand the possibility of using inscribed DOEs over a wide 

range of wavelengths, typically limited by the absorption range of azo chromophores.  

Publication III represents a first fundamental milestone of my research activity. In 

this work, a sequential p-p interference-based inscription of sinusoidal SRGs was used to 

realize diffraction gratings with multiplexed geometry and engineered chromatic 

behavior. A multiplexed grating that diffracts polychromatic light in the same direction 

was designed according to the prescriptions of the scalar diffraction theory. This grating 

was designed by multiplexing three sinusoidal gratings with periodicity 𝛬𝑖, defined by 

requiring that the three gratings diffract light of wavelengths 𝜆1 = 633 𝑛𝑚 (red), 𝜆2 =

532 𝑛𝑚 (green), and 𝜆3 = 488 𝑛𝑚 (blue) under the same target angle. Despite the 

simplicity of the design, the subsequent fabrication step poses many challenges. First, 

the correct superposition of sinusoidal reliefs with accurate periodicity must be achieved. 

In addition, each of the components of the multiplexed structures must have the same 

relative weight. To optimize the superposition of the individual sinusoidal components, 

real-time diffraction efficiency measurements were used, with a probe laser beam 

integrated in the optical path. This allowed an empirical tuning of the exposure time for 

each sinusoidal component, by imposing the same diffraction efficiency in the first order 

on the superimposed sinusoidal reliefs. The result was an approximately equal amplitude 

weights in the multiplexed structure. The same exposure process, performed with a 

priori calibration of the exposure times, gave the worst results, demonstrating the 

improvement in terms of patterning accuracy derived from the indirect real-time 

monitoring of the process. The final DOE was tested under the simultaneous irradiation 

of three collinear laser beams at design wavelengths. The spatial distribution of 

diffraction orders was quantitatively consistent with the simulated pattern from the 

design. The presence of a white diffraction spot in which the three colors were angularly 

superimposed confirmed the excellent transfer of the target functionality into an 

operational device. 

Publication IV is directly related to Publication III and provides a comprehensive 

characterization of the SRG inscription process. It is based on the simplistic idea that 

the diffraction efficiency in a single diffraction order is a typical parameter to be 

controlled during the inscription process to retrieve complete information about the 

evolving surface geometry. However, scalar diffraction theory correctly predicts the 

diffraction behavior for an ideal sinusoidally modulated surface. The diffraction pattern 

produced by the experimental surface may differ from the theoretical predictions. A 

direct measure of diffraction efficiency can give incorrect predictions if the deviations 
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from the sinusoidal profile are not included in the theoretical framework. In fact, 

although often described as having ideal sinusoidal profiles, the evolving surface 

morphology in large-amplitude SRGs can affect the light distribution of the writing 

interferogram, causing a feedback effect between the developing surface and the 

illumination pattern. The result is the appearance of profile deformations and deviations 

from the expected diffraction behavior, which lead to false results if the diffraction 

efficiency alone is used to monitor the writing process. In this paper, the precise 

description of the surface grating morphology from an AFM characterization allowed to 

build a phenomenological model of the evolution of the grating morphology, taking into 

account its deviations from the ideal sinusoidal profiles. The AFM characterization of 

the SRGs was performed with increasing exposure doses to writing interferograms 

characterized by different asymmetries in the writing beams to deliberately introduce 

manufacturing errors. The model is based on the decomposition of the AFM profile into 

a Fourier series as a more general method to describe SRGs. The results were used to 

phenomenologically model the time evolution of the grating morphology and its 

deviations from the ideal sinusoidal profiles. Scalar diffraction theory was used to fully 

describe the diffraction behavior of SRGs, including surface deformations. This allowed 

to perform an accurate analysis of the efficiency measured in the diffraction pattern. 

The proposed model could have a significant impact, as it may allow a more careful 

rationalization of all the results reported over the years, contributing to a more precise 

definition of the phenomenology and mechanism of SRG inscription. 

Publication VIII proposed a theoretical and experimental framework for an 

operational diffraction-based method capable of measuring the refractive index of 

structured material layers. This technique is directly based on the results of Publication 

IV. In a first step, the surface of the material to be measured is structured with a one-

dimensional sinusoidal diffraction grating. A photopatterned azopolymer film is used as 

a master. The sinusoidal SRG is transferred to a polymethylmethacrylate (PMMA) film 

by soft lithographic replication through a PDMS mold fabricated directly from the 

azopolymer master. The measurement of the transmitted diffraction efficiency in one of 

the propagating orders and the topographic analysis of the surface profile enter a fitting 

process where the refractive index is retrieved from the scalar diffraction model. The 

refractive index of PMMA has been measured at several discrete wavelengths ranging 

from the visible to the near infrared. The proposed technique represents a simple and 

accessible tool for a wide audience working in optics, chemistry, and materials science, 

with reduced cost and high versatility. It is applicable to measure the refractive index of 

structured materials where other techniques such as ellipsometry are ineffective. 

Publication I is the last work in this list, and it has been left at the end because it 

needs a brief introduction to be framed in this scenario. Interference lithography is not 

the only technique capable of producing a periodic surface modulation on an azopolymer 

surface, even if it is used extensively. Surprisingly, surface relief gratings can appear 

even when the azomaterial is illuminated by a single coherent laser beam with a 

wavelength in the absorption band of the azomolecule at normal incidence. These 

structures are typically referred to as spontaneous SRGs.216–218 Many studies have 

focused on exploiting this effect to fabricate gratings,219–222 but because this mechanism is 

not fully rationalized, fabrication by single-beam illumination is not highly controlled. 



 

49 

 

Instead, a completely different approach to induce complex surface patterns on 

azomaterial surfaces is based on the controlled light reconfiguration of pre-structured 

surfaces, again using a single beam.223,224  

In Publication I the light-induced reconfiguration of prestructured azopolymer surfaces 

in a large deformation regime is demonstrated. In the experiment, a silicon wafer, 

lithographically patterned with an array of micro-pillars (arranged in a square lattice 

with pitch 𝑝 =  10.0 𝜇𝑚, diameter 𝑑 =  4.5 𝜇𝑚 and height ℎ =  10.0 𝜇𝑚), was used as 

master template. This geometry was transferred to an azopolymer film firs creating a 

negative PDMS mold from the silicon wafer. An azopolymer solution was then poured 

onto a glass slide and covered with the fabricated PDMS stamp. After complete 

evaporation of the solvent, a replica of the silicon master texture was realized on the 

azopolymer film. The pre-structured film was irradiated with a uniform beam, linearly 

polarized along one of the grating vectors of the pillar array, with different time doses. 

During irradiation, the material flows in the direction of polarization according to the 

photo response of the azopolymer. This causes a structural reconfiguration of the pre-

patterned pillar geometry, which eventually becomes elongated in the direction of light 

polarization, creating a grating-like structure. While the periodicity is fixed by the pitch 

of the pillar array, the modulation depth can be tuned by the exposure dose. Gratings 

with different orientation and periodicity can also be inscribed by a simple polarization 

rotation of the reconfiguring light beam, connecting the pillars along different principal 

directions of the micro-pillar square lattice. Six different geometries were fabricated from 

the same prestructured array, demonstrating a versatile and cost-effective surface 

patterning technique. It allowed the discrete array to be reconfigured into a continuous 

and periodic diffraction grating characterized by a few micrometers in height and a high 

degree of structural anisotropy. 

 

4.3 Maskless holographic azopolymers photomorphing 

 

For the past thirty years, azopolymer films photopatterning has been based 

predominantly on interference techniques. This method is widely recognized for the 

possibility to produce highly regular and periodic microstructures, with resolutions that 

are easily determined by the wavelength of the light source and the interference angle. It 

generally offers high throughput because large areas can be patterned in a single 

exposure, making it highly suitable for mass production. However, this technique is 

limited in terms of pattern versatility. The employment of serial exposures has enabled 

the fabrication of even complex geometries.203,210 In cases where the target topography is 

not periodic or lacks of specific symmetries, the number of exposures required to 

approximate it would be so immense that such geometries would be difficult to design 

and nearly impossible to fabricate. This significant limitation underscored the need for a 

different approach. Differently from interference, holography is an alternative way of 

shaping light. The two interfering beams are replaced by a single beam that, when 

locally modulated in phase, amplitude, or polarization, interferes with itself to create 

complex illumination patterns. Holography is at the core of a direct maskless surface 
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patterning, where a spatial light modulator is used to shape light. Figure 14a 

summarizes the complete sequence of steps required for this promising approach. The 

very first step involves the azopolymer film preparation. The film is prepared by 

dissolving the polymer in tetrachloroethane to form a solution.223 The desired film 

thickness, typically in the range of 0.5 𝜇𝑚 − 3.0 𝜇𝑚, can be properly obtained by a 

controlled spin-coating of the solution onto a glass substrate. In the final stage, the 

samples are kept under vacuum at room temperature to remove any residual solvent. 

This process partially matches the first step of standard photolithography. The main 

difference is that the azopolymer serves directly as the structure material for the final 

optical device, while the resist typically serves as an intermediate layer in the patterning 

process and is typically completely dissolved by the development and stripping process. 

The second and final step involves the azopolymer exposure step. The experimental 

configuration is based on a phase-only Computer-Generated Holograms (CGHs) 

scheme.27 A coherent and collimated laser beam is phase-modulated by a computer-

controlled reflective phase-only SLM. The light wavelength 𝜆 is chosen to match the 

absorption band of the azopolymer. A reflective SLM consists of a liquid crystal array 

deposited on a reflective surface. Applying a voltage across each pixel of the liquid 

crystal layer creates an electric field that affects the orientation of the liquid crystal 

molecules. This reorientation changes the effective refractive index for the reflected 

light. By controlling the voltage pixel by pixel, the phase of the reflected light can be 

precisely controlled. Assuming that each pixel has a constant size Δ, this phase 

modulation can be written as:6 

 𝜓(𝑝Δ, 𝑞Δ) =
2𝜋

𝜆
𝑛(𝑝Δ, 𝑞Δ)𝑑 (4.7) 

 

where 𝑑 is to the total distance traveled by the light in the device, approximately 

corresponding to twice the thickness of the cell. Discrete indices 𝑝, 𝑞 are used to account 

for the discrete nature of the modulator. These coordinates range from 𝑁 discrete 

integers, corresponding to the number of pixels composing the SLM. Note that equation 

(4.7) exactly corresponds to a discretized version of equation (2.21), where the phase 

modulation is fully encoded in the refractive index variations instead of in the 

topographic shape of the device surface. For this reason, a spatial light modulator is a 

DOE.80 Assuming that the incident field is homogeneous, such that all the 𝑁 × 𝑁 pixels 

are uniformly illuminated, the reflected field from the modulator can be written as:95 

 𝐸⃗⃗ 𝑆𝐿𝑀(𝑝Δ,𝑞Δ) = 𝐸⃗⃗ 0 ∙ 𝑟𝑒𝑐𝑡(
𝑝Δ

L
,
qΔ

L
) ∙ 𝑒

𝑖𝜓(𝑝Δ,𝑞Δ)

 (4.8) 

 

where the optical field is assumed to be p-polarized with respect to the SLM plane, so 

that the vectorial amplitude can be written as 𝐸⃗ 0 = (𝐸0, 0). This ensures the maximum 

modulation efficiency for the field.80 Equation (4.7) represents the expression for the 

field after the SLM modulation. For this reason, this plane is also referred to as the 
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modulation plane. Here, the finite dimensions of the illuminated area of the modulator, 

specifically 𝐿 = 𝑁𝛥, are considered by the rectangle function. 

 

 

Figure 14: Maskless holographic photomorphing azopolymers. a) Schematic of the inscription process, 

starting with the film preparation and leading to the final micropattern. b) Experimental holographic 

pattern and corresponding AFM image of the surface relief inscribed in a single illumination step under 

circular polarization. Reproduced from ref.225 c) Scanning electron microscope image and relative AFM 

profile of a chirped grating fabricated in single exposure under a digitally generated polarization pattern. 

Reproduced from ref.226 

 

The modulated beam is propagated through a 4f lenses system with the input plane 

located in the SLM plane. These projection optics allow to generate a scaled version of 

𝐸⃗ 𝑆𝐿𝑀 in the back focal plane of a long-working distance objective, placed in the output 

plane of the 4f system. In this plane, the optical field can be written as:  

 𝐸⃗⃗ 𝑜𝑏𝑗(−𝑝Δ
′, −𝑞Δ′) = 𝐸⃗⃗ 0 ∙ 𝑟𝑒𝑐𝑡(−

𝑝Δ′

L′
,−
qΔ′

L′
) ∙ 𝑒

𝑖𝜓(𝑝Δ′,𝑞Δ′)

 (4.9) 

 

where both the pixel size Δ′ and the SLM aperture L′ have been scaled by a factor 𝑓2/𝑓1 

corresponding to the focal lengths of the lenses composing the projection system. This 

step makes it possible to perfectly match the SLM aperture to the rear aperture of the 

objective and to introduce intermediate planes to be used to spatially filter the field.27   
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The objective, which is the last optical component of the system, projects this optical 

field distribution onto the azopolymer film surface, placed at the working distance of the 

objective. The field distribution in this plane is equal to:225 

 𝐸⃗⃗ 𝑎𝑧𝑜(𝑝Λ, 𝑞Λ) = 𝐸⃗⃗ 0 ∙ ∑ 𝑒𝑖𝜓(𝑝Δ,𝑞Δ) ∙

𝑁

𝑚,𝑛=1

𝑒
−𝑖𝑘

𝑝Λ𝑚Δ+𝑞Λ𝑛Δ
𝑓  (4.10) 

 

This expression can be derived from equation (2.19) by approximating the objective 

transformation with a discrete Fourier transform. Here, 𝑓 represents the equivalent focal 

length of the system and it defines the pixel size on the azopolymer surface Λ = 𝜆𝑓/𝐿 

and the size of the hologram 𝐷 = 𝑁Λ in this plane. Once that the setup parameters are 

defined, this equation fully summarizes the ability of the described optical system in 

generating complex intensity patterns 𝐼𝑎𝑧𝑜(𝑝Λ, 𝑞Λ) over the azopolymer surface. The 

SLM acts here as a holographic projector, encoding all the hologram information in a 

pure phase profile, the kinoform 𝜓(𝑝Δ, 𝑞Δ). It allows to generate an arbitrary grayscale 

distribution of light on the azopolymer surface, corresponding to the holographic plane. 

Furthermore, by properly defining the optical setup parameters, such as the focal length 

of the lenses and the SLM pixel density, it is possible to set a pixel size in the image 

plane smaller than the diffraction limit of the optical system, resulting in a continuous 

distribution of diffraction-limited light 𝐼𝑎𝑧𝑜(𝑥, 𝑦) for the generated hologram.  Despite 

the simple Fourier relationship between the intensity distribution and the kinoform, the 

correct modulation must be retrieved with an IFTA,88 as showed in Figure 8. In a sense, 

this process is similar to the mask creation process typically used in OL standards. 

However, no physical mask is required, and the correct light modulation can be 

retrieved and updated in a few minutes, depending on computing resources. This is a 

huge difference to the time scale of several days and the cost required to implement a 

photomask. Prior to the objective transformation, light is converted into circular 

polarization by means of a quarter waveplate. This eliminates the anisotropy of light-

induced relief associated with linearly polarized light. By irradiating a circularly 

polarized light pattern 𝐼𝑎𝑧𝑜(𝑥, 𝑦) in a low-focusing regime, the evolution of the 

azopolymer surface morphology ℎ(𝑥, 𝑦, 𝑡) can be described phenomenologically as:170,171  

 ℎ(𝑥, 𝑦, 𝑡) = 𝛻2 [𝐼𝑎𝑧𝑜(𝑥, 𝑦)] ∙ Δℎ(𝑡) (4.11) 

 

where Δℎ(𝑡) evolves according to equation (4.1). Equations (4.10) and (4.11) 

encapsulate the true essence of this technique, which can be interpreted as a 2.5-

dimensional lithographic technique. In standard optical lithography, patterns are created 

on a two-dimensional plane with a binary modulation whose value must be tuned during 

the etching step. The digital maskless lithography implemented with azomaterials allows 

a semi-three-dimensional lithography, where the grayscale intensity distribution defines 

the lateral geometry of the patterned surface, while the local intensity and the exposure 

time define the depth of the structures point by point. The patterns can thus have a 

more complex morphology than a simple binary modulation, even if they do not fully 
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extend into three-dimensional structures. Exposure with the digital holographic pattern 

is the final fabrication step required to produce patterned surfaces using this technique. 

In one of its early implementations, this technique was proposed to induce spiral relief 

patterns under the illumination of vortex beams with varying topological charge and 

wavefront handedness.170 The resulting surface reliefs showed a strong dependence on 

the shape of the wavefront of the illuminating beam, demonstrating the complex light-

matter occurring in this class of materials and opening up for the formalization of a 

phenomenological model.171  

This technique was extended a few years later by Oscurato et al.225 Although still in a 

primitive form and not yet suitable for the fabrication of DOEs, the study demonstrated 

high-quality complex surface reliefs from structured holographic light patterns, with the 

limitation of a low modulation depth due to the low contrast in the holographic pattern 

and a mismatch between the wavelength used with respect to the azopolymer absorption 

band. However, this work stands as a critical foundation for future research, presenting 

the first significant results that could be applied to the fabrication of DOEs (Figure 

14b). The core of this study emphasizes that the key to improving the quality of the 

surface patterns lies in the optimization of the illumination hologram. This suggested 

route represented a turning point and inspired the subsequent research. In parallel with 

the work supporting this Thesis, other groups have proposed different strategies. An 

alternative approach relies on the use of a holographic setup to generate polarization 

patterns instead of intensity distributions on the azopolymer surface.226,227 The key is an 

optical setup in which the SLM is sandwiched between two quarter waveplates. This 

configuration allows the polarization plane of a linearly polarized beam to be locally 

rotated through an angle determined by the grayscale value sent to the SLM from a 

computer. Unique advantages of this system are realized when combined with the use of 

an azopolymer as the polarization-sensitive photoresponsive material, allowing for the 

single-step fabrication of variable periodicity or chirped gratings that are unattainable 

with interference-based patterning (Figure 14c).  

 

4.4 Comment to author’s published papers, part II  

 

The digital maskless photomorphing scheme, schematically illustrated in Figure 

14a, was the core of my research activities, which are summarized in this paragraph and 

detailed in Publication V-VII and Publication IX.* In these works, the digital 

 

* Publication V: S. L. Oscurato et al. Shapeshifting diffractive optical devices, Laser & Photonics 

Reviews, 16(4), 2100514 (2022). 

 Publication VI: F. Reda et al. Varifocal diffractive lenses for multi-depth microscope imaging, Optics 

Express, 30(8), 12695–12711 (2022). 

 Publication VII: S. Fusco et al.  Efficient high-refractive-index azobenzene dendrimers based on a 

hierarchical supramolecular approach, Chemistry of Materials, 35(9), 3722–3730 (2023). 

 Publication IX: F. Reda et al. Reprogrammable holograms from maskless surface photomorphing, 

Advanced Optical Materials, 11(21), 2300823 (2023). 
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maskless optical scheme was used to generate and project a grayscale spatially 

structured intensity distribution of light onto an azobenzene-containing polymer film 

whose surface is locally deformed according to the irradiated light. This process allowed 

the direct fabrication of several reprogrammable DOEs. 

The innovative and promising approach resulting from this research activity was the use 

of a customized holographic setup, which was updated during the experiments to 

achieve the highest possible quality and control of the developed patterned surfaces. The 

general experimental scheme was integrated with a camera that allowed visual access to 

the holographic pattern at the sample plane in real-time. Additional beams were 

combined to implement real-time characterization of the evolving structures. These 

included a bright field source to directly image the surface during the writing process 

and a probe beam to collect the real-time far-field or Fourier transform pattern 

diffracted from the developing surface. This enabled the fabrication of DOEs whose 

functionality could be directly controlled, characterized, and optimized during the 

fabrication process. An additional beam was used to assist the patterning process or to 

optically erase the structured surfaces, enabling the fabrication of fully reprogrammable 

diffractive optical elements.  

Publication V has represented a fundamental milestone in my research. It 

demonstrated, for the first time, the fabrication of shapeshifting diffractive optical 

elements using the digital holographic inscription of the azopolymer surface. One of the 

major results of this work, was the use of an additional light source acting as assisting 

or erasing beam. This additional laser beam, with a wavelength highly absorbed by our 

azopolymer, improved the grating inscription rate by depleting the population of 

oriented azomolecules in the orthogonal direction of the writing beam polarization when 

used at low power regimes. The experimental results allowed to estimate an 

enhancement in the patterning speed of seven times. The same beam, when used at 

higher power, favored the complete erasing of the structured surfaces. In combination 

with the digital holographic setup, it was first used to fabricate transformable sinusoidal 

diffraction gratings, implementing multiple write-erase cycles of sinusoidal SRGs with 

different periodicity. No significant surface degradation was observed after at least 15 

write-erase cycles. The same approach has been used to realize shapeshifting DOEs with 

arbitrary grating vector distributions, such as an RGB grating and optical Fourier 

surfaces. These results showed a complete shift in terms of interference inscription. Since 

the grating multiplexing process was directly encoded in the analytical design of the 

digital hologram, no further demanding and sequential light exposures were needed to 

achieve these results. A relevant example was the fabrication of a blazed grating 

resulting from the combination of six gratings with the same direction but different 

periodicities and weighted amplitudes. Another fundamental aspect of this work was the 

possibility of directly integrating shapeshifting DOEs into operational optical systems. 

To this end, the proof-of-concept of a reconfigurable monochromator was realized by 

reshaping the grating periodicity under simultaneous illumination with a probe white 

beam. To further demonstrate the power of this approach, reconfigurable diffractive 

lenses were also realized and integrated into a working imaging system. Focal length 

reconfiguration resulting from surface reshaping was demonstrated, achieving a shift in 

focal position of about 70%. This tunable shape-shifting lens, with theoretical efficiency, 
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was used to realize an imaging system capable of dynamically providing different 

magnifications of an extended object. This work represented the state of the art in 

azopolymer photopatterning for arbitrary reshapable DOEs resulting from digitally 

structured illumination patterns. It has also been recognized as an outstanding scientific 

paper published in a peer-reviewed journal by the 2023 Annual WITec Paper Award 

(Bronze). In the same year, a popular science article about these results was published 

on Advanced Science News.*  

Publication VI follows the results presented in Publication V. Here, the realization of 

reshapable cosinusoidal phase zone plates with precise focal length design and controlled 

diffraction efficiencies was demonstrated. After fabrication, the diffractive lenses were 

tested by experimentally reconstructing the axial point spread function under 

illumination with a monochromatic beam. Direct comparison with the results predicted 

by the Rayleigh-Sommerfeld diffraction integral in the Fresnel approximation showed an 

almost perfect agreement between the fabricated device and the theoretical design. The 

characterization of the lens quality was also extended to evaluate the geometrical 

aberrations in the focal spot. The Strehl ratio was used as an estimator and values close 

to 0.8 were obtained. This is typically set as a diffraction limited performance for a real 

lens. This value is also comparable to those reported for high quality metalenses. In 

addition, the noise contribution from the spurious defocused diffraction orders in the 

focal plane was measured. A signal-to-noise ratio of 22 𝑑𝐵 and a spot visibility of 0.99 

were achieved. The same quality was also reported for a wide range of focal lengths, 

from 0.3 𝑚𝑚 to 1.2 𝑚𝑚, limited only by the resolution of the holographic system and 

the field of view of the objective. Diffractive lenses have also been used to implement a 

motionless multi-depth imaging system based on a Barlow configuration. In this work, 

varifocal diffractive lenses are used to further extend the functionality of a hybrid 

refractive-diffractive microscope system. By tuning the focal length and position of the 

diffractive lens, simultaneous and independent control of the magnification, field of view, 

and working distance of the hybrid imaging system was achieved. It was used to 

reconstruct in-focus images of small objects placed at different positions on the optical 

axis with high contrast and reduced vignetting effects. 

Publication VII In this work, supramolecular chemistry has been used as a powerful 

tool to design efficient azomaterials, following the results of Publication II, where a 

highly directional double hydrogen bond produces stable amorphous azopolymers with 

enhanced mass transport properties. Here, a dendrimeric supramolecular assembly 

approach is proposed to maximize the photoresponse of the material. In addition, metal 

coordination (based on a Zn(II)-carboxylate coordination interaction) has been 

demonstrated as a simple and efficient strategy to produce high refractive index 

azomaterials. An increase in refractive index of 0.1 was reported over conventional 

acrylate azopolymer and supramolecular polymers with similar azobenzene 

concentration. The combination of high refractive index and high inscription efficiency 

 

* Robert Lea, How shape-shifting gratings and lenses are changing optical devices, Advanced Science 

News, 2023. 
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allowed the fabrication of a thinner diffractive lens with the same optical functionality 

as those proposed in Publication VI, demonstrating that flexible supramolecular 

chemistry for the design of new azomaterials is a key factor in the development of real-

time reconfigurable planar photonic devices. 

Publication IX was the last fundamental result of my research. In this work, the 

accurate all-optical transfer of complex 2D geometries with a binary or grayscale relief 

depth on the surface of azobenzene-containing polymer films was demonstrated. In a 

preliminary experiment, a two-level QR code was proposed as the target binary surface 

geometry. Although not a DOE, this structure was used to test the possibility of direct 

photopatterning of complex lateral geometries on the azopolymer surface. After 

inscription, an AFM characterization confirmed the correct pattern transfer on the 

surface, faithfully reproducing the target geometry. Even in the presence of fabrication 

mismatches in the order of 10% of the total modulation depth, the QR code still stores 

the original information, which can be read directly from the AFM image. The holo-

lithographic technique was then extended to the realization of diffractive kinoforms 

acting as holographic projectors, where both complex lateral distribution and grayscale 

modulation depth are required. The setup was used to directly inscribe the grayscale 

profile of a kinoform resulting from an IFTA onto the azopolymer surface. The evolving 

diffraction pattern was continuously recorded in real-time, providing the relative 

diffraction efficiency in the target holographic image as a function of exposure time. 

This real-time characterization led to a holographic projector with a surprising efficiency 

of more than 60%, fabricated in less than two minutes. Multiplexed holographic 

projectors with axially separated spurious orders were also demonstrated, with 

comparable optical functionalities.  Finally, the surface was completely erased and 

reshaped to produce time-averaged holographic images with reduced speckle noise or to 

update the holographic image. This allowed the fabrication of fully reprogrammable 

pixel-free morphological holographic projectors with turnaround times of a few minutes. 

Although still far from the refresh time of electrically tunable DOEs, azopolymer 

holographic projectors result in higher efficiency and ultra-compact size, with 

performance levels comparable to the state of the art in planar optics. 
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Conclusions and outlook 

 

Two centuries after the development of the first diffraction grating, diffractive 

optical elements remain at the forefront of scientific research into advanced photonic 

devices. DOEs allow standard optical components to be redesigned into planar, 

lightweight, and multifunctional devices, with the potential to significantly reduce the 

footprint and complexity of optical systems.  However, this is just the tip of the iceberg. 

For example, DOEs have been used to compensate for normal chromatic dispersion or to 

circumvent the diffraction limit of imaging systems. This ability to overcome classical 

limitations while maintaining a relatively simple analytical design makes diffractive 

optical elements invaluable for photonics applications. This is also confirmed by the 

longevity of the history of diffractive optics, which underscores the iterative refinement 

and innovation that has brought and will bring new paradigms for shaping light. 

Predicting future designs and strategies is always challenging, especially considering that 

they will be dictated by the needs of future technologies and the desire to integrate 

planar optics into customer products. As we move into the future, the connection 

between diffractive optics design and artificial intelligence emerges as an intriguing 

possibility. The integration of AI can create unprecedented designs with unimaginable 

optical functionalities. This will require an appropriate technology to translate 

theoretical results easily and seamlessly into functional devices, from a rapid 

prototyping step to mass production. However, current lithography techniques have 

significant limitations. 

This inspired and drove my research during the three years of my Ph.D., which focused 

on demonstrating that maskless fabrication of fully reprogrammable diffractive optical 

elements could be achieved by replacing standard photoresists with azobenzene-

containing polymers. The development of this promising form of lithography for DOEs 

fabrication was an enormous interdisciplinary effort. It started conceptually by 

contributing to the chemical optimization of new materials through comparative studies 

between different molecular designs, looking for more efficient photopatterning responses 

and improved optical performance. A major task was to refine of light modulation 

techniques in different configurations to induce more complex patterns. On the other 

hand, this also required new design strategies and an accurate modeling and description 

of the micropatterns and their relationship to their diffractive behavior, typically to be 

acquired and controlled during the development of the DOE. As usual in science, all 

these tasks were carried out in parallel with the contribution of several scientists, and 

each improvement on one side of the research had a ripple effect, influencing all other 

aspects of the study. Although much work remains to be done to address the true 

limitations of this technique, this approach holds the potential for immense benefits. It 

could improve the resource and energy efficiency typically required to produce 

structured surfaces. By eliminating the need for chemicals in the processes, it could 

significantly reduce environmental impact and material waste, promoting more 

sustainable lithography. In addition to the potential technological and industrial 

implications, all of this can also benefit research by making micropatterning a 

technology more accessible to research groups and fostering interdisciplinary 
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collaboration. Potential applications extend far beyond the fabrication of optical 

elements, including the fabrication of substrates for cell growth, the creation of memory 

supports with multilevel architectures, and the fabrication of microdevices for green 

energy harvesting, to name just a few. 

 

What’s next 

 

The results detailed in this Thesis are not intended to be conclusive, but rather a 

foundational steppingstone for future research. Figure 15 presents some preliminary 

results for the next iteration of this research. 

 

 

Figure 15: Preliminary data for future research. a) Optical image and AFM characterization of a large 

area sinusoidal diffraction grating fabricated by a step and repeat technique implemented with the digital 

azopolymer photopatterning scheme. The grating has an area of about 1 𝑚𝑚2, a spatial periodicity of  

Λ = 7.5 𝜇𝑚, and a uniform modulation depth of Δℎ = 3.1 𝜇𝑚. AFM scan in the stitching regions shows 

minimal fabrication errors. b) Real-time surface profile of a sinusoidal SRG acquired during the digital 

inscription process by means of a DHM and the corresponding modulation depth as a function of the 

inscription time. Preliminary data acquired at the University of Tampere, under the supervision of Prof. 

Arri Priimägi.  c) Design and fabrication of a pitchfork hologram to generate vortices with helical 

wavefronts. The simulation and the experimental pattern correspond to the diffraction order carrying 

orbital angular momentum equal to +1. 
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The first area of focus will be on the development of sinusoidal diffraction gratings with 

unprecedented modulation depths. In a preliminary experiment, the remarkable stability 

of the digital holographic setup facilitated the fabrication of a sinusoidal diffraction 

grating with a record modulation depth of 𝛥ℎ = 3.1 𝜇𝑚. In addition, the precise visual 

control of the holographic writing beam enabled extensive area patterning using a multi-

exposure technique, inspired by the step-and-repeat framework of standard 

photolithography. This approach resulted in minimal surface profile errors in the 

stitching regions and maintained a consistent modulation depth across the entire 

patterned area, as shown in Figure 15a. These achievements pave the way for the 

fabrication of large-area diffractive optical devices with arbitrary surface profiles for 

infrared applications. 

During my Ph.D. program, I had the opportunity to spend part of my time in the Smart 

Photonic Materials (SPM) group at the University of Tampere, Finland, under the 

supervision of Prof. Arri Priimägi. My internship focused on the real-time controlled 

fabrication method of structured surfaces using digital holographic lithography in 

azobenzene-containing materials. This resulted from the real-time characterization of the 

developing structures using digital holographic microscopy (DHM). Figure 15b shows 

preliminary data demonstrating how the integration of a DHM into the digital 

lithography system can provide a direct, real-time measurement of the amplitude of an 

inscribed diffraction grating, a significant improvement over relying on indirect 

measures derived from diffraction efficiency. This methodology has the potential to 

significantly improve the fabrication capabilities and warrants further investigation in 

future studies. 

Fully reprogrammable flat optics hold the promise to extend light manipulation 

capabilities to include non-classical states of light, ushering in a new era of quantum 

technologies. Central to this advancement is the ability to shape and control quantum 

states of light for use in quantum communication protocols, quantum holography, and 

quantum imaging. An illustrative example of this potential is the generation of optical 

vortex beams via a pitchfork hologram, as shown in Figure 15c. This class of devices 

shapes the phase of an incoming light beam to create light vortices with helical 

wavefronts, converting a standard laser beam into one endowed with orbital angular 

momentum. This is characterized by an on-axis phase singularity, resulting in a zero-

intensity center surrounded by a doughnut-shaped intensity profile. 
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Appendix: SRGs parameters from literature 

 

This appendix summarizes in a table the main results obtained over the years by 

interferometric lithography on azopolymer films. Columns 2-4 of this table have been 

used for the plot in Figure 12c. Column 1 indicates the publication from which the data 

were taken. The list follows a chronological order based on the year of publication. 

Column 2 lists the polarization configuration used, with only one being considered in the 

case of comparative studies. Columns 3-5 contain the typical structural parameters of 

the SRGs observed in the corresponding work, such as modulation depth, periodicity, 

and diffraction efficiency, if reported, in the first order of diffraction. Theoretical 

diffraction efficiency means that the entire curve has been reconstructed for more than 

one diffraction order. Column 6 reports the typical exposure time to produce SRGs. 

 

Article  Pol. 𝚫𝒉 [𝝁𝒎] 𝚲 [𝝁𝒎] 𝜼𝟏 [%] 𝚫𝐭 [𝒔] 

Kim, Appl. Phys. Lett. 66, 1166–1168 (1995) p-p 0.12 1.00 4.00 10 

Rochon, Appl. Phys. Lett. 66, 136–138 (1995) p-p 0.25 1.10 25.00 - 

Labarthet, J. Phys. Chem. B. 103, 6690–6699 (1999)  p-p 0.35 1.00 20.00 25 

Viswanathan, J. Mater. Chem. 9, 1941–1955 (1999)  p-p 0.10 1.00 15.00 40 

Labarthet, J. Appl. Phys. 90, 3149–3158 (2001) s-p 0.01 0.67 0.10 10 

Rocha, J. Appl. Phys. 89, 3067–3069 (2001) p-p 0.37 0.61 - - 

Perschke, Adv. Mater. 14, 841 (2002)  RCP-LCP 0.04 0.36 - 120 

Kang, Appl. Phys. Lett. 82, 3823–3825 (2003)  - 0.05 0.50 - 120 

Yang et al., Opt. Mater. 27, 527–532 (2004) p-p 0.04 0.80 2.00 23 

Goldenberg, Langmuir. 21, 4794–4796 (2005) p-p 0.63 2.30 37.00 (?) 120 

Zhou, Opt. Lett. 31, 1370 (2006) ±45° 0.02 1.50 1.60 3 

Liu, Langmuir. 22, 7405–7410 (2006) p-p 0.17 0.80 - - 

Kulikovska, Chem. Mater. 19, 3343–3348 (2007)  ±45° 1.65 2.30 Theor. 60 

Schab-Balcerzak, Opt. Mater. 31, 405–411 (2008) s-s 0.07 4.70 1.60 20 

Goldenberg, J. Mater. Chem. 19, 6103 (2009) ±45° 0.60 2.00 30.00 5 

Ishow, Adv. Funct. Mater. 19, 796–804 (2009) p-p 0.35 0.84 25.00 3 

Priimagi, Appl. Mater. Interfaces. 1, 1183–1189 (2009) p-p 0.30 1.10 25.00 30 

Sobolewska, J. Phys. Chem. B. 114, 9751–9760 (2010) p-p 0.18 1.24 17.00 50 

Kravchenko, Adv. Mater. 23, 4174–4177 (2011) ±45° 0.10 0.32 - 30 
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(*) waveguide mode interference lithography 

 

 

Goldenberg, J. Opt. 13, 075601 (2011)  ±45° 0.65 1.90 40.00 (?) 15 

Sobolewska, Appl. Phys. Lett. 101, 193301 (2012) s-s 0.10 10.00 22.00 60 

Wang, Appl. Phys. Lett. 102, 031103 (2013) WM (*) 0.01 0.17 - 20 

Yadavalli, Appl. Phys. A. 113, 263–272 (2013) ±45° 0.20 1.00 - 15 

Sobolewska, J. Phys. Chem. C. 118, 279–284 (2014)  s-s 0.59 6.00 30.00 70 

Vapaavuori, J. Mater. Chem. C. 3, 011–016 (2015)  p-p 0.18 0.80 7.00 15 

Kim, Opt. Express. 24, 25242 (2016) p-p 0.10 1.35 10.40 20 

Meshalkin, J. Opt. Adv. Mater. 18, 763–768 (2016) RCP-LCP 0.13 1.00 3.00 7 

Stumpel, Molecules 22, 1844 (2017) RCP-LCP 0.39 1.00 30.00 60 

Moujdi, J. Appl. Phys. 124, 213103 (2018) ±45° 0.14 1.03 5.00 6 

Kim, Macromol. Res. 26, 1042–1047 (2018) p-p 0.15 2.00 1.30 10 

Kim, Opt. Express. 26, 5711 (2018) s-s 0.10 1.26 - 360 

Nedelchev, Opt. Quantum Electron. 50, 212 (2018) RCP-LCP 0.27 2.00 40.00 (?) 5 

Jelken, RSC Adv. 9, 20295–20305 (2019) ±45° 0.25 2.00 1.30 10 

Jelken, Appl. Phys. B. 125, 218 (2019)  ±45° 0.25 2.00 2.00 15 

Sakhno, Opt. Mater. X. 1, 100006 (2019)  ±45° 0.80 2.80 Theor. 40 

Krüger, J. Appl. Phys. 125, 243108 (2019) RCP-LCP 0.70 4.00 24.00 8 

Pagliusi, Appl. Mater. Interf. 11, 34471–34477 (2019) RCP-LCP 0.40 20.00 - 12 

Jelken, Appl. Phys. B. 126, 149 (2020) s-p 0.05 1.00 0.30 10 

Audia, ACS Appl. Polym. Mater. 2, 1597–1604 (2020) p-p 0.22 20.00 - 12 

Rekola, Sci. Rep. 10, 19642 (2020) ±45° 0.30 4.00 8.00 0.1 

Salvatore, Adv. Mater. Interfaces. 7, 1902118 (2020) p-p 0.22 2.20 - 40 

Konieczkowska, Mater. Sci. Eng. B. 273, 115387 (2021) RCP-LCP 0.26 3.60 20.00 90 

Lim, Adv. Funct. Mater. 31, 2100839 (2021) RCP-LCP 0.21 0.70 11.00 10 

Rodriguez, Adv. Opt. Mater. 9, 2100525 (2021) ±45° 0.15 0.75 8.00 7 

Nedelchev, Photonics. 8, 306 (2021) RCP-LCP 0.28 1.30 26.00 41 

Sakhno, Opt. Mater. 128, 112457 (2022) p-p 0.20 0.30 14.00 120 

Kozanecka-Szmigiel, Materials. 15, 8088 (2022) RCP-LCP 1.70 8.70 Theor. 200 
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