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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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Introduction

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.! For example, light
waves interfering with surface microstructures on the wings of a Morpho butterfly
produce its signature iridescent blue.? This natural ability to manipulate light serves as
a profound inspiration for human research advances.? 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.# 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. 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.®” 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,®10 and it is linked to the
revolution that quietly began more than 200 years ago with the fabrication of the first
diffraction grating.!! 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.!213 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,!*
because they enable the miniaturization of optical systems, such as spectrometers,!®



where light needs to be dispersed. This ability to miniaturize and integrate into devices
such as smartphones!® or tissue-detection systems!” 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.!®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.?0 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.?! Alternatively, they can be
combined with polarization optics to implement vector diffractive optical elements such
as full-Stokes parameter sensors.?? Their design can be further extended and empowered
by deep learning models,?3 to achieve the light focusing beyond the diffraction limit from
light superoscillations,?* or to develop diffractive lenses capable of broadband
achromatic imaging.?® For these reasons, flat lenses are listed among the world’s top ten
most promising technologies.?6 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.2”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.® 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,?:3l and even at the basis of solar sails.32:33
Several other technological fields can benefit from DOEs, such as virtual and augmented
reality,3# 36 green energy harvesting,3” healthcare?®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.*2 44 Metasurfaces have been used to implement various optical components,
including blazed gratings,*46 lenses,*”™ %% and holograms,”®®2 with unprecedented
functionalities and applications.’3 Compared to DOEs, metasurfaces face more
demanding design and fabrication processes that are complex and resource-intensive.>
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,



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.?> 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.5"
Electron beam lithography replaces this process with an electron beam raster scanning,
resulting in a higher lateral resolution,?6! typically required for metasurfaces
fabrication.’* 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.® 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.®? In addition, the
need for high-resolution equipment for the photomasks fabrication,’® as well as the
requirement for cleanroom conditions,!3 further compounds the complexity and cost of
those standard process. Advances to improve sustainability include the adoption of
nanoimprint lithography,6465 or scanning probe approaches6:67 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 DOESs, although it faces significant challenges in terms of electronics and
miniaturization.?® 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 7!

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



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 10* optical components,” 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.”™ Micro- and nanostructure fabrication facilities are dominated by a few key
players scattered around the world.”™ 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.” 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



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.



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:

e 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.

e 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.

e 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 EXECUTION REPORTING

I Low Medium Low
II Low Medium Low

111 Medium High Medium
1AY High High High

\% 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.






Design of diffractive optical elements

For centuries, refractive optical components have been the backbone of optical
systems, such as microscopes and telescopes.® 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.”® 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 A. This property is
typically referred to as normal dispersion.” 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 9(4) 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(1) 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,!3 illustrated in Figure 1. Suppose the prism is sliced into one-
wavelength-high (1) pieces, removing all the rectangular sections that do not contribute
to the path length.!® 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 A and the thickness Ah = A.77 This concept can be
applied to the design of any diffractive optical element starting from its refractive



counterpart. The Fresnel lens, designed over a century ago, is a well-known example of
a thin diffractive equivalent of a refractive lens.”™ The blaze grating and the Fresnel lens
are the first examples of Diffractive Optical Elements, DOEs.

REFRACTIVE OPTICS DIFFRACTIVE OPTICS
it Blazed grating
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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.

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.”0:"8 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.!® 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.!® 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.!?

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 E (x, y,z) is well defined at each point in the space. In the

angular spectrum picture, considering Eina plane at z = constant, the two-dimensional

Fourier transform E of the field can be defined as:™

400
3 1 _, .
E(ky, ky, z) = 7 ﬂ E(x,y, z)eUaxtkyy) gy gy (2.1)

where (x,y) are the transverse Cartesian coordinates and (ky, k,) 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:

+00
= 1 3 .
E(oy2z) =5 ﬂ E(ky, ky, z)e!(x+kyY) d dk, (2.2)

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

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

relation (2.1). Since the magnitude of the vector |E| =k is fixed, the third reciprocal
coordinate can be derived from the relation:

k, = [k?—k2— k2 (2.3)
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Note that in the notation of equations (2.1) and (2.2), the field E represents a vector,
thus the Fourier integrals hold separately for each vector component (Ey, Ey, E;).”

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 w must satisfy
the vector Helmholtz equation:

V2E(x,v,2) + k2E(x,v,2) = 0 (2.4)

where k = wn/c is the magnitude of the wave vector k and n is the refractive index of
the medium. Substituting the Fourier representation of E (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:

0% s 5
EE(kx, ky,z) + kZE (ky, ky,z) = 0

(2.5)

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

E(ky ky, ) = E(ky, ky, 0)ets2 (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 H(ky, ky,z) = et 2%  which is called the
propagator in reciprocal space or the optical transfer function.

As shown in equation (2.3), given the pair (ky,k,), two different solutions for k, are
possible: if kZ + k3 < k?, then k, is a real quantity, making the propagator an
oscillating exponential; conversely, if kZ + k3 = k?, the k, 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,

12



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.™ 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.™

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:

+00
- 1 E ;
E(x,y.2) = f f E (ky, ky, 0)eillxxthyyEazl gpe g, (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:

+00
E(xy 2) = f f E(x,y, 0)eillxbe—x+ky Goynthez] ge die, dx'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:

+00
1 . .
H(xy,2) = o f f ellkuxtioythsz) gk dl, = FT[etikz?] (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:™

E(X, y,z) = E(x, y,0)Q®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,®0 equation (2.10) is equivalently rewritten as:™
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E(x,y,2) = FT~1 {TT{E(x, v, 00} x FT{H(x,y, z)}} (2.11)

where FT and FT~! 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.5!

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:

k2 + k2
~ 2.12
ey~ k== (2.12)

This approximation, known as the paraxial approximation, simplifies the Fourier
integrals.” As an example, considering the propagator in direct space described by
equation (2.9) and introducing the paraxial approximation, the following result is
obtained:®0

21 T .k
H(x,y,2) = A—Zelkze‘lfelﬁ(x”yz) (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 - 0. Introducing the following dimensionless vector § = (x/r,y/r,z/r) where r =
(x? + y%2 4+ z?)Y/? is the distance from the origin, the asymptotic angular spectrum

R
representation E, can be written as:™

kr—oo | 27T

5 1 3 .
En(sx5y) = lim [ f j E(ky ky, 0)eirlexssthysyzhoss] | g dk, (2.14)
z
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The integration domain X = (k,% + kf,) < k? 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.™ The result of equation (2.14) can be expressed as:

ik

N e’ 5
Ew(sysy) = —ikZTE(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 E, forms a Fourier
transform pair with the field at z = 0. The only deviation is given by the k, term, but in
the paraxial approximation, where k, = k, the two fields form a perfect Fourier-
transform pair.” 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.” 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 (Eout),

given the expression of the field at the front surface of the lens (Ein), 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:%0

o x%+y?
t(x,y) — el'knAoe—lk—zf (216)

where 4, 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 Ein 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 Eout(x, y,4o) = Ein(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:

+ oo
N o x24y? N Ckpy ,
E(x,y,f) = Ege™ 2 f B,y 0)e T gy (2.17)

o

where E; 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 k, = kx/f
and k, = ky/f.

bject pl
2f configuration Object plane

A X
= o'} =
: 4 z Ef Lens

- y
Ei|1§ éEoul g T

Object Image P MAMRA—’

plane plane z
Image plane

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:

E(o,y,f) = Ege ek - FT[E(x,y,0)] (2.18)

Recalling the action of the propagator in reciprocal space, the exponential term
e~%zfrepresents a propagation factor for a distance equal to —f. In conclusion, the
following fundamental result is obtained:

E(x,y,f) = E;e™ - FT[E(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 pattern® of light in the image plane. This configuration, called the 2f
configuration,® 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 ¢@(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

Eout(x» Y, Ah) = Ein(xfy: 0) ’ t(x’y) = Ein(x' Y, O) : A(x: }I) . ei(p(x,y) (2'20)

where Ah 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 ng. The phase term
appearing in equation (2.20) can be written as:%

(x,y) = [n(x,y) —ng] - ko - h(x,y) (2.21)

where ko = 2m/A is the magnitude of the wavevector in vacuum, with A 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) = Ah. 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 2w, a condition achieved for
surface modulated DOEs when Ah =A/(n —n,). 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.!? 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
(ng = 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:

£ y) = eiko(n—l)%[1+sin2/1LX]Ah (2.22)

where A 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 El-n(x, y,0) = Eoeikﬂ(x sina)

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

plane is then Ein(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

m=+oo

t(x) =to z Jm <w> o !(m%) (2.23)

m=—o0oo

By substituting the field and the complex transmittance in equation (2.11), the
following diffracted field is obtained:

m=+oo 7

— , , . 2 . 2
E(X, Z) — E)O t, Z ]m <k0(+1)Ah> el(kosma+m27n)x elz\/ko—(kosma+mT”) (2.24)

m=—oo
where J,, is a first kind Bessel function of the m‘" order. The diffracted field is a
superposition of waves characterized by the wavevector components:

( . ] 21
k, = kysind,, = kysina + mT

! (2.25)

) ] 2m\?
\ k,= |k§— (kosma + mT)

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

Equation defining the transversal k, component is the familiar Bragg’s relation,!'? which
defines the diffraction angle 6,, of the propagating orders produced by the sinusoidal
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diffracting surface in terms of diffraction order m and surface periodicity A. 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.8!

-2
Incoming -1
R 0 Diffraction
orders
+1
Sinusoidal diffraction grating +2
C
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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 A = 2.0 um was considered for the simulation. The diffraction pattern is evaluated at a distance
of z=10cm from the modulated surface, and it has been normalized to the maximum diffraction
efficiency. c) Diffraction efficiency as a function of the dimensionless parameter f for the first five
diffraction orders of a sinusoidal grating.

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

5 2
the total intensity |E0| , Is:

2

N = ‘Jm (—kO(n . 1)Ah> (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
Ah. 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 B = ky(n — 1)Ah. The plot shows that the
maximum efficiency for each order happens for different values of Ah 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 74, = 0.34, obtained for the value f = 3.68. As
an example, for a dielectric surface with n = 1.70 this condition is achieved, for
monochromatic light at A = 633 nm, at Ah ~ 0.530 um.

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:®3

m=+oo

t(x): z Vi ei(mz%x) (2.27)

m=—oo

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 1, = [V;y|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).

Multlplexed grating

Blazed grating
B
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=
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Diffraction Diffraction
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Figure 5: Design of unidimensional multiplexed gratings (y; = 0). a) Multiplexed sinusoidal diffraction
grating obtained with three equally weighted sinusoidal functions with periodicity A; = (A4, 0.91- A4,
0,77 - A,) and ¢; = 0. b) Design of a Fourier-synthesized blazed grating from six sinusoidal functions with
w; = 1/i, A; =A;/1 and ¢; = (—1)im/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 g; (x,y) each of periodicity A; and relative height
modulation w;:

N

hlxy) = iwi‘gi (xy) = Z Wi [1 *sin (Aicjsn(yi) *F Aisiznn(yi)y * ¢i>] (2.28)
i=1 i=1

where the angle y; represents the in-plane orientation angle with respect to the x
direction of the it" sinusoidal function, and ¢, is a relative phase between sinusoids. In the
simple case where y; = 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
g; (x,y) function. According to equation (2.24), the optical field diffracted by this
surface is:

a;=+o 2

N . . 2m

. N . ; o 2m lZ\/kz— kosina+Y;a;5—

Eoz) =Eo || [eor| D lai(ﬁwl-) oi(kosinar siaif)s 18- “in) (2.29)
i=1

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,®* 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.

a Design of two-dimensional Optical Fourier Surfaces

g (AI'JY) gz(AZBYz gi(Ai'JYi) g (A S'Y )
w,. + w,. \\ w.. + w, /
b
AR Quasicrystal " Spiral-quasicrystal
0 Diffraction Diffraction

Figure 6: Design of Optical Fourier Surfaces. a) Schematic representation of the sequential multiplexing of
sinusoidal gratings with different periodicity A;, orientation y; and amplitude w;. 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 w; =1, ¢; =0, and y; = y;_; + 30°. For the
quasicrystal A; = Ay, while for the spiral-quasicrystal A; = A, — 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,®>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:™

h(r) = (H%S(Wz)) AR (2.30)

where r = (x? + y?)/2. Here the parameter a 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.

23



Radial profile

b
Incident wave

m=+1 m=0 . z

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* = (m/a)'/?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.3!

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 A 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 2m. This
condition of constructive interference is guaranteed for:"®

_ 2m
a= 22— 21f (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 A, travelling in the positive z direction, accumulates a phase delay
described by the complex transmittance:

t(r) = eiko(n—l)%[1+cos(ar2)]Ah (2.32)
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This expression can be again expanded in the base of radial harmonics using the Jacobi
expansion:

+ o0

t(r) = t, Z ™o (g) e(imar?) (2.33)

m=—oo

Assuming that the light wavelength is negligible compared to the focal length (1 < f),
the term A% 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 f,, = 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 f,,, 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.”™ For an ideal ¢-PZP, the fraction
of light power diffracted in each order follows exactly the same dependence on the
modulation depth Ah 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 equation®7 for thin lenses to account for the simultaneous
presence of multiple focal lengths:

b-2e-2)-(4)

As usual, in equation (2.34), p is the distance between the object and the plane of the
lens, g 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.8” According

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

Ew(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:%Y

lo(%,y) = |FT[Ei(x,y) - e0&]|] (2.35)

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

Ein(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 @(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

Holographic plane Modulation plane

' Targetimage | (
9 J lterative loop ‘

I

target , c‘

o—0 o—0 ‘
o—o°

I

I

o ;

o I

I

o—0 o—0 :
o——-=0

Image plane Object plane ',

hY
1
1
1
1
1
1
1
1
1
1
=
1
1
1
1
1
1
1
1
1
1
1
!

In. amplitude

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 “m”, where the conventional Gerchberg—Saxton
(GS) algorithm® is used as the Iterative Fourier Transform Algorithm (IFTA).%091 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.8:92 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.8®

Target hologram .
\\\
0.8} NG
IFTA DC order

0.6} \\

n .
0‘4 | ’ \
0.2} ‘

Ghost \\\

0 e e
; 0 0.57 T 1.5 2n
k=2mA Phase modulation depth

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) = e!?®¥) The phase
encoding process, starting with the proper phase design, and ending with the fabrication
process, generally leads to a device whose experimental transmittance t**? (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:%

texp (x’ y) e elg[(p(x!y)] (2.36)

In the best case, this functional relationship is linear, allowing the total surface relief
amplitude Ah to be tuned to reach a 2m modulation depth. According to equation (2.21),
this condition is achieved for Ah = 1/(n — ng). 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 mnon-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 t®*? can be expanded in terms of its argument,
according to the generalized harmonic analysis: %

+00
te*P (x,y) = z Goe'*?® (2.37)

a=—00
where the coefficients G, can be determined as:

2T
G(x = j- texpeiwp d(p (238)
0

where a is an integer number. The term of the series obtained for @ = 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
|G; |> and is equal to unity only when the ideal case is reached (g(@) = @), as
demonstrated by the plot in Figure 9b. The other terms of the series, apart from the
term a = 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.?3% 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
|G, |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.? However, even in the case of a defect-free lateral pattern transfer,
a deviation from a full 2 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."
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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 ¢@(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 A, the modulation depth tolerance is typically smaller on
the order of fractions of A. 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.1396 Despite the development of even more advanced
lithographic techniques, photolithography remains at the forefront of scientific
research.’® 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.!3:97 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.%0
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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.® 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.”® 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.!® 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 Ax of the lithographic system can be evaluated by the
Rayleigh equation:”

kA
= 3.1
Ax NA ( )

where A is the exposing radiation wavelength and NA is the numerical aperture of the
projection system. The constant k; is an empirical coefficient depending on the on the
photoresist, the illumination system, and the mask pattern. The actual lower limit is
k, = 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.% 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. 193nm for ArF laser).!00:101 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.!02103 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.%0 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.l% In UV
optical lithography, the actual resolution limit is set at around 0.1 um,%” 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 pm.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.?” 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.?%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.? However, many advanced applications
of DOEs require smooth, continuous surface profiles.!3 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.13:196 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.!11:112 This technique is
particularly effective for creating periodic structures such as photonic crystals and
diffraction gratings.!? 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:!12

A

where A is the illumination wavelength and ¥ is the angle between the two interfering
beams. Interference lithography has been used to produce diffraction gratings with
periods of less than 0.3 um!13115 however complex gratings typically require multiple
beams or exposure steps.!16-118 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.!3

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
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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 10nm
nanometers, making it an invaluable tool in nanotechnology.6! 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 costs!!® and the slow
manufacturing speed.'?0 However, blazed gratings'?! and microlenses!?2123 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.?

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.!2¢ 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.?%:125:126 The exploitation of nonlinearities in the photoresist optical
response, can also allow the implantation of two-photon techniques,'?” with a further
increase in axial and lateral resolution beyond the diffraction limit, resulting in near-
perfect DOEs profiles.!27.128

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.!3 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.l3129 Despite their past use for the fabrication of
gratings!30 and diffractive lenses,!3! 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,!32 local deposition of materials,!33 or
inducing a thermal evaporation of the substrate if the tip is properly heated up.56 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,3* up to
plasmonic nanostructures.5” 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.’8 This direct etching of the surface allows the fabrication of DOEs with
continuous profiles and high accuracy.!3* 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.137139 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.!3141:142 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.6465 NIL allows for the rapid production of large areas and high volumes of
patterned surfaces at relatively low cost,*3 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.!44145 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.!#6 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
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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.6%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.”™ 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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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.!®6 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.1?8159 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).”™ 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.169 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.”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 cos? §, where
§ is the angle between the electric field of the polarized light and the molecular dipole
direction.” 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.®?

When azomolecules are embedded in a host material, the cyclic isomerization process
can generate a photoinduced stress at the nanoscale,164166 which can be translated into
macroscopic effects.™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.” 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.”™ In these materials, the azobenzene unit is bonded to a polymeric matrix by
supramolecular or covalent interaction.!®® 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.”™ The first observation of this phenomenon was made independently in 1995 by
Natansohn and Rochon!®® and Kim et all69, 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 A of the
SRGs matches the periodicity of the interferogram, the modulation depth Ah varies with
the exposure time. For sufficiently low intensity, the relief depth increases
approximately linearly with the exposure time A¢:170:171

Ah = c- At (4.1)

where ¢ >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
(Ty) of the amorphous azomaterial.”™ 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.l717 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.!7417 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.”
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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.!%%. ¢) Plot showing the typically reported SRG
modulation depth Ah as a function of the periodicity A. 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 El and Ez
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.!7 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 El and Ez, intersect
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at the azopolymer surface at angles 9J; so that wavevector component along the x-
direction for each beam can be written as:

klx = kSln('ﬁl)f
(4.2)
ka = _kSln('l.?z)f

where X is the unitary vector in x-direction and k = 2m/A. The two interfering beams
generate a total electric field amplitude distribution at the azopolymer surface equal to:

Etot == El b eiklxx + EZ - eikax (4‘3)

The intensity distribution in the interference region of the material (with refractive
index n) can be calculated as:17

lioe =1, + I, + 2A1 - cos(gx) (4.4)

Here, g represents the grating vector magnitude, related to the optical path difference
between the two beams. It can be evaluated as follows:

21 (9 AY
q=kix— ko = 7(25111 (E) cos <7>> (4.5)

where 9 =9; +9, and AY =9, —9,. Equation (4.4) predicts that the total intensity
varies sinusoidally in the x-direction with a spatial periodicity equal to A = 2m/q,
expressed in terms of the wavelength A and the angle 9 between the two interfering
beams. For symmetric interference, AY = 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 Al can be expressed as the trace of a
three-by-three generalized interference matrix:176

Al = tr{m,} (4.6)

where M;; = Ey;E;; 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 experiments!68:169.177 g 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 E;,, = 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 9, 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 ¥ increases, the
intensity modulation Al decreases and vanishes for 9 = 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.!”™ This configuration has been widely used to fabricate SRGs acting as
diffraction gratings!78-18L templates with different periodicity for soft molding!®2 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 Al =
I, for beams of equal intensity I,. However, even if the surface is exposed for a long
time, the resulting SRGs show a low modulation depth!84187 hecause 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 (Al = 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.18%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).!™ In both cases the fabrication of
SRGs with high modulation depth has been demonstrated.90-193

In addition to the illumination configuration, several other factors influence the SRGs
inscription, including the chemical structure of the material,'8:194 azo concentration,!95-
197 film preparation,'8 and film thickness.!9® Recently, azo-nanocomposites with
incorporated nanorods have been found to exhibit a higher patterning efficiency.'% 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,!'”! and even diffusive transport driven by the
Marangoni effect.29! 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 Ah
and A extracted from several works in the literature reporting SRGs under different
polarization configurations. Typical values for A range from a few hundred of
nanometers up to 20 um, 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
microscopy??? and digital holographic microscopy?"® 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 Apother 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.!82:186 The second
fundamental aspect is that the pristine flat surface can be easily restored by locally
heating the polymer,2Y7 or by illuminating the target area with a uniform light beam?208,
In addition, the complete erasure of an inscribed SRG has also been demonstrated by a
half-period shift of the interference pattern,?%® again confirming the full reversibility of
the phenomenon. Figure 13 summarizes the state of the art in the fabrication of complex
DOESs 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.219 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.23 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,?!1:212
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.
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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.?93 ¢) Spatially multiplexed waveguides for VR display, developed by multiple interference
inscriptions and replicated on PDMS stamps. Reproduced from ref.?!! 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.!”™ e) AFM profile micrograph and corresponding profile of a SRG with high
modulation depth. Reproduced from ref.!%! 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.?13

The first demonstrations of SRG structures with nanometer-scale periodicity were
performed with a Lloyd’s mirror interferometer operating at 355 nm.1™® 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 um (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 Ah = 1.7um, using the RCP-LCP configuration.!”® 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.2!3 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 A;, defined by
requiring that the three gratings diffract light of wavelengths 1; = 633 nm (red), 1, =
532nm (green), and A3 =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,?19222 but because this mechanism is
not fully rationalized, fabrication by single-beam illumination is not highly controlled.
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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 um, diameter d = 4.5 um and height h = 10.0 um), 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.?03:210 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.?23 The desired film
thickness, typically in the range of 0.5 um — 3.0 um, 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.?” A coherent and collimated laser beam is phase-modulated by a computer-
controlled reflective phase-only SLM. The light wavelength A 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 A, this phase
modulation can be written as:®

Y(pA, qh) = Z%n(pA, qh)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 X N pixels
are uniformly illuminated, the reflected field from the modulator can be written as:%

i (pA,qh)
A qA) o (4.8)

ESLM(pA, qh) = FO ‘rect (pT'T

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 EO = (Ey,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 = NA, are considered by the rectangle function.
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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.??> ¢) 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 /f lenses system with the input plane

located in the SLM plane. These projection optics allow to generate a scaled version of

ESLM 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:
AI AI ll/}(pA’,qA’)

pA 4 >.e (4.9)

Eobj(_PA,;—qA’) =Eo- reCt<_T'_T

where both the pixel size A" and the SLM aperture L’ have been scaled by a factor f,/f;
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.%?
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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 t0:225

N
Eazo (pA,qh) = EO . Z eWAgh) . o

mmn=1

—i kpAmA ; gAnA

(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 A = Af/L
and the size of the hologram D = NA 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 I,,,(pA, qA) over the azopolymer surface. The
SLM acts here as a holographic projector, encoding all the hologram information in a
pure phase profile, the kinoform Y (pA, gA). 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 I,,,(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 I,,,(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) = V2 [Igz0(x, )] - AR(E) (4.11)

where Ah(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.!™ 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.22> 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 Al 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.
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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 mm?, a spatial periodicity of
A =75pum, and a uniform modulation depth of Ah = 3.1 um. 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 Priimédgi. 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 Ah = 3.1 um. 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 Priimégi. 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 12¢. 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.  Ah[um] A[um] 7q(%] At[s]

Kim, Appl. Phys. Lett. 66, 1166-1168 (1995) p-p 0.12 1.00 4.00 10
Rochon, Appl. Phys. Lett. 66, 136138 (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
Yangetal., Opt. Mater. 27,527-532 (2004) p-p 0.04 0.80 2.00 23
Goldenberg, Langmuir. 211, 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, 74057410 (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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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
Mouijdi, 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 Adlv. 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
Kruger, 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

(*) waveguide mode interference lithography
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Abstract

The ability to accurately realize complex textures is of great relevance for tailoring surface-driven
functionalities as wettability, adhesion and light diffraction. The fabrication of supertficial
micro-textures, in a simple and cost-effective way, is high desiderable in this framework. A versatile
technique for surface micropatterning is based on reconfiguration of photosensitive
azobenzene-containing polymers, in which a macroscopic light-induced motion of polymer
chains, fueled by the photo-isomerizing azobenzene molecules, allows the controlled optical
reshaping of prestructured superficial micro-textures. Here, azopolymer surfaces, prepatterned
with an array of discrete cylindrical micropillars, are reconfigured through a polarization-driven
large-scale surface deformation until achieving superficial gratings with programmable amplitude,
orientation and periodicity. The high degree of structural surface anisotropy, the possibility to
program the directionality of such anisotropy from the reconfiguration of basic pristine surfaces,
and the simplicity of the optical setup, make the proposed structuration method attractive for
versatile and cost-effective surface patterning.

1. Introduction

The engineering of surface geometry of polymeric materials is of great interest for several application fields.
Examples include light diffraction, adhesion properties, bio-interfaces for substrate-influenced cell cultures,
tuning of the wetting effects [1-8]. A high degree of control over surface properties and their tuning, can be
achieved through the fabrication of surface geometries with a significant degree of complexity and
anisotropy [9]. Standard lithographic techniques, including photolithography, electron beam and focused
ion beam lithography, self-assembly, and soft lithography [10—13], are extensively used in this framework but
require high costs and complex equipment [11]. Furthermore, the need of designing the desired final surface
before the manufacturing process even starts, without the possibility of modifications of the realized
geometries post-fabrication, represents an additional limit for these techniques.

Overcoming some of these limits has led to research efforts toward the development of new
microfabrication methods. A promising photolithographic approach is based on the light-induced mass
transport occurring in azobenzene-containing polymers (briefly named azopolymers) under irradiation of
their surface with spatially-structured UV/visible light [1, 14]. In these materials, the absorption of a photon
with suitable energy (A = 300-550 nm) induces cyclic structural transitions of the photo-active azobenzene
molecules between their trans and cis isomerization states. The isomers have different chemical, physical and
geometrical properties, which can affect the properties and the functionalities of materials in which are
embedded, acting as molecular photo-switches.

© 2021 The Author(s). Published by IOP Publishing Ltd
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The trans-cis structural photo-switch is of great interest in several scientific fields. Some examples of
technological applications in which the suitability of azomaterials photo-switch has recently been
investigated, are the photo-responsive biosensors for antiproliferative activity against cancer cells [15, 16], or
as alternatives data storage devices in electronics, where traditional phase-change materials are widely used
[17, 18]. Additionally, the propagation of the molecular azobenzene dynamics at macroscopic level induces
the photo-actuation effect observed in azo-LCEs (azobenzene-containing liquid—crystalline elastomers) [1].
Such phenomenon is very attractive for direct optical-to-mechanical energy conversion devices, aimed at the
realization of light-driven soft-robots and energy-harvesting devices [19]. An example is the chaotic
self-oscillation induced by the sunlight in azo-LCEs films, permitting the conversion of the solar energy in
controlled isomerization-initiated mechanical motion [20, 21].

When the azomolecules are embedded in amorphous materials, the cyclic azobenzene
photoisomerization, through intricate interactions with the material matrix, gives rise to a macroscopic
light-driven material movement (known as mass migration phenomenon), which results in the appearance
of topographic reliefs at the free surface of thin films [22—24]. The photoinduced surface structuration is very
attractive for surface patterning technologies because, unlike traditional lithographic techniques, is a
cost-effective method that can require simple illumination schemes and even allows to reconfigure
previously structured surfaces. Taking advantage of the strong dependence of the phenomenon on the
irradiated intensity pattern and the peculiar anisotropic response to the polarization distribution of the
optical field over the surface, a wide range of large-scale topographical textures can be produced by tuning
few illumination parameters. The largely investigated anisotropic structuration of a flat azopolymer surface is
achieved with a sinusoidal intensity pattern produced by two interfering beams, that generates large-scale
sinusoidal surface reliefs (the surface relief gratings, SRGs) [25]. Different degrees of surface complexity and
anisotropy can be achieved acting on the illumination scheme. For example, quasicrystal surface reliefs are
obtained by means of sequential inscriptions of SRGs with different orientation across the surface [6, 26, 27],
and 3D topographic reliefs can be made using complex holographic structured intensity patterns [28, 29].
Furthermore, periodic and complex superficial topographies can also be obtained by using the light-induced
material motion to reconfigure a properly structured azopolymer surface. The photo-driven reconfiguration
of controlled prestructured surfaces is typically investigated for the tuning of anisotropic wetting eftects
(such as controlled directionality or unidirectional spreading) [30-32] or cell culture influencing [4, 33].

To date, however, the reported experimental situations have been focused on small deformations of the
pre-patterned surfaces (typically with microvolumes arranged in square arrays) reaching asymmetric
geometries, while maintaining, even if deformed, the discrete nature of the pristine texture [34-39].

In this work, we show the ability to reconfigure prepatterned azopolymer film surfaces in a large
deformation regime. In this reconfiguration scheme, the single microvolumes of the initial 2D discrete
texture are deformed until they are joined together to form continuous structures with 1D symmetry. We
demonstrate that different grating-like structures, with a very high degree of anisotropy and programmable
amplitude, periodicity and orientation, can be produced with this approach by simply acting on light
polarization direction and light exposure dose.

The evolution of the light diffraction patterns, produced by the obtained surface textures, is used as a
prototype of possible programmable functionalities achievable through our light-driven surface
reconfiguration method.

The proposed approach allows remarkable flexibility in fabrication and a high degree of control over
achievable surface geometries and their anisotropy.

2. Methods

2.1. Sample fabrication

Azopolymer films with prestructured surfaces were fabricated by means of a soft-lithography technique
(replica molding process) as schematized in figure 1(a). The process involves two steps of fabrication: first the
preparation of a polydimethylsiloxane (PDMS) mold that reproduces the negative of the desired surface
pattern, and then the use of the mold to transfer the texture on azopolymer films.

2.1.1. PDMS mold

A silicon wafer, lithographically patterned with an array of micro-pillars (arranged in a square lattice of pitch
p = 10.0 pm, diameter d = 4.5 pum and height 7 = 10.0 pm), was used as the master template for making the
PDMS molds. First, a surface antistacking treatment was performed on the master using a silanization
process. The silicon wafer was exposed to the silanizing vapors (trichloro(1 H,1 H,2 H,2 H-perfluorooctyl)
silane in our case) in a hermetically sealed glass box, kept at 125 °C for 90 min. Afterwards, the box was
opened, and the temperature was increased to 150 °C for 90 min to remove the vapor excess. PDMS (Sylgard
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Figure 1. Samples fabrication and light-induced reconfiguration of azopolymer surfaces. (a) Replica molding manutacturing
steps used to produce prestructured azopolymer surfaces. The fabrication of PDMS mold starts from a silicon master
lithographically fabricated (top panel). In the bottom panel, the azopolymer patterning process to reproduce the same superficial
structure as the silicon master; (b) schematic of the optical setup used to reconfigure the micro-posts. The laser beam, incident on
the sample surface (placed in the x—y plane) at normal incidence, is first circularly polarized using a waveplate and then
reconverted to arbitrary linear polarization by a linear polarizer mounted on a rotational stage; (¢) SEM image of the as-prepared
arrayona l x 1 cm? area of cylindrical micro-pillars fabricated by soft imprinting from the PDMS stamp; (d)—(e) SEM images of
the azopolymer microposts reconfigured by the linearly polarized laser beam in x axis direction for 1 and 3 min of exposure,
respectively. The material displacement follows the polarization direction of the incident light. The SEM images were collected
with 5000 of magnification and scale bars reported in each panel are 5 pum.

184, Dow Corning) mixture was prepared by mixing the precursor and the curing agent in a 10:1 ratio by
weight. After degassing in a vacuum chamber, the mixture was gently poured over the silicon master and
cured at 80 °C for 120 min. At the end of the process, the PDMS mold was accurately detached from the
master (see the top of the figure 1(a)) and directly used for azopolymer patterning.

2.1.2. Azopolymer thin film patterning

To obtain polymer films with prestructured surfaces, few drops of 10 wt% solution of the azo-polymer in
N-methyl-2-pyrrolidone were casted onto a glass slide and then covered by the fabricated PDMS stamp. The
whole system was maintained at 45° for 12 h in order to allow the complete evaporation of the solvent,
taking advantage of the porous nature of the PDMS mold. Once the process was completed, the PDMS stamp
was carefully removed and a replica of the silicon master texture was realized onto the polymer film (bottom
of the figure 1(a)). Details about azopolymer synthesis and its thermal and chemical characterizations are
reported in previous works [34, 40].

2.2. Optical setup for azopolymer surface reshaping

In figure 1(b), the experimental configuration used to reshape the azopolymer prepatterned surfaces is
schematically reported. The illumination source was a solid-state diode laser emitting at the wavelength of
405 nm. The linear polarization direction of the laser beam in the azopolymer film plane (x—y plane) is
properly controlled by a quarter waveplate and a linear polarizer mounted on a rotational stage. The
micropillar reconfiguration was obtained at normal incidence with intensity of approximately

200 mW cm™?.

2.3. Morphological characterization

The 3D shape of the reconfigured grating structures was analyzed by means of scanning electron microscope
(SEM) and atomic force microscope (AFM) and corroborated by the observation of the light diffraction
patterns produced by the reconfigured surfaces.
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2.3.1. Structural analysis

The pillar structural characterization was performed by SEM using a FEI Nova NanoSEM 450 system. The
samples were previously sputtered with a nanometric layer of an Au/Pd alloy using a Benton Vacuum Desk V
deposition system. The 3D topographies of the reconfigured surfaces were characterized by means of an AFM
(WITEC Alpha RAS300) [41] operating in tapping mode using a cantilever with 75 kHz resonance
frequency. The AFM scans were performed over a sample area of 60 x 15 pm? with resolution of

512 x 128 pixels. The image analysis was accomplished by means of the open source software

‘Gwyddion’

2.3.2. Diffraction light patterns

To confirm different orientations and grating pitches of the anisotropic structures produced, photographs of
diffraction patterns related to reconfigured surfaces were collected. As schematized in figure 2(q), the
azopolymer films were illuminated with a p-polarized He—Ne laser at A = 633 nm at normal incidence, and
the patterns were projected onto a screen placed at distance d =~ 11.5 cm from the surface.

3. Results

The prepatterned azopolymer surfaces were prepared using the standard replica molding technique through
a PDMS stamp, as schematically shown in figure 1(a) (see ’Methods’ section). This structuration method
produced 1 x 1 cm? azopolymer area, homogenously patterned with a square array of cylindrical
micropillars. Figure 1(c) presents the SEM image of the typical as-prepared textured polymer surface.

The first analysis involved the evaluation of the deformation regime for the micro-posts illuminated by
the laser with different exposure doses. Whereby, in the initial experiment, the light intensity and the linear
polarization direction, oriented along the x-axis direction of the sample plane (here defined as horizontal
polarization), were kept fixed and the deformation of the pillars was analyzed as the exposure time increased.
Figures 1(c)—(e) show SEM images of the sample surface collected before the illumination starts and after
1 and 3 min of film exposure, respectively. It is immediately evident that, after just 1 min of exposure, the
material displacement at the top surface of the pillars produced a transition from the initial circular section
to a pseudo-elliptic section [34], with the major axis oriented in the polarization direction. The increase in
the exposure time resulted in an elongation of the pillars top layers, which came in contact after 3 min of
irradiation. Starting from this point, the deformation at longer exposure times was so large that the pillars
were definitely connected.

In this deformation regime, that we refer as large deformation regime as opposed to the deformation
regimes reported so far [34-37], it is reasonable to assume that the pristine 2D array of discrete pillars is
gradually transformed in a continuous and periodic 1D grating structures, with properties similar to the
SRG observed when an azopolymer thin film with flat surface is structured via an interference light pattern
[25, 42]. This hypothesis has been experimentally demonstrated by 3D characterization of the morphology
of the azopolymer micropillars in the large deformation regime performed by means of SEM and AFM. To
this aim, a study of the deformation dynamics of the pillars has been accomplished as function of the
exposure time. The results are presented in figure 2. In this experiment, the light-induced pillar
reconfiguration was repeated at 5, 10, 20, 30 and 60 min of exposure, while maintaining fixed the light
intensity and polarization direction (vertical). The resulting superficial morphologies are shown by the SEM
images in figures 2(a)—(e). After 5 min of illumination (figure 2(a)), the reconfigured pillars were already
stretched along the direction of polarization with their ends in close contact, but the original positions of
each pillar were still recognizable. Increasing the illumination time to 10 min (figure 2(b)), the microposts
began to merge together in a single linear structure oriented along the light polarization direction, until their
geometry as single discrete pillar was no longer recognizable after 20 min of illumination (as shown in
figure 2(c)). SEM characterization confirms that as the exposure time increases (figures 2(c)—(e)), the
reconfigured pattern becomes more and more similar to 1D superficial gratings. Additionally, to analyze the
3D properties of the reconfigured structures, we performed an AFM analysis with the aim of studying the
illumination time-dependence of the structure heights. The collected AFM images for the different
illumination times are reported in figures 2(f)—(j), while the figures 2(k)—(o) show the cross-section surface
profiles traced along gray dashed lines. The relief heights were measured as indicated by the black arrows
drawn on each topographic profile and reported as function of the exposure time in the plot shown in
figure 2(p). As expected from azopolymer volume conservation during the reconfiguration process, the
height of the structures decreased as the exposure time, and the resulting structural deformation, increased.
Height data of figure 2(p), together with SEM images of lateral views of the micropillars at different stages of
the reshaping process (figures 2(r)—(t), for pristine, and reconfigured structures at 10 and 60 min,
respectively) allow a deeper insight in the dynamic of 3D structural reconfiguration of the pillars. The height
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Figure 2. Azopolymer pillar reconfiguration dynamics and morphological characterization. (a)-(e) SEM images of pillars
reconfigured for exposure times of 5, 10, 20, 30 and 60 min respectively, collected with 5000 of magnitication; (f)—(j) AFM
scans collected on an area of 60 x 15 pm? with resolution of 512 x 128 pixels, on the surfaces of samples reported in (a)-(e);
(k)—(o) Topographic profiles traced for each sample, along the gray dashed line shown in AFM images. The black arrows, drawn
in each panel, indicate how the gratings height measurements were performed; (p) Amplitudes of the experimental recontigured
structures measured from the AFM images of the samples reported in (f)—(j) as function of the exposure time; (q) Schematic for
the diffraction pattern produced by illumination of the azopolymer film at normal incidence with an He-Ne laser at A = 633 nm,
on a screen placed at distance d 22 11.5 cmy; (r) Side view of SEM image collected on pristine micropillar array (magnification
5000 ). The photograph of the diffraction pattern obtained as schematized in (q) is shown as inset; (s)-(t) Side view of SEM
images shown in (b) and (e), collected with 6500 of magnification, as a demonstration of the entire microvolume involved in
the reconfiguration process, and their diffraction patterns as insets. All white scale bars shown in SEM and AFM images are 5 yum.

of the pristine micropillars showed a substantial reduction in the first few minutes of the light-induced
reconfiguration process, changing from the pristine 10.0 to 5.0 pm after 5 min of illumination. In this
condition, however, while the upper layers of the pillars were largely deformed to have adjacent structures
merging together, the pillars bases remained less deformed (figure 2(s)). At longer illumination times, the
volume reconfiguration produced a further reduction in the amplitude of superficial architectures following
a non-linear trend, until a saturation condition was reached after 30 min of exposure. SEM image in

figure 2(t) shows that at this reconfiguration stage the transition from the discrete pristine 2D array to a
continuous 1D grating was completed. The analysis of the 3D reconfiguration dynamics was further
supported by the evolution of light diffraction patterns that the azopolymer surfaces produced at each
reconfiguration step. To this aim, as schematized in figure 2(q), a camera was used to acquire the
photographs of the light patten projected, in the illumination of the azopolymer surfaces with a He—Ne laser,
on an opaque screen placed at distance d &~ 11.5 cm from the sample. According to the discrete 2D geometry
of the initial square array of pillars, pristine surfaces were characterized by a square 2D arrangement of
diffraction spots (inset, figure 2(r)), emerging at angles predicted by Bragg’s diffraction law. For the first
diffraction orders in both horizontal and vertical directions, the diffraction angles 6 in respect to the surface
normal were directly related to the periodicity p of the pristine pillar array (sinf = A/p). However, as the
pillar reconfiguration proceeded in one direction, the vertical diffraction spots of the initial 2D square
pattern gradually faded (inset, figure 2(s)), until the diffraction pattern turned, in the final reconfiguration
stage, into the typical one produced by a 1D diffraction grating of periodicity p, oriented vertically (inset,
figure 2(t)). Due to the peculiar polarization-driven directionality of the mass migration in azopolymers, the
anisotropic reconfiguration of the pristine pillar pattern was repeated also for directions other than the
principal ones (horizontal and vertical for the square array). In this case, the large light-induced deformation
demonstrated above have produced grating structures with different orientation and periodicity, by a simple
polarization rotation of the reconfiguring light beam. As an example, six gratings structures, with different
periodicities and/or grating orientation, were fabricated starting from the square lattice of azopolymer
micropillars. In order to select the directions for pillar reconfiguration, we considered the periodic pristine
square array of pillars and we identified the positions of first, second and fourth nearest neighbors, each lying
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Figure 3. Realization of programmed polarization-driven gratings. (a) SEM image of the pristine pillar lattice with a schematic
representation to identify relative rotation angles to connect pillars in different directions. Dashed colored rings indicate the
position of the first (in red), second (in green) and fourth (in light blue) nearest neighbors of the central micropost. Their related
colored arrows indicate the directions along which microvolumes can be connected by the light driven material motion simply by
rotating the linear polarization. In particular, knowing the pitch of the array p = 10 p2m and choosing the vertical direction as the
reference as 9 = 0°, angles calculated from simple geometric considerations are 91, = 0%, 91, = 90°; ¥y =45, Iy = 135%;
vy = 26°,J1va = 116% (b) detail of the optical setup scheme reported in figure 1(b). Circularly polarized incident light passes
through a linear polarizer mounted on a rotational stage. The direction of output linear polarization is determined by the
orientation of the transmission axis. Polarization states are indicated by the yellow arrows; (c)—(h) SEM images collected with
magnification of 5000x on reconfigured surfaces obtained by rotate the light polarization by angles calculated and using a laser
intensity approximately of 200 mW cm~? for 16 min of exposure time. The polarization directions are indicated by the yellow
arrow shown in each panel. For all SEM images the scale bars are 5 pum. (i)—(n) Photographs of diffraction patterns produced by
illumination of the azopolymer films reconfigured shown in (¢)—(h) at normal incidence with an He-Ne laser at A = 633 nm. The
scale bars are 1 cm.

on the respective colored ring drawn on the SEM image shown in figure 3(a) (the third nearest neighbors are
not mentioned since they lay in the same directions identified for the first neighbors). For each nearest
neighbor, the relative arrows indicate the directions of the shortest distances between adjacent structures.
The micropillars can be elongated and connected together along the identified directions using the
light-induced reshaping, resulting in 1D architectures with three different periods.

In each reconfiguration experiment, the linear polarizer was rotated to match the desired polarization
direction for the reconfiguring laser beam, as schematically represented in figure 3(b). The laser intensity
(200 mW cm™?) and the illumination time (16 min) were kept fixed for all the reconfiguration experiments.
The SEM images of the surface at the end of the different directional reconfiguration processes are reported
in figures 3(c)—(h), together with their He—Ne diffraction patterns (figures 3(i)—(n)). In each panel, the
reconfiguring polarization direction is represented by the yellow arrow. This direction is orthogonal to the
grating vector of the 1D periodic pattern obtained as result of the reconfiguration of the micro-posts. As
expected, according to the geometry of the pristine array, the obtained gratings presented the three different
periodicities p; = 10 um, p, = p;/+/2 and ps = p, /+/5, and two sets of grating orientations as confirmed by
SEM analysis and light diffraction patterns in figures 3(i)—(n), which quantitatively reproduced the
diffraction angles predicted for the first diffraction orders by Bragg’s relation with the relative grating
periodicity (sinf; = A/p;).
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4, Conclusions

We have demonstrated that the light-induced reconfiguration of prestructured surfaces of materials
containing azobenzene molecules is a suitable approach to produce a high degree of superficial structural
anisotropy. This technique is relevant for several application fields in which the topography controls surface
functionalities.

Here we reported the experimental analysis of the process of the light-induced reconfiguration of an
array of azopolymer cylindrical micropillars, which produce structured surfaces with controlled degree and
orientation of structural anisotropy, exploiting the polarization sensitivity of azopolymer structuration. In
particular, morphological analysis conducted on the reshaped surfaces has shown that, after a reasonable
exposure time of a few minutes, the transition from small to large deformations regime allows to reconfigure
a discrete texture in a continuous and periodic grating, characterized by few microns in height and high
degree of structural anisotropy.

Additionally, by simply varying the direction of the reconfiguring light polarization, even different
grating periodicities are easily achievable starting from the same prestructured array, bringing to a versatile
and cost-effective surface structuration technique.

This approach could even be generalized to achieve higher degrees of anisotropy and complexity of
textured surfaces, for example by multistep sequential irradiations of the same prepatterned surface,
changing the polarization directions, or even using more complex polarization states (such as radial or
azimuthal polarization), besides different pre-structuration configurations.
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Here we investigated the role of hydrogen bonding in the design of supramolecular azopolymers with a
highly directional and constrained azobenzene-chain interaction involving the aromatic ring of the
photoactive molecule, by exploiting the 2-aminopyrimidine/carboxylic acid supramolecular synthon as
the tool for molecular recognition. We have shown that this approach is advantageous for producing
affordable and versatile photopatternable azomaterials by complexation with polyacrylic acid (PAA).
Molecular model complexes were successfully prepared and characterized by X-ray diffraction analysis
and FTIR spectroscopy to reveal the multiple, non-ionic interaction occurring between the azobenzene
units and the polymer chains. Surface photopatterning of thin films, driven by the typical mass migration
phenomenon occurring in azopolymers, resulted strongly enhanced with increasing azobenzene
content until equimolar composition. Results show that polymers with synthon-based azobenzenes

Received 17th May 2021, markedly outperform single H-bonded systems bearing azomolecules with similar structure and
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Introduction

Materials functionalized with azobenzene or its derivatives
have been the object of extended research for decades because
of their ability to respond to light." The absorption of radiation
with proper wavelength gives rise to photoisomerization of the
azomolecules between trans and cis isomers showing a strong
conformational difference. The possibility of sustaining the
continuous trans—cis-trans cycle through irradiation is at the
origin of the reorientation of the azomolecules under illumina-
tion with a linearly polarized laser beam. The resulting induced
anisotropy and birefringence can be advantageously exploited
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solubility of the components in the supramolecular system.

to drive the orientation of mesophases in liquid crystals based
materials®® or in optical devices for reversible holographic data
storage.®™ Macroscopic mass migration occurring on the sur-
face of azopolymers thin films is recognized as another impor-
tant phenomenon resulting from trans-cis photoisomerization
in azomolecules.'” Irradiation of the surface with an interfer-
ence light pattern of polarized laser beams can induce highly
directional polarization dependent mass transport, with for-
mation of topographic modulations known as surface relief
gratings (SRG), which replicate the illuminating intensity
pattern'’ and can be erased by irradiation with circularly
polarized light or by heating.'* The result is a single-step all-
optical reversible process to control surface topography which
can be exploited in numerous technological applications, from
photonics and optoelectronics such as DFB lasers™' and
organic solar cells'® to complex textured surfaces,'™" tem-
plates for lithography'® or tuning of wettability.'” In a poly-
meric material, mass migration and SRG formation efficiently
occur when azochromophores are linked to the polymer chain,
thus mainly covalently bonded side-chain and main-chain
polymer systems were initially investigated. However, in the
last decades the supramolecular approach has emerged as a
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powerful tool in the design of azomaterials, because of the high
flexibility offered by simple synthetic procedures, mainly based
on mixing components in solution, the possibility to investigate
a wide range of noncovalent interactions of variable strength
and the effortless optimization of composition. Indeed, differ-
ent types of supramolecular chromophore-chain interactions
have been successfully exploited to produce efficient SRG
formation, from non-directional and strong ionic bonds to
hydrogen and halogen bonding.***” Supramolecular polymers
based on halogen-bonded azochromophores grafted onto poly-
4-vinylpyridine have revealed interesting performances in
terms of SRG inscription efficiency and in some cases out-
performed hydrogen-bonded systems based on the same photo-
passive polymer, although they suffered from phase separation
at high azochromophore content.>® The reason of the higher
efficiency has been ascribed to the high directionality of the
halogen bond, in which the o-hole on the aromatic halogen
involved in the electrostatic interaction is confined on the
elongation of the R-X covalent bond axis, resulting in a more
rigid chromophore-chain connection, improved “dragging” of
the chains by the photoactive azomolecules during isomeriza-
tions and hence better overall mass migration compared to
conventional H bonded systems. Moreover, given the same direc-
tionality, efficiency increased with halogen bond strength.”
Herein we propose a model of a supramolecular azopolymer in
which the degrees of freedom in the relative motion of azoben-
zene unit and polymer chain are further reduced through the
direct involvement of the azobenzene aromatic ring in an addi-
tional weak bond. We investigated the role of hydrogen bonding
in increasing strength and directionality of the chromophore-
chain interaction and the effect on the efficiency of SRG for-
mation, by exploiting the action of cooperative multiple hydrogen
bonds. In this regard, we used the concept of the supramolecular
synthon as a design element to provide a strong molecular
recognition system for a stable and directional grafting. The
double hydrogen bond occurring between a carboxylic acid group
and a 2-aminopyridine type moiety is recognized as a robust
supramolecular heterosynthon in crystal engineering and proved
as a useful tool to produce stable amorphous solid disper-
sions.*>! In this work, we designed new supramolecular
azopolymers by grafting 2-aminopyrimidine functionalized azo-
chromophores onto polyacrylic acid (PAA) and investigated the
efficiency of SRG formation.** A comparative study of SRG inserip-
tion performances with a single H bonded system revealed a very
strong influence of the supramolecular synthon on the efficiency
of mass migration.

Results and discussion
Synthesis and structural characterization

The azochromophores 1 and 2 reported in Fig. 1 were synthe-
sized in high yields and purity through a simplified single step
procedure (see Schemes S1 and 52, ESIf). In brief, diazonium
salts (isolated as tetrafluoroborates) were directly coupled onto
2-amino-4,6-dimethoxypyrimidine in dichloroethane, to give
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Fig. 1 Chemical structure of azochromophores (a) and grafted polymers
(b and c).

the corresponding Azo-HBF, product, then deprotonated and
crystallized by treatment with triethylamine in ethanol/water.
These compounds were suitable for grafting onto polyacrylic
acid (PAA) through complexation based on the supramolecular
heterosynthon showed in Fig. 1b. It has been recently demon-
strated that this polymer is able to produce very stable amor-
phous solid dispersions of drugs containing a 2-aminopyridine
based pharmacophore. A second type of PAA based polymer
was also prepared by using compound 3, with the aim to
compare the mass migration performances of synthon-based
polymers with those of a similar system characterized by a
single chromophore-chain hydrogen bond (Fig. 1¢). To inves-
tigate at a molecular level the guest-host interactions occurring
in the PAA-1/2 azopolymers we first studied the crystal structure
of the azopyrimidine derivatives and that of model compounds
of the azopyrimidine-polymer system by single crystal X-ray
diffraction. Compound 1 was crystallized in two polymorphs,
named 1-I and 1-II, while 2 as one phase. The crystal packing of
both the polymorphs of 1 and of compound 2 is driven by the
common motif of double hydrogen bonds between the NH,
donor and two OCH; acceptors, with no involvement of the
aromatic nitrogen of the pyrimidine ring as possible acceptor
(Fig. S1-83, ESI}). This pattern of interactions changes when
carboxylic monomers were used to induce molecular recogni-
Compound 1 was successfully co-crystallized with
methacrylic acid (MA-1) to obtain a monomeric model com-
pound of the PAA-1 polymer. A dimeric model compound of the
polymer was also obtained by co-crystallization with bifunc-
tional adipic acid (AA-1). Single crystals were grown by evapora-
tion from chloroform/heptane in both cases with high yields.
X-Ray diffraction analysis revealed a 1:1 ratio for the complex

tion.

J. Mater. Chem. C, 2021, 9, 11368-11375 | 11369



Open Access Article. Published on 06 August 2021. Downloaded on 10/24/2023 2:22:14 PM.

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

{ec)

Journal of Materials Chemistry C

MA-1. The azomolecule is in almost planar conformation, and
there is no disorder in the azo group. A very stable R3(8) cyclic
structure with eight atoms and two hydrogen bonds is formed.
This structure, in principle, can be realized in three ways: between
two carboxylic acid groups (AA homosynthon), between two
aminopyrimidine groups (PP homosynthon) and between an acid
and an aminopyrimidine group (AP heterosynthon).

The azomolecule in MA-1 is involved in two double hydrogen
bonding patterns (Fig. 2), an AP heterosynthon and a PP
homosynthon, and two R3(8) ring patterns are formed. In the
PP homosynthon, the N-H---N hydrogen bond shows N---N
and H---N distances of 3.172(2) A and 2.32(2) A respectively,
while the bond angle is 168(2)°. In the AP heterosynthon, for
the N-H---O bond, N---O and H---O distances are 2.836(2) A
and 1.91(2) A respectively, while the angle is 175(2)°; for the
OH---N bond, O---N and H---N distances are 3.051(2) A and
2.19(2) A respectively, with an angle of 175(2)°. The resulting
(MA-1), dimers are laterally packed to form infinite layers.
These layers are parallel to the lattice planes of Miller indices
121 and stacked with a spacing of 3.28 A. Crystals of the AA-1
complex revealed a melting peak at 138 “C in the DSC diagram,
which is lower than those of the two components (152 °C for
both adipic acid and 1). The complex AA-1 crystallized ina 1:2
ratio, with each adipic acid molecule involved in two AP
heterosynthons with two azomolecules (Fig. 3). Each of these
two azomolecules are linked through a PP homosynthon to the
azomolecule of another AA-1 complex, giving rise to a 1-D
polymeric chain through alternated PP and AP synthons. These
chains are packed to form layers as in MA-1, which are stacked
with a spacing of 3.38 A. In the PP homosynthon, the N-H: - -N
hydrogen bond shows N---N and H-: - N distances of 3.207(2) A
and 2.41(2) A respectively, while the bond angle is 167(2)". In

Fig. 2 Partial packing of MA-1. (a) Face view with H bond pattern in
orange; (b) edge view.
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Fig. 3 Partial packing of AA-1. (a) Face view with H bond pattern in
orange; (b) edge view.

the AP heterosynthon, for the N-H:--O bond, N---O and H: - -O
distances are 2.895(2) A and 2.04(3) A respectively, while the
angle is 174(2)°; for the OH:--‘N bond, O---N and H---N
distances are 2.974(2) A and 2.18(2) A respectively, with an
angle of 170(2)".

The corresponding bond distances in the two complexes are
similar and show that the hydrogen bonds in the heterosyn-
thons are shorter, as expected due to the higher acid-base
character of this interaction. However, the lengths of C—=0 and
C-0 bonds in the carboxylic group (1.198 A and 1.334 A
respectively for AA-1, 1.209 A and 1.333 A respectively for
MA-1) are in the normal range for fully double and single bond
respectively and suggest that no proton transfer occurs from
hydroxyl to the nitrogen of pyrimidine ring. To support this
observation, we performed a statistical analysis of all the
compounds containing the same 2-aminopyrimidine/carboxylic
acid heterosynthon reported in the CSD database. The mean
values of C=0 and C-0 bond lengths of the 143 hits reported
are 1.2127 A (¢ = 0.0172) and 1.3084 A (¢ = 0.0136) respectively
and confirm that formation of carboxylate ion is not expected
in this type of heterosynthon. The X-ray analysis confirmed the
robustness and non-ionic character of the supramolecular
synthon and supported the assignment and comparison of
FT-IR signals (vide infra).

Spectroscopic characterization

The azochromophores 1 and 2 were used to prepare the PAA
based supramolecular polymers PAA-1, and PAA-2, with x = 0.5,
0.75 and 1.0 dye/polymer molar ratio, by dissolving the proper
amount of azochromophore and PAA (M,, 1800) in dimethyl-
formamide (DMF), in order to have a 1:3 azopolymer/solvent
weight ratio. The solutions were spin-coated on glass slides or
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KBr pellets for characterization. All the solutions gave rise to
perfectly transparent and amorphous films, without any evi-
dence of phase separation or dye aggregation, even for the
highest chromophore content, corresponding to 79.1 wt% and
80.1 wt% respectively for PAA-1,, and PAA-2,, The UV-vis
absorption spectra of polymers in DMF solution and thin films
show maxima at 359 nm and 364 nm for respectively PAA-1,
and PAA-2,, corresponding to the n — n* transition, with a
shoulder at longer wavelengths corresponding to the n — n*
transition (Fig. $4, S5 and Table S3, ESIt). The spectra of thin
films are similar to those in solution and exhibit an expected
slight broadening, indicating that no aggregation occurs in the
films even at the highest concentration. The relative slight
increase of the visible band with decreasing azobenzene
concentration observed in both polymer series can be attrib-
uted to the absorption by the hydrazone tautomer produced
after the partial protonation of the azo groups by the increasing
free carboxylic acid groups.®*** The same effect was observed in
the UV-vis spectra of 1 and 2 in ethyl acetate added with acetic
acid (Fig. S6 and S7, ESIt), while in acetic acid the chromo-
phores resulted completely protonated. The refractive index
dispersion of polymers was evaluated by ellipsometry (Fig. S8,
ESI+). Values of n at the relevant wavelength of 633 nm ranged
from 1.638 of PAA-3,, to 1.706 of PAA-2, , (Table S3, ESIT). In
order to investigate the supramolecular interaction in the
synthesized azopolymers, a comparative FT-IR analysis was
performed on azochromophores, model compounds and poly-
mers. In the IR spectrum of pure PAA (Fig. S9, ESIY), absorption
at 1706 cm ' is attributed to the carbonyl stretching of
carboxylic acid dimer in the polymer matrix.”’ This signal is
shifted to 1725 em ' in the grafted azomaterials (Fig. 4 and Fig.
S9, S10, ESIT), indicating that the carboxylic acid dimer group is
no longer present. The same band is observed at 1727 em ' in
the spectrum of the AA-1 complex (Fig. 4). Therefore, this band
has to be assigned to the carbonyl of the carboxylic group

Fermi NH,
resonance bendin
enhancement neing

Transmittance (a. u.)

—71 v 1T ' ¥ ¥ ¥ * T T & ™ 1 7 17
3700 3400 3100 2800 2500 2200 1900 1600 1300
Wavenumber (cm™)

Fig. 4 FT-IR spectra of PAA-1,, (green line), AA-1 (orange line) and
1 (blue line).
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involved in the AP heterosynthon observed in the crystal
structure. Evidence of the second hydrogen bond involving
the amino group can be gathered from the analysis of the
characteristic NH stretching and bending frequencies. In
the spectra of pure 1, the band at 1622 em ' corresponds to
the typical scissoring of the NH, group, as known for amines
and reported for 2-amino-4,6-dimethoxypyrimidine.”® This
bending mode is dependent on the hydrogen bonding and
occurs at higher vibrational energy with increasing strength
and number of hydrogen bonds.*® In AA-1, this band is con-
siderably shifted to higher frequency (1667 cm ') because the
amino group of the azochromophore is involved in two hydro-
gen bonds of the PP and AP type synthons, as shown by the
X-ray analysis. In the spectra of all PAA-1, and PAA-2, polymers
(Fig. S9 and $10, ESI%) this signal is split at 1665 em ™' and
1640 cm™ ', suggesting that part of the amino groups in the
polymer matrix can participate in second hydrogen bond with
surrounding acceptors. The second evidence of hydrogen bond-
ing is given by the analysis of vibrational frequencies of the NH
stretching. In the spectrum of 1, asymmetric and symmetric
stretching are visible at 3461 em™" and 3354 cm™" respectively,
while the weak band at 3222 cm™" typically results from the
Fermi resonance coupling between an overtone of the NH,
bending/scissoring at 1600 cm ' and the symmetric N-H
stretching mode. When the amino group is involved in hydro-
gen bonds, the NH stretching shifts to lower frequencies and its
oscillator strength increases significantly. This effect and the
reduced energy gap with the overtone transition leads to a
strong enhancement of the Fermi resonance coupling and to a
dramatic increase of the 3200 em ' band intensity, dependent
on the strength of the hydrogen bonds.*”** This coupling is
clearly visible in the spectrum of AA-1, where the intensity of
the band at 3226 cm ' exceeds that of the double band at
3385 cm '. A very similar coupling and band pattern is
observed for polymers (Fig. 4 and Fig. 89, $10, ESIf) and
confirms that the double hydrogen bond of the AP heterosyn-
thon effectively takes place within the grafted polymers. The
formation of the hydrogen bond between PAA and 3 in PAA-3, 4
was verified by following the shift of the stretching of carbonyl
from 1706 ecm ' to 1716 em ' and that of the free pyridyl ring
(1020 cm™ ") to higher frequency, with the appearing of a
second band at 1040 em ™' (Fig. S11, ESI¥).*®

Efficiency of SRG formation

The efficiency of mass migration was investigated by perform-
ing SRG inscription experiments on thin films of the prepared
polymers. Structuring was carried out by irradiating the sam-
ples with an interference pattern obtained with p-polarized
beams, producing regular and high quality SRGs for all poly-
mers. A laser wavelength of 457 nm was used to work in a range
of relatively low chromophore absorption, with the aim to
compare the performances of synthon-based systems with
those of the conventional hydrogen bonded PAA-3,, in a
regime not affected by thermal effects. Fig. 5a shows the growth
of the 1st order diffraction efficiency (DE) produced by the
forming grating as a function of time. The efficiency of mass
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Fig. 5 (a) Diffraction efficiency of PAA-1, and PAA-2, (x = 0.5, 0.75, 1.0;

film thickness: 880-950 nm; irradiance: 175 mW cm?); (b) diffraction
efficiency of PAA-2;0 and PAA-3,,. (c) SRG inscription rate and
(d) maximum of diffraction efficiency for PAA-1, and PAA-2, as a function
of composition.

migration can be related to the rate of SRG formation, calcu-
lated as the slope of the straight line obtained by fitting the
data in the range of linear growth, corresponding approxi-
mately to the section of curves between 10% and 30% of the
DE maximum value attained at the end of the experiment.
These data are reported in Fig. 5c and d for all the polymers as a
function of the azobenzene content. The results show that the
SRG inscription rate linearly increases with the concentration
of the azochromophore in the polymer and a regular growth
trend is also observed for the maximum DE value, for both PAA-
1 and PAA-2. Interestingly, for each composition PAA-1 notice-
ably outperforms PAA-2 (by 41%, 34% and 18% for x = 1.0, 0.75
and 0.50 respectively) although the only structural difference
between azochromophores 1 and 2 is the oxygen on the
terminal methoxy group of 2. This electron donor can act as
an additional hydrogen bond acceptor within the polymer
matrix and contribute to reduce the effectiveness of cis-trans
isomerizations on molecular and chain motions, thus affecting
overall mass migration. This different performance is also
evident by comparing the AFM cross-sectional profiles of SRGs
inscribed on PAA-1 and PAA-2 in the same time lapse (Fig. 6, see
also Fig. S12 and $13, ESIt for x = 0.75 and x = 0.50). The
modulation depth increased with the azo content for both

Topography (nm)
- N w B
(=] (=] (=] o
(=] o o o

o

0 10 20 30 40
X (um)

Fig. 6 AFM cross-sectional profiles of SRGs inscribed on PAA-1;,4
(orange line), PAA-2, o (blue line) and PAA-3,, (black line) in the same
time lapse.
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series, reaching maximum average values of 420 and 355 nm
for PAA-1, , and PAA-2,, respectively. Table S3 (ESIt) reports
the corresponding values of DE.

We further compared the SRG formation performances of
PAA-2, ;, and PAA-3, o at 457 nm. Compounds 2 and 3 show a
similar structure and bear the same methoxy group on the
unbound ring of the azobenzene structure. Moreover, the same
position of the hydrogen bond accepting nitrogen on the
pyridyl and pyrimidyl rings is expected to produce the same
positioning of the azo unit respect to the polymer chain. The
comparison shows that PAA-2, , is considerably more efficient
than PAA-3;, (maximum modulation depth of 40 nm, Fig. 6),
although their absorption spectra do not differ significantly
(Amax Of 364 nm and 343 nm for PAA-2, , and PAA-3, , respec-
tively, Fig. S14, ESIt). Therefore, we evaluated the lifetime of the
cis isomer for all the PAA-i, 4 polymers according to a literature
procedure (Fig. $15, ESI{)."” The cis-trans thermal isomeriza-
tion rate of PAA-3, 4 (1.40 + 0.03 s_l) resulted more than three
times higher than that of PAA-1, , and PAA-2, , (0.42 £ 0.03 s™*
and 0.38 + 0.03 s~ respectively), indicating that thermal
isomerization of the cis isomer is not a limiting factor for the
performance of PAA-3,,. Conversely, the dramatic efficiency
difference suggests that the presence of a second hydrogen
bond involving a further position on the aromatic ring of the
azobenzene entails, for the same polymer, a considerable
increase in the ability of the photoactive units to drag the
polymer chains during the structuring of the material. This
effect can be reasonably attributed to the nature of the used
supramolecular heterosynthon, which is at the same time a
weak and reversible but highly directional and constrained
interaction, resulting in an improved conversion of energy into
effective mass transport.

Selective removal of azobenzene

We also investigated the possibility to extract the azobenzene
units from the polymer after SRG inscription. This operation is
highly desirable in azomaterials for technological purposes, as the
removal of the azo units expands the possibility of use in optical
devices to the whole range of wavelengths where absorption by
chromophores would occur. Seki and coworkers*" proposed an H
bonding based supramolecular system in which the selective
extraction of azobenzene units was successfully performed on a
patterned sample after crosslinking of the polymer matrix by
exposure to reactive vapors and subsequent rinsing with solvent.
Here we demonstrate that this operation could be successfully
performed on polymers with x = 0.50 without any chemical
reaction. Fig. 7 shows AFM topography and UV-vis spectra of a
patterned film of PAA-1, 5, before and after rinsing the sample in
dichloromethane for 1 min (see Fig. S16 for PAA-2, 5, ESIT). The
film appeared transparent after treatment and the absorption
band of the azochromophore disappears in the spectrum
(Fig. 7d). However, the profile of inscribed SRG is preserved,
although with some loss of quality, accompanied by an expected
volume shrinkage, with a visible reduction of the feature heights
from about 110 nm to 60 nm (Fig. 7c). This possibility is enabled
by the quite different solubility properties of PAA and 1. While 1 is
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Fig. 7 Selective extraction of 1 from SRG of PAA-1ps0. Topographical
AFM image of SRG before (a) and after (b) rinse with solvent; cross-
sectional profiles (c) and UV-vis spectra of film (d) before (blue line) and
after (orange line) rinse with solvent.

highly soluble in all common organic solvents, PAA is only soluble
in water, alcohols and formamides. Selective extraction of azo-
benzene units with dichloromethane produces a rapid replace-
ment of the AP type chain-chromophore interactions with the
crosslinking AA type dimerization of the freed carboxylic groups,
which contribute to the preservation of the SRG dimensional
stability. The same procedure applied to samples with higher azo
content leads to unsatisfactory results, with severe loss of pattern
quality and regularity due to the excessive volume fraction of the
material occupied by the azobenzene.

Experimental

All the reagents were commercially available and used without
further purification: p-toluidine, 2-amino-4,6-dimethoxypyri-
midine, tetrafluoroboric acid 48% agq. sol. (Alfa Aesar), p-ani-
sidine, polyacrylic acid average M, 1800 (Merck). Optical
observations were performed by using a Zeiss Axioscop polariz-
ing microscope equipped with a FP90 Mettler heating stage.
'H and "*C NMR spectra were recorded on Varian Inova 500
(500 MHz) and Bruker Avance III TM HD (400 MHz) spectro-
meters. UV-Visible spectra were recorded with a JASCO V-750
spectrometer. The FT-IR measurements were performed on a
Thermo Nicolet 5700 FT-IR spectrometer. Solid samples were
dispersed in KBr tablets, polymeric materials were cast from
solutions. Thin films of azopolymers were prepared by spin
coating DMF solutions of the polymers on glass substrates,
using a Laurell WS-650Mz-23NPP spin coater.

X-Ray diffraction analysis

Single crystals of 1-I and 1-IT suitable for X-ray diffraction
analysis were obtained by slow cooling of a heptane solution
(or evaporation from acetone) and by recrystallization from
ethanol/water, respectively. Single crystals of 2 were obtained
by slow evaporation from acetone, while those of the complexes
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1-MA and 1-AA were grown by evaporation from chloroform/
heptane. One selected crystal of each compound was mounted
in flowing N, at 173 K on a Bruker-Nonius Kappa CCD
diffractometer equipped with Oxford Cryostream apparatus
(graphite monochromated MoKo radiation, . = 0.71073 A,
CCD rotation images, thick slices, ¢ and @ scans to fill asym-
metric unit). Reduction of data and semiempirical absorption
correction were done using SADABS program. The structures
were solved by direct methods (SIR97 program)** and refined
by the full-matrix least-squares method on F* using SHELXL-
2016 program™ with the aid of the program Olex2."" H atoms
bonded to C were generated stereochemically and refined by
the riding model, those bonded to O and N were found in
difference Fourier maps and their coordinates were refined. For
all H atoms, Ujso(H) equal to 1.2 Ueq 0r 1.5 Ueq (Cmetnyr) of the
carrier atom was used.

Crystal data and structure refinement details are reported in
Tables S1 and S2 (ESIT). The figures were generated using
Mercury CSD 3.3.% All crystal data were deposited at Cam-
bridge Crystallographic Data Centre with assigned number
CCDC 2073781 (1-I), 2073782 (1-II), 2073784 (1-AA), 2073785
(1-AA-RT), 2073786 (1-MA), 2073783 (2).F

Synthesis of 1 and 2

The tetrafluoroborate diazonium salts of p-toluidine (td) and
p-anisidine (ad) were synthesized and isolated according to a
reported procedure.*®

1. 2-Amino-4,6-dimethoxypyrimidine (1.55 g, 10 mmol) was
dissolved in 1,2-dichloroethane (70 ml). td (2.93 g, 1.0 equiv.)
was added in small portions and reaction stirred overnight at
room temperature. The hydrotetrafluoroborate product was
deprotonated and purified by recrystallization in ethanol/water
in the presence of excess triethylamine, giving large plate-like
crystals. Yield: 77%. 'H NMR (DMSO-d¢) § 7.52 (d, 2H); 7.32
(s, 2H); 7.27 (d, 2H); 3.91 (s, 6H); 2.35 (s, 3H). *C NMR
(DMSO-dg) 6 164.3, 161.2, 151.9, 138.7, 129.5, 121.3, 112.9,
53.9, 20.8.

2. The same procedure for the synthesis of 1 was applied
using an equimolar amount of ad to give 2 in 71% yield.
'H NMR (DMSO-d,) & 7.61 (d, 2H); 7.25 (s, 2H); 7.02 (d, 2H);
3.91 (s, 6H); 3.81 (s, 3H). '*C NMR (DMSO-d,) § 164.2, 161.0,
160.2, 148.0, 122.9, 114.2, 112.8, 55.4, 53.8.

Synthesis of 3-(4’-hydroxyphenylazo)pyridine

To a solution of 3-aminopyridine (2.51 g, 26.7 mmol) in H,O
(11 ml), aqueous HBF, 50 wt% was added (9.1 ml) and the
mixture was stirred at 5 °C. A solution of sodium nitrite (1.84 g,
26.7 mmol) in 5 ml water was slowly added, the mixture was
stirred at 5 “C for 45 min and then added to a solution of
phenol (2.51 g, 26.7 mmol) and NaOH (3.74 g, 93.5 mmol) in
150 ml H,O. After 30 min stirring, the pH was lowered to 7 with
HCI. The orange precipitate was filtered and washed with water.
Yield: 66%. '"H NMR (DMSO-dg) § 10.49 (s, 1H); 9.02 (s, 1H);
8.66 (d, 1H); 8.08 (d, 1H); 7.84 (d, 2H); 7.55 (m, 1H); 6.96 (d, 2H).
*C NMR (DMSO-d;) 6 161.6, 151.1, 147.5, 145.9, 145.4, 126.6,
125.2, 124.4, 116.1.

J. Mater. Chem. C, 2021, 9, 1368-11375 | N373



Open Access Article. Published on 06 August 2021. Downloaded on 10/24/2023 2:22:14 PM.

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

{ec)

Journal of Materials Chemistry C

Synthesis of 3

3-(4’-Hydroxyphenylazo)pyridine (1.20 g, 6.00 mmol) and K,CO;
(1.66 g, 12.0 mmol) were added to 30 ml DMF. Dimethyl sulfate
(0.757 g, 6.00 mmol) were slowly added and the mixture was
stirred at room temperature for 48 h. After addition of water
(50 ml) the mixture was extracted with ethyl acetate. The
organic phase was washed three times with water, anhydrified
with Na,SO, and the solvent removed in vacuo. Ethanol (10 ml)
was added to the liquid residue and a solid precipitated by
addition of a solution of sodium acetate (1 g) in 30 ml H,O. The
brown solid was treated with 600 ml boiling heptane. After
cooling, the residue was filtered and the volume was reduced to
20 ml. By cooling the solution, the product was crystallized as
an orange solid. Yield: 62%. "H NMR (DMSO-d,) & 9.07 (m, 1H);
8.71 (m, 1H); 8.16-8.13 (m, 1H); 7.94 (d, 2H); 7.62-7.59 (m, 1H);
7.17 (d, 2H); 3.89 (s, 3H). ’C NMR (DMSO-dy) § 162.5, 151.4,
147.4, 146.2, 146.0, 126.7, 124.9, 124.9, 124.51, 114.7, 55.7.

SRG inscription

Thin films for SRG inscription experiments were prepared by
spin coating filtered 25 wt% DMF solutions of the polymers on
glass slides (film thickness 880-950 nm). The samples were
kept under vacuum at room temperature for 24 h to remove
solvent traces. The interference pattern was set up with two
p polarized laser beams of 5.5 mW power and 2 mm section
each (irradiance 175 mwW cm 2, wavelength 457 nm, from
Samba source of Cobolt 05-01 Series by HUBNER PHOTONICS)
hitting the sample at an incidence angle of 13°40". The first
order diffraction efficiency was monitored with a He-Ne laser
beam impinging normally on the growing grating and the
diffracted light power was monitored by means of biased
photodetectors (DET36A2 model from Thorlabs, based on fast
PIN Si photodiodes) placed at the angular directions of the zero
and the two first diffraction orders for the 633 nm radiation.
The DE was calculated as the power ratio of the He-Ne
diffracted beam and the transmitted beam prior to exposure
to the 457 nm intensity pattern, by averaging the signal of both
—1 and +1 first orders.

Conclusions

Here we demonstrated the possibility to exploit polyacrylic acid
as an affordable polymer matrix to produce supramolecular
azopolymers with high performances and versatility, through a
molecular recognition approach based on a hydrogen bond
supramolecular synthon. These materials can be prepared with
the desired chromophore content without undergoing phase
separation or chromophore aggregation until equimolar ratio.
The proposed system exploits for the first time a double weak
interaction acting on two positions of the aromatic ring of the
azobenzene unit. This approach promotes a highly directional
chromophore-chain interaction, while also preventing any
degree of freedom with respect to rotation around the mole-
cular long axis of azobenzene units. This stronger and more
rigid constraint resulted in a huge improvement in mass
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migration and SRG inscription efficiency compared to a single
H-bonded system based on the same polymer matrix and
positioning of the azomolecule relative to the chain. Rapid
and straightforward removal of the light absorbing chromo-
phores from a photopatterned sample was enabled by the
orthogonal solubility properties of the polyacrylic acid and
the dye component and demonstrated through simple rinsing
of the thin film samples with dichloromethane.
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Large-Scale Multiplexed Azopolymer Gratings with

Engineered Diffraction Behavior

Stefano L. Oscurato,* Francesco Reda, Marcella Salvatore, Fabio Borbone,

Pasqualino Maddalena, and Antonio Ambrosio*

The diffraction of polychromatic light from periodic superficial structures

is often responsible for the structural colors observed in Nature. Similarly,
engineered microtextures fabricated on metallic or dielectric surfaces

can be used to design diffracted optical patterns with desired shapes and
colors. To this aim, advanced diffraction gratings with exceptional design
and functionality are continuously proposed, and new fabrication methods
follow to stay abreast with the improving design capabilities. Multiplexed
surface reliefs, acting as complex gratings with tunable diffraction behavior,
can be readily produced on films of azobenzene containing materials by
exposing the surface to controlled sequences of holographic interference
patterns. This work fully investigates, both theoretically and experimentally,
the use of light-induced surface relief on azopolymers for the realization of
large-scale multiplexed gratings with optimized diffraction performances.
The reconfigurable diffraction gratings able to diffract polychromatic light
in the same direction with controllable relative color intensities by tuning
exposure parameters in a switchable two-beam interference setup are
designed and fabricated. The results can be generalized to more complex
diffractive devices, usable in emerging display application areas.

1. Introduction

The morphology at micro and nanoscales
strongly influences surface functionality.
Optimized surface textures with advanced
effects on wettability, friction, adhe-
sion, and visual appearance have been
developed by evolution in natural world
to ensure survival."? In particular, the
bright and shiny colors of many animals
and plants often originate from the dif-
fraction of light from sophisticated peri-
odic structures present on their surface.l*!
Understanding and controlling surface
geometry for structural colors is the sub-
ject of many research efforts in material
science, chemistry, and physics, that aim
to fabricate artificial light modulating
devices with advanced optical and chro-
matic functionalities!*® by improving the
design and the fabrication of diffraction
gratings.®1%
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Diffraction gratings are optical com-
ponents made of grooves periodically
arranged on the surface of metallic or dielectric substrates.[!!]
A diffraction grating splits incoming monochromatic light in
multiple emerging waves, referred to as diffraction orders./"?]
The diffraction angle for each order depends on the wavelength
of incoming light and on grating periodicity, while the shape
and the depth of surface profile (e.g., sinusoidal), together with
the optical properties of the grating material (refractive index,
metallic coating, etc.), influences the amount of light diffracted
in each specific order."™
Diffraction gratings of different geometries including peri-
odicity, orientation, groove depth and surface profile can be
overlayed to realize a single combined and complex grating
(referred to as multiplexed grating).®] A similar grating
produces a complex diffraction pattern, simultaneously
dependent on the combined geometry and chromatic behavior
of each composing grating. Engineering the geometrical
parameters of the superposition gives control on the emerging
light distribution.¥ % For example, a multiplexed grating can
be designed to diffract light of different wavelengths into a
same diffraction order, eventually partially re-balancing the
angular spreading of polychromatic light that single gratings
would produce alone due to chromatic dispersion.'*-2’] When
the superimposed gratings have sinusoidal profiles, the mul-
tiplexed structure is often referred to as an Optical Fourier
surface "]

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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The fabrication of this class of advanced diffraction grat-
ings requires highly accurate surface structuration techniques.
Standard fabrication methods for diffraction gratings include
direct machining technology, in which a ruling enginel”) or an
ion beam/?!l makes grooves on a grating plate, and holographic
photolithography, in which the periodic structure of sinusoidal
diffraction gratings is produced by interference lithography on
a photoresist,??) that is successively developed and transferred
on a dielectric or metallic support via chemical etching or vapor
deposition. However, grating multiplexing with these standard
methods is either impossible or it requires multiple complex
lithographic steps.!!f]

Recently, holographic inscription of sinusoidal gratings,
directly achieved as surface reliefs on azobenzene-containing
polymers (azopolymers), has been demonstrated to be a pow-
erful approach for the realization of multiplexed gratings
with engineered directional?*2l and chromatic' diffraction
behavior. The azopolymer structuration process is sensitive
to intensity and polarization distributions of the irradiated
field,?*?] so that both intensity and polarization interference
pattern can be used to produce the sinusoidal surface relief
gratings (SRGs).?*>% The dimension of the structured area
depends only on the diameter of the interference beams, and
SRGs on areas as large as several cm? can be realized in single
lithographic steps. The use of azopolymers as materials for dif-
fraction components?®31 is further incentivized by the possi-
bility to make the grating reconfigurable and then usable for
multistep structuration processes. The surface structuration of
azopolymers is a nondestructive process that, conversely to the
chemical etching of standard photolithography, involves a light-
driven directional®**I polymer mass transport,*®¥l that gener-
ates surface relief with the same geometry of the illumination
pattern (e.g. sinusoidal for the two-beam interferogram).?**!
The polymer can be transported back to restore the original
state both optically or thermally, erasing then the surface pat-
tern, or moved again by a new lithographic illumination step
which combines the preexisting texture with a new one.[2*4#1
We recently explored the light-induced dynamical and revers-
ible behavior of azopolymer surfaces by directly structuring
small areas of a polymer film through structured digital holo-
graphy illumination and optical erasing, achieving advanced
state-of-the art reconfigurable diffractive gratings and lenses,
which we applied in operating devices as motionless mono-
chromators and reconfigurable imaging systems.'*!

Here we extend the use of dynamical surface reliefs on the azo-
polymer to design and characterize large-scale multiplexed grat-
ings realized via sequential two-beam interference lithography.
To this aim, we first analyze the theoretical aspects of the diffrac-
tion from a general multiplexed grating made of superposition
of sinusoidal reliefs, providing a solid and practical framework
for the design of these devices. Then we specify our analysis, by
means of theory, simulations, and experiments, to a large-scale
three-component 1D multiplexed grating that diffracts red (R),
green (G), and blue (B) light, in a fixed common diffraction order
(RGB grating). A similar grating design has been demonstrated
suitable for the realization of pixelated azopolymer surfaces
with apparent structured colors.”) We experimentally realize
the designed SRGs with high structural control and optimized
inscription performances by using a switchable interference
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Figure 1. Diffraction from a dielectric sinusoidal surface. A) Schematic
illustration of the wavefront modulation produced by a sinusoidal surface
relief grating placed in the plane z=0 of the reference system, inscribed in
a material of refractive index n, with periodicity A and topographic ampli-
tude h. B) Schematic representation of Bragg's diffraction law for plane
wave incident normally on the dielectric sinusoidal grating. The propaga-
tion direction of the first diffraction order, taken as an example, is equiva-
lently defined as the angle 6,; or as the x-component of the wavevector
k,,. €) Diffraction efficiency (DE) 1, as function of the dimensionless
parameter 3 for the first five diffraction orders of a sinusoidal grating.

setup able to inscribe, monitor in real time, and eventually erase
gratings of different periodicity on the azopolymer surface. The
results shown here further enlarge the panorama of applica-
tions for reconfigurable SRGs, paving the way toward the design
and realization of large-scale, flat, and lightweight optical com-
ponents with engineered diffraction capability,*?) usable in the
emerging fields of displays technologies for augmented®! and
virtual reality,®) as well as wearable optical devices.

2. Theory and Simulations

2.1. Diffraction from Sinusoidal Multiplexed Gratings

A typical multiplexed grating, realized as a surface relief on
an azopolymer film, can be described as a general structured
dielectric surface that modulates the wavefront of an incoming
light field. In the scalar theory of light diffraction,!! the mor-
phological surface profile, e.g., sinusoidal as the one shown
in Figure 1A, entirely determines the shape of the emerging
wavefront. The resulting modulation is a consequence of dif-
ferences in the optical path lengths for light travelling in the
surface medium of a local thickness h(x,y) and refractive index
n, in respect to same travel length in the medium surrounding
the surface (typically air, whose refractive index is n, = 1). For
a monochromatic plane wave of wavevector k, = 277/ 4y, propa-
gating along the z axis and incident perpendicularly on the die-
lectric grating, the phase delay resulting from the modulation
reads as:

@ (x,y)=ks (n—1)h(x,y) 1

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Equation (1) is at the basis of the design general diffrac-
tive optical components and constitutes the operative relation
between the geometry h(x,y) of the dielectric surface and the
optical functionality for any generic diffractive optical ele-
ment (DOE),'” including single or multiplexed sinusoidal
surfaces. The case of a DOE made of a 1D single sinusoidal
surface relief is of particular interest for the present analysis,
also because some of the relevant properties in the diffrac-
tion behavior of generic DOEs are easily generalized from this
simple case.

Figure 1A shows the schematic representation of a dielec-
tric sinusoidal grating of period A and amplitude modulation
depth h, described by the one-dimensional surface relief func-
tion h(x)=h l*ﬁ"Tx /2, This grating diffracts the incoming
light field into a finite number of propagating diffraction orders
(plus an infinite set of evanescent orders), identified by an
integer number m = 0, £1, £2, ..., emerging from the surface
at the angles 6, determined by light wavelength A, and grating
periodicity A (Figure 1B) via Bragg's relation (see also Sup-
porting Information):

kosin 6, =m 27” (2)

For this grating, the diffraction efficiency (DE) 1,,, which is
a measure of the amount of the incident light power converted
in the m' propagating order, is related to the maximum phase
modulation depth = kg (n — 1)h induced by the sinusoidal sur-
face relief according to the relation (Figure 1C):

)

Here J,, are the Bessel functions of first kind of order m.
For a given material and light wavelength, the parameter j
is directly proportional to the grating amplitude h, which is
then the actual structural parameter to be eventually tuned to
achieve specific distribution of light power among the diffrac-
tion orders in the pattern generated by a sinusoidal grating
(Figure 1B). For example, the behavior of 7y, is approximately
linear in respect to h for relatively small modulation depths
(Figure 1C).

Bragg's relation in Equation (2) can be alternatively inter-
preted in terms of the direction of the wavevector k,, = (k, .,
k., for the m" diffraction order emerging from the dielectric
grating (Figure 1B). Diffraction theory (see also Supporting
Information) requires indeed that a propagating order m must
have an in-plane wavevector component k, ,, = ko sin6,, that is
an integer multiple of the grating vector g = (g..g.) = (27/A,
0) of the diffraction grating or, equivalently, borrowing well-
known concepts of solid state physics, that k. ,, must be a vector
of the reciprocal lattice of the surface.?’! As the reciprocal lat-
tice only depends on the in-plane surface morphology (for a 1D
sinusoidal grating, the reciprocal lattice is entirely known by
specifying only the grating periodicity A), the geometry of the
entire diffraction pattern is completely defined by the grating
vector g (which is a base in the reciprocal space). Such consid-
erations, apparently more complicated than Bragg’s law for a
single sinusoidal grating, are particularly useful in the analysis

2
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of the diffraction patterns produced by more complex gratings,
like the diffraction gratings obtained as superposition of N
sinusoidal gratings (multiplexed grating)

h(x)=ih{l+sinzj\ﬂJ/2 e

=1 |

each having periodicity A; (grating vector g = (2m/A; ,0)) and
surface modulation amplitude h. While the results for the
scalar diffraction theory could be extended to diffractive sur-
faces described by Equation (4) (see also Supporting Informa-
tion), the relevant features of their diffraction patterns can be
understood by generalizing the concepts developed for the
single sinusoidal grating in the interpretation of Equations (2)
and (3).

Diffraction orders produced by a multiplexed grating prop-
agate, following a generalized Bragg's law, at directions 6,
(where @ = (0 ,0,..., aty) is an array of integer numbers) which
make the in-plane component of the diffracted wavevector k, 4 a
vector of the reciprocal lattice of the total surface:

A

I=1 i

N 2 N
kosin 6, = Y, 00 =— = Y, 048 (5)
I=1

Properly tuning the periodicities A;, which, analogously to
the case of the single sinusoid, completely defines the spatial
distribution of the spots in the diffraction pattern, and the
modulation amplitudes h, that control the relative intensity of
those spots, complex diffraction functionalities (and eventually
engineered chromatic behaviors) can be directly encoded in the
geometry of a multiplexed grating designed as the superposi-
tion of Equation (4).

These concepts are here used for the design of the RGB
multiplexed grating, which generates different perceived light
color in a specific direction as weighted superposition of three
diffraction orders of a three-components multiplexed grating
simultaneously illuminated with light at red, green, and blue
wavelengths.

2.2. Design of a RGB Multiplexed Grating

Figure 2 describes the design of a RGB multiplexed grating that
diffracts light of wavelengths A4; = 633 nm (red), 4, = 532 nm
(green), and A; = 488 nm (blue) at the common angle, arbi-
trary chosen as Gy = 18.5° (see also Figure S2, Supporting
Information). The periodicities A; = 2.00 um, A, = 1.68 pum,
and A; = 1.54 um of the three sinusoidal diffraction gratings
composing the multiplexed grating are calculated by solving
the equation sinf, .. = 4/A;, obtained from Equation (2) with
m =1, and graphically represented in Figure 2A.

The effect of multiplexing for these sinusoidal gratings is
simulated in Figure 2B, in which the morphology of the single
components G/ is rendered by grayscale topographic images,
that overlay in a linear even superposition ( h, = h, = h; = h/3) to
compose the multiplexed surface of the RGB grating according
to Equation (4). For clearer visualization, the simulated surface
profiles are also presented in Figure 2C.

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 2. Design and operation of a multiplexed RGB diffraction grating. A) Plot of angle 8,; of the first diffraction order in Bragg's law as function of
grating periodicity A for the three considered wavelengths. The periodicities A, of the sinusoidal components are defined by requiring that the three
gratings diffract light at 4; under the same angle 6,,,,.,. B) Simulated surface morphology and C) normalized surface profiles for the three sinusoidal
components and for their multiplexed combination (with hy = h, = h; = h/3) producing the target RGB grating. D) Schematization of the geometry
for the calculation, as Fresnel superposition of secondary spherical waves generated at the interface, of the diffraction pattern that the multiplexed
RGB dielectric grating produces for simultaneous incidence of plane waves at design wavelengths 4;, shown in (E) with a screen at z= 50 mm from
the surface. The gray arrows highlight the RGB diffraction spot at the angles + 6,,,.., where the three wavelengths are spatially superimposed. For the
simulation in (E) the approximately equal diffraction efficiency (DE) in the target diffraction order at the three operating wavelengths is obtained by

choosing the grating amplitudes h, to maintain the parameter 3= ki (n, — 1)h; fixed.

According to Equation (5), the diffraction pattern produced
by the multiplexed grating is characterized, even under illu-
mination with monochromatic light, by several diffraction
spots spatially distributed in the directions of the reciprocal

lattice. For a total grating amplitude h =3} comparable to

the incident light wavelength (e.g. h = SOOJnm) and refractive
index n = 1.7, most of the diffracted light is contained in three
first orders (defined as the orders for which |@] =1 in Equa-
tion (5)), one of which is the target RGB order of our design
(see Figure S2, Supporting Information). To better visualize
the spatial distribution of light in the diffraction pattern pro-
duced by the multiplexed RGB grating under simultaneous
illumination of the three design wavelengths, Figure 2E
shows the simulated diffraction pattern that the dielectric
surface produces, on a screen placed at large distance (z, =
50.0 mm), in the configuration schematized in Figure 2D.
Details about the simulation are given in Experimental

Adv. Mater. Interfaces 2021, 8, 2101375 2101375 (4 of 9)

Section. The simulated diffraction pattern clearly
shows the presence of a white diffraction spot, in which
the three colors are spatially superimposed, confirming the
design principle of the RGB grating and, more in general,
of the multiplexing approach to engineer a complex diffrac-
tion pattern via the tailored superposition of sinusoidal sur-
faces. The simulation is also able to calculate the effects of
having eventual different amplitude weights for h;. Addition-
ally, it should be noted the presence in the pattern also of
the other diffraction orders predicted by the reciprocal lat-
tice. In principle, these orders could be spatially filtered out
because they propagate at different angles in respect to the
design RGB direction. However, their presence should not
be neglected in the definition of the operation performances
of real devices based on the multiplexed design, because,
even not compromising the overall device functionality, they
necessarily reduce the DE of the grating in the target diffrac-

tion order.

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 3. Switchable interference setup for SRGs of engineered periodicity. A) Schematic representation of the setup. In each exposure step, only one
couple of the illustrated beams (Beam 0 + Beam i, with i =1, 2, 3) is irradiated on the sample. B-D) First order time-dependent diffraction efficiency
for the probe beam at A = 633 nm recorded by PD1, PD2, and PD3 during a typical inscription experiment (exposure time 240 s) of the gratings G1,
G2, and G3, respectively. E-]) Atomic force microscope (AFM) micrograph and relative topographic profile of the azopolymer surface resulting from

the three illumination configurations.

3. Results and Discussion

3.1. Large-Scale Dynamical and Multiplexed
Azopolymer Gratings

To experimentally implement the designed multiplexed RGB
grating over large scales, we realized a switchable two-beam
interference setup able to sequentially irradiate an azopolymer
film with p-polarized sinusoidal intensity interferograms
having accurately controlled periodicities. This illumination
configuration, largely used for efficient surface relief inscrip-
tion in azopolymers, /2631441 has been demonstrated to provide
very accurate structural control and high inscription efficiency
for our azopolymer.?’]

The principle of the design of our setup is to have a stable
interference system, in which the desired interferogram peri-
odicity can be chosen by alternatively selecting one couple of
interfering beams between three possible configurations with
minimum mechanical movement, while simultaneously moni-
toring the dynamical diffraction behavior of the developing sur-
face grating by means of a diffracting probe beam. The sche-
matic representation of the setup is presented in Figure 3A.

A horizontally polarized beam from a solid-state laser
(Cobolt Calypso) at 491 nm was divided a first time by 70:30

Adv. Mater. Interfaces 2021, 8, 2101375 2101375 (5 0{9)
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(R:T) beamsplitter (BS1 in Figure 3A). The direction of beam
reflected by BS1 (Beam 0) defines the optical axis of the system.
Before impinging orthogonally over an area of =2 mm in diam-
eter on the azopolymer surface placed in the sample plane,
Beam 0 was divided a second time by a 50:50 beamplitter (BS2).
To produce the three interferograms of different periodicity in
the sample plane, Beam 0 was alternatively recombined with
one of the three other beams (namely, Beam 1; Beam 2; Beam
3) represented in Figure 3A. The angle % between Beam 0 and
each of the three beams was accurately controlled by means
of micrometric rotating mirrors. A movable mirror (MM in
Figure 3A) was used to switch between the configurations
with Beam 1 and Beam 3. Tunable neutral density filters were
finally used to equilibrate the incident intensity for each beam
and improve the visibility of the p-polarized interference pat-
tern in the sample plane. A constant total average intensity of
0.14 W cm 2 in the interferogram was used in the experiments.

To monitor in real-time the diffraction produced by the
developing surface relief gratings during the inscription pro-
cess, a horizontally polarized He-Ne laser beam at wavelength
of 633 nm was irradiated at normal incidence (transmitted
through BS1 and BS2) in the structuring sample area. Three
photodiodes (PD1; PD2; PD3), properly placed along direc-
tions predicted by Bragg's law, were used to record the time

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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evolution of probe light diffracted in the +1 order for each of
the three periodicities. DE was calculated by dividing the time-
depended photodiode signal produced by the evolving grating
by the signal transmitted through the flat sample surface
before starting the writing process. A notch filter, placed right
after the sample, discards light of the writing beam from the
detection space. An additional circularly polarized collimated
beam from a diode laser at the wavelength of 405 nm (referred
to as assisting beam), and intensity =0.4 W cm™? incident on
the sample from the substrate side, was also included in the
structuration process. This beam, highly absorbed by our azo-
polymer,?*3 improves the grating inscription rate by redistrib-
uting the orientation of azobenzene molecules, which otherwise
tend to be realigned perpendicular to the polarization of the
writing beams, with a resulting gradual reduction of absorption
probability and overall relief inscription efficiency.l?¢-4$-01 We
extensively studied the influence of this beam on the writing
dynamics of our azopolymer in our recent work."°l

Figure 3B-D shows the diffraction curves recorded in 240 s
inscription experiments of the gratings G1, G2, and G3, real-
ized to have the periodicities A; (I=1, 2, 3) calculated above. The
approximate linear behavior observed in the rising of the first
diffraction order efficiency can be used to eventually control
the height of the surface relief gratings, by properly tuning the
exposure time.l'*4% Additionally, the stable signal recorded also
when the writing interferogram is switched off (Figure 3B-D)
demonstrates a diffraction behavior dominated by the stable
surface relief grating, with only small contributions from the
eventual birefringence grating typically observed in the inter-
ference-based photostructuration of azopolymers due to the
photoalignment of the chromophores.[:26:31]

Figure 3E-] reports the atomic force microscope (AFM)
images and the relative topographic profiles of the three azopol-
ymer surfaces at the end of the grating inscription process. The
periodicities of the sinusoidal gratings measured by the AFM
were in perfect agreement with the design (see also Figure S3,
Supporting Information), confirming the highly accurate con-
trol over grating periodicities achievable in our switchable inter-
ference configuration.

In the experimental configuration of Figure 3A, both recon-
figurable and multiplexed large-scale surface relief gratings can
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be easily realized and eventually tuned in real-time by using the
monitored diffraction of the probe beam as indirect measure of
the surface relief amplitude. Figure 4 presents the results of a
dynamical experiment in which the grating G2 was inscribed,
erased, and re-inscribed on the surface before a multiplexed
grating was realized by adding to it the grating Gl in a suc-
cessive exposure step. The dynamical evolution of the surface
was characterized by simultaneously monitoring the signal of
the two photodiodes PD2 and PD1, detecting the +1 diffraction
order of G2 and G1, respectively. The diffraction curves are
reported in Figure 4A, together with the AFM micrographs (in
the insets) of the azopolymer surface after the first writing of
G2 (i), after its erasing (ii) and after its rewriting (iii), which
clearly show the connection between the surface topography
and its dynamical diffraction behavior. The erasure of the sur-
face from (i) to (ii) was realized by means of the 405 nm laser
beams in the configuration of Figure 3A, but with higher
intensity (=0.9 W cm™?), as characterized in detail in our pre-
vious work.l'"] At the instant (iii), the interference pattern was
switched to the configuration for G2, so that a multiplexed
grating with the geometry G2 + GI1 started to develop on the
azopolymer surface.

The exposure time in the final step was chosen to make
the diffraction efficiencies for G2 and G1 approximately the
same (difference less than 1%), which, according to the dif
fraction analysis in this surface modulation regime, would
correspond also to approximated similar weight h; and h, for
the sinusoidal components of the multiplexed grating in the
Equation (4). This is confirmed by the AFM analysis presented
in Figure 4B, where a very good agreement between the experi-
mental topographic profile and the theoretical profile, obtained
by overlaying the two sinusoidal functions with experimental
periodicity and equal amplitudes, is observed.

The possibility of empirically selecting the appropriate expo-
sure time to realize a target balance in diffraction efficiencies
(in our case, approximately equal DE) is a clear advantage of
direct dynamic efficiency monitoring during grating inscrip-
tion, which avoids a priori calibration of surface relief heights
in respect to the exposure time. This calibration has been dem-
onstrated to be a difficult task for 1D topographies realized
as sequences of exposures on azopolymer films!"*!l because

B -200__(hm) 200
| —

© Exp. — Theory

1
0 200 400 600 800 1000 0 10
t(s)

20

X(um)

Figure 4. Reconfigurable and multiplexed azopolymer surface relief gratings (SRGs). A) Dynamical diffraction curves recorded, by the photodiodes
PD1 and PD2, during a surface reconfiguration experiment in which the grating G2 is first inscribed, erased, and re-inscribed (steps i to iii) and then
combined with the grating G1 to realize a multiplexed G2 + G1 grating. Insets in (A) show the AFM micrographs and profiles of the surface at the
relative reconfiguration step (scale bars 5 um). B) AFM micrograph of the multiplexed G2 + G1 grating. Exposure times for G2 and G1 were 300 and
270 s, respectively. C) Comparison between AFM and theoretical profiles of the multiplexed grating.
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Figure 5. Optimized RGB multiplexed grating. A) Dynamical first-order diffraction curves recorded in the multistep inscription of G2, G1, and G3. Expo-
sure times: t; =300 s, ¢, =380 s, t; = 270 s. B) AFM micrograph of the multiplexed polymer surface. C) Comparison between measured and theoretical
surface profile. D) Experimental RGB diffraction pattern acquired by a CCD irradiating the surface of the polymer with three collinear laser beams at
the three wavelengths A;. E) Intensity profiles of the three channels (R, G, and B) extracted by the image in (D).

pre-existing grooves on the surface can affect the inscription
efficiencies for gratings in the following steps of the multi-
plexing sequence. Additionally, we also observed a possible
influence of inscription efficiency in subsequent exposures
on the specific order of the sequence (see also Figure S5, Sup-
porting Information), which further weakens the feasibility of
an approach based on a priori grating depth calibration for the
realization of reliable and repeatable multiplexed gratings.

3.2. RGB Grating on Azopolymer Film

For the realization of the designed multiplexed RGB grating,
three sequential exposures of the polymer film were used. In
our experiment, we aimed not only at achieving the correct
superposition of sinusoidal reliefs that produces the common
(white) diffraction spot for the design wavelengths simulated
in Figure 2E, but also at realizing multiplexed structures with
controllable relative weight of the superimposed components.
For the latter goal, real-time monitoring of the probe beam
DE for the three gratings and empirical tuning of the expo-
sure time for each component were used. Figure 5A shows the

Adv. Mater. Interfaces 2021, 8, 2101375 2101375 (7 of 9)
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time evolving diffraction curves recorded during the inscription
of a RGB grating, designed to have approximately equal final
DE in the first orders of the superposed sinusoidal reliefs at
A =633 nm, which again directly correlates with having approx-
imately equal amplitude weights in the multiplexed structure.
In the inscription process described in Figure 5A, after the
first structuration step (grating G2) lasting until the instant t,,
the interference configuration was switched in the second one
(grating G1) and the irradiation of the sample continued until
the empirically selected instant t,, when the DE for the second
grating reached approximately the same maximum level of the
first exposure step. At that instant, the last grating component
(grating G3) was superimposed in the third illumination step,
which continued until all the three first-order diffraction effi-
ciencies were similar at the time t;. The AFM micrograph of
the final azopolymer surface is show in Figure 5B, while the
comparison of its experimental profile with the theoretical pro-
file (calculated as equal-weight superposition of the sinusoidal
components) is presented in Figure 5C. Similar to the analysis
of two-component multiplexed grating of Figure 4B,C, the
empirical tuning of exposure times in the multiplexed superpo-
sition by real-time diffraction monitoring, produced also for the

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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three component RGB grating an experimental profile in very
good agreement with the target one. It should be noted that a
similar exposure sequence, with a-priori definition of exposure
times!"! (for example equal exposure times for all Gi), provided
a worst structural result in terms of final component balance
(see Figure S5, Supporting Information).

Finally, the diffraction pattern produced by the azopolymer
multiplexed RGB grating under simultaneous irradiation of three
collinear laser beams at design wavelengths (see Experimental
Section), is shown in Figure 5D. The spatial distribution of the
diffraction orders quantitatively matches the simulated pattern cal-
culated for the ideal multiplexed surface in Figure 2 (see also Sup-
porting Information), with the presence of a white diffraction spot
in which the three diffraction orders at the three colors (Figure 5E)
are angularly superimposed. This confirms the validity of diffrac-
tion analysis, design principle, and experimental implementation
we used for the realization of the RGB azopolymer grating, which
could be eventually extended to other multiplexed large-scale dif-
fraction devices, realized as superposition of sinusoidal surface
reliefs with controlled periodicity and relative amplitude weights.

4, Conclusions

In this work, we used sequential inscription of sinusoidal surface
relief gratings on the surface of an azopolymer film to realize
diffraction gratings with overlayed morphology, having engi-
neered structural and chromatic behavior. A multiplexed grating
that diffracts polychromatic light in the same direction has been
designed from the accurate analysis of the results that scalar
diffraction theory provides for light modulation from dielectric
surfaces. The periodicity of the superimposed gratings plays
the crucial role in the definition of the diffraction pattern pro-
duced by the multiplexed grating: excellent agreement between
theory and experiments has been obtained by taking advantage
from a stable switchable interference setup realized to inscribe
SRGs with accurate periodicity control. Real-time diffraction
monitoring has been used to optimize the superposition of the
single sinusoidal components in the experiment, providing an
empirical but powerful approach for the tuning of relative sinu-
soidal weights of the superposition. Our results could be used
to engineer perceived color saturation in RGB diffractive devices
designed as multiplexed diffraction gratings, offering new paths
for future flat and light-weight optical components.

5. Experimental Section

Azopolymer Synthesis, Characterization, and Film Preparation: The
material used in this work for the realization of dielectric surface
relief gratings is an azobenzene-containing polymer (azopolymer)
in amorphous state. The details about the synthesis and structural,
thermal, and optical characterizations have been extensively reported in
the previous works.[25-3438]

The solution for film fabrication was prepared by dissolving 70 mg
of the polymer in 0.50 mL of 1,1,2,2-tetrachloroethane and filtered on
0.2 um PTFE membrane filters. Amorphous thin films were prepared
by spin coating the solution on 24 x 60 mm cover slides at 300 rpm
for 4 min, obtaining typical film thickness of 1.0 £ 0.1 um. Before
photostructuration experiments, the samples were kept under vacuum

Adv. Mater. Interfaces 2021, 8, 2101375 2101375 (8 of 9)
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at room temperature for 24 h to remove solvent traces. Refractive index
of the fabricated film was measured via ellipsometry. Measured values
at the device operating wavelengths (633, 532, 488 nm) are: ng;; = 1.70;
Ns3; = 1.74; nygg = 1.78. After synthesis and holographic structuring, the
azopolymer samples are stored at room temperature. The topological
analysis and optical analysis were repeated also after several months
from fabrication, showing no degradation effects for both the material
and the surface structure over time.

Morphological Surface Characterization: The topographic analysis of
the structured surfaces was performed by AFM (WITEC Alpha RS300)
operating in tapping mode with a cantilever of 75 kHz resonance
frequency. Analysis and elaboration of AFM data was accomplished by
means of the open-source software “Gwyddion.”

Simulations of Diffraction Patterns: To simulate the diffracted field
from the structured azopolymer surfaces, incident plane waves of
unitary amplitudes were considered. In the calculations the incident
field is assumed to be phase modulated in the plane at z = 0, in which
the structured dielectric surface is placed. The field transmitted just
behind the phase mask is equal to U,, (xy) = ¥ . The diffracted
field U(x, y, z) in each transverse plane, orthogonal to the optical axis
z, behind the surface is evaluated by solving the Helmholtz scalar
equation (see also Supporting Information), considering the Rayleigh—
Sommerfeld diffraction integral in Fresnel approximation:['%52

Ulxyz)= ?E [[Up (X'vv’)exrn{%[(x —x) 4 (p- v')z]}dhdw (6)

A discretized form of this integral was implemented coding a
MATLAB script. In the case of RGB diffraction, the Fresnel integral
was calculated for each wavelength and then the results were summed
according to optical field superposition principle.

Experimental Imaging of RGB Diffraction Patterns: The experimental
diffraction patterns produced by the azopolymer single (see Figure S4,
Supporting Information) and multiplexed RGB gratings were obtained
by illuminating the structured sample with three collimated and collinear
laser beams, incident normally from the substrate side. The beams had the
same wavelengths of the theoretical analysis (4 = 633 A; = 532, and 4; =
488 nm) and were produced by three different laser sources (He-Ne, Nd:
YVO4 frequency-doubled laser, and a Cobolt Obis diode laser, respectively)
which were made propagating along a common optical axis by a proper
combination of mirrors and beam splitters. The three beams were tuned to
have the approximately same intensity before the sample (9.5 x 107 Wem ™),
Low intensity ensures that the green and blue light (which are absorbed
by the azopolymer) do not significantly affect the surface pattern. The
transmitted diffraction pattern was collected on an opaque screen placed at
205 mm from the sample and recorded by a color reflex CCD camera.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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1. Diffraction of light from phase-only modulating surface reliefs

Maxwell’s equations imply that the propagation of the spatial-dependent term of a
monochromatic electromagnetic field of frequency w in a homogeneous, isotropic and linear
medium is governed by Helmholtz equation, which for the (scalar) electric field E(r,t) =
U(r,t) = U(r)e'®t is written as:

(V2+EkHU@) =0, (S1)

where k = (w/c)n and n = +/€u is the refractive index of the material. Equation (S1) can be
solved evaluating the fields in planes transverse to an arbitrary z axis and considering the two-
dimensional Fourier transforms of the fields in those planes:

+00
- 1 .
Uik ky) = 32 U U(x,y) e Tx el dxdy, (S2)
+00
Ulx,y) = ﬂ’ U(kx, ky) eilkxx+kyJ’|dkxdky' (S3)

With the introduction of the Fourier spectrum of the fields (S2), Helmholtz equation is solved
for the spectrum of the field in any plane at axial position Z as

0l Ky, ) = D(i, ky, 0)e 45, (54

where k, = \/k? — k% — k} and U(k,, ky, 0) is the known spectrum of the field in a plane
(source plane) which can be arbitrarily chosen to coincide with the plane z = 0. Writing
equation (S4) in real space gives %!,

U(x,y,2)
_ 1
=i

=U(x,y,0)* H(x,y,z).

+00 +0o
J-f U(x', yr' 0) ff e['[kx(x—x’)+ky(y_y-')+kzz] dxrdyfdkxdky (SS)
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Where H(x,y, z) is the propagator in the direct space. Equations (S4) and (S5) pose the basis
of the Fourier optics. The optical field in any plane of the space is determined from the
Fourier spectrum of the field in the source plane. Using the convolution theorem, equation
(S5) is equivalently rewritten as

U(x,y.z) = FT"YFT{U(x,y,0)} X FT{H(x,y,2)}}. (S6)

From this relation it is clearly understood that once the spectrum of the source field is known,
the spatial distribution of the propagated field depends only on the transfer function
H(x,y,z), which is determined by the geometry of the source and observation planes, but it is
independent on the source field. The different levels of approximation of the transfer function
for propagation in far-field (z >> A, where the evanescent terms in the propagator do not
contribute to the field) bring to the Rayleigh-Sommerfeld, Fresnel and Fraunhofer theories,

largely used for the solution of the diffraction problems. 12!

Equations (S5)and (S6) are at the basis of the design of a diffracted field by engineering the
spectral content of the field in the source plane by tailoring the geometry of a diffracting
surface. In this case, the structured surface in the object plane is an amplitude and/or phase
mask, described by the functions A(x,y) and ¢(x, y), which modulates an incident beam U,
through a complex space-dependent transmission function t(x, y):

U(x,y,0) = Uppe(x,y,0) X t(x,¥) = Uppe(x, y,0) X A(an)ekp(x'y)- (S7)

If the incident field is a plane wave propagating along the z axis, from z < 0 half plane,
Uine(x, v, 2) = Upe*o?_ then equations (S6) and (S7) specify the diffracted field as only
dependent on the transfer function of the system and the Fourier transform of the transmission
function t(x, y). Here we consider surfaces which only modulate the phase ¢(x, y), while
having no amplitude modulation:

f(x»y) — A(x.y)e"“’(x'y) =1 x el?xy) = glo(xy) (S8)

The phase modulation is the result of the differences in the optical path that the incident plane
wave accumulates in respect to the surrounding medium (refractive index n;) as the wave
propagates in a medium whose refractive index n and/or geometrical shape is spatially
structured:

@(x,y) = (n(x,y) = ng) X ko X h(x,y). (S9)

Sinusoidal surface reliefs

As first example, let’s consider a periodic sinusoidal phase modulating surface constituted of

a surface relief h(x, y) in a medium of index n immersed in air ( n; = nyg = 1). For such

diffracting surface, equation (S5) can be solved analytically, allowing to highlight the

connection between the Fourier spectrum of the surface texture and the diffracted field in far-

field. The results of this simple situation will permit us to classify the diffracting surfaces in

different types of Fourier surfaces, which differentiate for the number and the complexity of
2
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spectral components necessary to accurately reconstruct their spatial structure in a finite
region of the source plane. Furthermore, the dependence of the diffraction efficiency, which is
a measure of the light intensity propagating or confined in a defined region of the space, is
clearly related to the phase modulation depth (S9) imposed on the incident wavefront by the
surface relief. The result of the analysis is a common properties of every diffractive relief
surface, in which the in-plane geometry of the relief defines the diffraction pattern, while the
out-of-plane geometry (the amplitude of the relief) determines the efficiency for light
propagating in specific directions.

Let us consider a plane wave incident on the surface in the source plane at z = 0 with an
angle 0;, Upnc(x,v,0) = Upe o™ sin8) Dye to the symmetry, we can simplify the analysis by
considering the unidimensional problem (Figure S1). The phase transmission function of the
sinusoidal surface (assumed to be thin in respect to the propagation distance) is written in
terms of Bessel functions of first kind /,,, of m*" order as (Jacobi—Anger identity 1*)):

(1vsin2),

t(x, y) =t(x) = elkﬂ(n 1Dh(x) — elko(n 1)7
m=+oo (S10)

=ty Z Jm (M) Ei(mz%) .

m=-—co

The field in source plane is then
U(x,9,0) = Up (2,7, 0t(x) = Uyetolrsinfp{n—0hex)], (S11)
Substituting equation (S11)in equation (S5), we obtain the diffracted field as:

U, '
U(x Z) — Z;J dk J Lko[I sinfi+(n-1)h(x )] eLIkx(x x )+k,z| dx

m=+00 _ ) o
U” f dk, J’ gikox’ sind; ( Z I (M)e'(mT)) eillx(x—x")+zz] gyt (S12)

m=—

3 (B [ i o

m=—w

(x,0) U(x,z)

incident
wave

Figure S1. Diffraction from a sinusoidal phase-modulating surface.

Solving the last integral in (S12) using the relation [ dt e!(“=©")t = 278(w — w"), we obtain:

3
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U(x,7) = Uy t, z In (ko (n— 1)"!‘-) ei(kosin9,~+mzj\—n)x efkaé—(kosinBﬁsz”) (S13)

2
m=-—co
The diffracted field is a superposition of waves characterized by the wavevector components

2

k, = kosin®,, = kosin8; + an (514)
2m\?

kp = |k — (kosinei + mT) , (S15)

which include a finite number of propagating orders and evanescent non-propagating terms.
Equation (S14) is the familiar Bragg’s relation, which defines the diffraction angle of the
propagating orders produced by the sinusoidal diffracting surface in terms of diffraction order
m and surface periodicity A.

The intensity carried by each of the terms of the field expansion is:

2
= 0 o (S 20)

directly related to the phase modulation depth of the surface through the values of refractive
index and surface modulation depth h. As the coefficients of the expansion (S10) are
normalized to unity, the diffraction efficiency for the order m, defined as the ratio of the
intensity in the order and the total intensity of the field, is given as:

I

~ | (ko= DR\
‘zmim""‘( 2 )

Maximum efficiency for each order happens for different values of h and hence the amplitude
of the relief is the structural parameter to be tuned to control the relative distribution of light
intensity in the diffracted pattern. The results in equations (S13)-(S16) can be generalized to
diffractive surfaces built as sum or multiple sinusoids. As first example, let us consider the
sum of two sinusoidal functions s, (x) and s, (x) of periodicity A, and A, respectively:

(S16)

’

N (S17)

h(x) = hys1(x) + hys;(x). (S18)

According to equation (S10) the phase transmission function of such surface can be
decomposed using Jacobi—Anger identity:

t(x) tOltUZ( Z ]al (M)el(‘?’l?’v))(

5 faz(—'%(n;”hz)el(az?ﬂ). 1)

The diffracted field can be easily calculated as showed in equation (S12), obtaining:

aj=+ow az=

U 2) = Uititos Z Z (ko(ﬂ — 1)h1) e, (ko(n ; 1)h2) y

== ay= (S20)

2 2n
o (kn sind; +o:1A +a:2if)xelzjk (kU sinty +a14‘\ +a2A2)

Again, the diffracted field is a superposition of plane and evanescent waves with wavectors:
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) 2n 21
ky =kysind; +a—+a,— (S21)
Ay Ay

2

2n 2
ko= [k§ = (kosind; +ay =+ ar ) | (S22)
Ay A,
each carrying an amount of intensity equal to:

ko(n — 1hy ko(n — 1)h;
o (Eom) oo

Equation (S18) can be further generalized to the sum of N sinusoidal functions s;(x) each of
periodicity A;:

2 2

Iay,a) = 1Uol® (S23)

N
h@) = ) hisi(x). (S24)
=1

The transmission function, as showed in the simpler case of two sinusoidal surface relief, is
the product of N terms, each representing the Jacobi—Anger expansion of the s;(x) function:

L (' (ko= DR\ ifa2®
t(x) = 1_[ - Z T (%) el(atT;) (S25)
=1 ap=—oo
According to equation (S20), the optical field diffracted by this surface is:
U(x,z) =
[ N (az=+on te T i(ku s xlazz—”)x izjkg—(kosinﬁi+xiu17\_rlr)2 (526)
=U, l——[tui Z jaq( 2 ) e M) e
=1 aQp=—00

The optical field, diffracted by surface h(x) is a superposition of a finite number of
propagating and evanescent waves characterized by the wavevector components:

. 2
k, = kosind; + Z a;—
[ -

2 (S27)
) 2
k,= |k& - (kosmei + Z a —)
1 24
which represent a generalized Bragg’s relation.
The diffracted orders carry an amount of intensity equal to:
N 2
ko(n — 1)h[
Ia,ay,...an) = |U0|2 l_l l/at (—2 (528)
=1
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2. Supplementary Figures
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Figure S2. Simulation of the diffraction patterns produced by designed single and multiplexed gratings
for incident monochromatic light. (A) Simulated diffraction pattern and (B) intensity profile produced
by the grating with periodicity A; = 2.00 gm and incident wavelength A; = 633 nm on a screen
placed at distance z=50 mm from the surface. (C)-(E) Simulated diffraction patterns and (D)-(F)
relative intensity profiles produced by the gratings with periodicity A, = 1.68 ym and A; = 1.54 um
for incident wavelength A, = 532 nm and A3 = 488 nm, respectively. The =1 diffraction orders for
the three gratings and the three wavelengths propagate in the same direction, as highlighted by the
vertical dashed line superimposed in the simulations, which indicates same x position on the screen.
(G to L) simulated diffraction patterns and intensity profiles for the multiplexed grating G1+G2+G3,
illuminated with the single wavelengths of the RGB design. Dashed gray line in figure represent the
common angular position of the first diffraction order for each grating composing the multiplexed

RGB grating. This is the position of the white diffraction spot indicated in Figure 2E.
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Figure S3. Measure of the azopolymer SRG periodicity produced by the three illumination
configurations. (A) Plot of a zoomed view of the experimental AFM profile for the azopolymer grating
G1. The experimental periodicity is calculated from the sinusoidal fit of the surface profile data,
resulting in a value Aﬁxp = 2.01 pm, in excellent agreement with the designed periodicity A; =

2.00 um. (B) and (C) same analysis for the gratings G2 and G3, showing experimental periodicities
A5? =1.68 um and A5" = 1.56 um, that accordingly match with the designed ones A, = 1.68 um
and Az = 1.54 ym.
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Figure S4. Experimental diffraction patterns produced by single and multiplexed gratings on
the azopolymer film for incident monochromatic light. The figure reproduces the
experimental version of the simulations reported in Figure S2, using the SRG reported in
Figure 3 for the images of diffraction from single gratings (A to F), and the multiplexed RGB
grating of Figure 5 for the multiplexed diffraction patterns (G to L). The experimental
diffraction patterns quantitatively match the geometry of the simulations, showing the
presence of a common diffraction order (indicated by the gray dashed line in the panels),

propagating in the same direction for all the three illumination wavelengths.
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Figure S5. Multiplexed azopolymer RGB grating obtained with fixed exposure time and different
illumination sequences. (A) and (C) Dynamical diffraction curves recorded, by the photodiodes PD1,
PD2 and PD3, during surface structuration step with grating sequence G2+G1+G3 and G3+G2+Gl,
respectively. During each illumination step, the azopolymer surface is irradiated with the relative
interference pattern for a fixed time of 300s. (B) and (D) AFM micrographs and topographic
experimental and theoretical profiles of the multiplexed polymer surface after irradiation. Comparison
between measured and theoretical (calculated by assuming equal amplitude weight for the three
sinusoidal surface reliefs composing the total structure) profiles highlights bigger structural
discrepancies for these configurations in respect to the exposure time-optimized one shown in Figure 5

of the main text.
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ABSTRACT: Holographic relief gratings can be fabricated |
directly on the surface of azobenzene-containing materials (or AN NN
simply azomaterials) without additional development steps.
Despite often being described to have ideal sinusoidal profiles,
the developing surface morphology in large amplitude gratings
can affect the light distribution of the writing interferogram,
causing profile deformations and deviations in the expected
diffraction behavior. In this work, we characterize the temporal
evolution of the surface relief grating (SRG) morphology
fabricated by means of interference lithography on azopolymer Diffraction |
films, quantitatively relating the results of a Fourier analysis of efficiency
their surface profiles to the accurate measurement of efficiencies

in the transmitted diffraction orders. A reliable surface

structuration dynamics is empirically extracted from the analysis and used to formulate a simple but detailed diffraction
model that, within the scalar diffraction theory, exhaustively describes the diffraction behavior of real SRGs without the need
of complex rigorous electromagnetic theories. Our results add a deeper insight in the quantitative description of the
morphology and the diffraction behavior of SRGs, which can contribute to their adoption for operating high-performance,
reconfigurable, compact, and lightweight diffractive optical devices.

AFM analysis

Fourier analysis

)

SRG inscription

14=16

iffraction gratings are among the most relevant Reconfigurable vectorial photolithography is then achiev-
experimental devices in many fields of science, finding able with these material systems, finding increasing applica-

17-23

applications amid optics, astronomy, and chemistry, tions in photonics,'”** surface engineering,”* >’ and biol-
to name a few.' The diffracted optical field emerging from a ogy. %
grating realized as phase-modulating structured surface in air is The SRGs on azomaterials are typically described as perfect
entirely determined by the refractive index of the material and sinusoidal surfaces replicating the sinusoidal interference
by the morphology of the surface, specified through the fringes in the modulation of the surface, with an amplitude
periodicity, the shape, and the modulation depth of the groove determined by the exposure dose. This description is often

sufficiently accurate when the surface modulation is moder-
ate'**** and can be effectively retained in comparative
studies, where the diffraction efficiency in one of the diffraction
orders of the developing SRG is monitored to provide a direct
measure of the surface structuration performances, in relation
to the material design“*w or the illumination configura-

profile.” Phase-modulating sinusoidal SRGs can be easily
produced through interference lithography, where a photo-
resist is exposed to the stationary sinusoidal fringe pattern of
two interfering light beams to inscribe a grating with the same
periodicity of the interferogram.” Differently from standard
photoresists, which require chemical development after light
exposure to transfer the grating in a substrate, thin films of

azomaterials can be used to fabricate diffraction gratings Received: February 21, 2022
directly as surface reliefs on an operating device.”* The light- Accepted:  April 11, 2022
induced structuration is the result of a reversible material Published: April 13, 2022

transport originated by the photoisomerizing azobenzene
units.”™ The surface pattern is dependent on both the
intensity and the polarization of the irradiated light.‘)_”

© 2022 The Authors. Published by
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tion.*”™* However, considerable deviation from ideal sinus-

oidal profiles is observed in large amplitude SRGs,""" which
are designed, for example, to work with the highest diffraction
efficiency allowed for sinusoidal gratings by scalar diffraction
theory (e.g, 33.86% in the first diffraction order).'”***

Recently, Lee et al. investigated, in a theoretical analysis, the
geometry of the optical field of the interferogram during the
inscription of SRGs on azomaterials.” The corrugation of the
surface at later stages of the direct grating inscription process,
and eventual asymmetries in the illumination configuration
(e.g nonsymmetric incidence of the interfering beams) can
affect the spatial distribution of light absorbed by the
azomaterial, resulting in a deformation of the ideally sinusoidal
profile that increases with the exposure dose. A direct
consequence of this deformation is that the diffraction
behavior of large deformation SRGs requires a more careful
analysis, especiallgr when quantitative diffraction performances
are targeted.'”*%>*

Here, we comprehensively study the accurate relationship
between the surface profile and the diffraction behavior
observed in SRGs achieved from the direct optical patterning
of an azopolymer film through sinusoidal intensity interfero-
grams. The morphology of the surface grating is analyzed at
different stages of the light-induced surface structuration
process by means of a decomposition of the surface profile
in a Fourier series. The temporal evolution of the amplitude
and the phase of the Fourier components has been used to
phenomenologically model the entire SRG formation dynam-
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ics, describing the modulation depth, the deformation
magnitude, and the directionality observed in the reliefs
produced by different interference illumination configurations.
The resulting analytic expression for the surface profile has
been used to calculate the evolution of the diffraction efficiency
of the SRGs by means of the simple scalar diffraction theory.
Despite lacking the total quantitative prediction capabilities
offered by rigorous vectorial theories of diffraction,”’ ™ the
simple scalar model captures all the main aspects of the
diffraction pattern produced by real SRGs, including the
diffraction efficiency unbalance in symmetric orders deter-
mined by the actual shape of the SRG profile. Our results
provide a simple and practical framework to design high-
performance diffraction gratings to be used in operating optical
systems based on azopolymer diffractive optical components.
Herein, light-induced SRGs are inscribed on the surface of an
azopolymer thin film using two interfering p-polarized laser
beams at A, = 491 nm (Figure 1a), having an incident average
intensity of ~330 mW/cm? over a spot diameter of ~2.0
mm."? The azopolymer used in the experiments (M,, = 27 000;
phase sequence: glass, 67 °C; Nematic, 113 °C; isotropic;
maximum absorbance at A, = 350 nm) was prepared as
previously reported'™*” by synthesis and radical polymer-
ization of (E)-2-(4-((4-methoxyphenyl) diazenyl)phenoxy)-
ethyl acrylate. The chemical structure of the material is shown
in the inset of Figure la. The films were prepared by spin
coating a filtered (0.2 gm PTFE) solution of polymer in
1,1,2,2-tetrachloroethane on 24 mm X 60 mm cover slides at
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300 rpm for 4 min, resulting in a typical thickness of 1.0 ym.
The samples were kept under vacuum at room temperature for
24 h to remove solvent traces before being used for SRG
inscription.

Assuming the film surface to be parallel to the xy-plane of
the coordinate system, the total angle 6 = 6, + 6, and the
difference angle Af = (6, — 6,) between the beam wavevectors

k, and k, (Figure la) determine the periodicity A (in the x-
direction) of the interferogram, according to the relation A =
A,/[2 sin(6/2) cos(AB/2)]. This expression also holds for
asymmetric beam incidence, with respect to the surface
normal, and reduces to the standard relation'®"? for symmetric
incidence (A€ = 0). In our setup, the angles &, and @, can be
independently controlled, as extensively detailed elsewhere.'”
During the SRG inscription, an additional incoherent circularly
polarized beam at A, = 405 nm illuminates the area of the
developing SRG (not shown in Figure 1, for simplicity). This
beam enhances the relief formation dynamics by restoring the
isotropic orientational distribution of the azomolecules across
the film,"”***"*" which otherwise have a tendency to be
photoaligned by the linearly polarized light of the interfero-
gram, resulting in an additional birefringence grating in the film
volume and in a partial saturation of the surface structuration
process.

To evidence the effects that the accurate description of the
SRG surface profile has on their diffraction behavior, we show,
in Figure 1b, the time-evolving diffraction efficiency #,, in the
+1 diffraction order of a probe beam at 4, = 633 nm (TM
polarization), recorded in real time during one of our typical
SRG inscription experiments. In this case, an asymmetric
incidence configuration for the interfering beams was used (6,
= 0° and 0, ~ 14.1° inset Figure lc). Here, the diffraction
efficiency #,, is defined as the ratio of the power of the probe
beam diffracted in the mth order to the power transmitted
through the initial flat azopolymer sample.

The rising trend of the curve in Figure 1b is directly
associated with the growing modulation amplitude h, (Figure
la) of the azopolymer surface grating with the increasing
exposure time. For an ideal sinusoidal surface grating, having
refractive index n at 4, (immersed in air), the scalar diffraction
theory analytically relates h, at each instant of the surface
structuration process to the diffraction efficiency measured in
the order m, according to the following expression:”

a(n — 1)h ’
n, = Iml—( 2 °‘

Ap

(1)
Here, J,, is the Bessel function of the first kind of order m. The
estimations of eq 1, assuming n = 1.70, for the grating
amplitude he) resulting from the measure of qﬂ'f of at three
increasing exposure times indicated by the orange dots in
Figure 1b, are in agreement with the direct measures of Wi
from atomic force microscopy (AFM) micrographs only for
shallow SRGs, while an increasing discrepancy is observed for
larger surface modulations (Figure 1c). In addition, the
comparison of the AFM profiles (solid lines) with the profiles
of the ideal sinusoidal functions (dashed lines) fitting the same
data in Figure lc, also highlights increasing deviations of the
SRG topographic profiles from ideal sinusoids. To exclude
possible AFM artifacts as a source of these deformations, we
repeated the surface characterizations for different scan
directions and tip geometries, obtaining consistent results.
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The deformed profiles make the simple scalar diffraction model
in eq 1 not suitable for quantitative description of large
modulated SRGs. To extend its applicability to real SRGs, we
quantitatively analyzed the time-evolving morphology of SRGs
by describing the measured surface profiles and their
deformations from ideal sinusoids as high-order terms in the
expansion of a truncated Fourier series of K+1 terms:

A . o 2t
h(x) = — + EAI: cos| ka - @
=

€)

With this formalism, the SRG profiles obtained from
different exposure times can be fitted with eq 2 to extract
the amplitudes A; > 0 and the phases @, of the kth term of the
series that completely describe the geometry of the surface. In
particular, the coefficients Ay and (A;@;) describe an ideal
sinusoidal profile with periodicity A, while the higher-order
coeficients (A;¢,) with k > 2 are associated with eventual
profile deformations. As the deformations are small compared
to ideal sinusoids, we limited our analysis at the first three
terms of the series (K = 3). In addition, from the
characterization in Figure lc, the amplitudes in the series are
expected to be dependent on the exposure time 7 (A, = A,(7)),
while the phases can be reasonably assumed constants, as
further detailed below. The total relief amplitude hy(z), for a
certain exposure time, is then given as

K

ho(e)= 2\,'2: 14,(2)P

k=1

(3)

Figure 2a shows the histogram of the coefficients A;(7)
(with k = 1, 2, 3), interpretable as the magnitude of surface
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Figure 2. (a) Time evolution of first three Fourier amplitudes of
the surface decomposition; (b) temporal evolution of the surface
deformation asymmetry described by the parameter 8.
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deformation, extracted from the fit of the SRG profile with eq 2
at increasing exposure times.

To improve data reliability, the results in plot are the average
of nine independent AFM characterizations at each exposure
time, measured on different azopolymer films structured with
constant illumination parameters. As expected, the contribu-
tions of A, and A, to the total relief geometry at the very early
stages of the surface structuration dynamics (up to 7 & 240s)
are negligible, and the profile can be well-approximated as a
pure sinusoid with modulation depth hy(z) = 2lA,(7)l. At
longer exposure times, the higher-order terms of the series
become non-negligible, monotonically increasing with time
until a partial saturation of surface deformation occurs (7 > 600
s). We empirically found that the temporal evolution of the
measured Fourier amplitudes A;(7) is well-fitted by third-order
polynomials (A.(z) = Y, a,7, dashed lines in Figure 2a).
According to eq 3, also the total surface relief modulation
depth hy(7) follows the same temporal evolution.

The complete description of the surface profile requires the
analysis of the phases ¢, of the Fourier components too. In
particular, the phases strongly affect the symmetry of the
Fourier superposition of eq 2, having a relevant role in the
quantitative analysis of the SRG diffraction pattern.”””**® We
used the information contained in the fitted values of ¢, to
quantitatively evaluate the symmetry (or the tilt) of the
measured SRG surface profile for each exposure time. To reach
this goal, we approximate the surface profile with the first two
Fourier components, as Aj is relatively small and can be
neglected for this analysis. We defined the symmetry parameter
A in the eventually deformed sinusoidal profile by evaluating
the unbalance in area underlying /i (x) in a half and in a quarter
of the grating periodicity as

A=1, -1
Al2+a Ald+a
[ @ a=2 [T h) de

A
= sin(g, — 2¢,)

(4)

In eq 4, @ = @ A/2x. The coefficient A, specifies the
maximum deformation achievable in the profile, whose
strength and directionality are dependent, instead, on the
relative phases ¢, and ¢, through the parameter § = sin(¢p, —
2, ). Figure 2b shows schematically the relationship between &
and the surface deformation for any given value A,. The case §
= 0 corresponds to a symmetric deformed surface shape, while
6> 0and 6 < 0 are associated with tilted topographic profiles.
We refer to right deformations when & > 0 and the topographic
maxima in the profile (red solid line in Figure 2b) are shifted
toward the right, with respect to the maxima of the ideal
sinusoid with the same period (dashed black line in Figure 2b).
The opposite holds for left asymmetric profiles (blue solid line
in Figure 2b).

Figure 2b reports the average parameter 4, as estimated from
the Fourier analysis. Neglecting the shortest exposure time (7
= 120 s), denoted by the gray dot in Figure 2b, in which & is
not appropriately defined, because of negligible deformation
(A, ~ 0), all the deformed profiles are characterized by
consistent values of &, including its sign (<0) and magnitude.
This corresponds to a specific and reproducible asymmetry of
the surface profiles, ultimately determined by the geometry of
the tilted interferogram used to inscribe the SRGs on the
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azopolymer film with nonsymmetric incidence beams."® For

the specific case under consideration (6, = 0 and &, > 0), the
SRGs are characterized by left asymmetry, which corresponds
to a slanted surface profile, tilted toward the direction of the
incident angled interfering beam (beam 2 in Figure 1).

A direct consequence of the consistent deformation
symmetry and its interpretation, in terms of (static) geometry
of the interferogram, is that the phases ¢ of the Fourier
decomposition in eq 2 can be considered reasonably
independent of the exposure time 7. With this consideration,
the analytic time-dependent evolution of the SRG morphology
h(x,7) can be entirely described by the time-dependent
amplitudes A,(7) and by a single set of (constant) ¢, that
define the deformation parameter & in the specific illumination
geometry.

The knowledge of an analytic expression for h(x,7), as given
by eq 2, allows a more accurate description of the dynamical
diffraction efficiency within the scalar diffraction theory. For a
SRGs having periodicity A and refractive index n, #,,(7) is

given by
1 fA/Z
AJ A2 (s)

The plot of eq 5 for the first five diffraction orders (m = 0,
+1, +2), numerically calculated for the surface profile h(x,7)
resulting from the analysis in Figure 2, are shown as dashed
lines in Figure 3a. The total relief depth hy(7) of the Fourier

2
’Tm(f) = e:‘ln/}.p(n—l)h(x,r)e—lmb{/l\x dx
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Figure 3. (a) Theoretical and experimental diffraction efficiency
for the first five diffraction orders of the gratings; (b) total
transmittance measured for increasing surface modulation depth.

grating (eq 3) is used as the abscissa of the plot to facilitate a
direct comparison of the results of eq 5 with the scalar model
of ideal sinusoidal gratings (eq 1),'"*" reported in the graph
only for #..,. As expected, the deformed and tilted SRG profile
causes the separation of symmetric diffraction orders (e.g., m =
+1), with an effect similar to that produced by blazed
diffraction gratings. As a result, the diffraction efficiency in one
of the first orders is, in principle, no longer limited to the
theoretical maximum of 33.86% of the ideal sinusoidal gratings.
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Figure 4. (a—d) Time-evolving AFM, Fourier, and diffraction efficiency characterization for SRGs inscribed with the right asymmetric
interferogram; (e—h) same characterization for higher left asymmetric SRGs.

To test the accuracy of both the structural analysis and the
scalar diffraction model for the description of real SRGs on
azopolymers, we measured the diffraction efficiency at 4, for
the first five diffraction orders of the gratings characterized in
Figure 2b. The results, reported as dots in Figure 3a, are the
average of at least three independent measurements on
different SRGs fabricated with the same interference
illumination parameters. In the definition of the experimental
diffraction efficiency, one should note that we observed a
systematic reduction of the total transmittance of the grating as
the surface modulation depth increased (Figure 3b). To
describe this effect, a full-vectorial diffraction theory should be
used, that is behind the scope of this work. However, following
the prescriptions of nonparaxial treatments aiming at extending
the validity of scalar theory,”® by defining the measured
diffraction efficiency as the intensity in the order m, with
respect to the total transmitted intensity in the propagating
orders (I, = 2 w2 5 I.), the experimental diffraction efficiency
will closely follow the theoretically behavior described by eq S.
In particular, the predicted asymmetry in the diffraction
efficiency between +1 and -1 diffraction orders is
quantitatively obtained in the experiment.

To additionally test the model, we repeated the Fourier
analysis for SRGs having different periodicity and morpho-
logical asymmetries. As a first step, we evaluated the effect of
having an opposite asymmetry in the interferogram, with
respect to the previous case.” This is achieved by an
interference configuration with incidence angles 8, = 0° and
0, = —16.8° (see inset in Figure 4a). An exemplary AFM
micrograph of a realized deformed SRG is shown in Figure 4a.
The deviation of the measured topographic profile from the
ideal sinusoid are evident in this case too, also showing the
expected opposite tilt direction of the grooves (asymmetric

957

right), with respect to the previous case, that follow the
symmetry of the writing interferogram.** The deformation of
the grating profiles at different exposure times are quantita-
tively characterized from the Fourier analysis reported in
Figures 4b and 4c. Their time evolution is again well-described
by third-order polynomials for A.(z) (dashed lines in Figure
4b), while an approximately constant right profile asymmetry is
again obtained from the parameter & in eq 4. Also, in this case,
the resulting phenomenological function h(x,r) accurately
describes the measurement of diffraction efficiency in the
propagating transmitted diffraction orders as predicted by eq 5.
In particular, the roles of the orders +1 and —1 is reversed in
Figure 4d, with respect to the previous case (Figure 3a),
resulting in the expected opposed blazing effect arising from
the inverse profile tilt direction.

As the last step of our study, we report in Figures 4e—h the
Fourier morphological analysis and the diffraction character-
ization for SRGs realized in a higher left asymmetric
configuration for the interfering beams (6, = 0% 6, = 18.3°,
as shown in the inset of Figure 4e). Besides further sustaining
the general validity of our approach for the accurate
description of the evolution of the geometry of the SRGs on
azopolymers and their diffraction behavior, this analysis also
highlights a reduced surface structuration efficiency for SRGs
having smaller periodicit}’. This result agrees with the recent
analysis of Lee et al’'® regarding periodicity-dependent
formation efficiency of SRGs, ascribable to the lower fraction
of incident light absorbed (because of increased reflectance) by
the azopolymer film irradiated at larger incidence angles.

In conclusion, we have presented a comprehensive
characterization of SRGs inscribed on an azopolymer film by
means of interfering light beams, relating the precise
description of the surface grating morphology as a time-
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dependent Fourier series to the accurate analysis of the
efficiency measured in their diffraction pattern. AFM character-
ization of the SRGs, realized with increasing exposure doses to
writing interferograms characterized by different asymmetries,
have been used to phenomenologically model the evolution of
the grating morphology and its deviations from the ideal
sinusoidal profiles, that are typically used to describe the relief
geometry in the experiments. Maintaining the theory for the
grating diffraction at the simplest level, the diffraction behavior
of the SRGs has been completely described by means of scalar
diffraction model that include the time-evolving analytic
expression obtained for the developing grating morphology.
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Shapeshifting Diffractive Optical Devices

Stefano L. Oscurato,* Francesco Reda, Marcella Salvatore, Fabio Borbone,
Pasqualino Maddalena, and Antonio Ambrosio*

In optical devices like diffraction gratings and Fresnel lenses, light wavefront
is engineered through the structuring of device surface morphology, within
thicknesses comparable to the light wavelength. Fabrication of such
diffractive optical elements involves highly accurate multistep lithographic
processes that in fact set into stone both the surface morphology and optical
functionality, resulting in intrinsically static devices. In this work, this
fundamental limitation is overcome by introducing shapeshifting diffractive
optical elements directly written on an erasable photoresponsive material,
whose morphology can be changed in real time to provide different

(grating vector). Although simple,
diffraction gratings represent the first
example of structuring light by means of
an engineered phase modulation.*! This
concept is at the core of holography and
Fourier optics (when the field structuring
can be considered as only due to the prop-
agation of component plane waves)."!
Moreover, phase masks can be multi-
plexed, so gratings with different Fourier
components can be combined together

on-demand optical functionalities. First a lithographic configuration that
allows writing/erasing cycles of aligned optical elements directly in the light
path is developed. Then, the realization of complex diffractive gratings with
arbitrary combinations of grating vectors is shown. Finally, a shapeshifting
diffractive lens that is reconfigured in the light-path in order to change the
imaging parameters of an optical system is demonstrated. The approach
leapfrogs the state-of-the-art realization of optical Fourier surfaces by adding
on-demand reconfiguration to the potential use in emerging areas in

photonics, like transformation and planar optics.

1. Introduction

Diffraction gratings!!! are among the first optical devices ever re-
alized. Light structuring through gratings results from the peri-
odic phase modulation accumulated across the grating profile./??l
A diffraction grating made of periodically spaced grooves pro-
duces, far from the grating, a line of light dots (diffraction or-
ders) along a direction perpendicular to the grating grooves

to achieve more complex bi-dimensional
light structuring.>®

Diffraction gratings represent also the
first example of planar optics.”®! For a
grating with sinusoidal profile made of
a 1.7 refractive index transparent mate-
rial, the maximum diffraction efficiency
is achieved with a morphology modula-
tion of 0.84 times the illuminating light
wavelength (i.e., only 531 nm thickness
for an illuminating light of 633 nm).1*!

Other diffractive optical elements
(DOEs) of common use are Fresnel
lenses, in practice, cylindrically symmetric gratings optimized to
focus collimated light at a design distance.”) Such lenses, used
for instance in lighthouses, become handy to reduce space and
weight constraints related to standard refractive lenses.!'*'?]

Once the optical parameters of the material are fixed, the
optical functionality of a DOE is controlled through the device
morphology, in case of a grating: spacing, height and profile
of the grooves. Such design principle has been continuously
developed for DOE manufacturing, resulting in optimized
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elements for specific applications. An interesting discussion
about advanced diffraction elements for spectroscopy is provided
in a recent review.’! However, most of the standard DOE
manufacturing techniques consist of at least two steps, typically
a molding process, that involves the patterning of a lithographic
material with the target surface geometry, followed by a de-
velopment stage requiring a selective etching of a substrate,
along with an eventual additional surface coating step in case
of reflective DOEs.!*! Direct machining technologies, instead,
allow direct DOE fabrication by selectively grooving a metallic or
dielectric plate through ruling engines or ion beam etching, but
they provide coarser surface profile control.l'*! Only recently, a
direct grayscale lithographic method based on thermal scanning
probe lithography has been successfully employed to realize
accurate complex diffractive surfaces on a polymer film.[°l All
the mentioned fabrication approaches, however, result in static
DOEs, with surface geometry and optical functionality defined
once for all during device manufacture. Here we report, instead,
the direct realization of planar diffractive optical elements whose
surface morphology can be changed in real time to provide
different on-demand optical functionalities.

Phase and amplitude masks for diffractive optics can be also
realized with different approaches. On one hand, there are fast
but pixeled modulators, spanning from commercially available
liquid-crystal-based spatial light modulators (SLMs) or digital
mirror devices,'”!%! to recent 2D materials devices.!'”! On the
other hand, in the last ten years, research on optical metasurfaces
exploded, providing new devices with unprecedented modulation
possibilities and resolution'®1%1°] but, in fact, much limited in
terms of optical tunability.'?*-2|

In this work, we develop a grayscale holographic photolithog-
raphy scheme employing a reconfigurable polymer to realize
diffractive optical elements that can be reshaped directly in
the light-path to provide a specific optical functionality; in fact,
shapeshifting diffractive optical elements that do not need any ad-
ditional lithographic process (e.g., resist development, substrate
etching, surface coating, etc.) for tunable and reprogrammable
practical operation. Complex gratings are showed together with
a reconfigurable monochromator. Finally, variable focal lengths
diffractive lenses are demonstrated that allow magnification tun-
ing of a complex optical system.

2. Results

The central equation to design within the realm of the scalar
Fourier optics a phase mask ¢(x, y) for the operation of a trans-
missive DOE isl*#]

@ (6y) =k, (n=ny) hix,y) (M

Once the refractive indices of the grating material (n) and the
surrounding material (n,) are fixed, together with the illuminat-
ing light wavelength A, (wavevector k, = 2/ 4;), the phase mask,
and hence the output diffracted field from the DOE, is entirely
defined by the surface morphology h(x,y). For an operating DOE,
the surface profile needs to be faithfully transferred on a dielec-
tric substrate using accurate lithographic processes. To this aim,
we use here a polymer containing azobenzene molecules!?**! (or
simply azopolymer) that requires only a single photostructuration

Laser Photonics Rev. 2022, 16, 2100514 2100514 (2 of 10)

124

www.lpr-journal.org

step to directly realize the working phase mask (details about the
polymer can be found in the Experimental Section). When illumi-
nated by a specific light pattern, the surface of an azopolymer film
is directly deformed by a reversible light-induced material trans-
port, resulting in a morphology that follows the illuminating light
distribution./?*=31l For example, illuminating such polymer with a
2D light pattern with sinusoidal profile, results in a surface relief
with similar profile, i.e., a diffraction grating (see also Figure 54,
Supporting Information). In this case, the periodic light distri-
bution can be as simple as that produced by two interfering light
beams.*>*] The same configuration has been demonstrated to
be suitable also for the direct realization of more complex multi-
plexed gratings.I***}] In our experiment we used, instead, a holo-
graphic setup!**] that projects arbitrary grayscale light patterns
on the polymer surface to realize the profile of complex DOEs.
With our system, the surface morphology is analytically calcu-
lated and converted in a grayscale bitmap image that defines the
holographic light pattern irradiated on the polymer surface for
any designed DOE. Such light patterns can also be changed in
time by simply updating the bitmap image with a new and com-
pletely independent one, making the system ready for dynami-
cal surface structuration of a photo-transformable material as the
azopolymer we use. The details of our experimental setup can be
found in the Experimental Section.

Figure 1 shows the principle of dynamical holographic surface
structuration process by realizing, as a first simple DOE, a trans-
formable (by light) sinusoidal diffraction grating (see Figure S2,
Supporting Information). The writing beam is a holographically
patterned laser beam with a wavelength of 491 nm (circularly po-
larized). The generated light pattern is projected onto the poly-
mer film surface by means of a 50X long working distance objec-
tive (Figure 1A). The formation of the diffraction grating on the
surface can be monitored in real time by detecting the light power
in the first diffraction order of a probe laser beam at wavelength
of 633 nm, collimated through the same objective. Figure 1E
shows the rising diffraction efficiency during the writing process
(see also Movie S1, Supporting Information). In our configura-
tion, another circularly polarized laser beam with wavelength of
405 nm also illuminates the grating area, from the substrate side.
The function of the 405 nm beam is twofold (see also the Experi-
mental Section): at low power density (0.5 W cm ™) it keeps ac-
tive the photosensitive molecules in the polymer, avoiding partial
saturation, assisting and speeding-up the writing process;!** "]
at high power density (%1.0 W cm™?), the violet beam erases the
polymer surfacel**!l (see also Figure S5, Supporting Informa-
tion), that is then ready to write the next DOE. It is important
to note that, once the writing process is concluded, the realized
DOEs are still stable for years at room temperature and ambi-
ent illumination conditions, due to structural stability of the pat-
terned surfaces and the absence of preferential orientation of the
photoisomerizable molecules during the writing (see also Fig-
ure S6, Supporting Information). Figure 1F,H shows the atomic
force microscope (AFM) micrograph of the polymer film surface
after writing and after erasing, respectively. Figure 1E also shows
the decreasing of the diffraction efficiency over the erasing pro-
cess: both the morphology (see also Figure S7, Supporting Infor-
mation) and diffraction residuals are negligible, demonstrating
fast (=10 s) and complete surface erasure. At this point, a new
DOE can be realized on the film surface; for instance, a new grat-
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Figure 1. Direct all-optical realization of reconfigurable diffraction gratings. A-D) Schematic illustrations of optical configurations used for the writing,
erasing, and the real-time monitoring of dynamically reconfigurable diffraction gratings. In the writing steps A,C), the writing beam (light blue color)
illuminates a photoresist area (~200 um in diameter) with holographically-controlled sinusoidal intensity patterns through a 50X (NA = 0.55) microscope
objective. A collimated beam (4 = 405 nm) is used at low intensity to enhance the surface structuration dynamics (light violet beam) and at higher
intensity (dark violet beam) in the erasing steps B,D) when the writing beam is switched off. E) Time-evolving first-order diffraction efficiency curves
recorded by two photodiodes (PD1 and PD2 shown in panels A and C) for a He—Ne probe beam (red beam) during the reconfiguration of two gratings
of different periodicity (green curve for G, and orange curve for G;). F-M) AFM micrographs and relative horizontal topographic profiles of the surface
at the instants (t;) of the time sequence in E). Scale bars in AFM images are 10 um. N-R) Dynamical tuning of diffraction dispersion obtained through
multiple grating periodicity reconfigurations. Top panels show optical micrographs of the surface (scale bar 10 ym). The colored diffraction patterns
produced by the surface from a white LED source are imaged by a CCD camera in the surface Fourier conjugate plane. A fixed aperture on the CCD
camera intercepts color bands of shifting central wavelength.

ing with different periodicity (Figure 1J), to be later eventually
erased again (Figure 1L) and morphed into any other DOE (see
Movie S3, Supporting Information). In our experimental condi-
tions, we noticed no significant degradation of the surface for at
least 15 writing-erasing cycles (see also Figure S8, Supporting In-
formation).

As next step, we tested the possibility of having reconfigurable
DOE:s in the light-path of an operating optical device. To this aim,
we realized the proof-of-concept of a reconfigurable monochro-
mator (see also Movie S2, Supporting Information). In this case,

Laser Photonics Rev. 2022, 16, 2100514 2100514 (3 of 10)

the light diffracted by the grating is detected by means of a CCD
camera. The probe beam is a white light beam provided by a
LED. Figure 1N-R shows the effect of reshaping the grating pe-
riodicity. As expected, the smaller the grating pitch, the higher
the diffractive power and the separation between the light spec-
tral components. In this case, changing the DOE directly in the
light-path allows real time tuning of the spectrometer resolution
through the grating dispersion. In the same configuration, fixing
an aperture on the camera (same as using a physical aperture and
a point detector) allows to observe how the wavelength diffracted

© 2022 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 2. Diffraction gratings with arbitrary combination of grating vectors. A-D) Three-component RGB diffraction grating. A) The surface is designed as
superposition of three sinusoids of periodicity A, ; (grating vectors g, ; = 2x/ A, ) and equal amplitude A;. Measured AFM micrograph B) and topographic
profile C) of the surface. D) Photograph of the far-field diffraction pattern produced by the surface upon simultaneous illumination with three collinear
laser beams at design wavelengths. The white arrow indicates the RGB diffraction order. E-H) 2D diffraction gratings obtained as superposition of
six sinusoidal functions. F,H) AFM micrographs of quasicrystal surfaces designed with grating vector distributions schematized in E,G), respectively.
Photographs of far-field diffraction patterns, produced (on a screen at distance d = 8.5 cm) when the diffractive elements are illuminated with a He-Ne
laser beam, are shown as inset (scalebar 1.0 cm). I-L) Blazed grating realized as superposition of six grating vectors of length g, ; = i*g; and amplitudes
A=A [i 1). ]) AFM and K) topography of the surface. The grating is designed to direct most of the diffracted light in one of the first diffraction orders
(highlighted by an arrow in the diffraction photograph in L)). The power in the design diffraction order is more than 6 times higher than in the other first
order. Scale bars in AFM micrographs are 10 pm; scale bars in D and L are 0.2 cm.

in the detection area changes as a function of the realized grat-  tal holography suffers of a random speckles distribution that de-
ing. This last configuration works in fact as a tunable monochro-  grades the contrast and limits the achievable gray levels in the
mator, without any moving part, that can be used together with  projected light pattern, also compromising the definition of small
a broadband source to select an illuminating wavelength band  features. To minimize such effects, we continuously refresh the
while preserving the original alignment of the entire system. light pattern at a refresh rate of 20 Hz. Each new light pattern

Another unique characteristic of our lithographic approach  has a random speckle distribution that averages down during
stands in the noise reduction of the holographic light patternand ~ the writing time, improving in fact the quality of the structured
the resulting enhanced quality of the morphology produced on  polymer morphology.** For instance, in order to realize a grat-
the azopolymer surface. Usually, light structuring through digi-  ing with a single vector (like that of Figure 1F-]), we expose the

Laser Photonics Rev. 2022, 16, 2100514 2100514 (4 0f10) © 2022 The Authors. Laser & Photonics Reviews published by Wiley-VCH CmbH
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Figure 3. Diffractive lens. A) Target surface (normalized) of a Gabor phase zone plate, designed to focus light of wavelength A = 633 nm at distance f;
=500 um from the surface. B) Scanning electron micrographs (SEM) of the holographically structured photoresist surface. C,D) 3D views for a section
of the target C) and AFM measured D) surface. E) Target and experimental profiles traced along the radial directions shown in C) and D), respectively.
F-I) Comparison of the normalized axial F) and transverse G) Point-Spread Functions (PSFs), simulated for the target lens profile in A) through Fresnel
diffraction integral, and experimental axial H) and lateral 1) PSFs produced by the experimental surface in B) under illumination with a collimated beam
at design wavelength. ]) Comparison of simulated and experimental focusing diffraction efficiency as function of average surface modulation amplitude

h (defined in E)).

polymer to the required light pattern with random speckle distri-
bution changing every 50 ms over the writing time. The writing
beam power can be set to values that make the polymer structur-
ing dynamics slow enough to respond in fact to an averaged light
pattern, allowing the possibility of inscribing on the film surface,
in a single exposure step, the morphology of complex grayscale
holograms.

This approach can be used for example to realize, with an iden-
tical experimental configuration as the previous one, DOEs with
any distribution of grating vectors, directly encoded in the ana-
Iytical design of grayscale digital holograms (see also Figure S9,
Supporting Information). Figure 2 shows some examples. Firsta
RGB grating,[***?) designed as even superposition of three grat-
ing vectors (Figure 2A), is realized (Figure 2B) to diffract three dif-
ferent wavelengths (4, =633 nm, 4, =532 nm, and 4, = 488 nm)
into the same diffraction order. The surface profile (Figure 2C),
realized on the polymer film in the single grayscale holographic
exposure step, faithfully match the targeted DOE profile (see also
Figure S9, Supporting Information), that correctly produce the
designed white diffraction spot (Figure 2D).

Laser Photonics Rev. 2022, 16, 2100514 2100514 (5 of 10)

Then, the same design can be extended even to more com-
plex Optical Fourier Surfaces.®! Figure 2F shows a 2D quasicrys-
tal structure!®! characterized by 6 grating vectors g, differently
oriented in the transverse plane (Figure 2E). Figure 2H shows
the effect of having same vectors orientation as Figure 2F but
different vectors lengths (different periodicity) in the designed
superposition of sinusoidal functions. This results into a spiral
quasicrystal DOE, whose fabrication would be very demanding
in standard sequential interference lithography.***’]

Additionally, Figure 2I-L shows the realization of a blazed grat-
ing that can diffract a probe beam into a preferential diffraction
order. In this case, the blazed structure results from combining
6 gratings vectors with same direction but different lengths and
weighted amplitudes. Besides being reconfigurable, DOE struc-
tures like those showed in Figure 2 are comparable with the state
of the art of the most recent multiplexed structures obtained by
static and serial lithography techniques.'®!

Related to the quality of the obtained structures, it is to be con-
sidered that the polymer that we used is fully compatible with
a further lithographical step, where the obtained morphology
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Figure 4. Reconfigurable diffractive lenses in the light-path of dynamical imaging systems. A-C) SEM micrographs of a fixed photoresist surface area,
holographically restructured as a diffractive lens of three different focal lengths f;. D—F) axial PSFs measured at each reconfiguration step for lenses in A-
C). The focal position axially translates according to the reconfigured surface geometry. G-N) Optical images of transparencies depicting our Institution
logos produced at increasing magnifications (1.0X,1.2X,1.67X, and 2.0X), upon the in-place reconfiguration of the diffractive lens focal length. Scale bars

are 2.0 and 5.0 mm in top and bottom panels, respectively.

can be transferred to a PDMS stamp for high quality replicas
(see also Figure S9, Supporting Information) that provides our
process with technological significance as new photolithography
technique to be applied to optical systems as well as functional-
ized surfaces and microfluidics.!*®)

To further highlight the potential of our approach, in Figures 3
and 4 we show the realization of reconfigurable diffraction lenses
working in real imaging systems. DOEs with such profiles are
known as Gabor phase zone plates!”*] (details about such design
can be found in the Experimental Section) and have been out of
reach of previous experiments on azopolymers.****| Figure 3A

Laser Photonics Rev. 2022, 16, 2100514 2100514 (6 of 10)
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shows the computed profile for a lens with 500 um focal length
and numerical aperture NA = 0.19. The light distribution in the
yz plane around the focal position can be calculated through the
Fresnel diffraction integral®l (see also the Experimental Section)
The calculated diffraction limited spot of this lens has FWHM of
~1.7 ym when illuminated by a beam with 633 nm wavelength
(Figure 3F). The simulated features are well reproduced in the
measured intensity distribution (Figure 3H,1), obtained from the
experimental diffractive lens shown in Figure 3B. Figure 3] also
compares the predicted and realized efficiency for this DOE as
a function of average grooves height, achieved in different ex-
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posure times. For this planar lens, the predicted maximum ef-
ficiency of ~34% is achieved in 50s exposure (see also Figures
S10 and S11, Supporting Information).

Figure 4 demonstrates the possibility of re-shaping our diffrac-
tive lens in real-time in the aligned optical system. Figure 4A—
C shows three lenses of different focal length realized one after
the other in the same polymer area. The respective experimental
focal field distributions are reported in Figure 4D-F: as the fo-
cal length increases according to the design, the numerical aper-
ture decreases and the focused light spot increases according to
the fixed diameter of our lenses (see also the Experimental Sec-
tion). Notably, the focal length reconfiguration resulting from the
surface transformation demonstrated in Figure 4D-F, achieves
about 70% shift of the focal position, without involving any me-
chanical movement in the system. This large deformation range
is comparable to electrically tunable LC-based DOE lenses, 16>
characterized by a faster switching speed, which comes at the ex-
penses of complex electrode configurations, reduced spatial reso-
lution and significantly larger thicknesses with respect to our flat
diffractive devices.

The tunable shapeshifting lenses demonstrated by means of
our approach can be used to realize an imaging system able to
dynamically provide different magnifications of extended scenes.
Standard zooming systems require the axial movement of atleast
two lenses to produce a magnified image in the camera plane.
In our system instead one of the mechanical motions can be re-
placed by the lens reconfiguration into the needed new optical
element (see also Figure S12, Supporting Information). This is
evident in the magnified images of our Institutions logos pre-
sented in Figure 4G-N. In this case, one lens of the optical sys-
tem is physically shifted to regain the focal position while chang-
ing on-demand the focal length of the reconfigurable diffractive
lens. The observed magnification factors reproduce the expected
values from focal lengths ratios: f; /f, = 1.2 in Figure 4L]; f,/f, =
1.6 for Figure 4K,L; f; /f, = 2 for Figure 4M,N.

An important aspect to highlight is that our devices are just
made of a structured surface, thinner than the illuminating light
wavelength, on a polymer film spin coated on a glass coverslip.
The photolithography process to obtain such lightweight and pla-
nar devices is fully scalable and compatible with raster scanning
method for increased throughput and with curved substrates,
opening new possibilities in functionalizing surfaces of objects
as diverse as wearable items and vehicle parts.

3. Conclusions

In conclusion, we have proved that diffraction optical elements
with efficiency equal to the theoretical efficiency can be fabricated
by direct structuring of the surface of a photosensitive polymer,
avoiding any further lithographic step. The realized gratings and
lenses can be reshaped completely while aligned in the optical
setup. Grating periodicity can be changed; lenses focal length can
be tuned; one optical element can be morphed into another opti-
cal element with completely different optical functionality, with-
out affecting the alignment of the specific optical setup. More
than 100 years after Michelson was reporting about optical effects
from imperfect gratings, we show that it is possible to realize op-
tical elements with theory-matching efficiency and practical use,
reconfigurable on demand right where and when needed.

Laser Photonics Rev. 2022, 16, 2100514 2100514 (7 of 10)
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4. Experimental Section

Azopolymer Synthesis and Characterization: The photoresponsive ma-
terial used in this work is an azobenzene-containing polymer (azopoly-
mer) in amorphous state. All reagents were purchased from Merck and
used without further purification. The azopolymer was synthesized, pu-
rified, and characterized as previously reported (M,, = 27 000; phase se-
quence: Glass 67 °C Nematic 113 °C Isotropic; 4,,,, = 350 nm).[2628]
The solution for film deposition was prepared by dissolving (70 mg) the
polymer in (0.50 mL) of 1,1,2,2-tetrachloroethane and filtered on 0.2 uym
PTFE membrane filters. The desired film thickness (typically 1.0 £ 0.1 um)
was obtained by spin coating the solution on 24 x 60 mm cover slides at
300 rpm for 4 min. In the final stage, the samples were kept under vacuum
at room temperature for 24 h to remove solvent traces.

Refractive index of the fabricated film was measured via ellipsometry.
Measured values at some relevant wavelengths (633, 532, 488 nm) are:
ng3z = 1.70; ns3; = 1.74; nsgg = 1.78.

Holographic Illumination Setup: The experimental configuration for
the azopolymer surface photopatterning is based on a phase-only
Computer-Generated Holograms (CGHs) system. Its schematic repre-
sentation is shown in Figure S1 (Supporting Information). A laser diode
source (Cobolt Calypso) emits a TEMy, beam at wavelength 2 = 491 nm
and, after a beam expander, is phase-modulated by a computer-controlled
reflective phase-only Spatial Light Modulator (SLM, Holoeye Pluto). The
modulated beam is propagated through a 4f lenses system with the in-
put plane located in the SLM plane. The output plane coincides with the
back focal plane of an infinity-corrected long-working distance 50X objec-
tive (Mitutoyo), with numerical aperture NA = 0.55. This configuration al-
lows the reconstruction of a structured intensity pattern in the focal plane
of the objective (where the azopolymer is placed).

Arbitrary intensity patterns can be generated imposing the proper
phase profile (kinoform) for the beam in the SLM plane. The phase holo-
gram is calculated according to the Fourier transform relations!®! existing
between 4f system conjugate planes. The focal lengths of the lenses L;
and Ly (Figure S1, Supporting Information) are chosen in order to maxi-
mize the spatial resolution in the hologram reconstruction planes.[*4] This
choice also defines the diameter (=200 um) of the accessible circular area
in the objective front focal plane, which can be used to structure the pho-
toresist surface in a single illumination step. The position of the sample
near the objective focal region is accurately controlled by means of a x-y-z
translation stage. Average intensity in the range 12.7-14.0 W cm~2 and
circular polarization are used for the structuration of the azopolymer sur-
face. For visual inspection, and proper focusing of the holographic pattern
on the photoresist surface, a beam splitter placed in the light-path redi-
rects the light retroreflected by the surface and re-collimated through the
objective toward a tube lens. This lens forms an image of the holographic
pattern in the second focal plane, where a CCD camera is positioned to ob-
serve the surface plane in real-time (Figure S1, Supporting Information).

When needed, an additional diode laser beam at 405 nm illuminates
the photoresist film from the substrate (glass microscope coverslip) side.
The beam has circular polarization and set on different intensity levels de-
pending on its intended functionality. When the intensity is in the range
0.4-0.8 W cm ™2, the beam favors the surface structuring process, acting as
a writing assisting beam. At intensity higher than 0.9 W cm™~2, its absorp-
tion causes the erasure of previously inscribed surface structures, acting
as an erasing beam (see also Figure S5, Supporting Information).

For the DOEs with optimized diffraction efficiency demonstrated in Fig-
ure 3 (and Figure S4, Supporting Information) a total exposure time of 50
s is used over an area of 3.14 x 10* um?. This provides an estimation of
processing throughput of our structuration method of ~630 um? s=1.

Algorithm for Calculation of Phase-Only Holograms: The Iterative
Fourier transform algorithm (IFTA) used for the calculation of the phase
profile of the writing beam in the SLM plane is the mixed region ampli-
tude freedom (MRAF) algorithm,[°7] based on an extension of the standard
Gerchberg-Saxton (GS) algorithm.[58] The IFTA has been implemented in
MATLAB, using Fast Fourier Transform (FFT). In the first step of the cal-
culation, a target 8-bit grayscale image (see also Figure S2, Supporting
Information), representing the desired intensity pattern (e.g., sinusoidal)
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to be reconstructed in the polymer plane, is analytically defined. Next, with
an iterative calculation loop, based on direct and inverse FFTs, the algo-
rithm returns a grayscale (8-bit, 256 phase levels) image (1080 x 1920 px)
for the phase profile (the kinoform) to be imposed on the writing beam in
the SLM plane. In the MRAF algorithm, the reconstruction plane is divided
in two regions: one that is considered important, called signal region, that
corresponds to the area of sample effectively illuminated; the region out-
side that domain (the noise region) is used to spatially redirect some of
the calculation noise intrinsically related to IFTA methods (speckle, ghost
hologram, etc.) in the periphery of the system field of view. A single pa-
rameter (the mixing parameter) in MRAFI®”] controls the relative fraction
of light power directed in each of the two domains of the reconstruction
plane. An optimum value for the mixing parameter was selected to max-
imize intensity contrast in the target patterns. An iris placed in the inter-
mediated hologram reconstruction plane (Figure S1, Supporting Informa-
tion) is used to filter out the noise region.

Optical Real-Time Characterization of Structured Surfaces: ~ For real-time
observation of the polymer surfaces during the structuration process, the
holographic setup was integrated with a collimated white LED source for a
bright-field transmission microscopy system (see also Figure S3(A) (Sup-
porting Information)). Scattered light from the sample surface is collected
by the objective. Real time image of the sample surface is obtained with
the same configuration for holographic pattern acquisition. The retrore-
flected holographic pattern, propagating along the same light path, can
be eventually discarded in the imaging using a low pass filter before the
camera.

For the collection of real-time diffraction patterns shown in Figure 1and
in Movie 52 (Supporting Information), a second beam splitter redirects
part of the white light emerging from the tube lens through a positive lens
realizing a 2f configuration with the tube lens. A second CCD camera, po-
sitioned in the second focal plane of the lens, provides a Fourier transform
image of the structured surface, corresponding to the far-field diffraction
pattern.

A second configuration, shown in Figure S3(B) (Supporting Informa-
tion), allows to produce real-time diffraction patterns from photoresist
structured surface using a He—Ne as probe beam, whose wavelength (4
= 633 nm) lies outside the absorption band of the azopolymer, 26281 not
interfering then with the writing process. The probe beam is focused in
the back focal plane of the objective using the beam splitter and the tube
lens. The collimated beam, emerging from the objective, illuminates the
same photoresist area simultaneously structured by the holographic writ-
ing beam. For the time-dependent analysis of diffraction efficiencies pro-
duced by 1D diffraction gratings (Figure 1E), photodiodes are used to mea-
sure the light power of the probe beam diffracted in far-field in the first
diffraction order.

Morphological Characterization of Structured Surfaces: Topographic
characterization of polymer surfaces is performed using AFM and SEM.

For AFM measurements, a WiTec Alpha RS300 microscope is used. The
AFM is operated in tapping mode using a cantilever with 75 kHz resonance
frequency and nominal force constant of 2.8 N m~". AFM tips (Arrow FM
type from Nano World), with nominal radius of curvature of ~10 nm, are
used in all the experiments. The maximum scanned area has a size of 100 x
100 um?.

Scanning electron microscopy images are acquired with a field-
emission gun (FEG-SEM) FEI/ThermoFisher Nova NanoSEM 450 micro-
scope. Samples are sputtered with a layer of Au/Pd using a Denton Vac-
uum Desk V TSC coating system prior to observation.

Design and Diffraction Properties of Complex Diffraction Gratings: The
scalar wavefront modulation provided by thin transmissive DOEs can
be described by a phase-only space-dependent complex transmission
function t(xy), able to modulate an incident light field. For an incident
monochromatic plane wave (at wavelength 1), propagating through the
structured DOE layer, the modulation function is

txy) = obn) = giko (n=ng)sixy)h )
The phase modulation @(xy) is the result of the differences in the op-

tical path that the incident monochromatic plane wave accumulates with
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respect to the surrounding medium (air in the case ng = ng = 1) as the
wave propagates in DOE medium of refractive index n. In Equation (1),
ko = 2x{4 = w[c is the wavevector of the incident plane and the surface
relief geometry is described using a normalized structural function s(x,y)
(with s(x,y)€[0,1]), defining the DOE pattern, and the total relief amplitude
h, which defines the maximum phase modulation depth provided by the
DOE.

For the complex diffraction gratings reported in Figure 2, the structural
function s(x,y) is designed as sum on of N sinusoidal patterns

N
2
s(x,y):-217‘-ZA,('|+sin(-2A£+-Ai‘_’+qa,)) 3)
=1 xi

yi

Here, A; = (A*+A,)'2 is the spatial periodicity of the i-th sinu-
soidal pattern, characterized by a grating vector oriented at the angle y;, =
atan (Ay;/Ay) with respect to the x direction, A; is the amplitude weight for

N
each sinusoid in the superposition, A = ¥ A; and g; are relative phases

i=1
between sinusoids. The field diffracted by a phase mask described by Equa-
tions (1) and (2) can be obtained by expanding the transmission function
t(x,y) in Fourier series

mg=+co i(mzﬂﬂaz—q)

tgp =dob-teth= § £, )
mg=—co

where f,., are the complex Fourier coefficients and g, = 1/A,,, and g, =
1/A, are the coordinates in the Fourier space. The solution of the scalar
Helmholtz equation for a plane wave of amplitude Uy, incident on DOE
surface with and angle 8;, isl59l

mg=+oco ,-( x|, 2ny )

f lxusmé)ﬁmW +qﬁ
mq &
m,g=—c0

2
iz sz(kgsinsrﬂnz—"ﬂ;zl)
e V 0 M i TR, ©)

Only a finite number of diffraction orders, (defined by the indices (m,q))
which make the quantity k% — (kosing; + mi—” + qf\—")2 > 0 (depending
m q

Ulkyz) = U

also on the periodicities of the superimposed sinusoids in s(xy)), prop-
agates in far-field from the surfaces as plane waves. All the other possible
(infinite) orders give rise to evanescent waves localized at the DOE sur-
face. Each term of the expansion (4) carries a power P, = Up? [fmq 12,
which also define the diffraction efficiency 7 = [fing |? for propagating
orders.

For the realization of the complex diffraction gratings reported in Fig-
ure 2, relation (2) was used to analytically design the surface pattern s(x,y).
This pattern is encoded in a grayscale 8-bit digital image (1080 x 1920 px
and 256 discrete intensity levels in the interval [0 255]), used as target im-
age in the MRAF algorithm for hologram calculation. The parameters A;,
@; and y; used for the design of the surfaces reported in Figure 2 are sum-
marized in Table S1 (Supporting Information)

Design of Gabor Phase Zone Plates: A Gabor phase zone platel**] is a
diffractive phase mask, designed to focus light at a specific distance. The
radial profile h(r) of a surface relief acting as a Gabor phase lens is

h(,):(l"'cf"s'"z)h )

where h is the relief amplitude and a is a structural parameter that sets
the lateral size of the relief, defining the focal distance f on the optical
axis. The relation between the size parameter a and the focal length f of
the lens can be found considering the total phase delay accumulated by a
plane wave of wavelength 4 in the propagation through the surface relief.
Each point of the surface introduces a space-dependent phase delay on
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a portion of the incident plane wavefront determined by the propagation
distance h(r) (according to Equation (1)) in the material and the optical
path accumulated due to propagation in air from the plane z = h to the
target axial focal point at z = h+f. Imposing that the diffracted light from
each of the topographic maxima (located at r = V((2zM) /a), M integer
number) constructively interferes at the focal plane (having a phase delay
of 2z M), the following relation is obtained

2z
“=Z 5 )

In addition to the focus at the distance f, the phase mask (5) produces
also secondary foci of decreasing intensity at the distances f,,, = f/m (with
m==+1+2.)3

The smallest focal distance frealizable with the system is determined by
the discrete nature of the SLM pixels, which limits the spatial resolution in
the holographic light distribution and induces large speckle noise affecting
the contrast in the holographic intensity patterns. A lower limit of f = 300
pm for lenses maintaining good structural quality was found. This param-
eter, together to the lens diameter of ~2um defined by the field of view of
the holographic system, set also the maximum numerical aperture NA =
0.32 achievable with the specific experimental configuration. Using an im-
proved holographic system, involving a higher resolution SLM and a larger
NA microscope objective, the maximum achievable NA for the diffractive
lenses can be enhanced even further. The lower NA limit, forthe same lens
diameter, is instead mainly determined by the photostructuration proper-
ties of the azopolymer, which limit the focal length at approximately the
value f= 1200 pm and minimum NA =~ 0.08.

It should also be noted that, from Equation (6), the focal distance of a
Gabor phase zone plate does not depend on the total relief amplitude h.
This degree of freedom can be used in the design to impose constructive
interference for other points of the topography, allowing the improvement
of the total diffraction efficiency of the device. The optimum value for h
can be obtained by simulating the diffracted field in the lens focal region.

Fourier Integral for Focusing Efficiency Simulations:  For the simulations
at A = 633 a refractive index n = 1.70 for the azopolymer as provided by
ellipsometry measurements was used.

A unitary amplitude for the incident plane wave in the structured sur-
face relief area was assumed, such as the input field can be written as U;,
%) = Ain (6y) €2 Here, A, (xy) = circ(R), is a mask circular function,
whose value is 1 within the circle of radius R, where the DOE is present,
and 0 outside. The minima of the surface are located at z= 0 plane and the
phase modulation provided by the relief gives the output modulated field
in the plane z = h as: Uy, (xy) = ei#0). The field U(x,y,2), propagated
in any plane at the axial position z is obtained solving Helmholtz equa-
tion, considering the Rayleigh-Sommerfeld diffraction integral in Fresnel
approximationl*11]

Ul ) =S ff Uy 0 y) exp {% [(e=x)"+ (y=v)] }dndh

@)

For the simulation, Equation (2) is numerically implemented through a
MATLAB script using the convolution theorem with the transfer function
of the Fresnel propagator

Ulsy2) = FT T {FT {Ug (X ¥)} X H (fu £,) } ©)

Equation (3) is also used to simulate the focusing diffraction efficiency
for the diffractive lens as function of relief amplitude h, reported in Fig-
ure 3J. Efficiency in the simulation is defined as the ratio of the light power
integrated over an area of size (3 x FWHM)?Z in the focal plane (where
FWHM is the Full Width at Half Maximum of the simulated focus) and
the power of the unitary incident plane wave in the circular area of the
structured surface (of radius R = 100 pm). Maximum efficiency (~34%) in
the focal plane (at f= 500 um) is obtained for a value h =~ 530 nm. For this
relief amplitude, the lens produces secondary foci at fj2 (with efficiency
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~10.6%) and at f/3 (~1.8%) and virtual foci at distances z = —f/m (with m
=1,2,...). Experimentally, the maximum diffraction efficiency from the lens
can be achieved by tuning the exposure time of the polymer film surface
to the relative holographic writing pattern, as demonstrated in Figure 3;
and Figure S10 (Supporting Information).

Focusing Efficiency and Axial Point Spread Function Measurements: The
measurement of focusing efficiency reported in Figure 3] of the main text
was performed using a He—Ne laser beam, incident on the diffractive lens
from the substrate side. Light focused by the lens is collected through the
same microscope imaging system used for brightfield surface observation.
An iris and a power meter are used to intercept and measure only the light
power transmitted through an aperture of the same diameter as the im-
age of the structured area. Additional details about the experimental con-
figuration can be found in Figure S11 (Supporting Information). Focusing
efficiency is calculated as the ratio of the light power measured when the
lens is written on the surface with respect to the same measurement with
no structures in the photoresist area.

For the measurement of the axial point spread function of the reconfig-
ured diffractive lenses, the iris is removed and the images of the transmit-
ted He—Ne laser beam obtained axially translating the diffractive lens with
1 um (Figure 3) or 5 um (Figure 4) steps are collected with the CCD in the
focal plane of the tube lens (Figure S11, Supporting Information).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Azopolymer photo-structuration for sinusoidal illumination patterns

To describe the phenomenology of the light-induced direct surface structuration of our
photoresist, we refer to the simplest case of one-dimensional gratings produced by the
irradiation of holographically generated sinusoidal intensity patterns, whose parameters (e.g
periodicity, orientation, phase) can be entirely digitally controlled in our system (see also
Figure S2).

Our photoresist is an azobenzene-containing polymer. The photo-induced surface
structuration of the photoresist film arises from a light-driven microscopic motion involving

(23] which drive a macroscopic transport of

cyclic isomerizations of the azobenzene molecules
the entire polymeric matrix under illumination.”” The geometry of the resulting surface
reliefs depends on both the intensity /(x, y) and the polarization distribution of the irradiated

(2628 In the case of circularly polarized light in low focalization

light across the surface.
regimes'"®! (valid in our experimental configuration), the polarization dependence is averaged
out and the relief pattern h(x, y) is proportional to the Laplacian of the intensity

distribution:***”!

hix. ¥ %) = ¢(T) VEI(x. 7). S1

Here, 7 is the exposure time and ¢(7) is a phenomenological material parameter determining
the relief inscription efficiency. In low intensity regimes (< 100 W /cm?), the material
parameter can be considered independent on the exposure time and amplitude of the surface
relief is approximately linearly increasing with the exposure time c¢(7) = ¢ * 7, *** %I (see also
Figure S4).

For sinusoidal surface intensity patterns, equation S1 simply predicts a surface relief geometry

proportional to the inverse of the intensity pattern:

h(x,y,7) = —c I(x,y)T. $2

According to equation S2, topographic maxima occur at intensity minima (p phase shift)
(Figure S4), while the periodicity of the relief is the same as illumination. Equation S2 can be
applied to all the DOEs reported in this work, being designed as superposition of sinusoids

(complex gratings) or as cosinusoidal functions (Gabor phase lenses).

1
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Figure S1

Setup for holographic structuration of photoresist surface.

The writing laser beam at wavelength A=491 nm is modulated, after a beam expander (lenses
L, and L,), by a reflective phase-only Spatial Light Modulator (SLM). The SLM is placed in
the first focal plane of a bi-convex lens (L3), with a focal length of £3=300 mm, realizing a 2f
configuration with the plane of an iris placed in the second focal plane. The iris allows the
spatial filtering of the beam, blocking all the undesired lower-intensity diffraction orders and
the un-modulated light emerging from the SLM. The laser beam is re-collimated using a bi-
convex lens Ly (with focal length f4=175 mm), which projects a rescaled version of the optical
field of the SLM plane in its second focal plane. That plane coincides with the back focal
plane of an infinity corrected "50X Mitutoyo" objective (OBJ). The structured holographic
intensity distribution is then reconstructed and focused on the objective focal plane (objective
working distance WD 13mm) over a circular area of ~200 pm in diameter, where the
photoresist film is placed. Writing beam 1is circular polarized using a quarter wave plate
(QWP). A 70/30 beam splitter (BS), placed between objective and L, lens, allows the
collection of part of retroreflected writing light which is collected and recollimated by the
objective. Finally, the tube lens (Ls) (f5=200 mm) focuses the image of the objective focal
plane on a “DCC3240M Thorlabs” camera (CCD). The assisting (or erasing) beam at A=405
nm is circularly polarized before being redirected in the writing\erasing area at near-normal
incidence.
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Figure S2
Design of holographic sinusoidal intensity patterns
The fundamental aspects of the holographic design and calibration for sinusoidal patterns in
our system are described. (A) Typical grayscale 8-bit target image used for the calculation of
a one-dimensional holographic sinusoidal intensity patterns. (B) Target sinusoidal profile. The
Mixed Region Amplitude Freedom (MRAF) algorithm calculates the phase profile (the
kinoform) for the writing laser beam in the Spatial-Light Modulator plane necessary to
reconstruct the desired intensity distribution in photoresist plane. (C) Kinoforms are in the
range [-m,m] interval and are encoded in 8-bit grayscale images, directly transferred to the
modulator. (D) Reconstructed intensity pattern in the photoresist plane: image is acquired
using tube lens-CCD camera system, collecting retroreflected light from the photoresist plane
with a CCD. The image is the result of averaging the holographic speckle noise over 1000
independent images of the pattern. CCD counts are renormalized in [0,1] interval. (E)
Reconstructed intensity pattern profile. (F) Measured periodicity of different reconstructed
sinusoidal intensity patterns as function of the designed pitch in the target image. The slope of
the line trend defines the calibration of physical dimensions of patterns in the polymer plane
with respect to the analytically designed target images.
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Figure S3

Optical setup for real-time surface grating characterization

(A) Brightfield imaging setup: white light from a LED is collimated using a condenser lens
and used as sample back-illumination source. Scattered light from the surface is collected and
recollimated by the objective. The 70/30 beam splitter (BS), placed between objective and L4
lens, allows the collection of part of this light without interfering with the writing process.
The image of the surface is projected on the CCD Camera (1) by the tube lens (Ls, f5=200
mm). For surface observation, a long-pass filter is used to discard writing back-reflected light.
A second beam splitter (50/50 BS) allows to perform surface image Fourier transform using
another lens Ls (f;=350 mm), realizing a 2f configuration with the tube lens. Fourier
transform image is captured with second camera (CCD Camera (2)). (B) Diffraction
efficiency measurement configuration. A He-Ne laser beam is focused in the back focal plane
of the objective using the tube-lens (Ls). The probe beam is collimated by the objective in the
writing area. Transmitted diffraction patterns can be observed in far-field. A photodiode
collecting the light diffracted in the first order can be used to monitor the dynamical evolution
of grating diffraction efficiency.
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Figure S4

Sinusoidal illumination patterns and azopolymer photo-structuration

(A) Sinusoidal intensity pattern, of periodicity 5.49 pm, used as example of illumination
pattern for the direct inscription of sinusoidal gratings on the photoresist surface. (B) AFM
micrograph of the structured photoresist surface after 10s of holographic exposure. (C)
Comparison between measured AFM profile and the holographic intensity pattern profile. (D)
Measured relief amplitude obtained for different exposure times at fixed illumination
intensity. The linear trend shows a direct proportionality between relief height and exposure
time. (E) Dependence of the relief amplitude with respect to the periodicity of the holographic
sinusoidal illumination pattern. We observe a reduction of modulation efficiency for grating
periodicities smaller than 3um, due to deterioration in the holographic pattern determined by
SLM pixel size and holographic speckle noise. A lower limit of ~ 2um can be established for
the periodicity of reconfigurable gratings in our configuration. Larger grating periodicities
(> 4pm) have decreasing amplitude modulation according to the prediction of equation S1,
due to the reduction of the local intensity gradient strength, which is driving the surface
structuration in our configuration. This effect is opposed to the situation described in Ref. 40
for sinusoidal surface gratings realized by interference lithography. In that case, smaller
periodicities require larger incidence angles for the interfering beams, which result also in an
increase of surface reflectance and lower absorbed light from the polymer. Provided that the
illumination is of sufficiently good quality, the theoretical expected behavior for azopolymer
structuration efficiency is instead observed in our case, taking advantage from our versatile
holographic illumination, which allows the isolation of the influence of different grating
periodicity on the relief amplitude while maintaining fixed and reproducible irradiation
parameters (intensity, exposure time, polymer absorbed light power).

It should be noted, however, that, if needed, the differences observed in (E) could be
eventually compensated by tuning the exposure time for each sinusoidal periodicity.
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Figure S5

Influence of assisting/erasing beam on relief inscription dynamics

Influence of the assisting beam on the sinusoidal structuration process, studied in real time by
exposing the azopolymer film to a holographic sinusoidal intensity pattern. The structuration
dynamics is monitored through real-time diffraction efficiency measurement (configuration in
Figure S3(B)). (A) Real-time diffraction curves of the +1 diffraction order, recorded for
different power of the assisting beam (at 405 nm) incident (collimated, diameter ~2.0 mm) on
the azopolymer area during the holographical writing process. The exposure time is fixed at
90 s. According to the diffraction efficiency dynamics (A) and its velocity (B) (extracted from
the slope of the linear portion of the trends in A), surface relief inscription efficiency
increases under the influence of low intensity (in the range 400-800 mW/cm?) assisting beam.
At higher intensity (>900 mW/ cm?), surface structuration process is slowed down by the 405
nm beam, until reaching the situation where the high intensity completely avoids the
formation of surface structures or erase eventual previously inscribed ones (erasing
configuration).
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Surface relief stability over time
The time stability of DOEs realized on the azopolymer surface are analyzed through the
measurement of real-time first order diffraction efficiency of a sinusoidal diffraction grating
(configuration in Figure S3(B)). In the experiment, after the initial efficiency rising from the
forming diffraction grating under holographic illumination, the writing beam (and the
assisting beam) is switched off, while the monitoring of diffraction of the probe beam is
continued for 30 minutes. Both the structures inscribed with and without the assisting beam
result stable over time, indicating a diffraction behavior entirely determined by the surface
relief pattern for DOEs produced by our photo-structuration method. This behavior is
different from the typical diffraction gratings fabricated on azobenzene-containing materials
via interference lithography, in which the linearly polarized electric field of the interferogram
(for both intensity and polarization interference patterns) inside the material causes a
significant realignment of the azomolecules, which results in a birefringence grating in
addition to the morphological relief grating. Because the chromophore orientation can be
perturbed much easier than the surface shape, the birefringence grating is typically a source of
long-term instability for the diffraction efficiency of azomaterial gratings. In our case,
however, the formation of efficient light-induced birefringence gratings inside the holographic
illuminated film is inefficient because the circularly polarized light of the writing beam does
not promote the formation of well-ordered patterns of molecular alignment. Furthermore, in
our operating configuration, which uses an additional circularly polarized assisting beam
during the writing process, the molecular orientational distribution is further averaged,
lowering even more the probability of patterned molecular order in the film.

It is reasonable then to assume that the optical functionality of our DOEs can be the same of
the surface morphology, that is preserved for years by maintaining the polymer at normal
room conditions.

140



WILEY-VCH

Topography (nm)
0 2

E . / W
>0 ;' At
- ]
g/
£ :
° 0 10 20 30 40 0 10 20 30 40
X (um) X (um)
Figure S7

AFM analysis of the erased azopolymer surface

(A) AFM image of the typical pristine azopolymer surface before being exposed to any
holographic pattern. (B) Zoomed version of the AFM micrograph of Figure 1H of the main
text reporting the surface after the erasure process. (C) Zoomed version of the AFM
micrograph of Figure 1L of the main text reporting the surface after the erasure process. Both
scans show a complete erasure of the inscribed structures, with a residual roughness
comparable to that of the pristine surface.
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Analysis of multiple surface writing and erasing cycles

To characterize the repeatability of the surface remodulation process, the same area of an
azopolymer surface is cyclically structured and erased with a sinusoidal intensity pattern,
having periodicity of A=5.5 um. The intensities of the writing (~14.0 W/cm?), the assisting
(~500 mW/cm?) and the erasing (~1.0 W/cm?) beams are kept fixed during every surface
inscription and the erasing step. The writing-+assisting exposure time is set at ~30s (in which
the sinusoidal relief amplitude reaches approximately 550 nm), while the exposure to the
erasing beam is slightly varied in each cycle until complete erasure is achieved.

Real-time, quantitative characterization of the surface structuration/erasing behaviour are
obtained by measuring the dynamical time-dependent efficiency of a probe beam (He-Ne,
configuration of Figure S3(B)) diffracted by the evolving surface grating in +1 order with a
photodiode. At least 15 writing and erasing cycles were obtained without significant
efficiency reduction. Only a loss of 10% in the maximum diffraction efficiency was
measured between the first and last writing step, while the time necessary for complete
surface erasure remained less than 15s in every step, with only a slightly slower erasing
dynamics observed in the final cycle in respect to the initial one. The morphology of the
completely erased surfaces, as measured from AFM analysis (not shown here), is compatible
with a completely flat film (as characterized in Figure S7), even after the ol cycle.
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Figure S9
Design and realization of the RGB grating
RGB grating design, encoding in the holographic pattern and lithographic process on the
azopolymer surface with subsequent pattern transfer on a Polydimethylsiloxane (PDMS)
mold. (A) Target image encoded in a grayscale 8-bit bitmap image, calculated as
superposition of three sinusoidal patterns having equal amplitudes A; and different spatial
periodicities A1=3.13 pm, A,=3.42 pm, A;=4.05 pum satisfying the Bragg relation
0,=asin(Ai/A; ) at the common first order diffraction angle 0, for the three different light
wavelengths A,;=633 nm, A,=532 nm and A;=488 nm). The relative phases @; and rotation
angles y; were both been set to zero for all the three sinusoids in the superposition of (A).
(B) Reconstructed intensity pattern in the focal plane of the objective produced by our
Computer-Generated Hologram systems, using the grayscale image in (A) as input data of the
kinoform calculation process of the MRAF algorithm. The image in (B) is the result of
averaging the holographic speckle noise over 1000 independent images of the pattern
collected by the CCD (CCD counts are mapped in [0,1] interval). (C) Comparison between
the lateral profiles of the target image (normalized in [0,1] interval) and the experimental
holographic intensity pattern. (D) AFM scan of the azopolymer surface (from Figure 2B in the
main text) after being exposed to the averaged (by refreshing the kinoform on the SLM at 20
Hz) holographic intensity pattern. (E) AFM micrograph of the PDMS replica obtained with
standard molding process, using the azopolymer surface in (D) as master. The PDMS
(Sylgard 184, Dow Corning) mixture was prepared by mixing the precursor and the curing
agent in a 10:1 weight ratio. After degassing in a vacuum chamber, the PDMS mixture was
gently poured onto the azopolymer film without further surface treatment and cured at 30 °C
for 6 hours before being carefully released from the film. (F) Comparison between
topographic profiles of the azopolymer surface and PDMS mold (inverse replica) with respect
10

143



WILEY-VCH

to the target designed pattern: the graph shows an optimum agreement between the surface
topography of the photoresist and the target. The total height amplitude is preserved in the
pattern transfer (with a measured loss of less than 8%). The fabricated PDMS is fully
compatible with standard lithographic replica molding processes for the transfer of the surface
pattern on other materials. Scale bars in A-B-D-E are 20 pum. (G) Full view of the RGB
diffraction pattern of Figure 2D of the main text, produced by the surface in (D) from
simultaneous illumination of the DOE with three collinear laser beams at design wavelengths
(A1=633 nm; 2,=532 nm; A3=488 nm). Scale bar in (G) is 0.5 cm.
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Figure S10
Tuning of Gabor phase zone plate relief amplitude
Graph shows the measured average relief amplitude h in the radial surface profile of the
experimental Gabor phase zone plate lens reported in Figure 3 of the main text measured for

different exposure times. A linear amplitude increase is obtained for increasing exposure time.

The target amplitude h =~ 530 nm (producing the theoretical maximum focusing efficiency) is
realized in 50s of exposure at the holographic pattern in the presence of the assisting beam.
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Figure S11

Diffractive lens efficiency measurement

Optical configuration used to measure of the Point Spread Function (PSF) and the diffraction
efficiency of the azopolymer Gabor zone plate lenses . A collimated He-Ne laser beam,
incident on the structured surface from the substrate side is focused by the diffractive lens.
For the focusing efficiency measurement, the lens is properly translated along the optical axis
so that its focal plane (placed at a distance f from the structured surface) coincides with the
objective focal plane. Objective and tube lens provide an image of the focused spot. An iris
and a power meter are used to intercept and measure light power in focal spot. This measured
value is compared with the total transmitted power measured before diffractive lens
structuration, setting the iris aperture size of the same diameter as the image of the structured
area in order to measure only the fraction of light power that is diffracted by the modulated
area of the surface. For PSF measurements, the diffractive lenses are axially translated at
discrete steps with a micrometer positioner (with accuracy of 1 um) with respect to the
objective focal plane. Images of the focal spot for each position of the lens are collected with
the CCD placed in the tube lens focal plane and stacked together to extract the axial yz
sections reported in Figure 3 and Figure 4 of the main text.
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Optical zooming system with reconfigurable focal length diffractive lenses

Optical configuration used to realize the zooming imaging system based on the reconfigurable
azopolymer lenses reported in Figure 4 of the main text. A transparency printed with logos of
our institutions is placed at a long distance (considered infinite) from the photoresist surface
of the diffractive lens. The azopolymer lens is a positive lens, forming an image of the object
(with transverse dimensions d) at a distance from the surface equal to the focal length f;. For
the formation of the image in the CCD plane (focal plane of the tube lens) the diffractive lens
is axially translated in order to make its focal plane to coincide with the focal plane of the
infinity corrected objective. Transverse dimensions d; of the acquired images are directly
related to focal length f; of the system. Shifting the surface geometry of the lens and
translating the sample axially to regain focused images in the CCD plane, images with
different magnification are produced by the system. The ratio between the lateral dimensions
of two images obtained with two different diffractive lenses is equal to the focal ratio: d,/d> =

fihs.
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RGB grating
N=3

Sinusoidal pitch A; (um) (31-34-41)
Relative amplitude A; 1
Relative phase ¢; (rad) (0-0-0)

In plane orientation y; (deg) 0-0-0)
1'(s) 60

Quasi-crystal
N=6

Sinusoidal pitch A; (um)

(31 —81 8481 —%1 31

Relative amplitude A;

1

Relative phase ¢; (rad)

(0—0—0—-0—0-—0)

In plane orientation y; (deg)

(0—-30—-60—-90-120—150)

I'(s)

120

Spiral quasi-

Sinusoidal pitch A; (um)

(31—39—47 55 —B53—71)

Relative amplitude A;

1

crystal Relative phase ¢; (rad) (0—-0—-0—-0-0-0)
=g In plane orientation y; (deg) (0 —30—60—90 — 120 —150)

T(s) 120
Sinusoidal pitch A; (um) (125—-63—4.2—31—25—2.1)
Relative amplitude A; 1/i

B]azc;:li g:rzting Relative phase ¢; (rad) O0—-nm—-0-m—0-—m)
In plane orientation y; (deg) (0-0-0-0-0-0)
I'(s) 120

Table S1.

Design parameters for the realization of the complex diffraction gratings

Table of design parameters for the realization of the diffractive surfaces shown in Figure 2(B-
F-H-J) of the main text, named in the first column of each sub-table. For every surface
pattern, the number N of combined sinusoidal functions included in the structure design is
reported. The remaining rows refer to the periodicity A; of the sinusoids, their relative
amplitude A;, their relative phase ¢;, the in-plane orientation y; of each of the N components
of the designed geometry. Total exposure time T is related to the total relief amplitude h.
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Movie S1.

Dynamical grating inscription with multiplexing. Real-time evolution of the azopolymer
surface and its diffraction efficiency, monitored during the grating reconfiguration experiment
reported in Figure | of the main text. An additional writing step, involving the inscription of
the complex diffraction grating calculated as the combination (G1+G2), which produces the
simultaneous rise of the diffraction efficiency detected by the two photodiodes, is also
included as final surface reconfiguration step in the movie.

Movie S2.

Dynamical tuning of grating diffraction dispersion. Evolution of the azopolymer
diffraction gratings (experiment reported in Figure IN-R of the main text), sequentially
reshaped with ten different periodicities, recorded in real-time with the bright-field
microscope in the configuration of Figure S3(A). The time-evolving diffraction pattern
produced by the structured photoresist surface under illumination of a white LED source is
shown together with a fixed Region of Interest (ROI) on the CCD. This configuration mimics
the effect of having a physical slit in the diffraction plane in order to dynamically select the
center of a spectral band via surface periodicity reconfiguration, similarly to a
monochromator.

Movie S3.

Shapeshifting DOEs. Azopolymer surface, repeatedly reconfigured as different DOEs,
observed by the real-time bright-field microscope during the shapeshifting experiments. The
surface is structured first as a diffraction grating (Grating 1). After erasing, the surface is
transformed in a Gabor phase zone plate (Lens), before becoming a new diffraction grating
(Grating 2) in the successive reconfiguration step. Finally, a quasicrystal surface is inscribed
in the same area as example of arbitrary DOE, demonstrating versatile and completely
independent sequence of on-demand optical functionalities achievable with our approach.
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Abstract: Flat optical elements enable the realization of ultra-thin devices able to either
reproduce or overcome the functionalities of standard bulky components. The fabrication of these
elements involves the structuration of material surfaces on the light wavelength scale, whose
geometry has to be carefully designed to achieve the desired optical functionality. In addition
to the limits imposed by lithographic design-performance compromises, their optical behavior
cannot be accurately tuned afterward, making them difficult to integrate in dynamic optical
systems. Here we show the realization of fully reconfigurable flat varifocal diffractive lens, which
can be in-place realized, erased and reshaped directly on the surface of an azopolymer film by an
all-optical holographic process. Integrating the lens in the same optical system used as standard
refractive microscope, results in a hybrid microscope capable of multi-depth object imaging.
Our approach demonstrates that reshapable flat optics can be a valid choice to integrate, or even
substitute, modern optical systems for advanced functionalities.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Conventional lenses allow light focusing and imaging formation by exploiting light refraction at
spherical surfaces of a bulky component made of a dielectric material (e.g. glass) [1,2]. The
optical properties of the medium and the surface macroscopic geometrical parameters, as the
radius of curvature and the diameter, determine its functionality by defining the focal length
and the numerical aperture. The miniaturization trend demanded by emerging technologies for
smartphones, wearables, automotive and virtual reality, is not fully compatible with size and
weight requirements of bulky lenses. strongly pushing, instead, the research toward flat and
lightweight optical devices able to perform as their conventional counterpart [3].

Flat optical components realize the modulation of the incident light wavefront with thicknesses
comparable or even smaller than the light wavelength [4-6]. The optical functionality of these
devices is designed by accurately engineering the geometries of light modulating surfaces at
micro and nanoscales [7]. Flat optical components acting as beam deflectors, diffraction gratings,
lenses and holograms, have been demonstrated over years [8]. Using the laws of light diffraction,
flat lenses are traditionally designed as circular apertures in opaque screens or as topographic
reliefs with radial symmetry on a dielectric material. Light modulation from these diffractive
elements is the result of the coherent superposition of infinite wavelets, emerging from each
infinitesimal element constituting the structured surface [7-10]. In addition to diffractive devices,
recent developments in the new metasurfaces technology led to the explosion of metalenses, in

#455520 https:/doi.org/10.1364/OE.455520
Journal © 2022 Received 3 Feb 2022; revised 11 Mar 2022; accepted 14 Mar 2022; published 31 Mar 2022

151



152

Research Article Vol. 30, No. 8/11 Apr 2022/ Optics Express 12696 [

Optics EXPRESS

which incident light is modulated, in a subwavelength regime, according to the geometry and the
orientation of accurately designed resonant subwavelength scatterers [11].

In both cases, flat lenses bring many advantages in terms of weight saving and reduced
dimensions in respect to the standard bulky lenses, constituting valid alternatives to refractive
optics in demanding situations, e.g. space exploration [12,13] or depth sensing [14,15]. As
further benefits, flat lenses can integrate more functionalities than their refractive counterparts [8]
when used alone or when combined with other refractive optics to realize hybrid systems [16-19].
For example, diffractive lenses able to focus light beyond the diffraction limit by exploiting light
super-oscillations [20,21], capable of broadband achromatic imaging [22,23], or designed for
X-rays focusing or imaging [24,25] have been demonstrated, while new metalenses-based devices
with even more advanced functionalities and performances are continuously reported [26-29].

Surface design of these compact devices was widely investigated over years [30,31] in order
to optimize their functionality taking also into account the limits imposed by manufacturing
techniques. The fabrication process is indeed demanding for devices with high performances
and is typically accomplished through complex multistep and multilevel lithographic techniques,
whose accuracy strongly affects the ultimate operation performances of the device [32-34].
Furthermore, metalenses require also challenging design and optimization processes that, together
with expensive fabrication techniques needed, make their large-scale production more burdensome
in respect to diffractive devices [35]. However, several conventional lens applications, as light
focusing and imaging, do not often require the highest performances offered by metalenses,
and even diffractive lenses, when properly designed and fabricated, can provide remarkable
optical quality, while maintaining the advantage of a simpler and cheaper design and manufacture
[36,37].

After the fabrication process of standard lithography, the crucial parameters for lens operation,
like the focal length and the focusing efficiency, are essentially frozen. This limits the possibility
to use them as dynamically tunable devices only in sophisticated systems [38—45] and with
limited tunability ranges [41,46,47], becoming not suitable where dynamic optical devices are
required [48,49]. Tunable diffractive lenses can be, for example, realized using liquid crystals
(LC) devices with many limitations in terms of layer thickness and tunability range and also
additional challenges related to their strong polarization dependence [50].

We recently moved forward in this direction by developing a reversible lithographic technique
for creating diffractive surfaces on azopolymer thin films [51,52]. We demonstrated the realization
of fully reconfigurable phase-modulating diffractive surfaces with engineered diffraction behavior
such as reconfigurable flat lenses, extending the design proposed by Gabor for the realization of
amplitude zone plates [53-55]. Similar to a familiar diffraction grating, these lenses produce
multiple diffraction orders, each focused at different positions of the optical axis. By acting as
intrinsic multifocal lenses, both positive and negative, then, these devices could be useful in
several applications, as the realization of a compact radial shearing interferometer [56].

In this work we further investigated focusing and imaging properties of lenses realized as
cosinusoidal phase zone plates, showing that the multifocal behavior can be also applied in the
design of advanced hybrid imaging systems, based on both refractive and diffractive optics. In
particular, we show here the realization of a hybrid microscope with controllable magnification,
field of view and working distance, obtained using a diffractive reconfigurable lens acting as
a Barlow lens. This lens is directly realized on the surface of a photo-responsive azobenzene-
containing polymer, which can be completely re-morphed in-place to achieve different parameters,
as focal length and numerical aperture, by an all-optical reversible lithographic process. Our
approach proves the benefits of well-engineered flat optics that in the future can integrate or even
replace standard optics, leading to compact, lightweight, low cost and high performances optical
systems.




Research Article Vol. 30, No. 8/11 Apr 2022/ Optics Express 12697 l

Optics EXPRESS :

2. Phase-only cosinusoidal zone plate lenses

The cosinusoidal Phase Zone Plate (c-PZP) is the counterpart to the amplitude Gabor zone plate
[53,55], in which the alternating absorbing and transmitting circular zones are replaced with
transparent phase modulating zones, each imposing a position dependent phase delay on the
incoming wavefront. In the same way that a diffraction grating separates an incoming 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 f,, from the lens, where the
integer number m defines the focal diftraction order.

For an incoming monochromatic plane wave at wavelength &, travelling in positive z direction,
the transversal (in x-y plane) phase modulation produced by the cosinusoidal zone plate is [30]:

o(x,y) = o(r) = ‘g(l + cos(ar?)). (1)

Here, the parameter f is the maximum phase modulation depth imposed on the incident
wavefront, the parameter o is related to lens geometry and determines the first order focal distance
f=fe1, and r= (2 +y*)"/2 is the radial coordinate in c-PZP plane.

This phase profile can be realized through a structured dielectric surface with periodicity-
varying grooves, which encodes the required phase modulation pattern in local optical path
differences for the incident wave, travelling in surface medium with refractive index n = n(A) and
local thickness /A(x,y). If the medium surrounding the structured dielectric is air, as schematized in
Fig. 1(a), the maximum phase modulation depth 3 is proportional to the relief height /, according
to:

B= Zf(ﬂ = Dh. (2)

The explicit relation between the parameter o and the first order focal distance f of the c-PZP
is obtained by requiring constructive interference at z=f of the wavelets emerging from the
topographic maxima (or minima) of the surface:

2r
o =

P EETyT (3)

Diffraction properties of a c-PZP are strongly related both to the relief height and to their
lateral geometry. This becomes clear if the phase zone plate is represented through a radial
complex transmittance function 7(r) modulating, in the scalar approximation of wave optics, the
wavefront of an incident optical field U;, propagating through the device. In this situation, the
optical field Uy, immediately after the phase mask is given simply by Uj,-#(r). In the case of a
c-PZP, 1(r) can be written as:

1(r) = explig(r)] = exp Iig(l + ccs(arz))l ; “)
This complex transmittance function can be expanded in the base of radial harmonics using

the Jacobi expansion [57], resulting in [30]:

400

ry=1 Z g (‘g)exp(im(rrz), 5)

m=—=0o0

where ty is a constant phase term, i>=-1, J,, is a first kind Bessel function of the m™ order, and 3
and o are the surface structural parameters given in Eq. (2) and (3), respectively. Assuming that
the light wavelength is negligible compared to the focal length (A<f), > can be neglected in
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Fig. 1. Design and functionality of a phase-only cosinusoidal zone plate (c-PZP) lens: (a)
Schematic of a Gabor zone plate realized on the surface of a dielectric film. Inset shows
the radial profile of the cosinusoidal Gabor zone plate, obtained by renormalizing the radial
coordinate with respect to the distance of the first minima in the phase mask: r* = (o' /2.
(b) Schematic of the multiple diffraction foci produced by a c¢-PZP lens. (c) Diffraction
efficiency of first seven diffraction orders plotted with respect the maximum phase mask
modulation depth 3, directly related to the surface relief amplitude / for a given material of
refractive index n.

Eq. (3), so that the expansion in Eq. (5) demonstrates that a c-PZP has a transmission function
of a multifocal lens. A plane wave incident on the device emerges as a sum of spherical waves
with focals that are fractions of the first order focal length f,, = f/m. As schematized in Fig. 1(b),
each of the emerging waves represents a specific diffraction order: spherical divergent (m < 0),
spherical convergent (m >0) and a plane wave (m = 0), that corresponds to the unmodulated
component. An ideal c-PZP introduces no energy loss, and [¢(r)|> = 1. In this case, the square
modulus of each term of the sum in Eq. (5) represents the fraction of energy carried by each
emerging spherical wave, allowing the definition of the focusing efficiency for a given order m as:

- (2)

This parameter, defined as the intensity of light in each focus f,,,, normalized with respect to
the incident light intensity, is directly related to the modulation depth {3, which then determines,
through the relief amplitude h, the redistribution of the incident light power in the emerging
diffraction orders. In Fig. 1(c), the efficiency n,,(B) for the first seven diffraction orders produced
by a ¢-PZP is plotted. Maximum focusing efficiency of ~ 34% is obtained in the first order
(m==1) for the value * ~ 3.68. For a dielectric surface with n= 1.7 (like the one used in this
work) this condition is achieved, for monochromatic light at A=633 nm, at # = 530 nm. A
diffractive c-PZP lens of optimized efficiency can be then realized with thickness smaller than

2

Mm = (©6)
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the incident light wavelength. It is worth noting that the diffraction efficiency as defined by
Eq. (6) does not depend on the sign of m so, if the efficiency of one of the real focal diffraction
orders (m > () is suitably optimized, the same amount of incident light is diffracted also in the
corresponding virtual focal order (m < 0).

A ¢-PZP can be also used for imaging [51]. In geometric 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 (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 [1]. 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 equation for thin lenses [7], in order to take
into account for the simultaneous presence of multiple focal lengths, each for every diffraction

order m: .
f AW R
)l a)

As usual, in Eq. (7), p is the distance between the object and the lens, g is the position of
the image plane relative to the plane of the lens, and f is the designed focal distance for the
first diffraction order. This relation can be useful to design versatile optical imaging systems
working as multifocal diverging or converging lenses. For example, a c-PZP can be used with
the same efficiency simultaneously in microscope and telescope configurations. In the first case,
the diffractive lens must act as a diverging lens, like the standard objective lens of a compound
microscope, while the second configuration is realized with a simple converging lens, able to
image objects placed at large distances [51]. Considering a fixed focal length |f,,], in a c-PZP,
the two operating regimes correspond to two sets of foci with the same value of m (for example,
m=-1 and m=+1, for the microscope and the telescope configuration, respectively), and same
diffraction efficiency.

Moreover, if the geometry of the c-PZP can be modified in real time to affect its efficiency,
or its focal length f, as happens for diffractive surfaces realized as light-induced surface reliefs
on azopolymer films [51], even more functionalities can be realized form Eq. (7), as tunable
telescope zoom imaging systems [51] or a multi-depth microscope able to focus at objects placed
at different positions.

3. Realization of azopolymer c-PZPs

For the realization of reconfigurable c-PZP, we have used an amorphous azobenzene-containing
polymer film (azopolymer), whose surface can be structured through a direct single-step optical
lithographic process. The light-induced structuration of these materials originates from a
macroscopic material displacement, triggered by cyclic light-fuelled photo-isomerization of
the azobenzene units included in the material via different chemical interactions [58-63]. The
resulting surface reliefs on the azopolymer free surface are strongly dependent on both the
intensity distribution and polarization of the incident light. In the case of circularly polarized
light in low intensity regimes [51,64], the relief geometry is proportional to the Laplacian of
the intensity pattern [65] and the average surface relief height increases linearly with the total
exposure time [51,52].

Light structuration on the film surface can be easily achieved using interference [52,66—69]
but in this work we used a Computer-Generated Hologram (CGH) setup based on a Spatial
Light Modulator (SLM), which allows to project an arbitrary grayscale spatially structured
intensity distribution of light on the surface of the azopolymer film, directly transferring the
desired relief geometry on the material surface [64]. We realized the optical setup with a
microscope configuration allowing the in-place fabrication [51], characterization and operation
of the azopolymer diffractive lenses.
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The scheme of the optical system is presented in Fig. 2(a). An expanded TEMyy laser beam
(Cobolt Calypso, at wavelength 491 nm) is phase modulated by a computer-controlled reflective
phase-only Spatial Light Modulator (Holoeye, Pluto). The modulated beam is propagated
through a 4f lenses system with the input plane located in the SLM plane. An iris allows spatial
filtering of the unwanted components emerging from the SLM, The output plane coincides with
the back focal plane of an infinity-corrected long-working distance 50X objective (Mitutoyo),
with numerical aperture NA =0.55 and 13 mm working distance. The writing beam is circular
polarized by means of a quarter wave plate (QWP) and its measured intensity, in the sample
plane, is approximately 14.0 W/cm?. This configuration allows the reconstruction of arbitrary
structured intensity patterns in the focal plane of the objective, where the azopolymer film is
placed. The phase profile (kinoform) to be imposed in the SLM plane to reconstruct the desired
holographic distribution is defined by an iterative Fourier transform algorithm (Mixed Region
Amplitude Freedom (MRAF) algorithm [70]), implemented in MATLAB. The calculation process
is initialized providing a target 8-bit grayscale image, shown in Fig. 2(b), representing the desired
intensity pattern to be finally reconstructed in the azopolymer plane. Additional details about
holographic system and the MRAF algorithm used here can be found in our previous work [51].

The optical image of the intensity hologram, reconstructed in the sample plane, to realize a
¢-PZP with focal length of f=0.6 mm at A=633 nm, is shown in Fig. 2(c). This image is acquired
through a tube lens (TL) and a CCD camera, that collect the light retroreflected by the sample
surface by means of a 70:30 (T:R) beam splitter, Fig. 2(a). The holographic image is the result of
an averaging process: many independent calculated kinoforms are buffered to the SLM with a
repetition rate of 20 Hz, in order to reduce speckle noise and improve contrast and resolution in
the average holographic intensity pattern [64,71].

In the azopolymer structuration processes, an additional diode laser beam at 405 nm illuminates
the sample film from the substrate (a standard glass microscope coverslip) side. This beam
has circular polarization and different intensity levels depending on its intended role. For low
intensity regimes (0.5 W/cm?) the beam enhances the surface structuring process acting as a
writing assisting beam. At higher intensity (0.9 W/cm?), its absorption causes the erasure of
previously inscribed surface structures, acting as an erasing beam [51,72].

The optical system in Fig. 2(a) can also be used as a brightfield microscope, integrating the
holographic setup with a collimated white LED source that simultaneously illuminates the sample,
to reconstruct an image of the surface in the camera plane during the lithographic exposure
process. The image is reconstructed with a magnification of 50X, according to tube lens and
objective focal lengths. Figure 2(d) shows the optical image of the azopolymer surface after
45s of irradiation with the holographic pattern sequence. This exposure time, according to our
previous calibration [51], optimize the average relief height (= 530 nm), ensuring maximum
diffraction efficiency of the lens in the first diffraction order for our material, whose refractive
index is equal to 1.7 at the selected working wavelength (=633 nm). A detailed morphological
characterization of the polymer surface after irradiation by means of Atomic Force Microscopy
(AFM) is provided in our previous work [51].
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Fig. 2. Experimental realization of a cosinusoidal Gabor lens using holographic inscription
on azopolymer film: (a) Representation of the holographic lithography setup: the SLM
realizes a 4f configuration with a biconvex lens (L) with focal length equal to 300 mm, a
biconvex lens (L) with focal length equal to 175 mm and the objective. A beam splitter
(BS) allows the collection of retroreflected light. Light is focused with a tube lens (TL), with
200 mm focal length, on a “DCC3240M Thorlabs” camera (CCD Camera). Colored arrows
indicate the direction of the writing beam, the LED beam, and the scattered components
from the surface. (b) Gray scale image representing the target image used for generating
the holographic pattern through the iterative algorithm. (c) Reconstructed hologram in
the sample plane for the realization of a cosinusoidal Gabor zone plate. (d) Optical image
of the azopolymer free surface, after 45 seconds of irradiation with both the holographic
and the assisting beam, obtained with the brightfield microscopy. Scale bar in panels (c-d)
correspond to a physical dimension of 50 pm. CCD counts were remapped in the interval [0

1].

4. Focusing properties of azopolymer c-PZPs

In order to characterize the focusing properties of the realized c-PZP, the emerging light diffraction
pattern has been first simulated for an incident plane wave with wavelength =633 nm, modulated
by the diffractive lens according to the transmission function shown in Eq. (4). In the simulation,
material refractive index n=1.70 and relief amplitude & = 530 nm, have been considered [51].
In the simulation, the diffractive surface is described as a circular structured area with radius
R =96.4 um, which corresponds to the radius of the field of view of our holographic writing
system. Assuming the modulated surface at z =0, the optical field propagated in any plane at
the axial position z is evaluated by solving Helmholtz equation, using the Rayleigh-Sommerfeld
diffraction integral in Fresnel approximation [73]. For the simulation, Fresnel integral has been
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numerically implemented in MATLAB using the convolution theorem with the transfer function
of the Fresnel propagator [74]. Simulation results are provided in Fig. 3(a) where the axial Point
Spread Function (PSF) for a c-PZP with f=(0.6 mm is plotted.

(a) Intensity (a.u.)
Simulation 1

1

0

_ ----Simulation — Experiment
2 mad m=-2 m=2 e
= ;
5 . m=3 :
0 - L A A 3 ) 0
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Fig. 3. Focusing properties of realized c-PZP: (a) Simulation of the y-z point spread function
obtained evaluating intensity distribution of the optical field. Simulation is performed in the
z range (—0.80 mm to 0.80 mm) and in y range (=6.0 pm to 6.0 um). (b) Experimental PSF
reconstructed by collecting the diffracted field from a He-Ne laser beam. CCD counts were
remapped in the interval [0 1]. (c) Normalized experimental axial intensity profile of the
PSF compared with the axial profile provided by the simulation.

Experimental measurement of the PSF has been performed using a collimated circularly
polarized He-Ne laser beam (A=0633 nm), orthogonally incident on the diffractive lens from the
substrate side. Light diffracted by the lens is collected though the same microscope imaging
system used for brightfield surface observation. The images of the transmitted He-Ne intensity
pattern, at different positions, have been obtained by axially translating the c-PZP with a manual
micro-positioner. For each sample position, determined with steps of 0.005 mm, an image of the
field intensity profile is acquired using the CCD in the focal plane of the tube lens. The images
are then stacked together to reconstruct the experimental PSF (Fig. 3(b)). The experimental axial
intensity profile, shown in Fig. 3(c) together with the analogous simulated profile, confirms the
predictions of the scalar diffraction theory for a ¢c-PZP. The ¢-PZP acts as a multifocal lens with
first diffraction order focal spots at z=f.;= +0.6 mm. Both real and virtual foci have the same
relative axial intensity, as predicted by Eq. (6).

Focal spot characterization has been performed acquiring the focal intensity distribution for real
and virtual foci (im==1) and their relative transversal profiles, shown in Fig. 4(a-c), respectively.
In order to quantitatively describe quality of the focus, we have used the Strehl ratio as figure of
merit. The Strehl ratio (SR) is defined as the ratio of the peak intensity /eqsured(0) in the focal
plane with respect to the intensity of an ideal Airy disk (AD), normalized in order to have the
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same area under the curve with respect to the experimental profile [75]:

SR = Ineasurea(0) _ _r,m,"“m,[,(())i,
Iidem'(()) P()ITRZ

where Py is the normalization factor for the ideal peak intensity /;4.,/(0) at the center of the
diffraction pattern produced at distance z=f by a circular aperture with radius R [76]. For an
ideal lens with a diffraction limited behavior and focal intensity distribution of an Airy disk,
the Strehl ratio is 1. In real cases, even small aberrations affecting lens functionality cause a
significant drop of SR toward smaller values. A SR greater than .8 typically denotes a diffraction
limited performance for a real lens [75]. In our case a SR =0.79 has been obtained for both real
and virtual focal spots, comparable with values reported for high quality metalenses [26,77].

(8)
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Fig. 4. Characterization of the focal spot quality: (a,b) Light intensity distribution of the
first order focal spot of a c-PZP with nominal focal length f= 0.6 mm. Images are acquired
at z=f and z=-f, respectively. (c) Plot of the x-profiles of both real (m=+1) and virtual
(m=-1) first order focal spot of the lens with f=0.6 mm and simulated profile of an ideal
Airy Disk (AD) used for the evaluation of the Strehl ratio. (d.e,f) Light intensity distribution
of the real first order focal spot of c-PZPs with nominal focal length equal to 0.5, 0.8 and
1.0 mm. Images were acquired with the same exposure time fixed for the lens with 0.6 mm
focal length. Scale bar in panels (a,b.d.e.f) correspond to a physical dimension of 2 pm. (g)
Plot of the experimental focal spot x-profiles obtained at different focal lengths.

The same analysis has been repeated also for ¢c-PZP designed with different focal lengths,
obtained by properly reshaping the diffractive lens through azopolymer erasure and rewriting
processes. Figure 4(d-f) shows the first order focal intensity distribution for three diffractive
lenses with f equal to 0.5 mm, 0.8 mm and 1.0 mm respectively. These lenses are obtained by
exposing the same free azopolymer surface area to a proper holographic pattern (after erasure
step) with fixed holographic irradiation parameters (intensity and irradiation time). Strehl ratio of
0.78, 0.83 and 0.81 have been respectively obtained for experimental intensity profiles, reported
in Fig. 4(g). Since the diameter of the c-PZP are fixed by the field of view of the optical setup, the
Numerical Aperture (NA) of the lenses is inversely proportional to the focal length. Accordingly,
the Full Width at Half Maximum (FWHM) of the focal spots increases with the focal length. The
total optical power in the focal spot, measured by integrating the intensity distribution shown in
Fig. 4(a,d.e.f) over a circular area with diameter three times of the FWHM, is conserved within
91% by changing the focal length. This ensures that the erasing and rewriting process of a new
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¢-PZP with the same writing parameters will preserve the overall quality of the lens focal spot in
terms of both efficiency and aberrations. In order to characterize the noise contribution produced
by the defocused diffraction orders in the focal plane, we measured the Signal to Noise Ratio
(SNR) from the acquired focal spot profiles reported in Fig. 4(g) defined as the ratio between the
intensity profile maxima (/,,,) and minima (Z,,;;). The analysis provided a minimum SNR of ~22
dB, that correspond also to a minimum spot visibility, defined as (Inax — Lmin)/(Inax + Inin)» Of
0.99, confirming small contribution in the focal plane from other out of focus diffraction orders.

It is worth mentioning that our current setup allows the realization of c-PZPs with focal lengths
in the range from 0.3 to 1.2 mm, with limits dictated only by the resolution of the holographic
system and by objective field of view. Using different combinations of optics and SLM for the
holographic projection, we could easily expand this range. However, in the operating focal length
range, our ¢c-PZPs can be fully in-place reshaped with no quality loss, allowing the realization of
dynamical light focusing systems.

5. Hybrid Barlow lens configuration for multi-depth microscope imaging

An ideal imaging optical system, such as an optical microscope, reconstructs in a specific plane
of the optical axis, the image, eventually inverted and magnified, of objects lying in a range
of planes determined by the depth of field of the system. Typically, microscope objectives, as
the one composing our setup in Fig. 2(a), are designed with very short depth of field in order
to increase their lateral and axial resolution. For such systems, sharp imaging is limited only
to objects placed at a fixed distance from the front lens of the objective, that is defined as the
working distance.

The field of view of a microscope can be enlarged properly translating, replacing or integrating
the optical elements composing the system. An example is represented by Barlow lenses. A
Barlow lens is a diverging lens that increase the focal length of an imaging system. As a result,
also its field of view is accordingly increased [78]. When used in microscopy, the working
distance of a system equipped with a Barlow lens is increased and the magnification power of the
microscope is reduced.

The working principle of a standard refractive Barlow is schematized in Fig. 5(a): this lens,
with focal length f, is placed after the front lens of a converging lens (e.g. an objective). The
lens forms a virtual image of an object placed at distance zp from the plane identified by the
working distance (WD), assumed to be at z=0 in our coordinate system. If the position z; of the
Barlow lens is properly chosen according to its focal length, the virtual image from this lens is
reconstructed in the imaging plane (at z=0) of the objective and transformed then into a real
image by the subsequent optical elements in the microscope.

Due to the presence of virtual foci, diffractive c-PZPs can be directly used as Barlow lenses
in refractive/diffractive hybrid imaging systems. When realized on azopolymers, the c-PZPs
can even enlarge the range of applications behind the field of extender of classical Barlow
lenses, due to the possibility of dynamically changing their focal length. In this work, we
implement the ¢-PZP Barlow imaging configuration directly combining the holographic system
and the lithographically produced c-PZPs on azopolymer films, as schematized in Fig. 5(b). As
a results, we obtain a hybrid microscope composed of a part of fixed refractive optics and a
reconfigurable cosinusoidal zone plate, whose focal length can be tuned on demand through an
in-place all-optical reshaping process of the azopolymer surface. This system can provide images
of extended objects placed at arbitrary positions of the optical axis by proper tuning both the
position and the focal length of the c-PZP.

The object used for our experiments is a microscope calibration target (from Thorlabs)
composed by a grid of orthogonal lines, with spacing of 50 um, printed on a glass substrate. The
object is mounted on a manual micro-positioner that allows its translation along the optical axis.
A reference image of the object, obtained by placing the grid in the objective focal plane (zo =0)
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Fig. 5. Barlow lens configuration for multi-depth imaging microscope. (a) Represen-
tation of the working principle of a Barlow lens coupled with a microscope objective.
(b) Barlow lens can be easily replaced with a ¢-PZP obtaining the same effect. (¢) Op-
tical image of the calibration grid with grid spacing equal to 50 ym. Image is obtained
fixing the grid position at zg =0 before the azopolymer structuration. (d) Optical im-
age of the grid at zg =0.300mm. (e) Theoretical and experimental values for the ratio
z /f of the diffractive lens with respect to the object position zg/f. (f) Theoretical and
experimental values for the magnification with respect z; /f . (g) Optical image of the
grid obtained for zo!) =0.300 mm and z; (V'=-0.300 mm. (h) Optical image of the grid
obtained for zo? = 0.500 mm and z; ?)=-0.350 mm. (i) Optical image of the grid obtained
for 2o =0.800 mm and z; ¥=-0.400mm. (j) Optical image of the grid obtained for
2™ =1.100 mm and z; “=-0.430 mm. Images in panels (e.f,g-j) were obtained fixing the
CCD region of interest in order to highlight magnification effects.

before that the c-PZP is inscribed on the azopolymer film, is shown in Fig. 5(c). This image, is
reconstructed collecting scattered light from the object, transmitted through the flat azopolymer
film which was already aligned in the microscope light-path.

When the object is moved in a new position (e.g. zo'" = 0.300 mm) using the micro-positioner
(with sensitivity equal to 0.005 mm), the resulting out-of-focus image acquired by the CCD
camera appears blurred, Fig. 5(d). To bring back the image in focus, a diffractive lens with
/= 0.6 mm is holographically inscribed on the azopolymer film, by first translating the azopolymer
film in the lithographic plane at z= 0 and then re-translating the structured film with the c-PZP in
the working position z, found from Newton equation (Eq. (7)) imposing that the diffractive lens
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of focal f forms an image of the object at z=0:

a_llz_ [%_ %o ©
F2\ T NE )

Only the class of solutions such that z; is in a finite range is considered, in order to realize a
more compact optical system. Despite classical Barlow configuration requires a negative focal
length (m < 0) placed between the microscope lens and the object (z;, <0), in writing Eq. (9), we
explicitly maintained the diffractive lens focal order m still unspecified in order to highlight some
of the advantages of building a hybrid imaging configuration based on a c-PZP. From Eq. (9),
indeed, for every position of the object zg, at least two distinct positions z;, of the diffractive
lens can realize the imaging condition, each corresponding to an explicit choice of |[m| and
sign(m). Limiting the discussion to the first order foci (|m|=1) of ¢-PZPs, that have the maximum
diftraction efficiency, if m=+1 (converging lens), image formation is possible only if the c-PZP
is placed in the same half space of the object (z;. > 0), and only if the object lies at distances
larger than four times the focal length f of the lens (zp > 4f). This configuration works as a
microscope with extended depth of field, able even to image large objects placed very far (at
zo>>0) from the original imaging plane (telescope configuration), as we demonstrated recently
by our azopolymer-based ¢-PZPs [51]. Conversely, the same c-PZP operates simultaneously as a
classical Barlow lens through its negative focal order (m=-1), resulting in a compact (z;, <0)
imaging system with extended depth of field.

The solid line plot in Fig. 5(e) shows the correct positions (in units of f) for the azopolymer
¢-PZP Barlow lens calculated by solving Eq. (9) for different normalized positions zo/f of the
object translating along the optical axis. From the plot, is evident that any position of the object
is correctly imaged by the system by tuning the ratio z /f of the azo c-PZP in a finite domain.

Newton equation allows also to define the magnification power M of the system by extending
the standard equation of linear magnification [1] valid for a thin glass lens to a diffractive
multifocal c-PZP: -

M=m 7 1 (10)

whose solutions, obtained for m=-1, are plotted in Fig. 5(f).

According to the solution of Eq. (9), by positioning in the experiment the azopolymer c-PZP
with f=0.6mm at z. =—0.300 mm, the previously blurred object placed at zo'" = 0.300 mm
appears again in focus in the area of the image identified by the aperture of the diffractive lens,
Fig. 5(g). As the hybrid configuration grants a high axial selectivity for image formation, no
contributions from other diffraction orders are visible, allowing for the reconstruction of an hight
contrast image as result of the achieved efficiency-optimized condition for the azopolymer c-PZP.

Also, the measured magnification is in accordance with theoretical predictions of Eq. (10).
To further prove the correct image reconstruction of the hybrid microscope, we sequentially
moved the position of the object along the optical axis, before re-gaining an in-focus image by
adapting the position of the diffractive c-PZP lens. The tested position pairs (o', z. V) are
shown as experimental points in Fig. 5(e), while Fig. 5(f) shows the experimental magnification
measurements obtained from the focused images of the grid, Fig. 5(g-j), compared to theoretical
prediction.

Regarding the quality of the image produced by the hybrid Barlow system in Fig. 5(g-j), one
should consider that, similar to standard diffractive lens, the c-PZP is designed here to focus only
beams with normal incidence with respect to the structured surface. This condition is no longer
true if the object is placed very close to the lens. As aresult, a loss of contrast is observed at
the periphery of the images, where the angle of the incidence increases. This aberration effect,
known as vignetting, is typically observed in diffractive imaging systems [79], and could be
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eventually reduced by properly designing an optimized radial surface profile for the diffractive
lens [80].

The results in Fig. 5(g-j) demonstrate a successful realization of a hybrid microscope that
requires only the motion of a thin and lightweight diftractive component to provide in focus
images of objects placed at different axial positions. However, together with the physical motion
of the diffractive lens, the in-place all-optical reconfiguration of the azopolymer can be used to
realize varifocal c-PZP Barlow lenses with advanced functionalities.

An example is the possibility to realize an operating Barlow configuration with a fixed position
71, of the varifocal diffractive lens. According to Eq. (9), the operation of the in focus image of a
translating object along the axis can be recovered by substituting the translation of the c-PZP lens
(as schematized in Fig. 5(b)) with a shift of the focal length f to tune the ratio z /f (Fig. 6(a)).
Figure 6(b-d) show the in-focus images of the object placed at different positions zo¥ obtained
by reconfiguring the focal length of a Barlow ¢-PZP lens at proper values f ), satistying Eq. (9)
for a fixed position of the lens z; =—0.300 mm. It should be noted that a similar approach for
multi-depth imaging requires a high precision lens fabrication to match the analytically calculated
values of the focal length. With our holographic system, this requirement is instead accomplished
effortlessly, as the desired lens design is directly included in the holographic calculation process
with arbitrary degree of precision.

Fixed lens position z,

c—PZP“ Objm(a) (b (c) (d)
B ok DAL
e I -
Fixed magnification M
iz ©| @ @ )T

Object

kB

T
in

Fig. 6. Barlow lens configuration with fixed diffractive lens position and fixed magnification.
(a) Representation of the working principle of a ¢-PZP Barlow lens with fixed position
allowing object imaging through its focal length remodulation. (b-d) Optical images of
the grid obtained for zo'" and 721 =—-0.300 mm with c-PZP with focal length equal to f
(1) = 0.4800 mm, [ ) =0.4125mm and f (3)=0.3818 mm respectively. (e) Representation
of the working principle of a ¢-PZP Barlow lens with tunable position and reshapable
focal length allowing object imaging with controlled magnification. (f-h) Optical images
of the grid obtained for 2o with ¢-PZP with focal length equal to f =0.4142mm, f
(2)=0.6627 mm and £ ®) =0.9112 mm placed at z ()=—0.270 mm, z; (¥'=—0.430 mm and
7. 3=-0.590 mm respectively.

The ¢-PZP reconfiguration is achieved by erasing and reinscribing the azopolymer surface
with a properly designed new surface relief geometry for the lens by irradiating the same area
of the film with a new properly designed holographic pattern. It is worth mentioning that the
reconfiguration of the azopolymer surface in our experimental configuration still requires the
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movement of the azopolymer film in the lithographic plane (z = 0), where the writing holographic
pattern is projected. Additionally, as the object to be imaged is placed close to the azopolymer
surface, the erasure, in each reconfiguration step, is accomplished by irradiating the azopolymer
film through the object itself, that has to be transparent. Both these limits could be in principle
overcome by using a three-dimensional control over the holographic light pattern for structuring
the surface in planes different from z=0 [81] and by collimating the erasing beam through the
same writing objective. With these clarifications, the results of Fig. 6(a-d) can be intended as a
proof of concept of motionless multi-depth imaging system based on a varifocal diffractive lens.

As additional advanced configuration for the operation of the varifocal azopolymer ¢-PZP,
we demonstrate in Fig. 6(e-h) a Barlow configuration able to maintain a fixed magnification in
imaging objects at different positions of the optical axis. This requires the variation of both
the position z;, and the focal length f of the Barlow lens (Fig. 6(e)) to simultaneously satisfy
Eqg. (9) and Eq. (10) for a fixed value M of the magnification. In the experiment of Fig. 6(f-h), a
magnification M =—0.35 was fixed and the corresponding ratio z; /f was calculated from Eq. (10).
Then, the solutions (2., f @) from Eq. (9) for different zo'" and fixed z, /f have been used to
define both the position and the focal length of the azopolymer ¢c-PZP Barlow lens. As usual,
the c-PZP focal length variation is achieved as holographically repeated erasing and rewriting
steps of the azopolymer film surface. The direct measure of the magnification in the re-gained
in-focus images of the object reported in Fig. 6(f-h), provided a value of M equal to —0.35 +0.02,
—0.37+£0.02 and —0.36 + 0.02, respectively, with the uncertainty dictated only by the positioning
error of both the ¢-PZP and the object, and in perfect agreement with a constant magnification of
the design.

In addition, as evidenced in the images Fig. 6(f-h), one should note that the imaging
configuration with simultancous translating/varifocal ¢-PZP results also in an effective reduction
of the vignetting effect in a fixed region of interest of the image. This effect arises from the
fact that the overall distance between the object and the diffractive lens increases passing from
Fig. o(f) to Fig. 6(h), with a larger number of light rays from the object that satisfy the condition
of paraxial incidence. These results clearly demonstrate the advanced applications achievable
with a hybrid microscope imaging system based on tunable varifocal diffractive lenses.

6. Conclusions

In this work we showed the realization of reshapable cosinusoidal phase zone plates through
surface structuring of an azopolymer thin film. These phase-modulating diffractive lenses
can be accurately designed using scalar diffraction theory and directly realized, in a single
lithographic step, by exposing the surface of the azopolymer film to a computer-generated
holographic intensity pattern. Precise focal length design and controlled diffraction efficiency
are easily achievable through our lithographic method. The multifocal nature of the realized
lenses, predicted by diffraction theory and characterized in our experiment, has been used to
design an hybrid microscope imaging systems, capable to provide images of objects placed at
any position of the optical axis. In addition, the all-optical reconfiguration of azopolymer films
have been used here to realize varifocal diffractive lenses, that further extend the functionality of
the hybrid microscope system. Tuning the focal length and the position of the diffractive lens
provides simultaneous and independent control over the magnification, the field of view and
the working distance of the hybrid imaging system, surpassing some of the limits of standard
configurations based on Barlow lenses

As azopolymers can be optically erased, we demonstrated an in-place surface reshaping
resulting in varifocal flat diffractive lenses. We also investigated focusing properties of these
devices using a probe beam integrated in the holographic setup, demonstrating that the reshaping
process preserves their efficiency and their overall quality: image formation from a phase
diffractive lens obeys to a generalized conjugate planes equation, verified through experimental
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results, allowing an easy design of optical systems based both on refractive and diffractive
optics, also adding further useful degrees of freedom. As proof we have shown the possibility of
using flat reshapable cosinusoidal phase zone plates to obtain a hybrid microscope capable of
reconstructing in-focus images of small objects placed at different positions of the optical axis.

Our approach proves the advantages of flat shapeshifting optics as the basis of next-generation
optical systems.
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ABSTRACT: Real-time manipulation of light in a diffractive ) ~* i v
optical element made with an azomaterial, through the light- e o st JPSSEPT SS (W Sy [ "
induced reconfiguration of its surface based on mass transport, is ' 2 ; R T :"_ " & /”"Nﬂ
an ambitious goal that may enable new applications and s L it

2 " . .

technologies. The speed and the control over photopatterning/
reconfiguration of such devices are critically dependent on the
photoresponsiveness of the material to the structuring light pattern
and on the required extent of mass transport. In this regard, the
higher the refractive index (RI) of the optical medium, the lower
the total thickness and inscription time can be. In this work, we
explore a flexible design of photopatternable azomaterials based on
hierarchically ordered supramolecular interactions, used to
construct dendrimer-like structures by mixing specially designed
sulfur-rich, high-refractive-index photoactive and photopassive components in solution. We demonstrate that thioglycolic-type
carboxylic acid groups can be selectively used as part of a supramolecular synthon based on hydrogen bonding or readily converted
to carboxylate and participate in a Zn(II)—carboxylate interaction to modify the structure of the material and fine-tune the quality
and efficiency of photoinduced mass transport. Compared with a conventional azopolymer, we demonstrate that it is possible to
fabricate high-quality, thinner flat diffractive optical elements to reach the desired diffraction efficiency by increasing the RI of the
material, achieved by maximizing the content of high molar refraction groups in the chemical structure of the monomers.

.
- Morphology Control

Sulfur Rich Monomers High Refractive Index - Tunable Efficiency

Flat Optics Low Thickness l

High Diffraction

Efficiency
7 %
n>178

High-n Azodendrimer

Acrylate Azopolymer

B INTRODUCTION

of a homogeneous azomaterial, is at the core of applicability of

Photoisomerization of azobenzene and its derivatives is a
unique and powerful feature as it involves a significant
conformational change of this kind of molecules due to the
trans-cis isomerization, which is accompanied by considerable
molecular motion. Functionalization of a material with
azobenzenes (“azomaterial”) is the practical way to amplify
this light-induced nanoscopic movement to produce macro-
scopic structural modifications of the material bulk, through
collective reorientation of azomolecules sustained by light
irradiation.' When an azomaterial film is irradiated with an
interference pattern of light, the macroscopic reconfiguration
can translate into mass transport occurring on the surface, with
the formation of periodic topographic modulations known as
surface relief gratings (SRG).” This simple and reversible all-
optical process is a unique and intriguing phenomenon and has
been object of extended research because of potential
applications in numerous fields. While the texturing or
reconfiguration of a surface may be exploited to anisotropically
control the wettability,>* to influence the growth of living
cells,’™ or in soft lithographic techniques,”'® the spatial
modulation of the refractive index, reflecting the modulation of
the optical path of an incident light beam in a structured film

© 2023 The Authors. Published by
American Chemical Society

- 4 ACS Publications

SRGs in photonics. Mono- and bidimensional diffractive
optical elements (DOE) can be easily fabricated on a large
area and with the desired structural complexity to provide
different optical functionalities, for applications in spectral
filters,"' ' light couplers,"*™'* light-harvesting layers in solar
cells,*** optical outcouplers to improve OLED efficiency,' "
and DFB lasers.”""** Recently, we have demonstrated that a
planar DOE can be generated and reshaped in real time into a
different one on the same area of an azopolymer film by tuning
the surface morphology directly in the light path,”*** a
possibility not offered by conventional photolithographic
techniques. This approach may enable applications based on
the real-time light manipulation through continuous reconfigu-
ration of a DOE. To this aim, highly efficient photoresponsive
azomaterials are required to provide rapid rewriting of a surface
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Figure 1. Synthesis scheme of d (a); supramolecular synthon between 1 and d (b); possible Zn(I1)-carboxylate binding modes (c); and scheme of
increasing aggregation due to bridging Zn(1I)—carboxylate interactions with increasing z/d ratio (d).

texture. Additionally, increasing the bulk refractive index of the
material could produce the desired diffraction efficiency with a
lower SRG amplitude, eventually reducing the exposure time
and total thickness of the device. Increasing the refractive index
is a sought-after feature to improve properties such as light
confinement, propagation efficiency, and acceptance angle for
the development of waveguides and components such as
sensors or waveguide combiners, the latter being key
components of Augmented Reality or Mixed Reality
devices.”**® In this work, we address these problems by
designing an efficient high-refractive-index azomaterial. One of
the best strategies to increase the refractive index of organic
materials while maintaining high optical transparency is the
introduction of atoms/groups possessing high molar refrac-
tion,”” as —C—S(II)-C— (7.80) and heteroaromatic units
containing —C=N-N- (3.46) and —C=N-C- (4.10)
bonds.”** Polymers with a high content of these groups are
reported to show the highest refractive indexes known in the
literature (n > 1.7),” thus convenient and easily accessible
sulfur-functionalized triazines and thiadiazoles are good
candidates to maximize the density of these high molar
refraction groups and enhance the n values of a material. On
the other hand, to avoid dilution by low molar refraction alkyl
chains, the resulting rigid, heterocycle-rich material structure
would not meet the requirements of solubility and
responsiveness for a fast SRG inscription process. In this
regard, supramolecular chemistry is a powerful, versatile, and
well-established tool for overcoming these problems and in
general for the design of efficient azomaterials. Particularly,
supramolecular azodendrimers, in which azobenzene molecules
are linked to the peripheral groups of a dendrimeric oligomer
through weak interactions, have proven to be very efficient in
terms of SRG formation and to outperform dendrons and
dendronized polymers, probably due to their isolated
architecture.”’™** In this work, we designed a practical and
flexible multifunctional dendrimeric supramolecular assembly
approach to increase the density of high molar refraction
heterocycles in the dendrimer core, without adversely affecting
solubility and simultaneously maximizing the efficiency of

3723
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photoresponsiveness in the resulting material. We have
recently demonstrated that the high directional double
hydrogen bonding in the 2-aminopyrimidine/carboxylic acid
supramolecular synthon is an effective strategy to graft an
aminopyrimidine-containing azomolecule to a carboxyl group
of a polymer chain to produce stable amorphous azopolymers
with enhanced mass transport properties.’* On the other hand,
metal coordination has been widely demonstrated as a simple
and efficient strategy to grow dendritic structures by self-
assembly, without the need for purification.”* The cooperative
action of Zn(II)-carboxylate coordination interactions has
been proposed as a straightforward way to tune the properties
of a material by simply varying the metal-to-ligand molar
ratio.”® Thus, our supramolecular design has been inspired by
this double functionality of the carboxyl group, which may act
as one-half of a hydrogen-bonding-based supramolecular
synthon and as a carboxylate in a coordination bond to a
metal, giving rise to two types of orthogonal and hierarchically
ordered weak interactions, which can be selectively used to
change the material structure by effortless tuning of the
building blocks composition in solution. Through this
approach, high-refractive-index azomaterials were easily
prepared and their photoresponsive behavior proved to be
readily tunable to optimize the efficiency and quality of the
SRG inscription process and to fabricate planar holographic
lenses with reduced thickness and optimized diffraction
efficiency.

B RESULTS AND DISCUSSION

Material Design and Synthesis. The model of the
azomaterial is based on a first-generation three-arm dendrimer
with thioglycolic-type carboxyl peripheral groups (d, Figure 1).
Heterocycles containing high-molar-refraction atoms/bonds
were selected among sulfur-functionalized triazines and
thiadiazoles to build the dendritic core. The optimal synthetic
pathway to dendrimer d was found by the convergent
approach shown in Figure 1. Straightforward sequential
functionalization of thiol groups of 1,3,4-thiadiazole-2,5-dithiol
with bromoacetic acid and 1,2-dibromoethane led to the

https//doi.org/10.1021/acs.chemmater.3¢00550
Chem. Mater. 2023, 35, 3722-3730
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intermediate i, in good yields, then reacted with trithiocyanu-
ric acid to give the final product. The azobenzene structure (1,
Figure 1) was functionalized with a methylthio group and a 2-
aminopyrimidine heterocycle and synthesized according to our
recently reported simplified procedure.” Direct alkylation of
trithiocyanuric acid with bromoacetic acid afforded the
product t (Figure 2a) used as a model compound for X-ray
study.

Complexation with azomolecules can be realized through
the supramolecular heterosynthon based on two hydrogen
bonds between the acid and aminopyrimidine groups (AP
heterosynthon) shown in Figure 1b, giving rise to an R3(8)
ring pattern. By this strong molecular recognition interaction,
the photoresponsive molecules are grafted as termini of the
dendritic core. Alternatively, one or more carboxylic functions
can be converted to carboxylate and used as focal points of
dendrons to build dendrimers with higher molecular weight
through Zn(II)—carboxylate coordination interactions (Figure
l¢,d). According to the different possible Zn(IT)—carboxylate
coordination binding modes and to the crystal structures of
zinc(I1)-carboxylate complexes,”” increasing contribution by
bridging tetra-coordination modes is expected to occur by
increasing the ratio between Zn>* and d. Therefore, evolution
of the material structure toward 1D/2D dendronized
coordination polymers or crosslinked systems is expected for
high zinc content. However, the SRG inscription efficiency on
azomaterials thin films was used as feedback for choosing the
appropriate range of compositions to be investigated.

Model Compounds. The structure of azomolecule 1 was
solved by single-crystal X-ray diffraction analysis (SCXRD)
and is shown in Figure S1 (crystal data are reported in Table
S1). We also investigated by SCXRD the interaction in the
supramolecular synthon of thioglycolic peripheral groups with
the aminopyrimidine moiety of the azomolecule, after
successful cocrystallization of compound t with 2-amino-4,6-
dimethoxypyrimidine (adp) in hot water, which afforded single
crystals of the t(adp), complex (Figure 2a). In the structure of
the complex, each molecule of t is coordinated to two adp

molecules through an AP-type supramolecular heterosynthon,
while the third carboxyl is involved in an acid/acid type (AA)
homosynthon (Figure 2ay,). In the AP synthon of Figure 2a,
the bond distances and angles of the N—H--O, OH--N, C-0,
and C=0 bonds are in agreement with typical values (Table
§2)** while a more ionic character of the interaction was
observed in the case of Figure 2a;, where a stronger donation in
the OH:--N bond occurs, as evidenced by the closer values of
C-0 and C=O0O bond distances (1.262 and 1.238 A,
respectively). In case I, the carbonyl and amino groups of
two different AP synthons are bridged to form a further ring
pattern of hydrogen bonds of the Ri(8) type (x), while in case
11, a further R3(8)-type ring due to the PP homosynthon
between two adp molecules is established (y). These situations
illustrate two possible ways of supramolecular interactions
between different dendrimers in the azomaterials.

Due to the stronger acidity of mio§lycolic-wPe carboxylic
group (pK, of thioglycolic acid = 3.55*"”) compared to acetic
acid (pK, = 4.76), easy conversion of dendrimer peripheral
groups to Zn(II)-carboxylate can be directly accomplished in
situ, during the formulation of the azomaterial in solution, by
acid—base reaction with zinc acetate dihydrate. This
mechanism, which may lead to an increase of the dendrimer
generation, was demonstrated by preparing the zinc salt of the
model compound me (Figure 2b). By simple dissolution of mc
and zinc acetate dihydrate with a 2:1 molar ratio in ethanol and
subsequent removal of solvent in vacuo, a white crystalline
powder was obtained, mc’, showing a different PXRD
spectrum than mc. This product was recrystallized by slow
evaporation of a hot water solution to give large block-shaped
single crystals. SCXRD analysis showed the new product to be
the hydrated form of the mc,Zn salt, mc,Zn,. The complex
shows three water molecules coordinated to the metal center
and two water molecules as crystallization solvent, which give
rise to a bidimensional network of hydrogen bonds (Figure
§2). The weight loss in the thermogravimetric diagram is
consistent with this structure, showing two steps due to the
sequential loss of crystallization and coordinated water

https://doi.org/10.1021/acs.chemmater.3¢00550
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Figure 3. Comparative mass transport dynamics in an SRG inscription experiment. Evolution of the relative diffraction efficiency in the first three
diffraction orders of the developing SRG gratings for the 1dz,,, 1dz,,, and 1dzg, materials (a—c, respectively). Fixed intensity and exposure time of
1800 s have been used. AFM micrographs and topographic cross sections of the SRGs measured for SRGs obtained by 600 s of exposure time (d—
f). Both the diffraction efficiency and the topographic analyses highlight increasing mass transport efficiency and increasing profile inhomogeneities

from 1dz,; to ldzg,.

molecules (Figure S3). Treatment of mc,Zn,, crystals at 150
°C aimed at removing all of the water content and isolating the
mc,Zn salt produced a white powder showing the same PXRD
pattern as mc’, thus proving that the process of mixing mc and
zinc acetate dihydrate in solution followed by solvent
evaporation quantitatively yields the Zn(I1)-thioglycolate salt,
mc,Zn. This mechanism allows the structure and properties of
the azomaterial to be easily and hierarchically tuned by simply
adjusting the ratio of complementary functions to COOH
groups, directly in situ.

Azomaterials. The azodendrimers 1dz; were prepared by
mixing 1, d, and zinc acetate dihydrate in dimethylformamide
(DMF) to have an overall 1:3 azodendrimer/solvent weight
ratio. T'o investigate the effect of the metal concentration on
the photoresponsive behavior of the materials, the composition
of the building blocks was chosen by setting different i/j molar
ratios between d and Zn** (dz;) and adjusting the
azochromophore content to saturate the remaining free
COOH groups. Since a highest dz ratio than dz,, resulted in
unstable solutions and liquid-phase separation, we investigated
four compositions below this value, namely, 1d, 1dzg;, 1dz,,,
and 1dz,,. Stable transparent thin films were obtained over the
entire range of compositions by spin coating or drop-casting
the solutions, followed by treatment under vacuum. The FT-IR
analysis shows the shift of the absorption band associated with
the carbonyl stretching of the carboxylic group from 1713
cm™ of d to 1735 em™' of 1d, indicating a change of the
interaction pattern from the dimer of the AA homosynthon to
that of the AP heterosynthon (Figure $4).° 3 Moreover, the
NH, scissoring band of 1 at 1631 cm™ is shifted to a higher
frequency (1678 cm™) in 1d.** This shift increases with the
strength and number of hydrogen bonds, and its value is
compatible with the double hydrogen-bond patterns described
in Figure 2a,;.">"" Formation of zinc carboxylates species
could not be observed in the spectra of azodendrimers 1dz;;
showing the same spectrum as 1d, because of signal
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overlapping in the diagnostic range 1400—1600 cm'. Thus,
we recorded the spectrum of dz,; without the azochromo-
phore, showing the expected increase of the band of COO~
stretching at 1625 cm™ due to Zn(II)-carboxylate species
compared to the spectrum of d (Figure $4), while the
stretching band of zinc acetate at 1570 cm™ is not visible. The
UV—visible absorption spectrum of 1 in DMF shows an
intense band at 376 nm due to the 7 — #* transition of the
azobenzene system and a second band at about 450 nm
corresponding to the n — #* transition (Figure S5). The
spectrum of d is shifted toward lower wavelengths and shows a
local maximum at 286 nm, so there is no absorption overlap
between the photopassive and photoactive components at the
wavelengths used for SRG inscription. This separation is also
evident in the spectra of 1dz; as thin films (Figure S6),
characterized by the expected broadening and an increasing
ratio of the bands at 264 and 382 nm along the 1d -1dz,,
series, reflecting the trend of relative concentration. The
refractive index n of ldz; azomaterials and the acrylic
azopolymer azp used as comparison model, whose structure
is reported in Figure $7,"** were evaluated by ellipsometry and
the values of n at the standard wavelength of 633 nm obtained
from the dispersion curves reported in Figure S8. The results
for 1d (1.773), 1dzg, (1.785), 1dzy, (1.783), and 1dz,,
(1.748) confirm that the optimized design with highly
polarizable atoms and groups in the structure of both the
azomolecule and the photopassive dendrimer core can produce
azomaterials with distinctly high absolute values of the
refractive index, even if compared with azopolymers containing
higher concentrations of standard fully aromatic azobenzene
units (azp, 1.691) or even similar aminopyrimidine-based
azomolecules (1.638—1.706).*

Differential scanning calorimetry (DSC) diagrams of the
samples revealed an increase of the glass-transition temper-
ature from 10.0 °C of 1d to 14.9 °C of 1dz,,, which can be
attributed to the effect of increasing aggregation of first-
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generation dendrimers induced by Zn(II)—carboxylate inter-
actions (Figure $9). Although the increase of T, is limited to
only § °C, the actual change in material structure occurring in
the range of compositions investigated was found to be suitable
to define the best compromise between inscription efficiency
and stability of induced SRGs, as discussed below.

SRG and Diffractive Lenses. To investigate the relative
efficiency and the stability of the mass transport in the 1dz;
azodendrimers, we performed comparative SRG inscription
experiments by exposing the films to the sinusoidal intensity
pattern of two p-polarized laser beams at 4 = 491 nm.
According to the scalar diffraction theory, the relative
diffraction efficiency #,, of the mth propagating diffraction
order of an ideal sinusoidal surface relief grating at the probe
wavelength 4 is given by

2

Lo (2 -
n,= 1—0 = ’L"(Z,l (n; 1)h] ”

where I, is the total transmitted intensity; I, is the intensity of
the mth diffracted wave; ], is the Bessel function of first kind
of order m; and h is the modulation depth of the sinusoidal
grating (Figure S10). When applied to the quasi-sinusoidal
SRG growing on an azomaterial film during the interferogram
irradiation, eq 1 allows a direct connection between the
temporal evolution of the recorded diffraction efficiency 7,,(t)
in a specific order and the amplitude h(t) of the relief grating.
The same principle can be applied to directly compare the
SRG inscription efficiency of different azomaterials, provided
they have a comparable n,. In addition, as extensively discussed
elsewhere,” eventual discrepancies of the diffraction efficiency
of the developing SRG from the predictions of eq 1 can be
used to characterize eventual structural deformations of the
gratings, providing more elements to evaluate the inscription
performances of different azomaterials. In the comparative
experiment, we measured the temporal evolution of the
diffraction efficiency in the first three orders (m = 0, + 1)
for SRGs inscribed on the three 1dz; azodendrimers, using a
He—Ne laser at the wavelength 4, = 633 nm as a probe. The
writing intensity and the exposure time has been maintained
fixed in the three experiments. The measured diffraction curves
are shown in Figure 3a—c. During the SRG inscription
experiment, the area of the developing SRGs was additionally
irradiated from the substrate side with a collimated circularly
polarized laser beam at the 4, = 405 nm. This beam enhances
the mass transport and reduces the typical formation of the
birefringence grating due to the photoalignment of azomole-
cules, making the diffraction efficiency dynamics closer to the
ideal surface relief grating case of eq 1. Due to the small
variations of the refractive index n; for the three materials at
the probe wavelength, the diffraction curves in Figure 3 can be
directly used to assess the mass transport quality and efficiency.
According to eq 1, the initial part of the formation dynamics of
a stable quasi-sinusoidal surface relief grating is characterized
by monotonic identical increase in the efficiency of +1 orders,
accompanied by a simultaneous decrease in the 0 order. This
condition is verified for 1dz,, and 1dz,,, with a clearly slower
dynamic in the case of the first azodendrimer. The lower
inscription efficiency for 1dz,, is further validated by the
reduced relief amplitude resulting from AFM analysis of the
surfaces at the intermediate exposure time (Figure 3d—f).
According to our material design, the azodendrimer 1dzg, was
expected to show even higher efficiency. However, both the

3726

diffraction and the topographic characterizations show that the
slight increase in the structuration speed with respect to 1dz,,
is associated with a reduced stability of the inscription process,
with increased structural inhomogeneity in the grating profiles
(Figure 3f) and nonideal diffraction behavior (Figure 3c). This
instability was even more pronounced in the case of 1d and
was accompanied by a rapid decrease in inscribed SRGs
amplitude after the inscription process, which prevented a
complete characterization of this material, while the amount of
Zn(1l)—carboxylate interactions in 1dzg; was enough to grant
a shelf stability of at least 6 months to the relief amplitude.
This trend clearly highlights the flexibility of such materials,
where the stability of the inscribed gratings and the
photoresponsive behavior can be easily and finely tuned by
appropriate balancing of the two hierarchical supramolecular
interactions through small changes of the composition of the
three molecular building blocks in solution.

Another direct consequence of eq 1 is that the diffraction
efficiency of a surface diffraction grating, and more in general
of a diffractive optical component build as a surface relief
pattern, can be increased by a higher refractive index n; for a
given relief amplitude f. Then, a higher-refractive-index
material requires a lower modulation amplitude for the
maximum diffraction efficiency, allowing the realization of
thinner optical diffractive elements. To further highlight the
strength of our material design with respect to this aspect, we
fabricate and characterize flat diffractive lenses, selected as a
prototype of a general diffractive optical element, on the
surface of a 1dz,, azodendrimer film, compared with same
lenses inscribed in the acrylate azopolymer (azp). We choose
the 1dz,, dendrimer according to good compromise between
inscription speed and structural stability in the relief formation
performances shown in the previous comparative SRGs
analysis. For the fabrication of the diffractive lenses, we used
a holo-lithographic method based on the projection of a
computer-generated structured light intensity pattern on the
surface of the azomaterials, which accordingly develop the
surface relief with the same geometry. The description of the
lens design can be found in refs 23, 24, while additional details
about the optical configuration for the experimental inscription
and characterization of the lenses are given in the Experimental
Section and in the Supporting Information. In the comparative
experiment between 1dz,; and azp, we measured the
diffraction efficiency for 4, = 633 nm in the first focal spot
produced by the lenses. Lenses with different relief amplitudes
are obtained by varying the exposure time at the writing
holographic pattern in different regions of the films. AFM
analysis has been used to measure the relief amplitude h in
each of the inscribed lenses as the average of three radial
topographic profiles. Figure 4a shows the comparison of the
diffraction efficiency measured as a function of the lens
amplitude for the two materials. According to scalar diffraction
theory, we included in the plot also the expected diffraction
efficiency behavior calculated using the refractive indices
obtained by ellipsometry for the two materials at the probe
wavelength. The two sets of experimental data closely follow
the theoretical curves. If, on the one hand, this additionally
sustains the accuracy of the measured refractive index by
ellipsometry, on the other hand, it allows us to use the
theoretical curves to characterize the effect of the refractive
index on the performance of the diffractive components.
According to Figure 4a, the maximum diffraction efficiency of
n & (.34 is obtained for a relief amplitude of hy = 475 nm for

https://doi.org/10.1021/acs.chemmater.3¢00550
Chem. Mater. 2023, 35, 3722-3730

173



Chemistry of Materials

pubs.acs.org/cm

(a)
0.4 _— . . .J v v r
— — th. - -
0.3F @ exp. o™ m & oy - |
1dz4 A | .;\ b
= 02F T, & NI
L@ exp. (@A o
0.1F - = -~ ~
(<53 ~
0 S L s L " L L g o
0 01 02 03 04 05 06 07 08 09
h (um)

(C) 1dZ41

40 50 60 70 80 90 100
r (um)

20 30

Figure 4. Effect of increased refractive index of the azodendrimers in
the fabrication of thin diffractive optical elements. Comparison
between the focusing efficiency in the first focal order for a diffractive
lens inscribed in the 1dz,; azodendrimer (orange circles) and in the
acrylic azopolymer (azp, blue squares), measured for different average
relief amplitude h (a). Dashed lines are the prediction of the scalar
diffraction theory calculated for ny = 1.783 and n, = 1.691 at 4 = 633
nm. AFM micrographs (b, ¢) and exemplary radial topographic
profiles of the lenses (d) highlighted by the dashed ellipse in (a). The
measured average amplitudes, where hy = 210 + 5 nm for 1dz,, and
h, = 255 + 5 nm for azp resulting in a (h, — hy)//h, ~ 18%

P
amplitude reduction.

the dendrimeric material and for h, = 529 nm for the polymer,
requiring then 10% thinner amplitude for a 1dz,, relief with
optimized efficiency. Figure 4b compares the AFM micro-
graphs of the lenses of the two materials having an
experimental comparable diffraction efficiency of # ~ 0.15 +
0.05 (highlighted by the dashed circle in Figure 4a). As visible
from the radial topographic profiles shown in Figure 4c, the
lens on 1dz,, is characterized by an ~18% reduction in the
average modulation amplitude arising from the increase in the
refractive index.

Bl CONCLUSIONS

Here, we present efficient azomaterials with a high refractive
index obtained through a flexible design based on hierarchical
hydrogen bonding and Zn(II)—carboxylate supramolecular
interactions. High refractive index values were achieved by
maximizing the density of high molar refraction groups as
—C-§(11)-C—, —C=N-N—, and —C=N-C- in the
structure of both the photoactive azomolecule and the
dendrimer-shaped photopassive component, with almost 0.1
increase compared to conventional acrylate azopolymer and
supramolecular polymers with similar azobenzene units.
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Aggregation and growth of hydrogen-bonded azodendrimers
through Zn(II)—carboxylate interactions can be readily
induced by the addition of zinc acetate to the formulation
and consequent complete anion exchange with thioglycolate-
type dendrimer termini. By changing the zinc content, it was
possible to finely modulate and balance the efficiency and
quality of mass transport during the SRG inscription process,
until a theory-matching response of the material. We
demonstrated that a thinner holographic lens with the same
diffraction efliciency can be fabricated on a thin film of the
most performing 1dz,, material compared to the standard
acrylate polymer azp, as a result of the increased refractive
index. The combination of high refractive index and high
inscription efficiency and quality, enabled by flexible supra-
molecular chemistry and design, is a key factor in the
development of real-time reconfigurable planar photonic
devices.

B EXPERIMENTAL SECTION

All of the reagents were commercially available and used without
further purification. "H and 'C NMR spectra were recorded on
Varian Inova 500 (500 MHz) and Bruker Ascend 400 (400 MHz)
spectrometers. DSC diagrams were recorded on a METTLER
TOLEDO DSC3+ calorimeter. UV—visible spectra were recorded
with a JASCO V-750 spectrometer. The FT-IR measurements were
performed on a Thermo Nicolet 5700 FT-IR spectrometer. Solid
samples were dispersed in KBr tablets, azomaterials were cast from
solution. Ellipsometry data were collected using a commercially
available M-2000 Spectroscopic Ellipsometer (J. A. Woollam). Data
analysis was performed using Complete EASE software (version
6.57). Topographic analysis of the structured surfaces was performed
by an AFM (WITEC a RS300) operating in tapping mode with a
cantilever of 75 kHz resonance frequency and spring constant of 3 N/
m. Analysis and elaboration of AFM data were accomplished by
means of the open-source software Gwyddion. Thin films of
azomaterials were prepared by spin-coating DMF solutions on glass
substrates, using a Laurell WS-650Mz-23NPP spin coater.

X-ray Diffraction Analysis. PXRD spectra were recorded on a
Panalytical Empyrean multipurpose X-ray diffractometer. Selected
crystals of 1, me,Zn,, and t(adp), were mounted on a Bruker-Nonius
KappaCCD diffractometer equipped with Oxford Cryostream
apparatus (graphite monochromated Mo Ka radiation, 2 = 0.71073
A, CCD rotation images, thick slices, ¢ and @ scans to fill asymmetric
unit). Reduction of data and semiempirical absorption correction
were done using SADABS program. The structures were solved by
direct methods (SIR97 program)** and refined by the full-matrix
least-squares method on F* using SHELXL-2016 program ™ with the
aid of the program Olex2."* H atoms bonded to C were generated
stereochemically and refined by the riding model, those bonded to O
and N were found in difference Fourier maps and their coordinates
were refined. For all H atoms, U,,(H) equal to 1.2 U or 1.5 U,
(Cmﬂhﬂ) of the carrier atom was used. Crystal data and structure
refinement details are reported in Table S1. The figures were
generated using Mercury CSD 3.3."7 All crystal data were deposited at
Cambridge Crystallographic Data Centre with assigned numbers
CCDC 2234125 (1), 2234126 (t(adp),), and 2234127 (mc,Zn,,).
These data can be obtained free of charge from www.ccdc.cam.ac.uk/
data_request/cif.

Synthesis. Synthesis of Diazonium Salt of 4-(Methylthio)aniline
(md). 4-(Methylthio)aniline (4,00 g 28.7 mmol) and 10.5 g of
tetrafluoroboric acid solution 48% in H,0 were added to 25 mL of
water. Sodium nitrite (1.98 g, 28.7 mmol) was slowly added to the
mixture at 0—5 °C under stirring. After 30 min, the tetrafluoroborate
salt was filtered, washed with cold water and ethyl ether, and dried.
Yield: 5.77 g, 84.4%.

Synthesis of 1. 2-Amino-4,6-dimethoxypyrimidine (3.76 g, 24.2
mmol) was dissolved in 1,2-dichloroethane (70 mL). md (5.77 g, 24.2
mmol) was slowly added under stirring at room temperature. After 24

https://doi.org/10.1021/acs.chemmater.3¢00550
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h, the solvent was evaporated in vacuo and the solid was recrystallized
in ethanol/water in the presence of triethylamine. The filtered and
dried product was purified by Soxhlet extraction in heptane, giving
reddish plate crystals of 1. Yield: 42%. 'H NMR (DMSO-d,) 6 2.52
(s, 3H), 3.92 (s, 6H), 7.33 (m, 4H), 7.58 (d, 2H). *C NMR (DMSO-
dg) & 14.57, 53.91, 112.96, 121.90, 125.94, 139.52, 151.14, 161.24,
164.35. Single crystals of 1 were grown by slow evaporation of
acetone solution and used for SCXRD analysis.

Synthesis of i;. Bromoacetic acid (1.85 g, 13.3 mmol) was added
to a solution of 1,3,4-thiadiazole-2,5-dithiol (2.00 g, 13.3 mmol) and
KOH 85% (1.76 g, 26.6 mmol) in water (20 mL) under stirring. After
2 h, a white solid was filtered and dissolved in water (25 mL) with
gentle warming. The pH was adjusted to 6 with KOH, and the
solution was poured into concentrated HCI (50 mL) under stirring.
After a few minutes, a pale yellow solid crystallized. After cooling, the
product was filtered under vacuum. Yield: 1.50 g, 54%. 'H NMR
(DMSO-dg) & 4.04 (s, 2H). °C NMR (DMSO-dg) 6 35.10,157.42,
169.10, 188.20.

Synthesis of i,. 1,2-Dibromoethane (6.83 g, 36.4 mmol) was added
to a solution of i, (1,50 g 7.20 mmol) and DIPEA (0.931 g, 7.20
mmol) in 15 mL of acetone. After 24 h, the solvent was removed
under vacuum and the residue was dissolved in 100 mL of
chloroform. The organic phase was washed with water containing
HCI. After anhydrification and evaporation of the solvent, the solid
was recrystallized in acetone/hexane to give pale yellow crystals of the
product (1.35 g yield 60%). "H NMR (Acetone-d;) & 3.80 (m, 4H),
421 (s, 2H). PC NMR (DMSO-d,) & 30.95, 35.34, 35.79, 164.12,
164.89, 169.10.

Synthesis of d. i, (3.42 g 10.8 mmol) and trithiocyanuric acid
(0.641 g, 3.60 mmol) were dissolved in 6 mL of DMF under stirring.
DIPEA (1.46 g, 11.3 mmol) was added, and the reaction was stirred
for 48 h. The product was precipitated into a mixture of 10 mL of
water and 15 mL of concentrated HCI as a sticky solid on the bottom
of the beaker. After removal of the supernatant, the solid was
dissolved in 30 mL of acetone and slowly precipitated into a mixture
of 70 mL of water and 30 mL of concentrated HCI to remove residual
DMEF. The isolated solid was dried, treated with chloroform under
stirring, and filtered in vacuo. Finally, the product was dissolved in the
minimum amount of acetone, filtered, and isolated by solvent
evaporation as a yellowish powder (yield 56%). '"H NMR (DMSO-d;)
6 3.53 (m, 12H), 4.06 (s, 6H). '*C NMR (DMSO-d,) 6 29.42, 33.37,
35.76, 164.45, 164.75, 169.10, 178.50.

Synthesis of mc. Bromoacetic acid (2,80 g, 20.2 mmol) was added
to a solution of S-methylthio-1,3,4-thiadiazole-2-thiol (3.31 g, 20.2
mmol) and NaOH (1.62 g, 40.4 mmol) in 40 mL of ethanol under
stirring. After 1 h, water (2 mL) was added to the white suspension
and the mixture was stirred for 24 h at room temperature. The solvent
was evaporated in vacuo, the residue was dissolved in water (20 mL)
and precipitated in 20 mL of concentrated HCL The product was
washed with water and recrystallized from ethanol (yield 77%). 'H
NMR (DMSO-dg) & 2.73 (s, 3H), 4.13 (s, 2H). *C NMR (DMSO-
dg) 6 16.55, 35.83, 163.69, 167.10, 169.14.

Synthesis of mc,Zn,,. A mixture of mc (0.222 g, 1.00 mmol) and
zinc acetate dihydrate (0. 110 g, 0.500 mmo]) was dissolved in 30 mL
of ethanol. After 10 min, the solvent was removed in vacuo to give a
white crystalline solid. The solid was dissolved in 10 mL of boiling
water, then the solution was left at room temperature. After solvent
evaporation, large plate crystals formed, suitable for SCXRD analysis.

Synthesis of t(adp), Compound t was prepared according to a
literature procedure.” A mixture of t (35.0 mg, 0.100 mmol) and 2-
amino-4,6-dimethoxypyrimidine (46.5 mg, 0.300 mmol) was dis-
solved in 2 mL of boiling water, and the solution was kept at 80 °C for
24 h, after which needle-like crystals of t(adp), were obtained,
suitable for SCXRD analysis.

SRG Inscription and Monitoring. The experimental config-
uration used for the inscription of SRGs on the azomaterial films
consisted of two coplanar p-polarized laser beams (Cobolt Calypso, at
wavelength 4, = 491 nm), interfering with the sample surface (Figure
$11). The sinusoidal intensity fringes had a periodicity of A & 2.0 ym,
obtained by tuning, symmetrically with respect to the surface normal,
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the incidence angle of the two beams according to Bragg’s law. The
exposure time and the irradiation intensity were kept fixed at 30 min
and 230 mW/cm?, respectively, for all tested materials. The power
and the diameter of each interfering beam were P~17.0 mW and
D~4.5 mm, respectively. A homogeneous collimated assisting laser
beam (at 4, = 405 nm) was included in the inscription process,
impinging on the sample from the substrate side. Circular polarization
and intensity &70 mW/cm” were used for this beam in all of the SRG
inscription experiments. The dynamics of surface structuration for the
different materials were investigated by recording the time-evolving
relative diffraction efficiencies in the 0 and +1 diffraction orders of a
He—Ne probe beam at lp = 633 nm (TE polarized), incident on the
growing SRGs.

Diffractive Lens Inscription and Characterization. To
inscribe the surface profile of the cosinusoidal Phase Zone Plates
(¢-PZPs), acting as multifocal diffractive lenses,”" the writing laser
beam at A, was phase-modulated by a reflective Spatial Light
Modulator (SLM), (Holoeye, Pluto) in a Computer-Generated
Hologram (CGH) configuration to generate the corresponding
structured intensity pattern in the sample plane (Figure S12). To
this aim, the modulated beam is first propagated through a 4f lens
system, with the input plane located in the SLM plane. The 4f output
plane coincided with the back focal plane of an infinity-corrected
long-working-distance 50X objective (Mitutoyo), having numerical
aperture NA = 0.55 and WD = 13 mm working distance, focusing the
holographic intensity pattern on the surface of the tested materials.
The writing beam was circularly polarized by means of a quarter wave
plate placed before the objective, while its intensity at the sample
plane was ~14.0 W/cm”. The assisting beam at 4, with intensity ~0.5
W/em?, was used also in this configuration to enhance the surface
structuring process. The exposure time interval was chosen based on
previous experiments on the azopolymer structuration in similar
* To fully explore the expected focusing efficiency
dynamics, an interval of 5—60 s was used to inscribe ¢-PZPs with
focal length f = 0.8 mm at A, = 633 nm, reaching modulation
amplitudes in the range 100—800 nm for the tested materials. The
relative diffraction efficiency in the first focus of the c-PZPS was
measured using the probe beam at A, orthogonally incident on the
diffractive lens from the substrate side, following the procedure
extensively described in previous works.”

conditions.
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Figure S1 — Partial crystal packing of 1 with highlighted hydrogen bonds.

Figure S2 — Partial crystal packing of me2Zn,, showing the portion of a layer with bidimensional

network of hydrogen bonds.
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Table S1 Crystal data and structure refinement details for 1, t(adp): and mc2Zn,,.

1 t(adp): mc2Zny
CCDC number 2234125 2234126 2234127
Empirical formula Ci3HsNsO:S C21H27NoO10S3 CioH20N400S6Zn
Formula weight 305.36 661.69 598.03
T (K) 293(2) 293(2) 173(2)
A (A) 0.71073 0.71073 0.71073
Crystal system Monoclinic Triclinic Tetragonal
Space group P2,/c P-1i P4;2,2
a(A) 6.524(2) 4.9860(3) 5.423(4)
b (A) 21.701(5) 10.8500(16) 5.423(8)
c(A) 11.253(4) 27.126(2) 74.528(14)
a(°) 90 97.117(9) 90
£1°) 109.93(2) 92.981(8) 90
¥(°) 90 96.637(13) 90
V (A% 1497.8(8) 1443.1(3) 2192(3)
Z - 2 4
Deate (Mg/m®) 1.354 1.523 1.812
4 (mm™) 0.228 0.326 1.743
F(000) 640.0 688.0 1224.0
Grange (°) 2692150 2.77-27.50 3.28 —27.45
Reflections collected / unique 8923/3290 11949/6302 8639/2364 [0
[R(int)] [0.0272] [0.0325] .0364]
Data/restraints/parameters 3290/20/232 6302/2/413 2364/1/155
Goodness-of-fit on F? 1.044 1.029 1.196

FinalR/, wR2 indices [[>2a(1)]
Final R/, wR2 indices (all data)
Largest diff. peak / hole (eA™)

0.0408, 0.0944

0.0701, 0.1089
0.20/-0.21

0.0469, 0.0976

0.0918, 0.1141
0.26/-0.25

0.0355, 0.0761

0.0431, 0.0780
0.42/-0.37
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Table S2 Bond length distances (A) and angles (°).

Type I heterosynthon

Nig-Higa - Os3a Osa--"H3gNzp C7a-Os4a
2.811 2.617 1.262
Nig-Higa'*Osa Osa°--H3Ns3p C7a-O3a
1.894 1.711 1.238

Nis-Hipa --Osa angle  Osa---H3pNsp angle
178.17 178.26

Type II heterosynthon

Nic-Hica - O1a O2aH2a"""N3c Csa-O2a
2.851 2.612 1.293
Nic-Hica **O1a O2aHaa*Nsc Csa-O1a
1.967 1.621 1.214

Nlc-Hl(:A' . 'O[A angle OzAHZA‘ i 'N3c angle
172.44 178.79

100

80 +

60 -

Weight %

40 -

20 +

—
100 200 300 400 500 600 700 800
Temperature (°C)

Figure S3 — Thermogravimetric curves of me' (purple line) and me2Zny (orange line).
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Figure S4 — FT-IR spectra of 1 (purple line), 1d (orange line), d (blue line) and dzz: (magenta line).
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Figure S5 — UV-Visible spectra of 1 (red line) and d (blue line) in DMF.

182



Absorbance

300 400 500 600 700 800
Wavelength (nm)

Figure S6 — UV-Visible spectra of 1d (red line), 1dzs: (blue line), 1dz4; (orange line) and 1dz21

(purple line) as thin films.
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Figure S7 — Chemical structure of polymer azp.
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Figure S8 — Refractive index dispersion of 1dzs: (blue line), 1dz4: (orange line), 1d (red line), 1dz2:

(purple line) and azp (green line).
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Figure S9 — DSC curves of 1d (green line), 1dzs: (red line), 1dz4 (blue line) and 1dzz: (orange
line).
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Figure S10 — Diffraction efficiency of the first five diffraction orders plotted with respect to the
amplitude modulation h of an ideal sinusoidal surface relief grating. Refractive index n=1.69 and

probe wavelength A=633 nm are assumed for the plot.
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Laser diode (A, =633 nm)
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L— fu
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HWP
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Figure S11 — Experimental setup for the inscription of SRGs. A A«=491 nm laser beam is splitted by
means of a 50:50 Beam Splitter (BS). Two mirrors (M; and M>) allow to control the angle between
the two interfering beams over the material surface. The optical power of each beam is independently
tuned by a Half Wave Plate (HWP) and a linear Polarizer (P) in order to maximize fringes visibility
in the interferogram. A He-Ne laser beam (A,=633 nm) is used for diffraction efficiency
measurements. The assisting beam at A,=405 nm is circularly polarized before being redirected in the

writing area at near-normal incidence.
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Figure S12 — Experimental setup for holographic structuration of the materials surface. The writing

f, f, t f, W.D.

laser beam, at wavelength Aw=491 nm, after a beam expander (lenses L and L:), is phase-modulated
by a reflective phase-only Holoeye Pluto Spatial Light Modulator (SLM). The SLM realizes a 4f
configuration with a convex lens (L3), with a focal length of f3=300 mm and a convex lens La, with
focal length f4=175 mm. An iris is used to filter out all the undesired orders from the SLM. The laser
beam is then projected in the back focal plane of an infinity corrected "50X Mitutoyo" objective
(OBJ) after imposing circular polarization by means of a quarter wave plate (QWP). The structured
holographic intensity distribution is then reconstructed and focused on the objective focal plane
(objective working distance WD 13mm) where the azopolymer film is placed. The assisting beam at

A.=405 nm is circularly polarized before being redirected in the writing area at near-normal incidence.
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Figure S13 — '"H NMR spectrum of d.
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Figure S14 — *C NMR spectrum of d.
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Figure S16 — *C NMR spectrum of me.
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Abstract: The measurement of the refractive index typically requires the use of optical ellipsometry
which, although potentially very accurate, is extremely sensitive to the structural properties of the
sample and its theoretical modeling, and typically requires specialized expertise to obtain reliable
outputdata. Here, we propose a simple diffractive method for the measurement of the refractive index
of homogenous solid thin films, which requires only the structuring of the surface of the material
to be measured with the profile of a diffraction grating. The refractive index of an exemplary soft-
moldable material is successfully estimated over a wide wavelength range by simply incorporating
the measured topography and diffraction efficiency of the grating into a convenient scalar theory-
based diffraction model. Without the need for specialized expertise and equipment, the method can
serve as a simple and widely accessible optical characterization of materials useful in material science
and photonics applications.

Keywords: refractive index; diffraction gratings; scalar diffraction theory; azopolymers; soft lithography

1. Introduction

The refractive index N is a complex number that describes the optical properties
of materials [1]. Microscopically, the refractive index characterizes the response of the
polarizing atoms and molecules composing the material to the electromagnetic field of
incident radiation. Macroscopically, the refractive index ultimately describes the effect of
a material on an interacting light field. From ray optics to the electromagnetic treatment
of light, the real part n and the imaginary part x of the refractive index determine the
ability of material interfaces to bend light rays, the velocity of the light in the bulk medium,
the attenuation of propagating light due to material absorption, and the reflection and
transmission characteristics of interfaces between different media, to name a few factors
they determine [1,2]. In wave optics, the spatial modulation of the complex refractive index
of a material on the scale of the wavelength of light can also be seen as the ultimate origin of
the phenomenon of light diffraction, causing spatially selective absorption and wavefront
retardation [1]. The measurement of the refractive index N = n + i x and its wavelength
dependence, called dispersion, in solid or liquid materials is of fundamental relevance
for applications in many fields, including bulk [1] and emerging flat and metasurface
optics [3-5], biological and biomedical research [6], and the chemical analysis of solutes in
liquids [7].

The state-of-the-art measurement technique for solid material samples, especially
in the form of thin films, is optical ellipsometry [8], which determines the optical con-
stants (i.e., the refractive index n and the extinction coefficient x) in a broad wave-
length range based on the attenuation and change in polarization of light that occurs

Polymers 2023, 15, 1605. https:/ /doi.org/10.3390/polym15071605

https:/ /www.mdpi.com/journal / polymers

193



Polymers 2023, 15, 1605

20f 14

194

when light is reflected at the surface of a material sample. To be effective, ellipsometry
requires the construction of an optical model for the sample structure from the mea-
sured optical data, the suitability of which is critical to avoid artifacts or large errors
in the final results, especially when high accuracy is desired. One of the drawbacks
of ellipsometry is its high sensitivity to the sample geometry, including the surface
roughness and volume homogeneity, which requires advanced modeling techniques
and ultimately independent sample characterization to maintain high data reliability,
with a critical role also played by the experienced user [9]. In addition to ellipsometry,
other optical techniques can measure the optical constants of solid and liquid materials.
Standard absorption spectroscopy using dedicated spectrophotometers can provide
measurements of the extinction coefficient x in a wide spectral range with high accuracy,
while the refractive index 1 can finally be measured via geometrical [10], interferomet-
ric[6,11], or reflectance methods [12,13], which are particularly suitable for the analysis of
liquid [14,15] and scattering samples.

Diffractive refractometers based on diffraction gratings or photonic crystal fibers
have been proposed to measure liquid materials surrounding the diffractive optical
element [16-18], but light diffraction has rarely been used to build refractometers for
characterizing solid materials. Despite the clear dependence of the efficiency of a diffrac-
tive device on its refractive index n, the parametric form for this dependence made
explicit in simple theoretical models is rarely achievable under experimental conditions.
In the general case, the model that quantitatively describes the diffraction efficiency can
instead be very complex and computationally demanding, with additional complications
imposed by device fabrication defects that can make the analysis for refractometry un-
tenable. Scalar diffraction theory, although approximate in some aspects when compared
to the full electromagnetic theory of diffraction, can provide a simple parametric model
to determine the refractive index n of the solid dielectric material used to fabricate a
diffractive element from the measure of its diffraction efficiency and the characterization
of its surface profile.

Here, we present a general framework for broadband refractive index measurement
based on the analysis of the diffraction performance at different wavelengths of light of
a transmissive sinusoidal diffraction grating, taken as an example of a possible device
with structural properties falling within the scope of scalar diffraction theory. The method
is potentially applicable to any unknown homogeneous dielectric material compatible
with a simple replica molding process capable of replicating the surface pattern of a
lithographically fabricated diffraction grating. A sinusoidal surface relief Grating (SRG)
fabricated on the surface of an azopolymer thin film by two-beam interference lithography
is used here as a controllable and cost-effective master for grating fabrication.

2. Materials and Methods
2.1. Grating Fabrication

Light-induced SRGs, used as master for the fabrication of PMMA gratings, were
inscribed on the surface of an azopolymer thin film using two interfering p-polarized
laser beams at A = 491 nm with an average incident intensity of about 185 mW/cm?
over a spot diameter of ~4.0 mm. The PMMA (Merck KGaA, Darmstadt, Germany,
Mw 10000, 4% wt. solution in 1,1,2,2-tetrachloroethane) grating was fabricated using
a two-step replica molding technique [19-21] in which a PDMS (Sylgard 184—Dow Corn-
ing, Midland, Michigan, USA precursor: curing agent = 10:1 @w/w) mold reproducing the
complementary surface texture of the master was first fabricated and then used for PMMA
patterning in the second step. The amplitude of the replicated grating was controlled by
adjusting the exposure time of the azopolymer master during the SRG inscription.

2.2. Diffraction Efficiency Measurement

The relative diffraction efficiencies of the grating were calculated by measuring the
laser power in the propagating diffraction orders using a NOVA II power meter (OPHIR
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photonics, Darmstadt, Germany) equipped with a PD300-3W photodiode sensor (sensitivity
spectral range 350-1100 nm). To demonstrate the working principle of the method with a
monochromatic light source, a TE-polarized He-Ne laser at A = 633 nm was used to irradiate
the grating from the substrate side at normal incidence. The broadband measurements were
instead collected at several discrete wavelengths (450-900 nm) using a supercontinuum
TE-polarized laser source (SuperK COMPACT—NKT Photonics, Birkeroed, Denmark) in
the same incidence configuration. A set of FKB—Thorlabs bandpass filters (FWHM 10 nm)
was used to select the narrow wavelength band centered on the nominal wavelength of
interest. The spot size was maintained at ~2 mm in diameter by means of an adjustable
telescope collimating the beam at different wavelengths and a fixed iris placed in front of
the sample.

2.3. AFM Characterization

The surface topography was characterized using an Atomic Force Microscope (Alpha
RS 300, WlTec, Ulm, Germany) operated in tapping mode. High-aspect-ratio probes (ISC-
225C3_0-R, Team Nanotec, Villingen-Schwenningen, Germany) mounted on a cantilever
with a resonance frequency of 75 kHz and a spring constant of 3 N/m were used to reduce
errors in the quantitative topographic characterization. Typical AFM scans for grating
profile measurements were taken over a sample area of 40 x 0.8 um? with a resolution of
2000 x 40 px>.

3. Results
3.1. Refractive Index in the Scalar Diffraction Theory of Phase Gratings

To illustrate the working principle of the proposed diffractive refractometers, we first
review some general aspects of the diffraction behavior of standard surface diffraction
gratings, which are built as periodic reliefs on the surface of an isotropic dielectric material,
as schematized in Figure 1 for the case of a sinusoidal grating.
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Figure 1. Diffraction behavior of an ideal sinusoidal surface relief grating within the scalar diffrac-
tion theory. (a) Scheme of the sinusoidal grating boundary at the interface of the infinite semi-spaces
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made of the dielectric material and air. (b) Scalar diffraction efficiency in the first five diffraction
orders as a function of the maximum phase modulation parameter . (¢) Sensitivity of the diffraction
efficiency variation in the first five orders as a function of B. (d) Simplified schematization of a
real diffractive grating with finite thickness and multiple reflections (for simplicity, only the first
backward reflected waves, with wavevectors k;; are shown). Although the additional contribution
to the transmitted diffracted field has low power (proportional to the product of the reflectance of
the material-air and material-substrate interfaces), its inclusion prevents the analytical inversion of
Equation (1). (e) Definition of the relative diffraction efficiency in the scalar diffraction model for a
real grating configuration.

A surface diffraction grating splits the incident radiation into different beams (diffrac-
tion orders) whose propagation direction and relative intensity depend on the incident light
wavelength A, the refractive indices of the grating n and the surrounding material n,, and
the details of the grating geometry, including the actual surface profile s(x), the periodicity
A, and the modulation amplitude h of the periodic grating grooves (Figure 1a). The grating
equation [1] defines the angle 8,, of the propagating diffraction orders for an incident plane
wave with wavevector k; = ksin 0; as k,, = k; + mG, where k = 27/A; G = 2t/ A and

m = 0, £1, £2,---. For normal incidence (6; = 0), the condition |m| < A/A defines
the maximum number M of propagating orders allowed. According to this relation, the
diffraction angles 6,, = asin(mG/k) for normal incidence depend on the groove period-

icity A, while they are independent of the details of the grating structure, including the
refractive index 7 of the grating material, the surface profiles, and other structural parame-
ters (e.g., the modulation amplitude, the thickness of the unmodulated material layer, the
possible presence of a substrate, etc.). Instead, the structural and chemical properties affect
the diffraction efficiency of the grating #,,;, which is a measure of the fraction of the incident
light power that is converted into a specific propagating diffraction order.

A comprehensive quantitative understanding of the diffraction efficiency in the gen-
eral case, involving absorbing, inhomogeneous and anisotropic materials, arbitrary periodic
surface profiles, and periodicity-related and polarization-dependent effects, requires a full
electromagnetic treatment of the light-matter interaction in the grating [22]. However, in
many cases the diffraction behavior of a surface relief grating made of a homogeneous di-
electric material can be successfully described within the framework of the scalar diffraction
theory [23,24]. In addition to requiring a significant reduction in modeling and computa-
tional resources, the scalar diffraction theory preserves a simple parametric dependence of
the diffraction efficiency on the grating characteristics, including the surface profile and
the refractive index of the grating material. This theory potentially allows the retrieval
of information regarding the morphology and the refractive index of the grating to be
extracted from the quantitative measure of its diffraction efficiency. However, there are
several theoretical and experimental aspects to be considered for the direct application of
the scalar model for a refractometer. These include the operation of the grating within the
range of the validity of the scalar model and the possibility of incorporating the details of
the actual grating profile, as they result from the characteristics of the lithographic process
used for fabrication and possible fabrication defects. The scalar theory is generally accepted
to provide a sufficiently accurate diffraction efficiency, compared to fully vectorial electro-
magnetic theories, only for relatively simple surface profiles (e.g., sinusoidal, rectangular,
triangular), at quasi-normal incidence, and for low A /A and low h/ A ratios [25]. Among
the simple geometries falling within such limits, sinusoidal surface grating profiles are
of particular practical interest. First, the analytic diffraction behavior of these gratings is
completely described by the smallest number of geometrical parameters, requiring only
the specification of the periodicity A and the amplitude & of the sinusoidal surface profile
h{x) = 0.5(1 + sin(27x/ A))h. Second, other periodic surface profiles can be described as
a superposition of sinusoids via Fourier decomposition, allowing a simple extension of the
analytical results of ideal sinusoidal gratings to more complex surface geometries, possibly
including deformations or manufacturing defects [26]. In addition, (quasi-ideal) sinusoidal
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surface profiles in the range of applicability of the scalar diffraction theory can be readily
fabricated using interference lithography, making them easily and cheaply available for
applications [27].

Figure 1a shows the schematic of the diffraction behavior of an ideal sinusoidal surface
grating. In the simplest geometry suitable for scalar diffraction theory, the sinusoidal grat-
ing is assumed to be a boundary surface between two semi-infinite half-spaces, consisting
of a dielectric material with refractive index 1 and a surrounding material with refractive
index n; (air is considered here, so ns = 1). For a plane wave of amplitude Ay normally
incident on the grating (Figure 1a), the diffraction efficiency #,, = |A,,,|2/ |Ag|2 of the
mth diffraction order is expressed analytically in terms of Bessel functions of first kind of
order m, as:

NMm = |],,,(ﬁ/2)|2 1)
According to Equation (1), the parameter

B=rm(n—1)h/A )

completely defines the diffraction efficiency of each order. This can be interpreted as the
maximum phase delay accumulated in the surrounding medium by the incident plane
wavefront as it propagates through the grating structure. Figure 1b shows the behavior of
Equation (1) as a function of § for the first five diffraction orders.

From Equations (1) and (2), it is easy to see that, for a given grating amplitude /
and incident wavelength A, the diffraction efficiency in any order m depends only on the
refractive index n of the grating material. This simple consideration then gives a potential
strategy to directly measure the real part of the refractive index 1 of the grating material by
(numerically) reversing Equation (1) through an accurate measurement of the grating depth
h and the diffraction efficiency in one of the propagating orders. To achieve higher accuracy
in the estimation of n at the specific light wavelength A, the grating depth could eventually
be optimized to operate in a range of maximum sensitivity S,, = |91, /9| for efficiency
variations in the considered order with respect to the parameter 5 (Figure 1c). Maximum
sensitivity is expected in the Oth for § = 2.16. However, the typical experimental conditions,
as schematized in Figure 1d, prevent the direct use of Equations (1) and (2) in this simple
form for a reliable estimation of n. First sources of discrepancy are the portions of light
power reflected at each interface of a real device, which are not accounted for in the simple
scalar picture of Figure la. In addition to the simple effect on the absolute value of the
diffraction efficiency, the reflectance of the devices depends on the refractive index of the
grating material itself, which, although it typically gives a negligible practical contribution
due to the small power carried by the reflected fields, makes the unambiguous inversion
of Equation (1) impossible. In addition, a physical grating has a finite thickness, possibly
non-zero absorption at the probe wavelength, and requires the presence of a supporting
substrate, the presence of which further alters the transmitted and reflected light power.
The inclusion of all these effects makes the use of ellipsometry a typical necessity for the
characterization of the optical constants of solid material layers in the general case. In
addition, the surface profile of a real diffraction grating is never perfectly sinusoidal due to
unavoidable fabrication errors common to any lithographic method used for its fabrication,
which further deviate the absolute diffraction efficiencies 1;, = |Af,,|2 /| A0|2 in experiments
from the predictions of Equation (1).

Fortunately, the scalar diffraction theory, which differs from fully vectorial methods,
offers simple ways to overcome these limitations, making a direct refractive index mea-
surement from diffraction analysis effectively feasible. First, the real surface profile h(x)
of the grating, as measured for example by using an Atomic Force Microscope (AFM),
can be retained in the calculation of the diffraction efficiency [26,28]. Second, the effect
of the finite grating thickness and the reflections at each interface in the light path can be
averaged out by simply defining the (relative) transmitted diffraction efficiency as the
ratio of the intensity in propagating in the diffraction order m and the intensity Aj, mea-
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sured in all the propagating diffraction orders as 1, = |Am\2/ EM\AMZ = |Am12/ |A3 |2,

as schematized in Figure le. This alternative definition of the diffraction efficiency
also removes the sensitivity of the method to the absorbance of the material (and hence
to the extinction coefficient x) at the operating wavelength, and it is compatible with
the conservation of the irradiance in the interaction of the incident light wave with
the diffractive surface within the scalar diffraction theory, which is also valid in the
non-paraxial approximation [22,25,29,30].

We have recently shown that this simple generalization of the scalar theory can be
successfully applied to the quantitative description of the diffraction behavior of real (quasi-
sinusoidal) Surface Relief Gratings (SRGs), inscribed directly on the surface azobenzene-
containing materials [31-33] by interference lithography [28,34-40] and Digital Hologra-
phy [41-43]. However, the results of this scalar model are, however, applicable to any
diffraction grating made of a dielectric material, provided that the scalar approximation
remains valid. Within such a model, the relative diffraction efficiency for the mth propagat-
ing diffraction order is explicitly related to the actual surface profile h(x) of the grating by a
simple relation [22,26,28]:

1 A2 P
77";1 _ ‘K[A/Z Ex%T(n—l)h(x)e—zm%‘—;dx @)

Similar to the case of ideal sinusoidal gratings, 77, in Equation (3) retains the explicit
parametric dependence on the refractive index n of the grating, even though h(x) may
eventually differ from a sinusoid. A fitting technique can then be used to extract the best
estimate for the unknown parameter 1 from the accurate measure of the relative diffraction
efficiency produced by the grating and the results of the scalar model in Equation (3).

3.2. Workflow of the Method

The workflow of the proposed diffraction-based information retrieval method for the
measurement of 1 at the wavelength A is shown in Figure 2. In the first step, the surface of
the material to be measured is structured with a 1D (quasi-sinusoidal) diffraction grating,
having a geometry compatible with the scalar diffraction approximation. Then, the grating
is characterized by the measure of the relative transmitted diffraction efficiency in one
of the propagating orders and by the topographic analysis of the surface profile, both of
which enter into the fitting process of 1 using the scalar diffraction model of Equation (3).
In principle, a single high-resolution surface profile measured on a large homogeneous
grating and a single measure of the relative diffraction order may be sufficient to achieve
a good fit convergence. In this case, the accuracy of the refractive index estimation is
mainly determined by the grating depth i1, with a sensitivity behavior similar to that of the
ideal sinusoidal grating described in Figure 1c. However, possible inhomogeneities in the
profile depth and /or shape of the grating, e.g., introduced during fabrication, may impose
a trade-off between the optimal sensitivity to the diffraction efficiency variations and the
number of independent estimates of the method necessary to average the inhomogeneities.
As discussed below, grating inhomogeneities are the ultimate source of uncertainty for the
refractive index measurement using this method.

3.3. Measurement of the Refractive Index of PMMA

To demonstrate the validity of the proposed method, we measure the refractive index
of a poly(methyl methacrylate) (PMMA) grating at different discrete wavelengths in the
range 450-900 nm, using the Oth diffraction order for maximum accuracy (Figure 1c) in
the scalar model fit. We selected this material for a reliable comparison of our results with
a large literature of refractive index data measured via ellipsometry [44,45]. In addition,
PMMA is also considered as a prototype of dielectric moldable material to which the
proposed method can be applied, being fully and directly compatible with soft lithographic
replication of the quasi-sinusoidal SRGs fabricated on azopolymer thin films via interference
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lithography, used here as a master for grating molding [31]. The description of the light-
induced fabrication of the azopolymer SRG for the master quasi-sinusoidal grating and its
transfer onto the PMMA layer is given in Experimental Methods, while additional details
on the polymer for the surface structuring process and its applications can be found in our
previous works [41,46-49].

Surface structuration
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Figure 2. Workflow of the method. The diffractive refractometer based on the scalar theory involves
structuring the material with a surface grating profile whose geometry satisfies the scalar approxima-
tion. The actual surface profile of the grating and the relative diffraction efficiency are measured and
compared with the scalar diffraction model to estimate the best fit of n.

Figure 3a shows the AFM micrograph of the quasi-sinusoidal PMMA grating re-
sulting from the replica molding process. The quasi-sinusoidal surface profile has a
periodicity A = 2.04 pm and a modulation depth of approximately 480 nm. Such a
grating amplitude results in a good compromise between an optimized sensitivity of
the diffraction efficiency to the refractive index variations in the whole wavelength
range (f~1.7-0.84) and the necessity to be in a monotonically decreasing range for the
zeroth order diffraction order (Figure 1b). The latter allows the accurate identification
of the region of the grating for both optical and topographic analysis, which has an
inhomogeneous gaussian depth due to gaussian beam profiles of the interfering light
beams used to fabricate the azopolymer SRG master. The target grating region for the
analysis is then uniquely identified via the simultaneous minimum zeroth order light
diffraction efficiency and the maximum surface modulation depth in the grating topog-
raphy. However, to fully characterize the consistency of the method, | = nine different
AFM profiles h;(x) around the region of the topographic maximum over an area approx-
imately 2 mm in diameter (comparable to the size of the probing diffraction beam) were
collected and used for the independent diffraction efficiency calculation in the model
of Equation (3). To further reduce errors due to the discretization of the measured AFM
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profile, a third-order Fourier series fit of the quasi-sinusoidal grating profiles is used in
the effective diffraction calculation, as described in detail elsewhere [28].
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Figure 3. Measurement of the refractive index of a PMMA grating using the diffractive refractometer.
(a) Typical AFM micrograph and surface profile /i(x) in the measured grating region. (b) Measured
(blue) and theoretical (orange) relative diffraction efficiencies in the first five orders. The theoretical
efficiencies for m # 0 are calculated using the refractive index estimate obtained from the fit of the
zeroth order to the experiment, which requires minimization of the error parameter ¢. (c) Typical
behavior of the error ¢ parameter as a function of the 1 in the scalar model. The inset shows an
enlarged view of the minimum region. (d) Average and standard deviation of the different n estimates
resulting from the different measured grating profiles 7;(x).

To illustrate the working principle of our method, we first measure the diffraction
efficiency of the grating for a He-Ne laser of a wavelength of 633 nm (Figure 3). To increase
consistency, five independent measurements of the relative diffraction efficiencies 7;,” in
the first seven orders were individually averaged by repositioning the grating in the target
area each time. The relative diffraction efficiency measured in the first five diffraction
orders is shown in Figure 3b, while the power in the m = &3 orders was below the detection
sensitivity of the optical power meter and was neglected in the analysis. As expected from
the quasi-sinusoidal surface profile, asymmetric diffraction efficiency is observed in the
homologous (m = £1 and m = £2) diffraction orders [28], which further strengthens the
necessity to use the extended scalar model in Equation (3) for the accurate analysis of the
diffraction of the considered grating.

According to the workflow in Figure 2, we used an error minimization procedure
to estimate the refractive index of the grating material at the He-Ne laser wavelength,
in which the numerical results of Equation (3) for 5(n), calculated for a measured
AFM profile hj(x) and different discrete guesses of 1, are compared with the average

measured data r;leP. As a figure of merit, we used the adimensional parameter &(n),

defined as: )
%(1) — ex,
€(f’l) — ’(UD( ) 7;’0 ) (4)
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where )¢ is the standard deviation of the five independent measurements of 59. The
best estimate for the refractive index is simply obtained as the value n* that minimizes
Equation (4), as shown graphically in Figure 3c. Finally, the best estimate 7 for the re-
fractive index at the considered wavelength is the average of the | independent esti-
mates of 71; resulting from the different measured grating profiles h;(x). The standard

2
deviation ¢, = \/ I (ﬁ - n]*) /(] — 1), determined by the systematic profile variation

due to grating inhomogeneities and defects, is used as the accuracy limit of the method
(Figure 3d) and then as the (conservative) error limit for our refractive index estimates. At
A = 633 nm, we obtain with the proposed diffractive refractometer 77g33 = 1.49 +0.01,
which is in full agreement with the accurate ellipsometry measurements of PMMA films
nf513"3 = 1.491 + 0.001 [44]. It should be noted that a more homogeneous grating could have
provided a higher accuracy for the estimation, allowing the use of an optimized grating
depth to maximize sensitivity in the model and reduce systematic data scattering, so that
the standard deviation of the mean 05 = ¢,/ /] of the | independent estimates could have
been used as an error limit.

The accuracy of our estimate for 7g33 is additionally validated in Figure 3b by the close
agreement of the measured diffraction efficiencies in the m # 0 diffraction orders (blue bars)
with the prediction of the scalar model Equation (3) (orange bars), calculated by using the
best estimate 71g33 for the refractive index and an arbitrary measured surface profile hj(x) of
the dataset.

To further maintain the strength and the versatility of the proposed diffractive refrac-
tometer, we used the same grating to measure the refractive index of PMMA at several
discrete wavelengths A, ranging from the visible to the NIR. For this purpose, we used a
supercontinuum laser as a broadband light source and a set of different bandpass filters to
sequentially select the narrow wavelength band (see Experimental Methods) for measuring
the zero-order diffraction efficiency of the grating. In this configuration, schematized in
Figure 4a, we repeated the fitting process using the same set of measured grating profiles
hj(x) as in the previous analysis. Figure 4b shows the estimated refractive index n(A)
as compared with the ellipsometry data from the literature [44]. Again, the error in the
estimate is dominated by the grating inhomogeneities rather than by the deviations intro-
duced by the finite width of the spectral window in the model, showing a potential use of
broadband lamps as light sources for the refractometer. Figure 4b shows the agreement
with ellipsometry as highly evident in the entire spectral range, with a better match in the
visible light due to the increased sensitivity of the method in this wavelength range for the
actual grating used.

a b 154 -
5 ==== gllipsometry
selected gratmg, 5 ¥ refractometer
‘ wavelength  “__ ~er
multiwavelength E k.
source \ Sq50l
T 1 £ a * - +
_q - - - -
band pass linear 148} -+ % {l
filter polarizer ) i
diffraction orders 146

450 500 550 600 650 700 750 800 850 900

A (nm)
Figure 4. Measurement of the PMMA refractive index dispersion at discrete wavelengths using
the diffractive refractometer. (a) Schematic of the optical setup. (b) Comparison of the measured
refractive index n(A,) and ellipsometry data from ref. [44].

For a deeper insight into this aspect of the method performance, Figure 5 shows
the combined parametric dependence of the sensitivity of the zero-order diffraction effi-
ciency on the variations of the grating amplitude h (S (A, ) = |9170(A, h) /0h|) and light
wavelength A (Sp (A, k) = |dno(A, h) /dA|) in the scalar diffraction theory of a sinusoidal
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grating. To make such a dependence explicit from the dependence on  (Equation (2))
of the sensitivity Sop = |910(p)/9p| shown in Figure 1c, a model for the refractive index
dispersion of the material is needed. According to the literature, [44] for the analysis in
Figure 5, a Sellmeier model [9] for the refractive index # = n(A) was used to describe the
dispersion of the PMMA in the VIS-NIR spectral region, where it is transparent. Further
details on this model, and the study of the effects of a more dispersive material (e.g., a TiO
layer [50]) on the performance of the method also for higher diffraction orders, can be
found in the Supplementary Materials. The sensitivity dependence Sy (A, 1), shown in
Figure 5a, allows the definition of the optimized grating amplitude / for maximized sen-
sitivity at any target wavelength (as further illustrated by horizontal cross-sections at
example wavelengths). Longer wavelengths of light generally require deeper surface relief
gratings to operate at maximum efficiency. However, the method shows potentially better
absolute accuracy in the visible compared to the NIR, even with grating amplitudes opti-
mized for this regime. The wavelength sensitivity Sg A (A, It), shown in Figure 5b, describes
the effect of measuring the diffraction efficiency at different wavelengths with a single
diffraction grating of fixed depth h. Its analysis is useful for characterizing the refractive
index dispersion reconstructed with the diffractive refractometer using a single grating, as
in the case of the experiment reported in Figure 4. From the analysis in Figure 5b, a general
decreasing trend in sensitivity is observed from visible to near-infrared wavelengths is
observed for PMMA grating modulation amplitudes below 0.6 um, providing another
basis to explain the NIR discrepancy in our experiment. If, on the one hand, the grating
amplitude could be increased to work in this range with improved performance (e.g., as
indicated by the brown horizontal cross section), on the other hand, wavelengths at zero
sensitivity appear for higher grating modulations, preventing the broadband operation of
the method.
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Figure 5. Simulated parametric diffraction sensitivity for PMMA in the 0-order of a sinusoidal
surface relief grating. (a) Sensitivity Sy (1, A) of the efficiency variations to the parameter /. The plot
shows the horizontal cross-sectional profiles (dashed lines) of the sensitivity Sq; (1) at A} = 0.4 um
(yellow), Ay = 0.6 um (blue), and A3 = 0.8 um (red). (b) Sensitivity S , to the parameter A. The
cross-sectional profiles for Sy , (A) are calculated for ii; = 0.4 pm (green), h; = 0.6 pm (brown), and
h3 = 0.8 pm (violet).

In addition, the use of longer wavelengths with a single grating also leads to an
increase in the A /A ratio, which reduces the validity of the scalar approximation on which
the proposed method is based, and further contributes to the reduced accuracy of the NIR
data in the experiment of Figure 4.
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These considerations suggest that the use of two or more diffraction gratings, with
optimized grating amplitude and periodicity, could achieve better performance in retriev-
ing the refractive index dispersion over a wider wavelength range with the proposed
method. These two structural grating parameters are easily tunable in our direct writ-
ing configuration for master fabrication on azopolymer films, where the periodicity and
the modulation depth of the grating are controlled via the irradiation dose of a tunable
writing interferogram.

It is worth nothing, however, that even with the non-optimized broad-band perfor-
mance of a single grating, the additional information about the refractive index dispersion
of the material requires only trivial optical power measurements in our analysis.

4, Discussion

When evaluating the performance of the proposed diffractive method for the re-
fractive index measurements of moldable solid thin films, one should consider the
simplicity of the entire process, which involves very simple optical and topographical
measurements without the need for multistep measurements (e.g., of the substrate alone)
or modeling and dedicated expertise, as required for highly accurate measurements
via ellipsometry.

Although the proposed diffractive spectrometer could not be the primary choice for
the characterization of materials in general situations (anisotropic materials, multi-layers,
non-transmissive materials, etc.), where ellipsometry still maintains a clear advantage, by
dealing with the simultaneous and continuous characterization of both the refractive index
and extinction coefficient of the material over a broader spectrum, the method has both
theoretical and practical relevance. First, it is an elegant practical application of the simple
scalar diffraction theory, here properly adapted here to describe the general complex light
diffraction in a surface grating. Second, the method is effective for dielectrically isotropic
and partially transmissive materials, which are often of practical interest in applications,
such as in the fabrication of flat diffractive optical components. However, the method is
also potentially applicable to monitor possible real-time variations of the grating material
properties, provided that its topography is not altered. This capability arises from the use
of the relative diffraction efficiency in relation to the refractive index extraction theory.
Indeed, the dynamic evolution of the material index could be characterized by using an
array detector (e.g., a CCD) to simultaneously record the power in all the propagating
diffraction orders, and then by using their time-evolving relative diffraction efficiency. By
correlating this information with the topography of the grating (e.g., previously measured),
variations in the refractive index can be revealed. Furthermore, the use of an AFM is not
mandatory for the method. Since the bottleneck for the accuracy of the method is mainly
the homogeneity of the structural grating, recent holographic microscopes and optical
profilometers [37], which are able to optically measure the topography of the surface with
an accuracy of a few nanometers, could be used in spite of an AFM, achieving results
similar to those presented in the manuscript.

5. Conclusions

In this work, we have proposed a theoretical and experimental framework for an
operational diffraction-based method capable of measuring the refractive index of struc-
tured material layers from a simple optical and topographic characterization of a sinusoidal
diffraction grating.

In addition to being applicable to structured surfaces where ellipsometry and other
methods are ineffective, the proposed method has the advantage of being agnostic to several
of the parameters relevant to conventional refractive index measurement of solid samples,
including the film thickness, the substrate nature, and the surface roughness.

Since our approach is based on simple optical and topographical characterizations,
it does not require dedicated equipment or specialized personnel and could be easily
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accessible to a broad audience working in optics, chemistry, and materials science, with
reduced cost and high versatility.

Supplementary Materials: https:/ /www.mdpi.com/article /10.3390 /polym15071605/s1, Figure S1:
Sellmeier model for the refractive index dispersion n = n(A); Figure S2: Parametric dependence of
the diffraction efficiency in the first five orders produced by a sinusoidal surface relief grating in
scalar diffraction theory on the light wavelength A and grating amplitude h; Figure S3: Sensitivity
for PMMA in the first five diffraction orders of the scalar diffraction theory for a sinusoidal surface
relief grating; Figure S4: Sensitivity for TiO2 in the first five diffraction orders of the scalar diffraction
theory for a sinusoidal surface relief grating.
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Parametric dependence of diffraction efficiency and sensitivity for surface relief

sinusoidal diffraction gratings in scalar diffraction theory

Model for refractive index dispersion in transparent materials

Sellmeier equation successfully describe the refractive index dependence on light wavelength for
transparent materials exhibiting normal dispersion.'> This model is a simplified version of the
Lorentz model of oscillating dipoles for the dielectric function of materials, where dissipation terms
are neglected (no absorption). The general form of the Sellmeier dispersion equation is: n?(1) —

1 = AA%/(A? — 23),where A and A are the amplitude and the resonance wavelength of the
oscillating dipoles, respectively. The validity of this model is restricted to wavelength regions far
from the resonance wavelength (located typically in the UV).

To evaluate the parametric dependence of the diffraction efficiency of a sinusoidal grating on the
grating amplitude 4 and light wavelength A within scalar diffraction theory, we consider PMMA and
Ti02 as exemplary low and high dispersion transparent materials in the VIS-NIR wavelength range.

According to Ref.> (PMMA) and Ref. * (TiO2), Sellmeier models for the two materials in this range,
shown in Figure S1, are:

1.181922
2 B eq. (SI)
n(Apmma A2 — 0.11313 4
0.244122
Diigas = 5913 = e eq. (S2)
n(D)rioz A2 — 0.00803
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C 1490} !
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Figure S1. Sellmeier model for the refractive index dispersion n=n(1) of PMMA(a) and TiO2(b) in region
2=0.4-1.5 pm.
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Dependence of diffraction efficiency on wavelength and grating amplitude

According to scalar diffraction theory, the diffraction efficiency in the m” order produced by a
sinusoidal surface relief grating, in the ideal case depicted in Figure 1a on the main text, is
described in terms of Bessel functions of first kind and order m as:

2

T ) = | [2n = 1) g” eq. (53)
By using a model for the refractive index dispersion n=n(4), the diffraction efficiency #,, in this
model parametrically depends only on the wavelength and the grating amplitude = i, (4,h). This
consideration allows a deeper analysis of the combined influence of the grating structural parameter
h and light wavelength on the diffraction behavior of the grating. Figure S2a and Figure S2a show
this relation in the fist five diffraction orders (m=0), +1, +2) sinusoidal gratings made of PMMA and

TiOa, respectively in parametric range (A =0+ 1.0 gm; 4 = 0.4 — 1.0 gm) compatible with the
experimental conditions of the experiment in the main text. Sellmeier relations in eq. (S1) and eq.
(S2) have been used in the simulation of the dispersion for the two materials.
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Figure S2. Parametric dependence of the diffraction efficiency in the first five orders produced by a
sinusoidal surface relief grating in scalar diffraction theory on the light wavelength A and grating amplitude
h. Sellmeier models for the refractive index dispersion of PMMA (a) and TiO2 (b) have been used. For
deeper insight, each panel shows also single parameter dependence for fixed wavelength (2.—0.5 um, red
curves) and fixed grating amplitude (h=0.4 um, blue curves)
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Dependence of efficiency sensitivity on wavelength and grating amplitude

The derivatives of eq. (S3) with respect to the parameters A and /4 can be used to define sensitivity
functions for the variations of the diffraction efficiency with the wavelength and grating amplitude:

Mm (A h)
Sma(4,h) = “:a—h

ONm (A h)
SonilAhy = “5—1|

eq. (54)

eq. (S3)

Figure S3 and Figure S4 show the plot of the grating amplitude sensitivity (panels a) and the
wavelength sensitivity (panels b) for PMMA and TiO: gratings, respectively. While the amplitude
grating sensitivity can be used to design the best grating amplitude optimizing the sensitivity to
diffraction efficiency variations in the desired wavelength range for the diffractive refractometer,
the wavelength sensitivity gives more details on the expected effectiveness of the method when a
single grating with fixed amplitude is used to investigate a large wavelength range, as in the case of
the experiment in Figure 4 of the main text. It is worth noting that higher dispersive materials (TiO
here) show less sensitivity of diffraction efficiency variations with the wavelength, when compared
to lower dispersive materials (e.g. PMMA).
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Figure 8§3. Sensitivity for PMMA in the first five diffraction orders of the scalar diffraction theory for a
sinusoidal surface relief grating. (a) Sensitivity S,, p to the parameter h and (b) sensitivity Sy, 5 to the
parameter L. Sellmeier model (eq. (S1)) for refractive index dispersion has been used for n(4) in these

calculations.
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Figure S4. Sensitivity for TiO; in the first five diffraction orders of the scalar diffraction theory for a
sinusoidal surface relief grating. (a) Sensitivity Sy, y to the parameter h and (b) sensitivity Sy, 3 (o the
parameter 2. Sellmeier model ( eq. (S2)) for refractive index dispersion has been used for n(2) in these
calculations. The higher refractive index and dispersion of 1iO;with respect to PMMA results in several
narrow bands of high sensitivity in the considered parameler space.
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Reprogrammable Holograms from Maskless Surface

Photomorphing

Francesco Reda, Marcella Salvatore, Marco Astarita, Fabio Borbone,

and Stefano L. Oscurato*

Holographic technologies have been envisioned as potentially impacting
many areas of everyday life, including science, entertainment, and healthcare,
but their adoption is still at an early stage. Recent achievements in flat optics
research gave an unprecedented strength to this field, proposing holographic
devices as light-modulating structured surfaces at micro and nanoscale.
However, these components are typically static, requiring demanding,
burdensome, and irreversible lithographic processes. Here a maskless
lithographic framework is reported which only uses light irradiation to
fabricate reprogrammable diffractive holographic projectors directly on the
surface of a dielectric photomorphable polymer film. Lithographic and
characterization optical schemes are combined to optimize in real-time the
light-modulating performances of the surface, producing holograms with the
enhanced efficiency. Reprogrammable holograms are then demonstrated to
change shape and position according to dynamical optical remorphing of the
surface, realizing a proof-of-concept of a pixel-less morphological projector.
The approach opens new routes for holographic image displaying and

dynamic optical data encoding and sharing.

1. Introduction

Flat optics can empower emerging photonic technologies!"?| with
enhanced optical performances in ultracompact devices. Poten-
tial applications include optical wireless communication,!*! green
energy harvesting,!*l and optical information storing, encryp-
tion, and sharing.*®! In addition, the next-generation of dis-
plays and holographic projectors”®l can take advantage of the

miniaturized and light-weight systems
made possible by flat optics, with increas-
ing inclusion in wearables and components
for extended reality.!”'%) Planar holographic
components, capable of arbitrarily shaping
of an incident light wavefront, can be im-
planted both as diffractive optical elements
(DOEs)!"-*! and as metasurfaces.!'*®
The advanced performances of such
planar components come at the expense
of complex surface geometries to be
fabricated at the light (sub-)wavelength
scale. Optical lithography (OL) and elec-
tron beam lithography (EBL) are among
most widely used manufacturing
techniques!'”'?1 for planar optics. The
typical fabrication workflow starts with the
irradiation of a resist with UV patterned
light from a photomask (OL) or using e-
beam raster scanning (EBL). In both cases,
additional postexposure chemical, physical,
and mechanical processes are required
to transfer the final pattern to a suitable
light-modulating substrate. OL techniques, which typically re-
quire fewer resources than EBL, guarantee higher throughput
and lower production costs, although with additional resolu-
tion limitations. Further progress toward increased sustainability
and throughput has been made with emerging UV-Nanoimprint
lithography'?®! or using digital-based projection of spatially struc-
tured intensity patterns in a maskless OL workflow.l?*%] How-
ever, if a multilevel surface morphology is required, several it-
erations of the OL scheme!''l or scanning probe techniques!**)
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are involved, which further affects the fabrication cost and its
scalability.'"®*") In any case, all the standard lithographic pro-
cesses produce intrinsically static surface geometries. Today, lig-
uid crystal technology!”~*’] is the only alternative when a fully
reprogrammable optical device is required, with well-known lim-
itations related to electronics and miniaturization problems.

To overcome these limitations, the active research field of dy-
namical metasurfaces!?®?’! is exploring reusable templates,!*!
deformable substrates,*!%] or active electrical tuning.**l How-
ever, large-area scalability, limited tunability, and low efficiency
in the visible range are still challenges to be, respectively, solved.
On the other hand, reprogrammable planar DOEs would require
a complete remorphing of the surface device, which is not feasi-
ble with any existing material or method. As a result, fully repro-
grammable planar devices operating in the visible range, fabri-
cated with scalable and sustainable solutions, are still lacking.

Here, we demonstrate the direct all-optical maskless fabrica-
tion of fully reconfigurable diffractive holograms, implemented
as structured transmissive phase retarders in a dielectric mate-
rial. A digital maskless optical scheme is used to generate and
project a grayscale spatially structured intensity distribution of
light onto an azobenzene-containing polymer film, whose sur-
face is locally deformed according to the irradiated spatial light
distribution. This photomechanical process allows the direct fab-
rication of the desired device without any additional lithographic
step and opens the possibility of optically reprogramming the
fabricated surface geometry at will. Our innovative approach fully
exploits the possibility of arbitrary spatio-temporal modulation
of the writing beam in a maskless lithographic system, seam-
lessly integrated with a real-time optical characterization setup.
This combination allows surface geometry to be analyzed and
optimized during the fabrication, resulting in unprecedented
control over the final diffractive devices. Reprogrammable
grayscale holograms with enhanced visibility, tunable axial
position, and optical encryption capabilities are then demon-
strated. This framework can support the development of the
next generation of photonics devices, from prototyping, testing,
and assembly to their large-scale distribution.

2. Experimental Results

2.1. Direct Azo-Resist Surface Structuration

The core of our technique is the use of an azobenzene-containing
polymer film (hereafter referred to as azo-resist) as a lithographic
photosensitive material. Due to their unconventional sensitivity
to both the intensity and the polarization of the irradiated light,
azopolymers have been exploited as promising materials for sur-
face photopatterning under several illumination configurations.
Interference-based patterning,** ¢! achieved from two or more
interfering beams across the azopolymer surface, is the most
common configuration. However, the achievable surface geome-
tries are limited to sinusoidal or periodic profiles. Recently, the
use of spatial light modulators to locally modulate the inscribing
light,1*”-%] has allowed to overcome this limitation, but surface
geometries with simultaneous control of complex lateral patterns
and high modulation depths were still lacking.

The direct all-optical maskless surface patterning scheme used
in this work is shown in Figure 1. We used a computer-generated
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Figure 1. Holographic structuration of the azo-resist surface. a) Graphical
representation of the holographic inscription scheme. Writing beam, with
arbitrary shaped intensity profile, is directly projected over the azo-resist
surface by an objective. b) Schematization of the light induced mass mi-
gration occurring at surface of amorphous azopolymer films under struc-
tured illumination absorption. c) Design and reconstruction of a writing
pattern with the geometry of a QR code. The experimental intensity pat-
tern is the result of a holographic sequence time averaging. d) AFM mi-
crograph of the structured surface collected right after the light exposure.
Red scale bars, in panels (c,d), corresponds to a physical size of 20 ym on
the sample.

hologram (CGH) system, based on a phase-only spatial light
modulator (SLM), to generate and project circularly polarized
grayscale intensity patterns over the azo-resist surface. More de-
tails about the lithographic setup can be found in Figures S1-S3
(Supporting Information). As shown schematically in Figure 1b,
under UV-vis irradiation, the azo-resist flows from the high-
intensity region to the dark areas and directly forms a surface
relief pattern h(x, y, t) that replicates the lateral geometry of the
illumination intensity.l*”! Under our illumination conditions, the
relief depth Ah is approximately proportional to the exposure
time.*!]

We propose a two-level QR code as target binary surface geom-
etry (Figure 1c) to demonstrate the direct azo-resist surface pho-
topatterning capability in a single exposure step. In the experi-
ment shown in Figure 1, the spatially structured intensity pattern
was irradiated at the typical average light intensity of 14.0 W cm >
fort = 20 s on the azo-resist. Figure 1d shows the atomic force
microscope (AFM) micrograph of the azo-resist surface taken im-
mediately after the exposure. The AFM data, rendered as a 2D im-
age with a linear colormap, confirms the correct pattern transfer
on the surface, which faithfully reproduces the (complementary)
target geometry. To extend the visual comparison to a quantita-
tive morphological analysis, we characterized possible local mis-
match errors (Figure S4, Supporting Information) by comparing
the target and the experimental surface height distributions. We
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Figure 2. Design, fabrication, and optimization of azopolymer holographic projectors implemented as kinoforms. a) Design of a dielectric phase retarder
(kinoform), producing an arbitrary far-field diffraction pattern. Wavefront modulation for monochromatic wave depends on the local surface thickness
h(x, y). b) Grayscale light pattern reproducing the kinoform design and the resulting SEM image of the structured surface after the exposure. c) Diffraction
pattern acquired at the optimal exposure time which maximizes the diffracted light power in the target holographic image. The experimental trends of
the diffraction efficiency, reconstructed in each holographic term, are measured during the inscription process. Trends are the results of five independent
exposures: the average value for the experimental diffraction efficiency at each exposure time is represented by a solid line. The shadow represents the

punctual standard deviation.

report a root mean square error (RMSE) of 22 nm. This mis-
match, equal to 10% of the measured Ah, is the result of relief
smoothing that occurs where sharp contrast jumps are present
in the illumination pattern, according to the azo-resist response
to structured incident light (see also the Experimental Section).
However, as further detailed below, the all-optical scheme used
here for the fabrication and the simultaneous characterization of
diffractive optical components allows to minimize these effects
on their optical performances while maintaining a much sim-
pler design scheme. The results in Figure 1 fully summarize the
potential of our direct maskless holographic technique for the
microscale surfaces patterning. This task is crucial for the fabri-
cation of a diffractive phase-modulating mask acting as a holo-
graphic projector.

2.2. Holographic Projectors: Design, Optimization, and
Fabrication

According to the scalar diffraction theory,!*! a planar diffractive
holographic projector can be designed as a surface relief pat-
tern h(x, y) in a dielectric material. The wavefront shaping re-
sults from differences in the optical path traveled by the incoming
wave in the locally varying material thickness. The resulting far-
field from this phase-modulating planar device, usually referred
to as a kinoform,!*?] is the 2D spatial Fourier transform of the
modulation function. For any given far-field target holographic
image (corresponding to the diffracted far-field intensity distri-
bution), the surface pattern of the kinoform can generally be re-
trieved by iterative Fourier transform algorithms (IFTAs).'®!
Figure 2 shows the design and fabrication process for the
case of a holographic projector reconstructing the image of the
Greek letter “z.” In this case, the conventional Gerchberg—Saxton
algorithm!**! (GSA) was used to retrieve the kinoform (see also
Figure S5, Supporting Information). It should be noted that once
the kinoform has been calculated, all the challenges associated
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with high quality hologram reconstruction are shifted to the man-
ufacturing level. Any defect arising in the lithographic process
will degrade the quality of the hologram, leading to a decrease in
the diffraction efficiency and the appearance of spurious contri-
butions (DC and ghosts) in the image.**l They may even over-
lap in the reconstruction plane, requiring an off-axis design for
the hologram (Figure 2a), which reduces the available target do-
main by half.*] Even in the case of a defect-free lateral pattern
transfer in the modulating surface, a deviation from a full 2z
phase modulation depth still causes the appearance of the spu-
rious holographic terms and the decrease in efficiency. To avoid
this effect, an optimal relief depth of Ak = A/(n(4) — 1) should
be realized for an ideal surface kinoform made of a material of
refractive index n(4) at the operating wavelength A, immersed
in air.

In our direct lithographic scheme, the lateral surface relief pat-
tern and the relief depth can be controlled independently by the
digital illumination design and by exposure time, respectively.
As a first step, we generalized the inscription scheme to project
grayscale light patterns, encoding multiple discrete intensity lev-
els of light in a single illumination step (see also Figure S6, Sup-
porting Information). We then directly inscribed the azo-resist
surface with the grayscale surface profile corresponding to the
required kinoform (Figure 2b). To analyze the lateral pattern and
determine the total height excursion, we performed SEM and
AFM analysis of the patterned azo-resist surface after the expo-
sure process. The SEM analysis confirms a correct lateral geome-
try transfer. To quantitatively evaluate the quality of the fabricated
surface kinoform, we retrieved the height profile h(x, y) from the
AFM analysis. From the height distributions obtained with fixed
illumination parameters at different exposure times, we deter-
mined the total modulation depth Ah(t). Under our experimental
conditions, a total exposure time of t = 86 sis sufficient to obtain
the optimal 2z modulation depth in the kinoform for the probe
lightat A, = 632.8 nm, with n (4,) = 1.70.7] Faster relief forma-
tion dynamics could be achieved at higher irradiation intensities.

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

TOpE/Z00T 01/10p/T00 AL AIRIqSTH0 s MO P3pEOIMOCT “1Z €T0T “TLOTS6TT

T

2SWIIIT SUOMMNO,) 2a1eAL) Jqesnjdde am £q pauIza0s are SINIE YO 2SN JO SIMLT I0] AFRIGTT SWTC) L3114\ TO (STONIPIUOI-PITE- ST U0 A3 ATe TSm0, ~sdiiy) SUOnIpuo.) pue sSmIa ] A 335 “[€207/11/60] 10 ATRIQUT SUIUC) L3114\ “BIEISUER30)) Aq £Z800ET0:



ADVANCED Ag\g%llg:%o
SCIENCE NEWS AORTICAL

www.advancedsciencenews.com www.advopticalmat.de

Target image

z=-Az

@

Multiplexed kinoform  \“&

e

Visibility
o
[=)]

o
¥

40 80 12
Exposure time [s]

Figure 3. Design, fabrication, and optimization of multiplexed kinoforms. a) Process of kinoform multiplexing and the subsequent encoding into the
writing pattern. b) Representation of the diffractive behavior of a multiplexed kinoform. When illuminated with monochromatic coherent light, different
diffractive orders are reconstructed on axially shifted planes. ¢) SEM image of the azo-resist surface after the exposure to the writing beam for the
optimized exposure time. d) Diffraction pattern acquired at z = Az. e) Experimental trend of the pattern visibility reconstructed during the inscription
process as result of five independent exposures. The average value for the pattern visibility at each exposure time is represented by a solid line. The

shadow represents the punctual standard deviation.

Further details of the AFM analysis are shown in Figures $7-S9
(Supporting Information).

However, this off-line structural characterization roadmap
would be required for each different relief geometry and illumi-
nation parameters, resulting in a time-consuming optimization
workflow that would eventually have to be repeated for each new
hologram. Although various techniques based on mechanical!“®!
and opticall*! real-time topographic investigation of the develop-
ing azo-resist have been successfully proposed, the direct evalu-
ation of the optimal writing parameters can also be performed
directly by observing the generated diffraction pattern.*”*’! For
this purpose, simultaneously with the optical lithographic pro-
cess that produces the surface kinoform, the azo-resist film is il-
luminated with an additional laser beam at the probe wavelength
4,- The developing diffraction pattern is continuously recorded
with a CCD, providing the relative diffraction efficiencies g; in
the target holographic image and in the spurious terms in real
time (Figure 2c; and Figure S10, Supporting Information). The
optimal exposure time (t, = 103 + 1 s) was chosen to maximize
the light power diffracted in the target holographic image. Un-
der this condition, an experimental efficiency of #,, = 0.60 +
0.02 was obtained. We also observed a relative transmittance [t(x,
Y)I> = 0.96 for the diffraction hologram generated by the surface
with optimized exposure time (see also Figure S11, Supporting
Information), also demonstrating a minimal influence of possi-
ble light scattering sources generated by the lithographic process.

Adv. Optical Mater. 2023, 11, 2300823 2300823 (4 of 8)

Furthermore, for the final operating kinoform, we determined an
addressable field of view for far-field image projection up to ~ 40°
(see also Figure $12, Supporting Information), directly related to
the minimum lateral size of surface features (Figure S7, Support-
ing Information).

An additional advantage of phase-only modulating masks is
the ability to encode multiple optical functionalities in the same
device. Multiplexed kinoforms can be designed by combining the
initial phase profile with additional phase functions. A relevant
example is the superposition of the kinoform with the phase pro-
file of a thin lens of focal length f. The multiplexed effect is an ax-
ial shift of the target holographic image with respect to the ghost
and DC orders!?®l generated by the original kinoform. With this
design, the target image can therefore be isolated in a specific
(and possibly tunable) plane (Figure 3a,b). High image visibility
can be achieved in the entire target domain, without the need
for a physical filtering aperture to remove the spurious terms
(required by the off-axis design). Figure 3c shows a SEM image
of the surface relief pattern inscribed on the azo-resist surface
using the lens multiplexed kinoform design. The corresponding
diffraction pattern recorded in the target reconstruction plane is
shown in Figure 3d. In this plane, only the target image is clearly
visible, while the blurred DC and ghost terms contribute with
negligible background. We used the image visibility V (see also
Figure S13, Supporting Information) as a quality estimator for
the holographic image (Figure 3e). The real-time analysis of this
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Figure 4. Fully reprogrammable kinoform for image quality improvement and data storing and sharing. a) Demonstration of a reprogrammable holo-
graphic projector. After surface pattering and holographic image acquisition, azo-resist morphology can be completely restored to the pristine flat state,
enabling a new patterning step. Quality enhancement in experimental images is the result of time average of sequentially generated holographic patterns.
b) Grayscale enhanced image quality arising from time averaging of speckle noise. The three intensity levels of the holographic image are clearly visible
in ten frames average. c) Experimental results of the holographic data storing and sharing with reprogrammable kinoforms. Holographic patterns are
plotted with a rainbow colormap, highlighting the three possible intensity levels associated with three digital logic states, encoded by the alphabet.

parameter allowed the direct optimization of the exposure time
t, = 120 + 1 s and the multiplexed phase design to obtain a max-
imum visibility of = 0.83 +0.03.

2.3. Reprogrammable Holograms

A requirement for versatile photonics applications is that the
morphology of the light-modulating planar device should be
fully reversible and repeatedly reprogrammable on demand. The
azo-resist photopatterning inherently provides this unique fea-
ture. When illuminated with unstructured light in the absorp-
tion band, the pristine flat surface of the azo-resist film can
be restored at will, allowing multiple and reversible patterning
cycles.*””! Figure 4a schematically shows our all-optical repro-
grammable surface patterning process for creating dynamically
evolving holographic images. As an additional application of the
reprogrammable surface photomorphing, we repeatedly in-
scribed kinoforms to produce a time-averaged holographic
diffracted image with a reduced speckle noise (see also
Figure S14, Supporting Information). Such noise is intrinsic to
any IFTA kinoform design!?®/ and is not caused by eventual de-
fects in the surface pattern. In the experiment, the image of the
optimized (in terms of visibility 1) hologram obtained from a first
azo-resist inscription process was collected and stored as a single
frame of a holographic projection movie. Then, the surface was
completely (optically) erased, and the same area of the azo-resist
was exposed to a new writing pattern with the same global ge-
ometry but producing a different random distribution of speckle
grains. After N = 10 writing/erasing steps, the time-averaged
holographic image was calculated from the frames taken at the
end of each writing step. As expected, the averaged image is char-

acterized by a speckle severity!*l reduced bya factor of 1/ VN (see
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also Figure S15, Supporting Information). The artificial image
improvement obtained by such a time-averaging process is the
same as that performed by an ideal slow “eye” or detector, with
a time response slower than the typical surface reconfiguration
time (= 120 s). Extending this scheme, we show speckle noise
filtering for a three-level target holographic image, as a simple
example of grayscale holographic images. Figure 4b shows the
diffraction pattern and the corresponding time-averaged holo-
graphic pattern representing the image of a cube, where each
of the three displayed faces encodes a different diffracted inten-
sity level. The grayscale nature of the hologram became visually
clearer after speckle averaging (Figure $16, Supporting Informa-
tion), significantly improving the single holographic image.
Further exploiting our ability to precisely structure surfaces,
we designed a morphological reprogrammable device capable of
encoding and storing encrypted information in the form of dy-
namic grayscale holographic images. To this end, we used non-
binary bits of light intensity levels to increase the information
storage capacity. For a simple proof-of-principle, kinoforms in-
scribed in the azo-resist encode information in the form of a re-
programmable complex surface topography. For the experiment,
a simple secreted message, “HELLO-WORLD,” was converted
into a ternary intensity level alphabet. Each letter was codified as
a series of three trits (ternary digits) arranged in a row. The entire
message was assembled into two grayscale images, which were
then used as the target for kinoform calculation via IFTA. Fur-
ther details of this encryption process are discussed in Figure S17
(Supporting Information). Figure 4c shows the two grayscale
holographic images, sequentially reconstructed by reprogram-
ming the kinoform inscribed on the azo-resist surface. The hid-
den message was correctly retrieved by measuring the light inten-
sity in each trit and by using the cryptographic key (the ternary
alphabet lookup table in Figure S17, Supporting Information). In
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this example, the time-splitting of the information in two dynam-
ically remorphing surfaces provided enhanced encryption capa-
bilities and security of information sharing. Fourier-transform
coding also offers the advantage that if part of the surface were to
be damaged or destroyed, it would theoretically still be possible
to read the hidden holographic information from the remaining
parts of the surface. We also estimated a simultaneous encoding
of 3125 bytes of information in each kinoform for our simple de-
sign.

3. Conclusions

In this work, we first demonstrated the accurate all-optical trans-
fer of complex 2D geometries with a binary relief depth on the
surface of azobenzene-containing polymer films. Although it
does not represent the highest degree of complexity achievable
with the proposed maskless holo-lithographic scheme, such a
simple design can already be interpreted as a form of storage
of digital information encoded in microstructured surfaces, us-
ing the induced azo-resist morphology can as a memory support.
This possibility suggests promising alternative strategies for the
use of azomaterials in optical data storage.

As an additional milestone, we have extended the holo-
lithographic technique to the realization of diffractive kinoforms,
where complex lateral geometries and grayscale modulation
depth are required simultaneously. The characterization of the
diffractive properties during the fabrication process allows a cost-
effective design and prototyping of planar optical components.
This leads to a fully functional and tested device immediately
after the fabrication, without requiring further time-consuming
surface analysis or preliminary calibration procedures. This ap-
proach enabled the fabrication of fully operational pixel-free mor-
phological holographic projectors with turnaround times of a few
minutes, resulting in highly efficient ultracompact devices with
performance levels comparable to the state-of-the-art in planar
optics.1*¢

Since the azopolymer surface can be optically restored to the
flat pristine state in situ, multiple write/erase cycles can be per-
formed. This possibility allowed to improve the quality in the
holographic images by time averaging, paving the way for the
fabrication of morphological reshapable devices capable of en-
coding optical information with both morphological and tempo-
ral encryption.

Although being still far from the refresh rates achievable with
other dynamical light modulators, such as commercial liquid
crystal (LC) SLMs, our results demonstrate real dynamical mod-
ulation capabilities in an operational and fully reprogrammable
holographic system based on a diffractive planar optical device.
When compared to current LC panels, which have intrinsic limi-
tations related to pixel size miniaturization, manufacturing com-
plexity, voltage requirements, and crosstalk and light leakage ef-
fects, the morphological holographic projectors shown here have
higher spatial resolution, higher pixel density, reduced thick-
ness, and higher modulation efficiency. Future strategies to im-
prove reconfiguration times may include the optimization of the
azo-resist molecular design to enable faster photomechanical re-
sponse and increased number of write/erase cycles.

The proposed hololithographic approach is also suitable to ad-
dress different challenges in the realm of surface microstructur-
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ing, exploiting the versatility of the grayscale maskless direct pat-
terning and the absence of additional development steps. For ex-
ample, high resolution features can be obtained on the azo-resist
surface by equipping the holographic writing setup with high res-
olution modulators and optical elements with higher numerical
apertures. Larger areas can be accessed by parallel laser writing,
high field of view optics and/or raster scans. In addition, our
technique is fully compatible with prototyping and development
of templates for imprint lithography,***#) opening the doors to
cheaper and faster fabrication of functionalized surfaces.

In conclusion, in this work we have demonstrated that azoben-
zene materials, when illuminated with digitally reconstructed in-
tensity patterns of light, can be used as a platform for the fab-
ricating reprogrammable planar photonic devices with multiple
applications. Although still at a preliminary level, our technique
offers a promising route to the fabrication of flat optics with po-
tential applications in emerging technologies such as VR~AR dis-
plays, wearable devices, and reversible high-density memory sub-
strates.

4. Experimental Section

Experimental Setup: The experimental configuration for the azopoly-
mer surface relief inscription is represented in Figure S1 (Supporting
Information). A laser diode source (Cobolt Calypso) produces a TEMg,
beam at wavelength A = 491 nm which, after a beam expander, is phase-
modulated by a computer-controlled reflective phase-only SLM (Holoeye
Pluto). The modulated beam is propagated through a 4f lenses system
with the input plane located in the SLM plane. The output plane coincides
with the back focal plane of an infinity-corrected long-working distance
50X objective (Mitutoyo), with numerical aperture NA = 0.55. The focal
lengths of the lenses are chosen to maximize the spatial resolution in the
hologram reconstruction plane. This choice also defines the addressable
area of ~ 200 pum in diameter in the objective front focal plane, which can
be used to structure the azopolymer surface in a single illumination step.
The position of the sample near the objective focal region is accurately
controlled by means of a x-y-z translation stage. Average intensity in the
range 12.7 — 14.0 W em~2 and circular polarization are used for the struc-
turation of the azopolymer surface. To reduce the speckle noise contrast
effects, the holographic illumination over the azopolymer surface is the
result of the time average of 1000 holographic patterns generated from
different kinoforms, with independent design.**l The mixed region ampli-
tude freedom (MRAF) algorithm was used,[*] implemented in MATLAB,
using the fast Fourier transform (FFT) algorithm. The SLM refresh time is
set to 30 Hz, faster than the azopolymer time response. For visual inspec-
tion, and proper focusing of the holographic pattern on the photorespon-
sive surface, a 70/30 beam splitter, placed in the light-path, redirects the
light retroreflected by the surface and recollimated through the objective
toward a tube lens. This lens forms an image of the holographic pattern in
its second focal plane, where a “DCC3240M Thorlabs” CCD camera is po-
sitioned. During the exposure, an additional diode laser beam at 405 nm
illuminates the photoresist film from the substrate side. The beam has cir-
cular polarization and different intensity levels depending on its intended
function. When the intensity is 0.6 W ecm~2, the beam favors the surface
structuring process, acting as a writing assisting beam. At intensity higher
than 0.9 W cm™2, its absorption causes the erasure of previously inscribed
surface structures, acting as an erasing beam. Azo-resist reconfiguration
can be performed with no significant material degradation for 20 times.[*”]
Further characterizations about assisting/erasing beam are described in a
previous work.I>’] An additional He—Ne laser beam, at 632.8 nm, is used
as sample back-illumination source to test diffraction behavior of the mod-
ulated surface during the structuration process. The beam splitter also al-
lows the collection of part of this light without interfering with the writing
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process. The image of the surface is projected on the back focal plane of
the tube lens and coupled by means of a mirror (mounted on a flip mount)
to an additional 2f system. Fourier transform image is captured with an ad-
ditional CCD camera at a repetition rate of 5 Hz.

Azo-Resist Synthesis and Film Preparation: The azo-resist used in this
work is an azobenzene-containing polymer (azopolymer) in amorphous
state. All reagents were purchased from Merck and used without further
purification. The azopolymer was synthesized, purified, and characterized
as previously reported (M,, = 27000; phase sequence: Glass 67 °C Ne-
matic 113 °C Isotropic; Amax = 350 nm).[*1] The solution for film de-
position was prepared by dissolving 70 mg of the polymer in 0.50 mL of
1,1,2,2-tetrachloroethane and filtered on 0.2 um PTFE membrane filters.
The desired film thickness (1.8 + 0.1 pm) was obtained by spin coating
the solution on 24x60 mm cover slides at 300 rpm for 4 min. In the final
stage, the samples were kept under vacuum at room temperature for 24 h
to remove solvent traces. Molecular structural formula and the absorbance
in the UV-visible are provided in Figure S3 (Supporting Information).

Azo-resist response to intensity structured light: When irradiated with
a circularly polarized light patten Iy (x,y) in a low-focusing regime, the
spatiotemporal evolution of the azo-resist surface morphology h(x, y, t)
can be phenomenologically described asl*1l

hixpt) =V [hy (xy)]-Ah(Y) m

where V2 denotes the Laplacian of the light intensity pattern at the azo-
resist surface. For sufficiently low intensity (< 100 W em™2), the relief
depth increases approximately linearly with the exposure time, Ah (t) = ¢
- t. Here ¢ > 0 is a phenomenological parameter. The nonlinear response
of the azo-resist is the origin of structural mismatches observed in the ex-
periments, causing the relief smoothing occurring at the positions where
sharp contrast jumps are present in the illumination pattern. Although
this issue might be circumvented by limiting quantitative pattern designs
to sequences of smooth sinusoidal surfaces, [36.37.50] sharp features could
in principle still be encoded if a suitable optimized holographic pattern is
designed by reversing the above equation rather than approximate the pro-
cess as a simple linear pattern transfer as done for the patterns presented
in the work.

Morphological Characterization of Structured Surfaces: Topographic
characterization of inscribed azopolymer surface reliefs was performed
using AFM and SEM. For AFM measurements, a WITec Alpha RS300 mi-
croscope was used. The AFM was operated in tapping mode using a can-
tilever with 75 kHz resonance frequency and nominal force constant of
2.8 Nm~'. AFM tips (Arrow FM type from Nano World), with nominal
radius of curvature of @ 10 nm, were used. The maximum scanned area
has a size of 100 x 100 umZ. For each AFM the minimum of the topog-
raphy was set to zero to extract the height distribution P;, representing
the probability to find a pixel in the image with a height value between h;
and h; ;. Here j ranges from zero to N — 1 where N is the number of
occupied bins in each image, while bin width is set to 10 nm. Each height
distribution is normalized to match the condition Y, Pj = 1.Toretrievean

N
estimation of the modulation depth Ah the full dispersion range of each
distribution was considered. SEM images are acquired with a field emis-
sion gun (FEG-SEM) FEl/ThermoFisher Nova NanoSEM 450 microscope.
Samples are sputtered with a layer of Au/Pd using a Denton Vacuum Desk
V TSC coating system prior to observation.
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Supplementary Text

Diffraction properties of holographic morphological projectors.

Phase-only holographic plates, named kinoforms, are typically represented by a complex
transmission function t(x,y) describing in the scalar approximation of wave optics, the
wavefront phase modulation of an incident monochromatic optical field, at wavelength
A passing through the device. Isotropic dielectric phase retarders implement phase modulation
as result of local variations in thickness h(x,y) and refractive index n(x, y, 1) of the device,

whereby the planar modulation function can be written as:

2
() = explio(x, )] = exp |1 5 (n(x,y, 1) ~ nh(x,y) |

representing the local phase delay ¢(x,y) accumulated by the light due to optical path
variation imposed by the plate immersed in a surrounding material whose refractive index is
ns. When a kinoform, supposed to be at z = 0, is illuminated by the coherent monochromatic
light field U;,(x,y,0), the resulting complex field U, (x,y,z) formed due to Fraunhofer
(z > 0) diffraction is the two-dimensional spatial Fourier transform of the modulated beam at

the kinoform plane. The reconstructed image I, (x, ¥, z) is determined by the relation®:

lowe (%, 2) = |FT Uiy, (x,y,0) - t(x,y, 0)]|?
Where FT denotes the Fourier Transform operator. The phase encoding process, from the
phase design to its implementation by lithography, leads to a device whose real transmittance
is a function of the designed phase t™%(x,y) = e!9l®®Ml To consider any possible
deviation from this ideal case, the complex transmittance of the real kinoform can be
decomposed into a linear superposition of functions, clearly describing the effects of phase

mismatches. Assuming that the deformation is space invariant, the spatial coordinates can be
1
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omitted and the function t"®%(x, y) can be expanded in terms of its argument, according to

[45].

+c0o
freal — Z Gaeia(p

a=—coo

the generalized harmonic analysis

2 s = : . .
where G, = | "trealela® g with @ an integer index. The @ = +1 term is the only one

0
whose Fourier transform results in an optical field with intensity /,,¢(x, v, 7). The amount of
optical power shaped in the reconstructed intensity profile with respect to the total transmitted
power, is equal to 17; = |G;|? and it is one only in the ideal case g(¢) = ¢. The other terms
of the series, apart from the term @ = 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. The total reconstructed pattern is a weighted sum of the
desired image, the DC term, and false images, typically also spatially overlapped in the
reconstruction plane and with a relative efficiency 1, = |G,|?. At best, once the geometry
h(x,y) is fixed, g is linear with the total surface reliefs amplitude Ah, which must be tuned to
reach a fully 2w modulation depth. This condition is achieved for Ah = A/(n(4) — ng). For
our material at the operating probe wavelength A = 0.6328 um, n(1) = 1.696 and ng = 1
(air immersed kinoforms), the condition is satisfied for Ahy = 0.9092 um. The diffraction
efficiency 1, in this case, introducing the parameter m = Ah/Ah, denoting a quantitative

estimation of the real/ideal mismatch, can be written as!*4l:

Ne = sinc?(m — a)

The requirement m = 1 guarantees the maximum diffraction efficiency (74, = 1), ensuring
that all the incident optical power is effectively shaped in the reconstructed holographic
pattern, Figure S5. During the encoding process, more complex distortion effects can
determine a non-linear form for g. These certainly include quantization and pixelation effects
and non-linear responses of the material to the structuring process that results in additional
phase mismatches, causing efficiency losses (144 < 1) even if target modulation depth is
reached.

In this case a multiplexed design of the kinoform can guarantee high quality for the
holographic image enabling the axial filtering of ghost holograms. The target kinoform

@(x,y) is simply obtained by adding the phase profile of a thin lens:
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= 2 2

P (x,y) = (m)(x 37
to the original kinoform, renormalizing then the result to modulo 27. As described by the
generalized Fourier analysis for the light propagation after the multiplexed modulating device,
each diffraction order is shifted along the optical axis and reconstructed in a different plane
located at z = i - Az, where z = 0 denotes the reconstruction plane of the original kinoform
alone. As the distance 4z between the reconstruction planes of each term is function of the
focal length f of the multiplexed lens, the holographic image quality is also affected by this
parameter. The optimization results, to simultaneously maximize orders separation and

holographic image contrast, are presented in Figure S14.

225



Supplementary figures

Beam expander
Computer

SLM
wriring holographic beam
— retroreflected hologram

~—= probe beam
—= assisting/erasing beam

L2
L3

'491 nm

u

Iris

cCD2

Figure S1: Schematic of the experimental setup:
Beam expander - lenses L1 (f1=-50 mm) and L2 (f2=250 mm).

SLM - Holoeye Pluto, LCOS spatial light modulator, phase only (reflective).
4f configuration - lenses L3, (f3=300 mm) and L4 (f2=175 mm).

QWP - quarter wave plate.
BS - 70/30 beam splitter.
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Figure S2: Holo-lithographic setup spatial resolution: a Holographic reconstruction of square shaped light
patterns with lateral size A. b Square size A as function of designed size A’. The slope b = 0.376 £ 0.002 um of
the fitted line trend A = bA’ defines the calibration of physical dimensions with respect to the analytically
designed target images. ¢ Contrast of the holographic reconstructed square as function of lateral size A. Contrast
is defined as C = (Iy + Ig)/(Iw — Iz) with I, and Iy representing the average experimental intensity levels
corresponding to white and black areas of the target image, respectively. Resolution limit is reasonably set to
Ay = 5b =188 um.
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Figure S3: Azopolymer optical characterization. a Azopolymer structural formula. b Absorbance in the UV-
visible range. Refractive index at probe wavelength 4, = 633 nm was mcasured via cllipsometry. ¢ Azopolymer
response to an intensity structured field with designed lateral size A = 1.88 um.
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Figure S4: Mismatch error characterization for QR code structure: a Height distribution probability: each
point of the line plot represents the probability P(h) of having a fixed height value h in the AFM image. b Error
map €(x,y) = k9 (x,y) — h®P(x,y) . Target heigh profile is obtained from the heigh distribution,
binarizing the experimental AFM map and using h, and h, as target height levels. For a quantitative mismatch

1

2
error estimation, the root mean square error has used, defined as: RMSE = [Ex,y gl

the image.

&1 : :
T] . where N is the size of
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Figure S5: Kinoform design and theoretical diffraction efficiency from an ideal kinoform as function of the
phase mismatch error.
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Figure S6: Holographic setup intensity level modulation: a Holographic reconstruction of square shaped light
pattern with lateral size A = 1.88 um and linearly spaced gray levels. b Implemented intensity levels as function
of the addressed gray value in the target image. The line trend has a slope equal to 0.077 (a.u.).
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Figure S7: Morphological characterization of the surface kinoform: a AFM scan of a quarter portion of the
structured surface (100 X 100 um) collected right after the exposure process. b Fourier transform of the surface
topography, representing the spatial frequency distribution of the inscribed surface pattern. ¢ Plot of the Power
Spectral Density (PSD) (w(k)) of the Fourier transform image. The maximum frequency f;,,, was determined
satisfying the (arbitrary) condition / (W(fmax)) = 0.990, where [ is the cumulative integral function of the PSD,
plotted in the inset of the panel ¢c. We obtained f,,,, = (3.22 £ 0.03) um™!, corresponding to a pixel size of
Agurr = 27/ frnax = (1.95 £ 0.02) pm. This value is in full agreement with the optical minimum feature size A
we designed in the grayscale pattern, defined in Figure S2.
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Figure S8: Phase distribution transferring accuracy: a Phase distribution probability in the target phase map
resulting from GS algorithm, b Intensity distribution probability in the holographic pattern. ¢ Implemented
phase distribution retrieved from the AFM image. For visual clarity, data are binned in N = 20 bins.
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Figure S9: Temporal characterization of structured surfaces: a Height distribution for six different exposure
times. b Modulation depth Ah as function of the total exposure time. Experimental data are fitted with the model
trend hy = ¢ - ¢, allowing for the experimental determination of the surface inscription efficiency ¢ = 10.5 +
0.5 nm/s. Right gray axis shows the implemented phase depth for a probe wavelength A. ¢ Root Mean Square

Error defined as RMSE = /¥ y(P; — P)? as function of the total exposure time. P represents the target uniform
distribution expected at different exposure times.
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Hologram

i
)

Figure S10: Experimental determination of diffraction efficiency n; determined by integrating the CCD
signal over the regions of interest delimited by the colored trace in the image. Green area corresponds to the
holographic image efficiency while light blue and orange area correspond to the DC order and ghost image,

respectively.
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Figure S11: Kinoform transmittance over exposure time determined by integrating the CCD signal over the
full sensor size.
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Screen

Sample holder

Figure S12: Holographic field-of-view and far-field image projection: a Target image used for the kinoform
design, plotted with respect to the addressable diffraction angles by our surface at A, = 0.633 ym. The
maximum diffraction angle ¥ addressable by the surface can be derived from the Bragg’s law: ¥ =
sin™? (/1,, / A). where A = 1.88 um is the pixel size imposed during the surface geometry design. For our system,
the hologram field-of-view is FoV = 29 = 39.4° at 4,,. b Photograph of the structured azo-resist film acting as a
holographic projector. The image was taken by illuminating the structured area with a collimated laser beam at
Ay, collecting the resulting diffraction pattern on an opaque screen at a distance of 20 cm from the sample. The
photo was taken with a smartphone camera with F1.8, 1/25s, ISO 640. The size of the holographic image
measured on the screen provided the angle 12.4° for the outermost feature of the “n” image, which agrees with
the expected theoretical value given in panel a.
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Figure S13: Experimental determination of pattern visibility: visibility is defined as V = (Isg + Iyz)/(Usg —
Iyg) where s, is the average intensity inside the signal region (green area) and Iy, is the average noise level
outside the holographic image. The orange arca has a diameter equal to two times the size of the holographic
image.
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Figure S14: Optimization of multiplexed spherical profile: a Axial shifting Az of the holographic image as
function of the spherical phase profile parameter f. b Maximum visibility achieved with different spherical
phase profile parameter f. Best value for multiplexed focal length is f = 0.450 mm, allowing for high visibility
and reasonable orders separation.
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Figure S15: Speckle contrast reduction process by holograms time averaging: a Average holographic
pattern acquired after 10 writing/erasing cycles representing the on-axis image of the Greek letter “rr”. b Speckle
noise severity as function of the number of averaged frames. Severity is defined as S = o /(I) where (I) is the
mean intensity and o is its standard deviation measured in the image domain. ¢-d Single frame and average
holographic pattern acquired after 10 writing/erasing cycles representing the on-axis image of a music note and

e-f a smile face.
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Figure S16: Speckle analysis of a time-averaged grayscale pattern: a Target image. b Resulting average
holographic pattern acquired after 10 writing/erasing cycles. ¢ Comparison between the mean intensity level of
three cube faces for the single frame and the time average. d Comparison between the speckle severity of three
cube faces for the single frame and the time average.
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Char Dedmal] Trit
space 0 0 0 0
A 1 0 0 1
B 2 0 0 2
C 3 0 1 0
D a4 0 1 1
E 5 0 1 2
r 6 0 2 0
G 7 0 2 1 H=-022
H 8 0 2 2 E-012
| 9 1 0 0
) 10 | 1 | o | 1 L==T10
K 11 1 0 2 L-110
L 12 1 1 0 0-120
M 13 - 1 1 1
N 14 1 3 2
0 15 1 2 0 W- 212
P 6 | 1 2 1 0-120
Q 17 1 . 2 R -200
R 18 2 0 0
S 19 2 0 1 L =110
T 20 2 0 2 D -011
u 21 2 1 0
\ 22 2 1 1
W 23 2 1 2
X 24 2 2 0
Y 25 2 2 1
z 26 2 2 | 2

Figure S17: Lookup table for encryption and decryption of optical messages encoded as trits. Images on the
right were used as input for IFTA in order to retrieve the target kinoform design to be implemented on the azo-
resist surface.
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