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tion all over the world. This paper summarizes the history and important milestones

in the development of ultrafast laser-induced self-organized nanostructuring (ULSN)

in transparent dielectrics and reviews recent research progresses by introducing newly
reported physical phenomena, theoretical mechanisms/models, regulation techniques,
and engineering applications, where representative works related to next-generation
light manipulation, data storage, optical detecting are discussed in detail. This paper
also presents an outlook on the challenges and future trends of ULSN, and important
issues merit further exploration.
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Introduction

As Moore’s law going close to its limit, integrated photonics aiming for on-chip func-
tionalization is fast-rising and has brought up a boom in searching for next-generation
optoelectronic substrate materials. Especially, all-inorganic transparent dielectrics such
as various glasses and crystals have been established as excellent modular platforms for
light emission [1-5], transmission [6-9], and modulation [10-15]. Predictably, next-
generation integrated photonic elements and systems will largely rely on various three-
dimensional (3D) micro-nano structures inscribed in transparent dielectrics [16—22],
such as optical waveguides [23-26], optical couplers [27—-29], photonic crystals [30-32],
and optical storage voxels [33—35], which has arisen an ever-growing demand for the
fabrication of highly integrated all-inorganic optical devices and systems. Currently, it
remains difficult and a major challenge to build complex 3D micro-nano structures in
multiple all-inorganic transparent dielectrics by using conventional lithography fab-
rication technologies, owing to the extremely low linear optical absorption and high
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modification threshold of these materials. Therefore, novel approaches for tailoring
transparent dielectrics to efficiently construct complicated functional micro-nano struc-
tures are urgently needed.

Ultrafast laser is among the greatest scientific breakthroughs in the twentieth century.
Benefiting from its extremely high peak power (up to the PW level [36]), an ultrafast
laser can easily excite a strong non-linear light absorption, enabling various intriguing
strong field material modifications [37—43], which greatly expands human’s understand-
ing of light-matter interaction under extreme physical conditions. As a consequence, a
large number of new phenomena induced by ultrafast laser have been observed one after
another since entering the twenty-first century, giving birth to many advanced process-
ing technologies, such as nanomaterial synthesis [44—48], two-photon polymerization
[49-51], laser ablation [52—55], selective crystallization [56—58], ion valence manipula-
tion [59-61], and etching assisted laser modification [62-64], etc. Among them, ultra-
fast laser-induced self-organized nanostructuring (ULSN) is especially fascinating and
has established itself to be a fertile ground for exploring novel optical fabrication meth-
odologies because of its high efficiency, super-resolution, and controllability in creating
functional surface nanostructures [65-70]. After nearly 30 years of development, ULSN
optics is currently developing into a systematic research topic that covers new phenom-
enon observation, fundamental theory establishment, regulation technique exploration,
and engineering applications. Especially in recent years, boosted by multidisciplinary
fields such as big data, artificial intelligence, integrated optics, advanced sensing and
detecting, 3D spatial ULSN in transparent dielectrics has become a rising new hotspot
and attracted extensive attention.

In this paper, we review the developmental path of ULSN in transparent dielectrics
and focus on important phenomena, hypotheses, theories, and applications. The mile-
stone research works in recent ten years made by major research groups all over the
world are introduced in detail and the existing issues as well as research gaps are dis-
cussed. Finally, the future development trend of ULSN methodology and ULSN-related
technologies is prospected.

Ultrafast laser-induced self-organization phenomena in transparent dielectrics
Although photo-induced periodic self-organization has been extensively discussed on
the surfaces of different materials ( including transparent dielectrics) since the laser was
invented in 1960 [71], it was not until 2003 that the first report on ULSN in transparent
dielectrics appeared [72]. Up to now, a universal physical picture of ULSN in various
transparent dielectrics remains far from being achieved, which is attributed to the par-
ticularity of ULSN in transparent dielectrics. For ULSN on surfaces, the inherent sub-
strate-air interface and its initial nanoroughness provide suitable conditions for plasma
excitation and local field enhancement where the optical field evolution study can be
well set on a 2D plane [73-76]. However, no naturally existing interface is available in
transparent dielectrics, and physical models for describing ULSN processes are gener-
ally needed to be considered in 3D space [77-79]. The observation, manipulation, and
characterization of the structures induced in transparent dielectrics are also much more
difficult than those on surfaces. For ULSN in transparent dielectrics, more factors will
participate in the laser-matter interaction process and usually cannot be ignored [80, 81],
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for example, intrinsic structural properties of the matrix (defects and inhomogeneities
in lattices or glass networks) [82], light propagation behaviors in the media (refraction,
scattering, and self-focusing, etc.) [83], and state changes of materials (metallization,
phase transition, and refractive index change, etc.) in 3D space [84, 85], which makes
ULSN phenomena in transparent dielectrics widely divergent. Therefore, it is necessary
to conduct a targeted review and discussion on the phenomena, mechanisms, and appli-
cations of ULSN in different transparent media.

With the substantial development of ultrafast laser processing and material charac-
terization technologies over the last 20 years, a large number of ultrafast laser-induced
self-organization phenomena that involve new light-matter interaction mechanisms
have been successively uncovered in various transparent dielectrics, serving as the origin
of novel ULSN technologies. Representative examples include periodic crystallization,
periodic micro-nano voids/pores, and nanogratings in glasses and crystals. These phe-
nomena lead to the birth of multiple ULSN technical routes of near-field enhancement
patterning, self-organized lithography, and laser-assisted etching, which is followed by
a series of unique ULSN-based applications, such as micro-nano photonic elements,
multi-dimensional optical data storage, and micro-nano fluidic devices (Fig. 1).

Nanogratings
The discovery of nanograting structure can be traced back to the year 1999 when
L. Sudrie et al. [86] reported an extraordinary anisotropic light scattering induced
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Fig. 1 Schemes for ULSN-induced phenomena, corresponding mechanisms and applications of the created
structures
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by femtosecond laser irradiation in fused silica. In the same year, Kazansky et al. [87]
observed a similar phenomenon inside germanium-doped silica glass. Qiu et al. [88]
then reported a polarization-dependent optical scattering in a fluoroaluminate glass,
and attributed this phenomenon to the creation of a permanent nanostructure in the
laser-irradiated area. In 2003, Shimotsuma et al. [72] finally revealed an unprecedented
polarization-dependent nanometer-sized grating structure in the plane perpendicular
to the ultrafast laser propagation direction by using backscattering electron micros-
copy (Fig. 2(a)). Further characterization indicates that nanograting is formed in a car-
rot-shaped 3D region along the laser propagation direction (Fig. 2(b)) [89-91], which
is considered caused by the self-focusing effect, spherical aberration effect, and other
nonlinear effects of ultrafast laser-matter interaction [92—94]. In the following ten years,
various physicochemical characteristics of nanograting were revealed one after another,
including structural anisotropic periodicity [82, 95], polarization-dependent birefrin-
gence (Fig. 2(c)) [96], selective etching (Fig. 2(d)) [91, 97], erasing and rewriting capacity
(Fig. 2(e)) [98], and heat resistance (Fig. 2(f)) [99, 100], which lays the foundation of the
establishment of ULSN technology and ULSN-based applications.

As a symbolic feature of nanograting, periodicity is essentially reflected by periodic mate-
rial modulations. The most common example is periodic oxygen modulation [99, 101].
Auger electron spectroscopic analysis of the nanograting formed in fused silica shows that
oxygen in the laser-irradiated area is periodically modulated [72]. The oxygen content in the
dark regions of the periodic fringes is lower, while silicon remains almost unchanged. Shi-
motsuma et al. [102] subsequently confirmed that oxygen-deficient zones are periodically
arranged nanoplates that are filled with nanopores with a feature size of about 10 nm. These
oxygen-deficient nanoplates possess a much lower refractive index (RI) compared with the
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Fig. 2 a Nanogratings induced in fused silica [72]. Copyright 2003, American Physical Society. b Cross section
view of nanogratings [91]. Copyright 2006, Springer Nature. ¢ Polarization-dependent birefringence of
nanogratings [96]. Copyright 2014, Optica Publishing Group. d Polarization-dependent selective etching of
nanogratings [97]. Copyright 2005, Optica Publishing Group. e Erasing and rewriting capacity of nanogratings
[98]. Copyright 2007, Optica Publishing Group. f Heat resistance of nanogratings [100]. Copyright 2012, Laser
Institute of America
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surrounding glass matrix (RI change can be as high as 0.2 [103]) and are highly suscepti-
ble to hydrofluoric acid (Fig. 2(d)) [97]. These physicochemical anisotropies of nanograting
make the originally isotropic glass matrix possess some crystalline properties.

In 2004, Bricchi et al. [104] investigated the birefringence of nanograting and attrib-
uted this phenomenon to the optical phase modulation caused by the subwavelength
periodic refractive-index distribution. Numerous subsequent studies have confirmed
that the appearance of polarization-dependent optical birefringence is a basic criterion
for the formation of nanogratings [96, 105]. This artificial birefringence signal can not
only be used to optimize the processing parameters of ULSN but also serve as an infor-
mation carrier, playing an important role in high-density optical storage. In 2008, Tay-
lor et al. [90] presented the erasing and overwriting process of nanogratings in fused
silica. There, the rewritten structures emerge immediately within the first three ultra-
fast laser pulses and gradually grow along the direction perpendicular to the rewrite
laser polarization with the increase of incident pulses (Fig. 2(e)). In this process, the
origin nanograting is gradually erased and replaced by the rewritten one with a new
orientation, which can also be characterized by the birefringence signal of the rewriting
area. The rewritable property makes nanograting an ideal tool for ULSN-based optical
data storage.

Heat resistance is a key performance of various all-inorganic functional elements. How-
ever, many ultrafast laser-produced structures are metastable state structures that are
easily changed through thermal excitation, such as color centers and excitons [106, 107].
Therefore, investigating the heat resistance of nanograting is necessary. In 2012, Richter
et al. [100] studied the thermal stability of the nanograting induced in fused silica with
different incident pulse numbers by detecting the birefringence intensity (Fig. 2(f)).
Experiments indicate that heat treatment gradually weakens the birefringence signal of
nanograting, indicating that nanograting is deteriorating. Notably, the birefringence signal
does not disappear before the melting temperature of fused silica is reached and remains
13% of the initial intensity after being treated with a temperature of 1150 ‘C. In 2022,
Wang et al. [108] systematically examined the thermal stability of nanogratings induced
in silica-based glasses and confirmed that high levels of OH and CI impurities will reduce
the thermal stability, but the overall excellent heat resistance of nanograting still makes
nanogratings a promising candidate in building highly robust elements.

As the most fundamental and widely reported structure induced by ULSN in transpar-
ent dielectrics, nanogratings possess plenty of representative features that can be univer-
sally extended to other ULSN-produced self-organization forms. With the development
of characterization techniques and detecting methods, more work is needed to further
generalize the theoretical framework of nanogratings, boosting the mechanism and
application research on ultrafast laser-matter interaction physics.

Periodic crystallization

Since the discovery of nanograting in fused silica, researchers have been working on
extending ULSN to more functional transparent dielectrics [109]. Studies have shown
that most nanogratings consist of periodic defect phases, while, in some unconventional
glasses, similar grating structures can appear in the form of periodic crystallization.
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In 2016, Cao et al. [110] first reported an extraordinary periodic crystallization phe-
nomenon in Li,0-Nb,O;-SiO, glass and have done systematic works on this structure
in the following years [111-113]. Crystallographic characterization indicates that this
self-assembled nanostructure consists of periodically arranged nanocrystals embed-
ded in the glass matrix. These nanocrystal polar axes are aligned perpendicular to the
laser polarization, which preliminarily indicates that the ultrafast laser-induced peri-
odic crystallization in the unconventional glass is polarization-dependent (Fig. 3(a)-
(c)). The research group believes that these layered crystalline nanostructures hold
the potential to support tunable second-harmonic generation and serve as nonlinear
photonic elements. However, limited by the poor regularity of this nanostructure,
they have not demonstrated its practical application.

In 2018, Shimotsuma et al. [114] observed another polarization-dependent periodic
crystallization structure in Al,O4-Dy,O; glass (Fig. 3(d)), and found that by adjust-
ing the content of Dy,0O; in the glass, two types of crystallites can be precipitated.
Raman spectroscopy indicates that for Al-30Dy glass (Dy,0O5 content is 30 mol%),
the precipitated crystal is Dy;Al;O,, garnet, while for Al-40Dy glass (Dy,0O; content
is 40 mol%), the precipitated crystal can be Dy;Al;O,, garnet or DyAlO; perovskite
crystals according to the pulse energy. Structural characterization shows that the
periodic crystallization induced in Al,05-Dy,0; glass possesses fairly high regularity
and controllability, which confers its broader application prospects.

X (Laser polarization) %
500 nm

Z (Laser polarization)
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Fig. 3 a Periodic crystallization induced in lithium niobium silicate glass and b) corresponding
high-resolution transmission electron microscopy (HRTEM) image of the crystal-glass interface. ¢ Schematic
of ULSN-produced periodic crystallization [110]. Copyright 2016, Optica Publishing Group. d Periodic
crystallization induced in Al,O5-Dy,05 glass [114]. Copyright 2018, Springer Nature. e Periodic crystallization
induced in LTN glass and corresponding transmission electron microscopy (TEM) structural characterization
[115]. Copyright 2019, Wiley-VCH
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In 2019, Zhang et al. [115] reported a periodic crystalline structure in a
La,0;-Ta,05-Nb,O; (LTN) glass system (Fig. 3(e)), and studied the effects of glass
composition and laser parameters on the ultrafast laser-induced periodic crystalliza-
tion process. Experiments indicate that the birefringence signal of the induced periodic
crystalline structure increases significantly with the increase of Ta,O; content, while in
La,05-Nb,O; glass without Ta,Os, it is extremely difficult to induce periodic crystalli-
zation. This is because the addition of Ta,O; enhances the crystallization ability of the
glass system and plays a role in promoting nucleation. Notably, this study also demon-
strated the polarization-dependent light attenuation performance of periodic crystalline
structures in the near-infrared region, which is the first application demo based on this
structure. In 2021, Zhang et al. [116] further demonstrated that the birefringence signal
of periodic crystallization structures can be erased and rewritten by an ultrafast laser
with a different polarization state, implying a considerable degree of similarity between
periodic crystallization and nanogratings.

Ultrafast laser-induced periodic crystallization has just been revealed in recent years
and is still in its infancy, but is rapidly developing to become a brand new research field
where a large number of research gaps related to physical phenomena, theoretical mod-
els, and engineering applications are waiting to be addressed. In the future, by combining
various frontier optical technologies like spatial light modulation (SLM), beam shaping,
multi-beam interference, and super-resolution processing, ultrafast laser-induced peri-
odic crystallization is expected to serve as a highly efficient and universal method for
in situ constructing functional phase transition structures in various mainstream optical

media, empowering next-generation integrated optics research.

Other self-organization forms

Owing to the complexity of ultrafast laser-matter interaction in transparent dielectrics,
the material modifications induced by ultrafast laser vary widely depending on the irra-
diation conditions and the types of target materials. Since the discovery of nanograt-
ings, more and more ULSN-produced peculiar phenomena and micro-nano structures
in transparent materials have been uncovered, such as periodic micro-nano voids,
anomalous polarization-dependent structures, and periodic structures in crystals, which
greatly expands ULSN-based material modification and deepens people’s understanding
of strong field light-matter interaction physics.

In 2005, Kanehira et al. [117] first reported a periodically aligned nanovoid struc-
ture in conventional borosilicate glass via single femtosecond laser irradiation. The
induced nanoscaled spherical voids were self-organized with a period along the laser
propagation direction and can be manipulated by tuning laser parameters and focus-
ing position (Fig. 4(a)). Since then, ultrafast laser-induced periodic micro-nano voids
have been observed in fused silica [118], SrTiO4 crystal [119], CaF, crystal [120],
Al O; crystal [121], and glasses [122] one after another, revealing the high universal-
ity of this process. For structural manipulation, Hu et al. [123] presented that by mov-
ing the laser focusing position close to the surface perpendicular to the horizontal
surface (XY plane) of the sample, the one-step creation of two perpendicular strings
of periodic voids can be achieved. Song et al. [124] reported that by employing dif-
ferent types of objective lens, inverted periodic voids with opposite directions can be
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Fig. 4 a Periodically aligned nanovoids induced in borosilicate glass [117]. Copyright 2005, American
Chemical Society. b Polarization-dependent V-shaped structure (marked by dotted box) induced

in aluminosilicate glass [126]. Copyright 2021, Optica Publishing Group. ¢ SEM images of the
polarization-dependent nanopores written with different pulse numbers [127]. Copyright 2020, Nature
Springer. d SEM images of cross sections of the multiple periodic structures inscribed in quartz crystal [128].
Copyright 2019, Optica Publishing Group

induced. In 2011, Luo et al. [125] presented that inverted periodic voids can also be
achieved by tuning the objective’s immersion liquid, showing the flexible controllabil-
ity of this self-organized structure.

In 2016, Zhang et al. [129] observed an anomalous polarization-dependent dumb-
bell-shaped structure by using ultrafast laser static irradiation in an aluminosilicate
glass. This dumbbell-shaped structure is formed at the top of the laser focal vol-
ume and can be erased by further irradiation. Interestingly, O bubbles are revealed
to appear at the periphery of the incident laser beam and distribute along the laser
polarization direction. In 2021, they further reported a V-shaped crack that forms at
the bottom of the laser-modified volume and is oriented parallel to the laser polariza-
tion (Fig. 4(b)) [126]. These findings enrich the family of non-periodic self-organized
structures. Sakakura et al. [127] recently presented brand new polarization-depend-
ent nanopores by ULSN in fused silica that share many optical properties of nanograt-
ings, such as structural anisotropy, birefringence, and polarization-dependence
(Fig. 4(c)). The formation of this structure is considered attributed to the interstitial
oxygen generation caused by ultrafast laser-induced multiphoton and avalanche ioni-
zation. Notably, these nanopores are superior to conventional nanogratings in terms
of reducing incident pulse number, pulse energy, and optical loss, which make them

Page 8 of 32
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competitive in constructing ultralow-loss optical elements and high-speed optical
data storage.

Except for glasses, ULSN has been demonstrated in more types of dielectrics. In 2016,
Karpinski et al. [130] induced a self-organized periodic planar structure in MgO-doped
LiNbO; crystal by using ultrafast laser continuous writing. Scanning electron micros-
copy (SEM) images confirm that such a periodic structure is periodically assembled and
aligned perpendicular to the laser polarization, which is highly similar to the nanograt-
ings formed in glasses. In 2019, Zhang et al. [128] reported another unique self-organ-
ization phenomenon in bulk quartz crystal (Fig. 4(d)). There, three types of periodic
structures with different periods are simultaneously induced in the irradiation volume.
The first one is similar to nanogratings and the second one is formed in the laser writ-
ing direction. The third one is formed in the laser propagation direction. In 2021, Xu
et al. [131] and Zhai et al. [132] inscribed nanograting-like self-organized periodic struc-
tures in sapphire that possess optical phase modulation, erasing, and rewriting abili-
ties. Notably, a new class of ULSN mediating between the surface and the interior has
also been rising in recent years. In these studies, metal nanoparticles (NPs) or clusters
with nonlinear optical responses are introduced into transparent dielectrics to modulate
incident light waves and establish a periodic field distribution, thereby activating ULSN
[133-135]. The self-assembled periodic structures are usually produced in thin films or
near-surface regions owing to the limitation of ion deposition or implantation depth
[136]. These results expand ULSN methods to more functional materials like bulk crys-
tals, films, and composite materials, which helps to clarify the linkages of different ULSN
phenomena and enriches the potentially available materials.

As important branches of ULSN, the discovery of these novel self-organization phe-
nomena is encouraging, as they greatly generalize ULSN approach in product categories,
manipulation degrees of freedom, and available materials. By utilizing the optical modu-
lation abilities of the created structures, various novel tools for constructing photonic
elements can be developed in the future. However, the research on these structures is
still not thorough and limited to the interpretation of experimental observations, and
their formation mechanisms remain largely unclear. As a result, these ULSN methods
are currently far from mature whether in theory or technological practice. Therefore,
more studies need to be carried out to fully clarify the physical processes behind them,

improve the regularity of products, and explore structural manipulation methods.

Mechanisms of ultrafast laser-induced self-organization in transparent
dielectrics

The ultrafast laser-matter interaction is a highly complex multi-physics coupling pro-
cess involving various nonlinear effects that are currently still far from fully clarified. As
a typical instance of ultrafast laser-matter interaction, ULSN in transparent dielectrics
remains largely enigmatic. In the last 20 years, researchers have invested tremendous
efforts to uncover its physical mechanisms and a series of inspiring hypotheses, models,
and concepts have been proposed, which greatly promotes the process of fully under-
standing and utilizing ULSN. Here, we mainly focus on the representative research pro-

gress and important milestones in recent years.
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Interference-based model

The theoretical frameworks for early discovered ULSN phenomena are relatively well
established. With the first observation of the nanogratings in fused silica, Shimotsuma
et al. [72, 137] preliminarily proposed an interference model similar to the formation
mechanism of surface periodic structures [71]. In this model, the nonlinear ioniza-
tion process in the laser irradiation area releases plenty of free electrons, resulting in
the creation of electron plasmas. This process will greatly promote light absorption
and then lead to the excitation of plasma waves. The interference between this elec-
tron plasma wave and subsequent incident light wave finally induces the creation of
nanogratings in transparent media. This model well explains the structural periodic-
ity (Fig. 5(a)) and has been considered the most important origin theory for nanograt-
ing phenomena. Since then, a series of studies have been carried out to improve the
original interference theory [79, 138, 139]. These works revealed that the periodic
field distribution can be established and modulated by various scattering centers orig-
inating from inhomogeneities, electronic defects, and laser-induced nanopores/voids
in the media (Fig. 5(b)). In a simple view, the interference of the incident waves and
the scattered waves from scattering results in the wavelength-scaled periodicity per-
pendicular to the laser polarization [138], and the coherent superposition of multiple
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scattered waves from different scattering centers enables a further reduction of the
initial period, leading to the subwavelength periodicity (Fig. 5(c)) [79]. These mod-
els reasonably explain the polarization-dependence and multi-pulse accumulation-
driven structure creation of nanogratings [110, 140], which promotes the maturity of
interference-based models.

For new types of ULSN phenomena, the establishment and discussion of theo-
retical models are still rarely reported. In 2021, Zhang et al. [78] presented an
extraordinary periodic crystallization structure in the LTN glass system that is
polarization-independent but direction-dependent. This nanograting tilts opposite
to the laser scanning direction and possesses a curved spatial morphology, which
subverts the conventional understanding of the nanograting formation mechanism
based on the interference model discussed above. To clarify this puzzle, the group
proposed a brand new interference model where a single scattering center is intro-
duced to replace the randomly distributed ionization centers or plasmas. According
to this model, the interference is established by the scattered spherical waves from
the scattering center and oblique incident waves that are distributed at the periph-
ery of the focused beam (Fig. 5(d)-(f)). This model can quantitatively describe the
intensity distribution of the interference field and the theoretically calculated result
is in good agreement with the experimentally generated structures (Fig. 5(g)-(i)).
They further demonstrated that this model is highly universal and can explain a
series of similar ULSN phenomena not only in glasses but also in crystals. This
study further extended the conventional interference model and greatly expand the
application scope of this theory, which lays the foundation for further manipulat-
ing and utilizing different types of self-organized periodic structures. Notably, the
interference model proposed here is conceptually different from the previous ones
for explaining polarization-dependent nanogratings, which is reflected in the inter-
ference excitation, the scattering source, and the spatial morphology of the inter-
ference. In this model, the interference field is actively excited by ultrafast laser
irradiation without relying on intrinsic defects or inhomogeneities in the glass net-
work where the scattering field originates from the spherical light waves emitted
by a single scattering center in the focal area rather than multiple inhomogeneous
scattering centers or plasma waves. In addition, the spatial morphology of the inter-
ference field here is highly regular and strictly defined by the interference equa-
tions, rather than depending on ambiguous evolution processes.

With the deepening of research, the framework of the interference model for
explaining early ULSN phenomena has become much clearer than before. However,
with the discovery of new self-organized structures in multiple transparent media,
plenty of disagreements and contradictions have been emerging in various branches
of this theory. So far, different types of interference models are still largely isolated,
and a highly general physical model that can offer a full understanding of ULSN has
not yet been obtained. Therefore, more efforts need to be invested to disentangle the
interrelationships and commonalities of different concepts to achieve a more refined
and comprehensive theory.
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Plasma-based model
Bhardwaj et al. [141, 142] proposed a nanoplasmonic model to explain the ultrafast
laser-induced periodic modifications in transparent dielectrics where the local field
enhancement effect at the boundary of the initially sphere-shaped nanoplasmas causes
an asymmetric growth in the orientation perpendicular to the laser polarization and
form disk-shaped plasmas (Fig. 6(a)). During laser irradiation, these disk-shaped plas-
mas will become quasi-metallic and interact with subsequent incident light waves, which
results in the periodic modulation of the plasmas and finally creates periodically assem-
bled nanoplanes (Fig. 6(b)). According to this model, the regularly arranged nanoplanes
will first form at the top of the irradiation volume and eventually fill the whole laser-
modified area, and the period of these nanoplanes is estimated to be about A\/2n where A
is the ultrafast laser wavelength and n is the refractive index of the medium. This model
provides a picture of the structural evolution process of ultrafast laser-induced periodic
self-organization under multi-pulse interaction.

Liao et al. [77] presented that the standing plasma waves excited at the interfaces
between modified and unmodified zones play an important role in the formation of
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Fig. 6 a Evolution mechanism of nanoplasmas based on asymmetric field enhancement and b) scheme of
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spaced NPs. h SEM image of the letter “S"formed by self-assembled grating structures [136]. Copyright 2023,
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nanogratings by periodically modulating the electronic field intensity to excite nanoplas-
mas and induce periodic nanopores. According to this study, local field enhancement
initially occurs at the equator of spherical nanoplasmas perpendicular to the polarization
direction (Fig. 6(c)), which will induce an asymmetric ablation and thus lead to the for-
mation of elliptical nanoplasmas. They also presented that the field enhancement occurs
at the tips of elliptical nanoplasmas with different ellipticities (Fig. 6(d) and (e)), which
further promotes the anisotropic growth of nanoplasmas and drives the nanopores to
evolve into nanogratings with the increase of incident laser pulses. This interface-medi-
ated mechanism is similar to that of ultrafast laser-induced surface ripples and explains
many similarities between nanogratings and surface periodic structures. Notably, ultra-
fast laser-induced standing plasma waves are also used to interpret the formation of
self-organized nanovoids in transparent dielectrics [143], which indicates the intercom-
munity of the formation mechanism of different ULSN-produced structures. In 2015,
Liao et al. [144] further demonstrated that the coherent superposition of the scattering
waves from early-formed nanogratings will create secondary optical intensity maxima.
Such a local field enhancement is generally created between two nanoplanes and leads to
the birth of new “son” nanoplanes, which explains the period reduction of nanogratings
under the incidence of a large number of ultrafast pulses. Recently, Wu et al. [136] pro-
posed a plasmon-enhanced ULSN by using ion implantation techniques (Fig. 6(f)). In
this study, Ag ions are injected 100 nm below the surface and formed into homogeneous
NPs in fused silica. Assisted by the significant light-field enhancement and localization
of the NPs, the incident pulses excite and form a standing wave that can interfere with
the subsequent laser pulses (Fig. 6(g)). This process enables establishing a periodic field
distribution that drives the creation of subwavelength grating structures (Fig. 6(h)).

Plasma-based models are widely applied to describe the emergence and anisotropic
growth of ultrafast laser-induced polarization-dependent periodic structures, such as
the polarization-dependent nanopores [145], nanogratings [141], and nanoslits [146].
However, the lifetime of the light-excited electron plasma is only ~ 150 fs [147, 148],
much shorter than the pulse interval of ultrafast laser, which limits the effectiveness
of these models in explaining the subsequent interaction between nanoplasmas and
incident waves. Thus, more in-depth works are still needed to clarify the bridging
process from plasma generation to the activation of ULSN and thus complete plasma-
based models.

Defect-based model

To bridge the temporal gap between the previously excited state and subsequently inci-
dent pulses, Richter et al. [100, 149] proposed a defect-assisted nanostructuring model
where the self-trapped excitons (STEs) and defects induced by an ultrafast laser play a
critical role in the formation of nanogratings (Fig. 7(a)). They investigated the coupling
mechanism between individual pulses by tuning the temporal pulse separation from
500 fs to several ms. Experiments indicate that STEs are formed after the initial nonlin-
ear absorption of ultrafast laser pulses and decay to point defects in about 500 ps. For
very short pulse separations, the STEs promote the absorption of the following incident
pulses, increasing the coupling between laser pulses and the material. When the pulse
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separation exceeds the lifetime of the STEs, the cumulative process of incident pulses is
mediated by permanent defects.

Rudenko et al. [79, 138, 139] numerically investigated the formation mechanism of ultrafast
laser-induced periodic structures in fused silica. According to their simulation, randomly dis-
tributed inhomogeneities in the material play an important role in forming scattering cent-
ers, creating different types of nanogratings, and tuning the nanograting period (Fig. 7(b)).
Notably, these models are established mainly relying on the inherent defects or inhomoge-
neities in the fused silica and its universality in more other transparent dielectrics remains
to be examined. In 2021, Zhang et al. [116] first reported a defect-assisted periodic crystal-
lization in unconventional glasses where an auxiliary effect originates from photo-induced
defects plays a decisive role (Fig. 7(c)). It is shown that the pre-irradiation of the medium
with an ultrafast laser can locally induce defective crystallite seeds that can provide a unique
domino-like assisting effect to activate and maintain continuous periodic phase transitions
(Fig. 7(d)). The working principle of this auxiliary effect is to greatly reduce the pulse number
and energy threshold for triggering ULSN process. Especially, the pulse density threshold can
be reduced to 21-150 pulse/pm, nearly 10,000 times lower than that for inducing local crys-
tallization by static laser irradiation. Electron paramagnetic resonance (EPR) measurement
indicates that this auxiliary effect essentially originates from the laser-induced hole-trapped
defect centers in the glass networks (Fig. 7(e)). Experiments also show that this mechanism
is highly universal in multiple glass systems. This study sustains that ULSN process can be
activated by the actively excited defects and changes the conventional concept that ULSN
process relies on the intrinsic defects and heterogeneity of the matrix. The proposed model
is especially suitable for explaining the continuous phase transition-typed ULSN phenomena
in transparent dielectrics, which further extends the defect-based ULSN mechanisms.

Page 14 of 32
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Although many studies have confirmed the important role of various types of defects
in mediating ULSN processes, the effectiveness of proposed models largely depends on
the materials and experimental conditions. Consequently, there is still on consensus on
the nature of these defects, specifically, where they come from, what they are, or how
they work. In the next stage, more work is needed to clarify the spatiotemporal char-
acteristics of the defects-assisted energy deposition and explore the defect-mediated
ULSN in more different transparent dielectrics other than fused silica, including various
unconventional glasses and crystals, to further complete the theory.

Model improvements

Beam properties also play an important role in creating and manipulating structures
during ULSN process. One important model is the pulse intensity forward tilt (PFT)-
based ULSN. In 2012, Dai et al. [150] reported a controllable 3D-spatial rotation of
the nanogratings in fused silica and proposed that this rotation depends on the angle
between the PFT and the laser polarization direction (k). Specifically, PFT introduces
an angle between the Poynting vector (p) and the wave vector, which decomposes the
incident electric field into two electric field components perpendicular (E ) and paral-
lel (E)) to the laser propagation direction. The electric field component E ;| determines
the orientation of nanogratings in the plane perpendicular to the laser propagation
direction, while the electric field component E; makes nanogratings rotate in the plane
parallel to the laser propagation direction (Fig. 8(a)). According to this mechanism, an
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Fig. 8 a Schematic of PFT-based 3D structural manipulation of nanogratings [150]. Copyright 2012, Optica
Publishing Group. b Theoretically calculated fluence distribution at the focus [118]. Copyright 2008, AIP
Publishing. ¢ Birefringence images of imprinted nanopore-voxels. Pseudo colors show the orientation of the
slow axis [151]. Copyright 2023, Springer Nature
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ultrafast laser beam with PFT can be applied to simultaneously rotate nanogratings on
two orthogonal planes and thus manipulate ULSN in 3D space [150].

Another representative example is the creation of self-organized periodic nanovoids
where Gauss—Bessel beam [152], truncated Gaussian beam [122], and tightly focused
Gaussian beam [117] were widely applied to achieve this class of ULSN. In the mod-
eling, these beams are generally set as incident fields and combined with different light
propagation and light-matter interaction models to obtain the theoretical fluence distri-
bution. For example, Gaizauskas et al. [152] applied a zero-order Gauss-Bessel beam as
the incident field to calculate the fluence distribution by using the nonlinear Schrodinger
equation neglecting the plasma defocusing effect. The periodicity of the calculated flu-
ence is similar to the experimentally induced structure. Mauclair et al. [122] applied a
truncated Gaussian beam as the incident field and simulated the light field in the focal
region by using the Fresnel linear propagation formalism. It was found that a series of
fluence peaks appeared before the main focus, agreeing well with their experimental
results. In 2008, Song et al. [118] took a tightly focused Gaussian beam as the incident
field and proposed a composite model by combining the ultrafast laser nonlinear propa-
gation model with the spherical aberration effect caused by the interface of two media
with different refractive indices. Specifically, they applied a spherical aberration theory
to obtain the light field after passing through the interface and set this light field as a
new incident field, and then the fluence distribution in the medium is solved by incorpo-
rating the nonlinear Schrodinger equation and the electron density evolution equation
(Fig. 8(b)). Their model and corresponding experimental results demonstrated the inter-
face spherical aberration effect caused by the refractive index mismatch between air and
the medium is the main reason for the ULSN creation of periodic nanovoids by a tightly
focused ultrafast laser.

Recently, Lei et al. [151] observed that ULSN with an elliptically polarized beam in sil-
ica glass can create anisotropic nanopores whose birefringence signal intensity is about
twice that induced by a linearly polarized beam, where the maximum birefringence
is created by the elliptically polarized beam with an ellipticity of 0.6 (Fig. 8(c)). This is
counterintuitive because the nonlinear absorption of an elliptically polarized ultrafast
laser by fused silica is much weaker than that of a linearly polarized one. They attributed
this abnormal phenomenon to the enhanced interaction of circularly polarized ultra-
fast laser with randomly oriented bonds and hole polarons in the glass network, and the
high-efficiency ULSN creation of this birefringent structure can be interpreted as the
result of a balance between the maximum concentration of nanopores at circular polari-
zation and their anisotropic shaping driven by the linear polarization component.

To sum up, these studies discussed above further expand and refine the important
roles of beam properties, interference, plasmas, and defects in ULSN process, and
also illustrate the complexity of ULSN in transparent dielectrics, because there are
cooperative effects between different models and various external factors. For exam-
ple, the presence of nanostructures, optical aberration, and defects may affect the
excitation and modulation of optical fields and also affect the role of beam polari-
zation states in ULSN, which requires greater efforts in the future to gain a deeper
understanding of how these mechanisms work together to activate and manipulate
ULSN processes in different types of media.
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Applications based on ultrafast laser-induced self-organization in transparent
dielectrics

As a high-resolution volume optical processing tool, ULSN is highly effective in cre-
ating complex all-inorganic mico-nano structures in various transparent dielectrics,
which greatly enhances people’s ability to construct integrated elements with ultra-
high stability, lifetime, and robustness. In recent years, more and more ULSN-based
applications have been demonstrated in different functional materials. Here, we focus
on representative research progress, including micro-nano optical elements, multi-
dimensional data storage, and super-resolution etching, and briefly introduce some
emerging novel applications.

Micro-nano optical elements

In 2002, Bricchi et al. [153] demonstrated a birefringent Fresnel zone plate in silica
fabricated by using ULSN (Fig. 9(a)), which is considered the earliest optical applica-
tion based on ULSN methods. Since then, various intriguing micro-nano optical ele-
ments have emerged by using ULSN approaches (Fig. 9(b) and (c)), such as wave plates
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Fig. 9 a Fresnel zone plate made of nanogratings in fused silica [153]. Copyright 2002, Optica Publishing
Group. b Polarization diffraction gratings made of nanogratings in fused silica [157]. Copyright 2010, Optica
Publishing Group. ¢ Optical vortex converter made of nanogratings in GeO, glass [166]. Copyright 2017,
Wiley-VCH. d In-line polarizer made by inscribing nanogratings in a single mode fiber [169]. Copyright

2019, Royal Society of Chemistry. e Near-infrared light attenuator made of periodic crystallization induced

in LTN glass [115]. Copyright 2019, Wiley-VCH. f Tunable photonic crystal fabricated by ULSN-induced
periodic crystallization [78]. Copyright 2021, Springer Nature. g Ultralow-loss polarization convertor made of
self-organized nanopores in fused silica and h) corresponding beam conversion results [127]. Copyright 2020,
Springer Nature
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[154—-156], polarization diffraction gratings [157], polarization selective holograms
[158], light attenuators [115, 159, 160], Bragg gratings [161-164], and polarization con-
verters [165-167]. Most of these applications are based on nanogratings in glasses due
to a relatively complete understanding of the physicochemical characteristics and for-
mation mechanisms of this structure [168]. Recently, with the expansion of application
scenarios and the discovery of different types of self-organization phenomena, more pio-
neering applications emerge and greatly accelerate the maturing of ULSN.

Fiber is among the greatest innovations of human beings and provides an excellent
platform for next-generation high-performance communication, sensing, measure-
ment, and computing technologies [170]. Recently, ULSN-based fiber optics is fast
developing to become a hot research field [171]. In 2019, Lu et al. [169] combined
ULSN with fiber optics and first induced self-organized fiber nanogratings (FNGs) by
ultrafast laser direct writing in a single mode silica fiber (Fig. 9(d)). In this work, an in-
line polarizer is demonstrated based on FNGs, boosting the application of ULSN in all-
fiber polarization mode control and high-order vector mode selection. In 2021, Wang
et al. [172] demonstrated distributed fiber optical sensors by continuously inscribing
ENGs in silica fiber core point by point. The insertion loss of single point sensor ele-
ment can be as low as 0.001 dB and due to the excellent heat resistance of nanogratings,
the fabricated fiber sensors can sustain long-term stability in high temperatures up to
1000 C. Notably, this study first demonstrated the application of FNGs based sensors
in nuclear reactors, confirming the great potential of ULSN in fabricating robust optical
devices for extreme environments.

In recent years, new types of ULSN-produced modifications have sprung up and
remarkable progress has been made in practical applications. In 2019, Zhang et al. [115]
presented a polarization-dependent light attenuation effect of the periodic crystalliza-
tion in LTN glass system and demonstrated that a broadband light attenuator made of
the periodic crystallization can work in the near-infrared region (Fig. 9(e)). This is the
first report on the periodic crystallization-based optical application. In 2021, they fur-
ther uncovered the dual optical modulation capability of periodic crystallization, includ-
ing polarization-dependent light attenuation and wavelength-dependent selective optical
transmittance [78]. Based on this, they further inscribed a multi-functional all-inorganic
photonic crystal in the glass (Fig. 9(f)). Notably, by engineering a reversible secondary-
phase transition of the crystal part in the periodic crystallization structure, the optical
modulation performances of this photonic crystal can be broadly manipulated, which
shows the excellent flexibility of ULSN-produced all-inorganic optical elements.

In 2020, Sakakura et al. [127] demonstrated geometrical phase optical elements based
on ULSN-produced polarization-dependent nanopores in fused silica, such as geomet-
rical phase prism, lens, and polarization convertor (Fig. 9(g) and (h)). Compared with
the nanograting-based optical elements, the nanopore-based optical elements have
an extremely high optical transmittance of about 99% in the visible and near-infrared
waveband and higher than 90% even in the ultraviolet range, which is attributed to the
ultralow scattering loss of the nanopores. In 2021, Xu et al. [131] inscribed periodic
structures in sapphire and demonstrated the application of geometric phase elements,
including geometric phase lens and Q-plate. These optical elements are demonstrated to
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possess high imaging and focusing performances which may find applications in various
harsh environments, such as high-power optics.

Although these newly presented ULSN technique routes are still in the early stage of
investigation, they have already shown remarkable advantages in fabricating all-inor-
ganic optical elements with excellent integration, robustness, flexibility, and high trans-
mittance in 3D space. To give full play to these advantages, normalized and quantitative
fabrication processes aiming for ULSN is needed to be established and completed to
improve the regularity of the self-organized structures. And more potential application
scenarios related to optical sensing, displaying, imaging, precision measurement, and
signal processing are waiting for further exploration.

High-density data storage

With the rapid development of big data and artificial intelligence technologies, the
amount of data generated by human society has been fast exploding [173-175]. Faced
with the long-term ultra-large-scale data storage, currently applied technologies inher-
ently have many drawbacks such as insufficient reliability, limited lifespan, and low
storage density, resulting in considerably huge energy consumption [176—178]. If peo-
ple continue to rely on conventional technologies, it will further exacerbate the global
energy shortage. Therefore, there is an ever-urgent demand to develop long-term, energy
saving, and high-density data storage technologies.

The erasable and rewritable polarization-dependent birefringence properties of
nanogratings make this structure highly favorable for high density data storage. In 2008,
Taylor et al. [90] demonstrated the in situ information rewriting based on the nanograt-
ing structures in fused silica where data voxels are effectively rewritten by following
pulses with new polarization angled 45° to the initial one. In 2010, Shimotsuma et al.
[179] demonstrated five-dimensional (5D) optical data storage by introducing the opti-
cal retardance and the azimuth angle of the slow axis of nanogratings as information
multiplexing channels on the basis of XYZ spatial coordinates (Fig. 10(a)) whose stor-
age density can be as large as 300 Gbit/cm?, about 10 times as that of a 12 cm BlueRay
disk. In 2015, Zhang et al. [180] characterized the lifetime of nanograting-based 5D opti-
cal data storage by thermally accelerated aging measurements. According to Arrhenius
law, the room temperature decay time of nanogratings can be as long as~ 3 x 10%° years
(Fig. 10(b)), implying that the theoretical lifetime of the nanograting-based 5D optical
data storage in fused silica is comparable to the age of the Universe, namely, an unlim-
ited data storage lifetime.

However, as the formation of nanogratings in transparent dielectrics generally requires
multi-pulses incidence, the recording speed of the nanograting-based data storage is lim-
ited by the incident pulse number per unit time. Besides, the pulse energy for nanograt-
ing creation is considerably high and the readout accuracy remains not enough, which is
unfavorable for developing low-power data storage. Recently, Yan et al. [181] proposed
a quasi-single-pulse approach to generate anisotropic nanostructures with birefringence
properties in fused silica that allow high-speed data recording. In their proposal, the ani-
sotropic nanostructure is induced by the spatiotemporal manipulation of a picosecond
laser. The temporal manipulation is achieved by a beam splitter or a birefringence crystal
that can split a single ultrafast pulse into two pulses. The spatial manipulation is achieved
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Fig. 10 a 5D optical data storage with nanogratings in fused silica, including XYZ coordinates (up), slow
axis orientation (middle), and optical retardance (below) [179]. Copyright 2010, Wiley-VCH. b Theoretical
nanograting decay times at certain temperatures [180]. Copyright 2015, American Physical Society. ¢
Schematic of formation mechanism of tilted anisotropic nanostructure and d) corresponding decoded data
[181]. Copyright 2021, Optica Publishing Group. e 100-layer optical data storage with nanopores in fused
silica [182]. Copyright 2022, Wiley-VCH. f Energy-efficient data storage with nanovoids induced by near-field
enhancement effect [145]. Copyright 2021, Optica Publishing Group

by an SLM device that can dynamically manipulate the relative location of the first pulse
and second pulse. The first pulse is used to excite STEs to induce a temporary high
absorption and positive refractive index change. Then the second pulse partly interacts
with the pre-modified area, creating a tilted intensity distribution, which is the origin of
the anisotropic nanostructure (Fig. 10(c)). The readout accuracy of the written informa-
tion can be up to 99.09% (Fig. 10(d)). Wang et al. [182] reported a high capacity multi-
layer 5D optical data storage based on ultrafast laser-induced polarization-dependent
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nanopores that can greatly reduce the scattering loss of light. Benefitting from the high
transmittance (99%), the readout accuracy of this multi-layer data storage can be con-
siderably high. As proof, they demonstrated the recording of “The Hitchhiker’s Guide to
the Galaxy” into 100 layers of birefringent voxels in fused silica and the readout accuracy
is examined as high as 100% (Fig. 10(e)). Lei et al. [145] demonstrated a fast and energy-
efficient data recording approach by near-field enhancement mediated energy deposi-
tion manipulation. There, an isotropic circular nanovoid (~ 130 nm) is first induced by
seeding pulses with pulse energy higher than the micro-explosion threshold and an ani-
sotropic nano lamella-shaped structure (~460 nm) is then created by low-power writ-
ing pulses via the near-field enhancement effect (Fig. 10(f)). In the data recording, the
incident pulse train consists of one seeding pulse (30 nJ) and seven (13.5 nJ) writing
pulses for high retardance (~ 3 nm) or one seeding pulse (24 nJ) and four (13.5 nJ) writ-
ing pulses for low retardance (~1 nm). The information writing speed can be 225 Kb/s
(6 x 10° voxels/s) and the readout accuracy is examined at 99.5% and 96.3% for the top
layer and the bottom layer (50 layers).

In summary, multiple types of ULSN-produced structures have shown great poten-
tial in developing next-generation optical storage technologies with considerably high
data density, readout accuracy, and storage lifetime. However, current ULSN-based
multi-dimensional data recording largely relies on multi-pulse incidence or seed pulse
pre-modification in fused silica, which greatly limits the data writing speed. Besides, the
optical setups for multi-dimensional information readout are too complex and bulky to
satisfy the requirements of commercial applications. Therefore, real single pulse data
recording routes still need to be exploited, where new storage media, data writing/read-
out mechanisms, algorithms for fast data extraction, and especially the miniaturization
of memory systems are waiting for further investigation.

Micro-nano fluidic devices

The rapid development of ULSN greatly boosts the field of advanced manufacturing.
Especially, ultrafast laser micromachining in transparent media produces various types
of material modifications, such as defects, refractive index changes, cracks/voids, and so
forth. By utilizing the unique physicochemical properties of the ULSN-modified area,
on-demand subtractive nanostructuring with higher resolution and controllability can
be further achieved. One representative example is ULSN-assisted 3D fluidic channel
fabrication in transparent dielectrics.

In 2013, Liao et al. [183] proposed a sub-50 nm nanostructuring approach based on
ULSN-induced nanogratings in a homemade high-silicate SiO,-B,0;-Na,O porous glass.
There, the induced nanogratings are induced as polarization-dependent periodic hollow
nanovoids in the porous glass. By fixing the laser polarization perpendicular to the scan-
ning direction and reducing the pulse energy to a certain value (~ 60 nJ), a single central
nanovoid elongated in the writing path with a width of~37 nm can be solely induced
(Fig. 11(a) and (b)). The single nanovoid can be connected into a continuous nano-chan-
nel by using a low laser writing speed of 5-10 um/s and a post-annealing treatment is
applied to collapse the inherent nanopores in the glass matrix. The fluidic functionality is
confirmed by filling the nano-channels with an observable fluorescent dye solution. They
further fabricated integrated micro-nano fluidic systems by simultaneously inscribing
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conventional micro-channels and ULSN-based nano-channels into 3D fluidic configura-
tions in the glass matrix [184]. The micro-nano fluidic systems are demonstrated as lab-
on-a-chip devices for deoxyribonucleic acid (DNA) analysis and the stretching behaviors
of DNA molecules are clearly observed in the nano-channels (Fig. 11(c)-(e)), opening up
new approaches for the investigation of single molecular behaviors.

Recently, ultrafast laser-assisted subtractive fabrication has developed to become an
effective tool for structuring all-inorganic transparent dielectrics in 3D by utilizing the
great etching rate difference in chemical etchants of the irradiated and unirradiated
zones [186—189]. ULSN process has been confirmed to possess multi-dimensionally
controllable super-resolution material modification abilities that are well suited for
higher precision etching in transparent dielectrics, namely, ULSN-assisted etching. Hna-
tovsky et al. and Cheng et al. [91, 97, 190, 191] systematically studied the selective etch-
ing properties of nanogratings in glasses and revealed the highly differential etching rate
inside nanogratings, which lays the foundation for ULSN-assisted microfluidic channel
fabrication. Haque et al. [185] further combined ULSN-assisted etching and ultrafast
laser 3D structuring inside optical fibers to construct highly integrated lab-in-fiber (LIF)
optofluidic systems that consist of various microfluidic channels and optical resonators
(Fig. 11(f)). The fabricated LIF devices are demonstrated to possess broad prospects in
in-line bend, strain, refractive index, and temperature sensing.

ULSN-assisted micro-nano fabrication provides a facile and powerful approach for
constructing advanced micro-fluidic devices. However, current studies largely focus
on structure minimizing and efficiency improvement. There are still research gaps in
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on-demand channel shape control, inner-surface engineering, and modular integration
of micro-fluidic systems. With the advent of various new types of ULSN phenomena,
mechanisms, and materials, more novel ULSN-assisted micro-nano fluidic technologies
aiming for fields like personalized medicine, fast virus detection, and efficient microre-
actors, are expected to be new hotspots in this field.

Other applications

In addition to the classic applications, some intriguing ULSN-based applications have
also begun to sprout in recent years, providing new insights into frontier fields like
extreme fabrication, structural coloration, and chiral optics.

For example, Yan et al. [146] proposed a direct optical nanofabrication approach that
enables 3D processing in fused silica with a considerably high spatial resolution down
to 40 nm and a lateral spacing down to 200 nm. This technology is based on the crea-
tion of a polarization-dependent single nanoslit structure by using ULSN. Specifically,
the laser polarization is set perpendicular to the scanning direction to activate the con-
tinuous growth of the structure along the writing path and thus form a high-aspect-ratio
single nanoslit structure, where the near-field redistribution induced by the presence
of the nanoslit allows for achieving a lateral spacing much smaller than the laser beam
size. As a proof of concept, they demonstrated the fabrication of customized 3D nano-
structures formed by nanoslits (Fig. 12(a)). This ULSN process can serve as a general

Polarized transmission
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Fig. 12 a 3D nanofabrication based on the ULSN creation of self-organized nanosilts, including nanopatterns
in four layers (left), SEM image of the nanopattern in the third layer (middle), and truncated pyramid

structure (right) [146]. Pseudo colors show the orientation of the slow axis. Copyright 2021, Wiley-VCH. b
Polarization-sensitive color generated by grating structures in nanocomposite films [133]. Copyright 2017
American Chemical Society. ¢ ULSN creation of nanogratings possessing circular properties [192]. Copyright
2023, Springer Nature
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nanofabrication approach that is broadly applicable in constructing functional struc-
tures for nanophotonics, nanofluidics, nanomechanics, metamaterials, and information
recording.

In 2017, Liu et al. [133] reported a novel coloration route based on ULSN-produced
3D metallic nanostructures in a nanocomposite thin film (Ag NPs: TiO,). In this work,
they presented that the irradiation of a linearly polarized ultrafast laser on the film
can simultaneously excite two independent propagating optical modes (a surface
mode and a guided mode) and both of these modes can interact with incident waves to
establish periodic field distributions, leading to the creation of composite self-assem-
bled nanostructures with two periodicities. By utilizing the diffractive and polariza-
tion-sensitive properties of the induced nanostructures, they demonstrated the high
potential of this ULSN strategy in structural coloration and multiplexed optical image
encoding (Fig. 12(b)). This work also prospected the potential of such nanostructured
composite films in applications like solar energy harvesting, photocatalysis, and pho-
tochromic devices.

Recently, Lu et al. [192] reported the tailoring of chiral optical properties in 3D by
ULSN in an initially achiral material (silica glass). In a simple view, they observed that
there are two major contributions that ULSN-produced nanogratings own to its aggre-
gate birefringent response, namely, a form and a stress-related one (Fig. 12(c)), and then
respectively investigated the polarization-dependence properties of these two contri-
butions and established a two-layer model based on Mueller formalism to describe the
generation of chiral optical properties of the laser-modified area. Under the guidance of
this model, they demonstrated two types of chiral optical elements, including nanograt-
ing-based waveplates and stress-based waveplates to achieve customized optical rota-
tion. Predictably, the presented principle allows for flexibly designing 3D structured light
beams in terms of phase, amplitude, and polarization, providing a novel perspective on
tailoring the optical properties of transparent dielectrics.

Although still in their infancy, these studies are impressive enough to represent an
important milestone in shaping ULSN into a highly flexible and versatile tool for pro-
moting advanced material modification and light-matter interaction physics. However,
many of the envisioned application scenarios in these reports are still to be implemented
and a more exhaustive performance characterization of the corresponding devices or
elements is required. Towards practical applications, more work is still required in the
future to improve manufacturing efficiency, structural controllability, as well as the uni-
formity of mass production.

Conclusions and outlook

ULSN in transparent dielectrics has made remarkable progress in creating a versatile
platform for ultrafast laser-matter interactions and extreme material processing, giv-
ing birth to a large number of new phenomena, theoretical models, and engineering
applications, which offers competitive solutions to many challenging problems in vari-
ous multidisciplinary fields, including quantum technology, big data storage, advanced
optical sensing, detecting, imaging, and communication. Predictably, ULSN will con-
tinue to be a hot research topic in strong-field physics in the future and bring us more
fascinating discoveries.
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In this review, we comb recent progress and key milestones in ULSN and ULSN-
based technologies. Nanograting, as the most widely researched object, has estab-
lished itself as an important mother structure for predicting and exploiting more ULSN
approaches due to its highly general physicochemical characteristics. Excitingly, we
note that a rising number of unprecedented phenomena have emerged in recent years
one after another, and gradually developed into important branches of ULSN. Inspired
by the formation mechanism of nanogratings, novel theories and physical models have
been proposed to explain newly discovered ULSN phenomena and direct the structural
manipulation, which is followed by a burst of pioneering applications based on these
ULSN-produced structures. We excitingly witness a giant improvement in the perfor-
mances of various elements and devices fabricated by ULSN, which benefits from the
favorable properties of the created structures. However, the fast progress of ULSN is
accompanied by plenty of conflicts and puzzles between new concepts and established
theoretical frameworks. The specific roles of optical scattering, interference, and field
enhancement effect in ULSN process are still controversial and the plasma and defect-
mediated structural evolution process remain largely unclear. As a result, it is still far
away from achieving a consensus on the essence of ULSN. In the future, advanced
ultrafast dynamics detection approaches like pump-probe spectroscopy [193], ultra-
fast photography [194], and ultrafast electro-optical imaging [195] would be useful to
provide more intuitive experimental evidence for different models and unravel these
mysteries. Moreover, we have recently witnessed the booming of various optical modu-
lation technologies, including super-resolution microscopy [196], adaptive aberration
control [197], SLM [198], and optical parametric amplifier (OPA) [199], etc. We believe
these technologies can serve as powerful tools during ULSN process to achieve much
more flexible structural manipulation of the period, height, and uniformity of the self-
organized structures in the near future.

The rapid expansion of technologies like data mining, machine learning, and artifi-
cial intelligence, has brought human society into the era of information on explosion.
Light, as a powerful information carrier, represents the future of information technolo-
gies where transparent dielectrics provide a versatile platform for light manipulation.
ULSN in transparent dielectrics offers a tremendously attractive brand new idea for arti-
ficially tailoring natural materials to realize on-demand manipulation of light at micro-
nano scale. Therefore, the future orientation of ULSN would be the enabler for highly
integrated optical information processing, transmission, and storage. Technically, the
coupling between ULSN-produced micro-nano optical elements and commercial opto-
electronic devices is desired to be optimized. Multifunctional integrated optical sys-
tems across materials and elements have not been effectively demonstrated by ULSN.
In addition, standardized, efficient, and mass ULSN fabrication is urgently needed to
be achieved. For ULSN-based multi-dimensional data storage, there is still significant
space to improve the information recording and readout speed. Higher density data
storage with more information multiplexing channels, such as light frequency and pho-
ton orbital angular momentum (OAM) [200-202], remains to be further explored by
ULSN in transparent dielectrics. In addition, the data writing and reading systems are
not integrated and facile enough for commercial use. Thus, more efforts are needed to
be invested in solving these problems.
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ULSN in transparent dielectrics has developed into a broad research field rather
than a small subdivision. Therefore, future research should be systematic and intrinsi-
cally associated with physics, optics, material science, computer science, and mechani-
cal engineering. It is exciting to combine ULSN with diverse frontier cross-disciplinary
technologies to establish a family of universal multifunctional material modification
methods that can freely manipulate ULSN processes and construct arbitrary geometries

and complicated systems in arbitrary materials.

Abbreviations

ULSN Ultrafast laser-induced self-organized nanostructuring
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