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[®]check forupdates The direct laser writing (DLW) of photoluminescent metal clusters is inspiring
intensive research in functional glisses. However, understanding the influence
of the host structure on cluster formation and visualizing DLW-induced clus-
ters at the atomic scale remains challenging. In this work, we develop a highly
photosensitive fluorophosphate glass through fluorine incorporation. The
addition of fluorine establishes a conducive environment for Ag” ions before
DLW and enhances the availability of reducing agents and diffusion pathways
during DLW. These advantages facilitate the formation of Ag clusters under
low-energy single-pubed DLW. Increasing laser energy results in a combina-
tion of Ag clusters and glasses defect, forming a dot + ring photoluminescent
pattern. Atom probe tomography (APT), a technigue capable of mapping the
elemental spatial distribution and identifying clustering, is employed to gain
maore information on laser-induced clusters. Comparison of APT results
between samples without and with DLW reveals the formation of Ag clusters
after laser writing. The design concept and characterization enrich the
understanding of Ag cluster behavior in glasses. This knowledge opens the
possibility of rational design of clusters confined in glasses and inspires their
synthesis for various applications.

Direct Laser Writing (DLW) enables precise modifi cations of trans
parent materials such as polymer', sapphire”, and glass’. This capability
allows For the creation of customized 30 microstructures with tilored
properties, providing a versatile platform for material engineering and
optical device fabrication. Among applications, there is a growing
imterest in Fabric ati g sihver nanod usters | Ag NCshinside glass for highe
capacity optical data storage (0DS). Consisting of several to tens of
atoms, Ag NCs exhibit bright photoluminescence (PL) due to the
quantum confinement effect™. In 0DS DLW is applied to inscribe Ag
NCs, with cach inscribed PL dot serving as an information recording

unit®. By tailoring the DLW parameters such as laser enengy, duration,
and pulse count, tunable PL intensity and multiple grayscales storage
can be achieved’.

Along with laser parameters, the choioe of glass matrix also
influences ODS performance Anideal glas for storage application is
ecxapected to fadlitate the generation of Ag NCs at low energy to red voe
writing energy consumption and should be compatible with single
pulse laser processing to enhance the data writing dficiency”. The
carliest literature on this topic can be traced back to the year 20000,
subsequent research has mainly fooused on refining the DLW
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3D Imprinting of Voxel-Level Structural Colors in Lithium

Niobate Crystal

Zhuo Wang, Bo Zhang,* Ziguan Wang, Jie Zhang, Peter G Kazansky, Dezhi Tan,*

and Jianrong Qiu*

and recording!"* However, the curment

Advanced coloration methods are of pivotal importance in science,
technology, and enginesring. However, 3D structural colors that ane critical for
emerging multidimensional information representation and recording are
rarely achievable. Here, a facile voxel-level programmable 3D structural
coloration in the bulk lithium niobate (LINEO, ) crystal is reported. This is
achieved by engineering wavelength-selective imerference between ordinary
[0 and extraordinary (E} light in the orystal matrie. To induce effective phase
contrast between O and E light for establishing the highly localized
interference across the visible band, the presence of a pulse-internal-coupling
affect is revealed in the single-pulse ultrafast |aser—crystal interaction and an
ultrafast-laser-induced micro-amorphization (MA) strategy is thus developed
to manipulate local matrix strucure. Consequently, micro—nanoscale colorful
vaxels can be fast insaribed into any spatial position of the crystal matrix in
one step. [t is demonstrated that the colors can be flexibly manipulated and
quickly extracted in 3D space. Multidimensional MA-color data storage with
large capacity, high writing and readout speed, long lifetime, and excellent
stability under harsh conditions is achieved. The present prindple enables
multifunciional 30 structural coloration devices inside high-refractive-index
transparent dielectrics and can serve as a general platform to innovate

sxmicmral colors are generally displayed tn
20 sub=raes % akhough complex bulk
phowonic arystals have recemely been de-
sigmed w0 generare quasi 30 colors,)'®1EH
the: color vaxels are Largely ineerconnecsed
rather than independemt and the spa-
sl exsemt of coloradon 5 Hmited @
a3 small scale close w surfaces. Freely
imprinting voxellevel comrollable smoc-
mral cofors tm 30 space enzbles im-
planing addissonal degrees of fresdom
in Hght moduladon and device fancson-
alzadon, such as 30 display and high-
density dam swrage. However, due o the
lack of a sukable crrier, this vision e
mains hghly challenging and even impos-
sible via tradisional coloraton approaches.

Ome way w solve this problem 1s w de
velop a principle that can prine color vox-
als in 30 iransparem media. Recendy, ul-
wrafass laser direct wriing | UV LDYW) in trans-
parent dislecirics has been eseablished as an

next-generation information optics.

1. Introduction

Srucmral colors originated from the imerzoton besween the
pabychromadc light and micro—nane photomic stecmres have
been created for varous appliaions in high-resoluion apd-

cal display, sensing, and-coumnterfiing, tnformadon encrypaion,

encellent platform for crezting 30 micro—
mano fancdonal srocnres, ' which en-
dows matrix materials with unprecedensed
fonconalives. Represemively, domain
enginesring af micro-nan scales using ULDW in Brthiom nio-
bate [IAMbO.) cryseals has been usad wo produce 30 nonkin-
ear phownic orysals ™ % Howeyer, strucural coloradon s ex-
wremely difficule 1o generate inside such media, be@use the high
refractive index of the mairx severely impalrs the phase mod-
ulatton capabibiry of phosonic struomres. Generally, ransparent
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Ostensibly perpetual optical data storage in
glass with ultra-high stability and tailored
photoluminescence

Zhuo Wang'!, Bo Zhang!?, Dezhi Tan?** and Jianrong Qiu'**

Long-term optical data storage (ODS) technology s essential to break the bottieneck of high energy consumption for in-
formation storage in the current era of big data. Here, ODS with an ultralong lifetime of 2= 107 years is attained with single
ultrafast laser pulse induced reduction of Eu™ ions and tasioning of optical properties Inside the Eu-doped aluminosilicate
glasses. We demonstrate that the induced local modifications in the glass can stand against the temperature of up to 870
K and strong ultraviolet light irradiation with the power density of 100 kW/cm?. Furthermore, the active lons of Euw** exhib-
it strong and broadband emission with the full width at half maximum reaching 190 nm, and the photoluminescence (PL)
Is fiexibly tunable in the whole visible region by regulating the alkaline earth metal lons in the glasses. The developed
technology and matenais will be of great significance in photonic applications such as long-term ODS.

Keywords: ultrafast laser; photoluminescence tailoring; ultralong lifetime; optical data storage

Wang 2, Zhang B, Tan DZ, Qiu JR. Ostensibly perpetual optical data storage in glass with ultra-high stability and tadlored
photoluminescence. Opto-Electron Adv 6, 220008 (2023).

Introduction generated by the gover data di recovery cen-

In the development history of human society, data stor-
age plays an indispensable and pivotal role, it has signi-
ficantly boosted spacious domains from social science to
industrial production. With the advent of the Internet of
Things and artificial intelligence, the long lifetime and
large capacity of information storage are in increasingly
high demand. Accordingly, optical data storage (ODS)
technique provides a highly fascinating alternative to
conventional storage techniques (semiconductor or mag-
netic-based storage) with lower energy consumption, lar-
ger capacity, higher efficiency, and longer lifetime’ "
However, accounting for 80% of the total stored data

ters, and archives are not frequently accessed but still
need to be available over long periods in an easy access
method. The typical lifetime of mature ODS is hundreds
of years that is still far from meeting the requirements of
next-generation information storage*”. Although the
ODS based on ultrafast laser induced volume periodic
structures has an ultralong lifetime, multipulse irradi-
ation with the pulse energy up to micro-joule is neces-
sary for writing, which will slow down the writing speed
and increase the power ¢ ption’”. Developing long-
term stable ODS based on single pulse writing process
can not only notably reduce the energy dissipation
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Single-Pulse-Driven Frame Printing of Chromatic Pixels in

Lithium Niobate Crystal

Jie Zhang, Zhuo Wang, Bo Zhang,* and Jianrong Qiu*

Highly efficlent and programmable writing of multidimensional optical data is
of great value for next-generation high-throughput information technologies
but has been rarely achleved. Here, a one-step frame printing of chromatic
pixels in lithium niobate crystal by using a single ultrafast laser pulse is
reported. In this strategy, a phase superposition-based spatial light
madulation strategy Is applied to split a single ultrafast laser pulse into
multiple son pulses with designated optical properties and spatial distribution
patterns. It is demonstrated that these son pulses allow for mas sively creating
micro-amorphous phase transition zones with on-demand structural features
that can modulate the intrinsic birefringence of the crystal matrix and
generate wavelength-selective Interference in the visible band to form
phcellevel chromatic patterns, namely, single-pulse-driven frame color
printing. The created chromatic picels can be encoded into
computer-recognizable data arrays to play a role In high-efficiency

multidimensional information recording. The pr

generation of pixellevel structural col-
ors that are especially valuable in infor-
mation optics therefore requires the pro-
duction of various photonic structural
modules Y where a set of processing
parameters generally enables the fabri-
cation of only one structural feature, re-
sulting in the presentation of only one
kind of color [Figure 1&). Such a one-
to-one coloration mode greatly limits the
information writing efficiency, as it gen-
erally requires frequent adjustment of
laser and writing parameters, which will
overload the laser and mechanical servo
systems. Besides, the spatial scope of
pixel-level color printing is largely lim-
ited to a 2D plane or near surfaces. 3D

fast embedded micro-nano structures allow

1. Introduction

The vast majority of information that human beings get from
the outside world is transmitted through light where the opti-
cal frequency, which can be identified as color by eyes or de-
tectors, is an important information dimension.™* Recently,
structural colors that arise from the interference, diffraction, and
scattering behaviors of light when interacting with micro-nano
structures,/®""] have been fast-developing and attracted tremen-
dous attention as they lie at the fundamental position in boost-
ing the development of advanced optical display,'?] information
recording. 1] sensing /"] detecting,! encryption,') and ant-
counterfeiting """ In principle, the generation of structural col-
ors relies on the optical modulation of illumination polychro-
matic light by wavelength-scale photonic structures, with each
color corresponding to a specific structural feature! 21 The

d approach enabl
and programmable information batch writing in 3D space and can serve as a
versatile tool boosting next-generation Information optics.
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for effectively utilizing the vertical spa-
tial dimension and favorable properties
of substrates, implanting additional de-
grees of freedom in light modulation and
photonic device functionalization ™ However, a highly effi-
cient structural coloration that enables massively printing mul-
tiple chromatic pixels at designated 3D spatial locations with one
set of processing parameters has not been achieved.

The key to breaking through this bottleneck lies in the de-
velopment of a novel one-to-many coloration approach that en-
ables parallel fabricating light modulation structures in 3D space.
At present, it is extremely difficult to achieve this goal by rely-
ing on conventional micro-nano machining technologies, as they
generally require cumbersome processes. Recently, the ultrafast
laser has shown great superiority in creating embedded micro-
nano photonic structures in various transparent media because
of its highly efficient and versatile nonlinear material modifica-
tion capacity/ ™! In theory, it is possible to engineer ultrafast
laser pulses and manipulate them to fast inscribe desired light
modulation structures in a transparent medium, achieving the
efficient generation of 3D colors.

Here, we report on a single ultrafast laser pulse-driven frame
coloration strategy that enables fast one-to-many production of
multiple chromatic pixels in 3D space (Figure 1h). This propozal
is built upon two of our pivotal research foundations[*] First,
single-pulse ulirafast laser-induced micro-amorphous phase
transition (MAFPT) in lithium niobate |LiNbO,) can locally mod-
ulate the phase difference of O and E light beams that propagate
in the crystal matrix and establish wavelength-selective interfer-
ence in 3D space by using chromatic polarization effect, namely,
pixel-level structural colors. Second, the interference colors an

& 024 Wik VCH GbH

J.Z. and Z.W. contributed equally to this work. ].Z. and B.Z. conceived the
idea. |.Q. and B.Z. organized, coordinated, and supervised the project.
J.Z. and Z.W. performed the experiments and collected the data. |.Z., Z.W,,
B.Z., and ).Q. interpreted the results and proposed the color frame print-
ing method. ].Z. and B.Z. wrote the manuscript. |.Z., ZW, B.Z,, and ].Q.
discussed and revised the manuscript.

Kl 6: w4 HEI



Y

X

it

5 Long-term  optical

information

storage in glass  with

ultraviolet-light-preprocessing-induced enhancement of the signal-to-noise ratio

L)

Check 1or
)

Vol 48, Mo, 16 /16 Auguet 2021 / Opdics Ledtars 83T |

Optics Letters

Long-term optical information storage in glass
with ultraviolet-light-preprocessing-induced
enhancement of the signal-to-noise ratio
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This Letter describes the realization of long-term optical
information storage in glass wsing an enhanced signal-to-
noise ratio (SWR). We show that the photo-oxidation of
Eu?t ions in the glass matrix induced by ultraviolet light
suppresses background signals, thereby enhancing by ten-
fold the SNE of Eu’t ions photoluminescence (PL) of the
dots written by a femtosecond (fs) laser. Thus, smaller dots
exhibiting weak PL emission can be detected. In addition,
the stored information shows excellent stability under the
light irradiation with the power density up to 240 W fcm?.
Accelerated-aging experiments indicate that the stored
data can retain stability for more than 115 years at room
temperature. The optical storage capacity is approximately
270 Gbitcm~3, This technique enables long-term, high-
capacity data storage in glass media. © 2021 Optical Society
of America

hittpe/fdai.ong 0.4 364/0L. 433674

Orver the past two decades, there has been an increasing demand
for secure and stable storage of large amounts of information
for along period of time (typically longerthan 100 years) [1-6].
Optical storage provides a fascinating alternative to conven-
tional semiconductor- or magnetic-based storage owing to
its advantages, including long lifetime [7.8], superb stability
[2.9], high storage density [4,8,10], fast speed [11]. and low
cost [1]. For the traditional non-optical information storage
techniques, the stability term is usually shorter than 50 years
[12]. Recently, femtosecond () laser-induced modifications in
transparent solids, such as refractive index change [13,14], selec-
tive precipitation of nanocrystals [9.15-17], regulation of ion
valence [18-20], and formation of nanogratings [7,21,22] have
been proposed to be useful for three-dimensional or even five-
dimensional optical storage with high performance. Generally,
glass provides an ideal matrix to stabilize the embedded struc-
tural modifications, as well as the stored optical information.
For example, the lifetime of nanograrings in silica glass spans
scemingly over 3 x 10°% years [7]. However, the lifetime of
other structural changes induced by 5 laser inglass has not been

0146-0502/21/1 6303704 Journal © 2024 Optical Society of America

determined, which is cotical for realizing applications of fs laser
writing ih long -term optical storage.

Thee-dimensional optical memory applications  always
require a high signal-to-noise ratio (SME), referring to the ratio
of photoluminescence (PL) intensity of the written dots to the
noise intensity of the storage media (eg. glass), to decreass
the bit error rate (BER) when reading the stored data. In fact, a
low SME. could be one of the main issues thar limir the record-
ing capacity, reading accuracy, and reading speed of optical
memory. Typically, the SNE worsens after long-term storage.
Furthermore, there may bea noise signal from the matrx, which
would lead to a reduction in SME and an increase in BER.
For example, modifying the valence of active ions, such as the
reduction of En™ ions in glas by using fs laser irradiation is
established as an effective strategy to record optical informarion
[23,24]. However, partially active Eu®™ jons doped in glass
could also be changed to Eu®* jons during the high-temperature
glass preparation process [25-28], which is detrimental to the
SME in ion valence modulation-mediated optical storage. As
a result, reducing the noise signal from Eu™ ions in the area
without fs laser irradiation is of grear importance, not only
for improving the SME and decreasing the BER, but also for
reading smaller dots in high-capacity storage.

Here, we propose enhancing the SMR by tenfold in En®*-
doped sodium aluminoborate glass for long-term optical
storage. Information can be written in the glass by a single &
laser pulse that induces the mduction of En’* to Eu™*, while
ultraviolet { UV} -light pre-irradiarion has been demonstrared o
significantly suppres the background signal from Eu®* around
the written dots in the glass matrix. Furthermore, accelerated
aging demonstrated that the stored data remain stable for more
than 115 years at room temperature. The optical storage capac-
ity is approximately 270 Ghit cm =3, Thus, the combination of
UN-light preprocessing and fs laser writting allows for long-term
stable optical information storage with a high SME.

The Eu**-doped sodium aluminoborate glass used in this
study was fabricated with a stoichiometric composition (in
mol %) of 85 B0y — 5 AL Oy — 10 Map O — 0.1 Buy Oy via

B 7: B35 EHI
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three-dimensional memory with prospects of high

capacity

ZHuo Waneg,! Dezxi Tan,™-*

AND JIANRONG Quu'-2

! State Kay Laboratory of Modsrm Optical Instrumantation, College of Optical Sciance and Enginearing, Zhejiang University, Hangzhou 310027,

Ching
*g-mail: qirBzju.edu.cn
*Cormesponding author: wolds@zju edircn

Received 2 Sepiember 2020; revised 10 Octobar 2020; sccepted 14 October 2020; posted 14 October 2020 (Doc. [D 4097171);

publizhad 12 November 2020

Femtosccond laser-induced modification in the glass has
drawn considerable interest due to its widespread supe-
riority in the applications of three-dimensional optical
storage. In this Letter, we report that a single pulse could
be used in optical memory with snpct—]:\igil writing speed.
The photoluminescence image and spectrum indicate that
one pulsc-induced permanent photoreduction of Sm*t
to Sm** in Sma"'-dupncl sodium aluminoborate glass can
be achieved. Conscquently, strong emission contrast is
obtained, which is used for upl.lm] storage. By mgulati.ng
the fabrication conditions, the fluorescent diameter could
be controlled to approxim 800 nm, which demon-
strates Eﬂnbjh’ll; in mp:rl:’;gh dmﬁ optical storage.
Besides, multi-layer information is successfully inscribed.
The proposed technique of single-pulse writing holds great
potential for optical memory with high speed and huge
capacity. {2020 Optical Socisty of America

httpa://doi.org 101364400 408171

The capacity and the writing speed of optical information
recording are in increasingly high demand with the develop-
ment of big data technology [1]. Fs laser-induced localized
modifications, such ascha.n.gtsin refractive index [2,3], selective
precipitation of crysta]a [4.5], r:gula.tinn of ion valence [6-9],
ablation of nanorods [10,11], and formation of Nanogratings
[12-14], are widely accepred as effective media for optical data
storage. However, great efforts have been made to increase the
capacity of opticaJ memory [15-19]. but the importance of
writing speed has been neglected. All the achievements for the
optical storage are based on multi-pulse f5 laser writing, which
inﬂ'itabh-' results in slow rtmrding:pocd_ G:nrrall}', thousands
of or even morcpu]s:-s are necessary o write a sin.glc:por_ Thus,
the primary challenge is the ladk of a technique of single-pulse
writing with the advantapes of both high writing speed and
tremendous capacity in optical data storage.

Multi-photon absorption induced by the ultra-high irra-
diance of an fs laser with low repetition rate pulses can lead
to the structural modifications, which shows the promise to

0146-958220V226274-04 Journal © 2020 Optical Socisty of Amarica

realize optical recording with a single pulse. Fslaser-induced-ion
valence modulation with multple pulses has engaged high
interest due to its great potential in the application of optical
storage with excellent characteristics, such as a h.i.gh signal-to-
noise ratio, high sl::il:lili'ry. and casy rcad.ing [20]. In essence, the
electronic excitation of ions and transfer between the different
excited species can be :ri.g:md b}' a sing]: pu]s:_ However, up
to now, control of ion valence using a sing]c pu]sc has not been
reported.

This Letter is devoted to realizing single-shot photon record-
ing with ultra-fast writing apﬂd, which is :'xtrcm:l}' necessary
for three-dimensional nptic,a] memory. To achieve this goa].
a single pulse with diverse energy is employed to explore the
thres nhfwhich could exactly induce the valence conversion
of rare-carth jons. This not only fills the gap in single-shot
phonun lcmrding on u]:u:'u:al MEmory, but also becomes the
key to increasing the storape density and writing speed. Our
experimental study indicates that a singilr pulse can induce the
permanent stable photoreduction of Sm® * into Sm** in sodium
aluminoborate glass. Single-pulse processing tremendously
increases the writing apctd in opl:ical data storage, as well as
greatly reducing the unit size and increasing the storage density.
Fma]l}', three-dimensional opl:icaJ storage 1s pr\:s:ﬂt:d with
super-high writing speed and low writing encrgy threshold. In
addition, the photoluminescence (PL) difference in the infrared
range between Smt and Sm?T ions also may be present, which
also would be interesting for applications [21-23].

The 5m3_-|:|.|:|pc:|. sodium aluminoborate glass uwsed in
this Letter was prepared with 2 chemical composition of
858703 —5AL 03— 10MNa; 0 —0.15m; O3 using a conventional
melting—quenching technique [6]. Powers of reagent grade were
mixed tug:thcr and melted at 1250°C for 30 min in ambient
atmosphere. The melted glass was cast on a stainless steel plate
and formed aglass block with a thickness of about | mm.

Data recording experiments were performed with a fs laser
system  (PHAROS, Light Conversion Ltd) that delivers
1030 nm. T)'pi.c:llb-‘, the laser beam was focused b} a (0.8 NA
objective lens at a depth of 100 wm from a surface for writing,
The information encoded in glass was detected by a scanning

K8: W6 HI
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Abstract

Achieving high-level integration of composite micro-nano structures with different structural
charactenstics through a minimalist and universal process has long been the goal pursued by
advanced manufacturing research but is rarely explored due to the absence of instructive
mechanizms. Here, we revealed a controllable ultrafast laser-induced focal volume light field
and experimentally succeeded in highly efficient one-step composite stracturing in multiple
transparent solids. A pair of spatially coupled twin penicdic structures reflecting light
distnbution in the focal volume are simultaneously created and independently tuned by
engineering ultrafast laser-matter interaction. We demonstrated that the generated composite
micro-nanc structures are applicable to mult-dimensicnal information integration, nonlinear
diffractive elements, and multi-functional optical modulation. This work presents the
experimental verification of highly universal all-optical fabrication of composite micro-nano
structures with independent controllability in multiple degrees of freedom, expands the current
cognition of ultrafast laser-based material modification in transparent solids, and establishes a
new scientific aspect of strong-field optics, namely, focal volume optics for composite
structuring transparent solids.

Supplementary material for this amicle is available online

Keywords: ultrafast laser, focal volume light field, composite structuning, transparent solids,
advanced manufacturing

7 These authors contributed equally to tis work.
" Authors 1o whom any comespendonoe should be addressed.

@ i ginal content from this wark may be uscd under the terms

of the Creative Commons Altribution 4.0 licence. Ay fur-

thier distribution of this work must mainioin atiribulion bo the authors) and the
tithe of the work, journal citation and DL

D 2024 The Authon|s). Published by I0FP Publishing Lid on bshalf of the IMMT
2631 TEe02E015002 4 10533.00 1

@ 9: IE,X?_éﬁ

10



W 3 8: Ultrafast laser-induced self-organized nanostructuring in transparent
dielectrics: fundamentals and applications

Thanvg et ai. Flaotonik [2023) 4-24 PhotoniXx
hitpaydoiarg 0.1 186/543074-023-00101-8

Ultrafast laser-induced self-organized e
nanostructuring in transparent dielectrics:
fundamentals and applications

Bo Zhang' @, ZhuoWang', Dezhi Tan” and Jiangrong Qiu'”

*Comess pon denoe
zhangbob@opu edu cro gindogu
edum

! Stabe Ky Laboratory of Modern
Optical Instnemeritabon,
College of Optical Soence

and Engnesring, Thejiang
University, Hangzhou, China

2 Thejisng Lab, Hangzhow, China

@ Springer Open

Abstract

Inseribing functicnal micre-nana-structures in ransparent dielectrics enables con-
structing all-inarganic photonic devices with excellent integration, rabustness,

and durability, but remains a great challenge for comentional fabrication technigues.
Recently, ultrafast laser-induced self-organization engineering has emerged as a prom-
ising rapid prototyping platform that opens up facile and universal approaches for con-
structing various advanced nanophotonic elements and attracted remendous atten-
tion all aver the world. This paper surmmarizes the histary and important milestones

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

in transparent dielectrics and reviews recent research progresses by introducing newly
reported physical phenomena, theoretical mechanisms/maodels, regulation technigques,
and engineering applications, where representative works related 1o next-generation
light ranipulation, data storage, optical detecting are discussed in detail This pagper
alsa prasents an autlook on the challenges and future rends of ULSN, and important
issues merit further exploation.

Keywords: Ultrafast laser, Self-organization, Nanostructuring, Transparent dielectrics

Introduction

As Moore's law going dose 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-%]. and modulation [10-15]. Predictably, next-
generation integrated photonic elements and systems will largely rely on various three-
dimensional (30) 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 31D 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

@ The Author(s) 2073, Oy fAoossx This artice s lorraed undeya Creaive: Commiona Adribution 4.0 Inierational License: which permits
e, sharing, adaptarion, disribution and repraductian in any medium o farmat, a5 kong @ you give approprate aedt ta the aniginal
authots and the source, provide 2 link 1o the Creative Commeo s kcence, and indicee F dhanges wene made. The images or other tisd
jparty ranerial In this articke ane Inchuded in the amicke’s Creative Comemons lloence, unies indicaied otheredse in a credii lire o the: maie-
ral If material is not included in the articles Creathee Commons licence and your imended wse B ot penmitied by stanuony regulstion or
esrpet e penmitied use;, you will need 1o obiain permision directhy from the copyright halder: To view a copy of this keence, visit ooy
CrEmkermTonsmg censes e o
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3L 9: Photonic circuits written by femtosecond laser in glass: improved fabrication
and recent progress in photonic devices

ADVANCED

PHOTONICS

Photonic circuits written by femtosecond laser
in glass: improved fabrication and recent
progress in photonic devices

Dezhi Tan®,** Zhuo Wang,* Beibei Xu,* and Jianrong Qiu***
“Fnejiang Liniversity, College of Optical Scence and Engineering, State Hey Laboratory of Modem Optical Instrumentston, Hangzhou, China
"Chinese Academy of Scences, CAS Cender for Excelence in Ulra-Intense Laser Science, Shanghai, China

Abstract. Integrated photonics is attracting considerable attention and has found many applications in both
classical and quantum optics, fuffilling the requirements for the ever-growing complexity in modemn optical
experiments and big data communication. Femtosacond (fs) laser direct writing (FLDW) is an acknowledged
technique for preducing waveguides (WGs) in transparent glass that have been used to construct complex
integrated photonic devices. FLDW possasses unique features, such as three-dimensional fabrication geometry,
rapid prototyping, and single step fabrication, which are important for integrated communication devices and
guantum photonic and astrophotonic technologies. To fully take advantage of FLDW, considerable efforts
have been made to produce WGs over a large depth with low propagation loss, coupling loss, bend loss, and
highty symmetrical mode field. We summarize the improved technigues as well as the mechanisms for writing
high-performance WGs with controllable morphology of crass-section, highly symmetrical mode field, low loss,
and high processing uniformity and efficiency, and discuss the recent progress of WGs in photonic integrated
devices for communication, topological physics, quantum information processing, and astrophotonics.
Prospective challenges and future research directions in this field are also pointed out.

Keywords: photonic integrated circuit; waveguides; femtosecond laser direct wrifing; improved echniques; photonic devices.

Receved Dec. 1, 2020; revised manuscnpt received Jan. 18, 2021; accepted for publication Feb. 5, 2021; published online
Mar. 10, 2021.

@ The Authors. Published by SPIE and CLP under a Creafive Commons Atiribution 4.0 Unported License. Distibufion or
reproduction of this work in whole or in part requires full atribution of the onginal publication, including it DO

[D01: 10111771 AP.3.2.024002]

1 Introduction femtosecond laser direct writing (FLDW) as an on-demand
solution to these requirements.

Femtosecond  (fs) lserinduced  multiphoton - absorption
enables tailonng the material structures and properties inside
transparent bulk materials with high pmoeessing predsion and
miggers a great deal of atvity in the field of photonics.™""

Photonic integrated circuits have shown the potential to allow
integrating passive and active optical components on one chip
in & scalable manner and have been identified o support a
plethom of applications, such as data communication, sensing,
astrophotomics, quantum information pocessing, and national In particular, the fs laser can induce a permanent refractive index
SCCUILy. [_jh"l"m" Carcunts e indispensable COMPOACILS m change in glass, which indicates a promising tool to fabricate
modem optical communication "_ﬂmwkh and lie at the heart photmic circuits, waveguides (WGs), and basic elements in in-
of integmted photonic devices. Currently, to this end, one of tegrated optics 513 B W has been identified to be an efedive
the biggest Chu”m;ﬂ in integrated photonics is c.l;_Lu.hl_i.l;him_‘ Lt:zhnique for constructing WGs in a 3D fashion over a lampe
a general and flexible method to poduce photonic circoits depth from the micrometer to millimeter seale 4% WG -based
with low loss, high integration density, and high tunability. D and 3D optical devices have dlso hae:‘n ;.ie:mnnl;l.'rultd. in
The unique feature of 3D fubrication geometry promises various glasses, Compared with the 2D fabrncation of silicon
photonic ciranits by planar lithogmphy, FLDW is a rapid pro-
“Acklants il oormepon e b Dezh Tan, woklz@ zhuadh. o Kanmng Chi, gf @ toty ping technigue to produce WGsin .‘!DlWiIJ'HHJI.ﬂCﬂ.ﬁTI_'\_'. com-
v aduon plex procedures. Thus, up to now, FLDW has been exploited to

Advancad Photonics 024002-1 Mar/Apr2021 = Vol 32)
Cownioaded From: hitpe:fwaw.spledigiiall A umals/Advanced-Photonics on 20 Mar 2021
Terms of Use: h:ps:.'.'n_p:\v.mledsnﬁall %ﬂ
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% Check for updates The direct laser writing (DLW) of photoluminescent metal clusters is inspiring

intensive research in functional glasses. However, understanding the influence
of the host structure on cluster formation and visualizing DLW-induced clus-
ters at the atomic scale remains challenging. In this work, we develop a highly
photosensitive fluorophosphate glass through fluorine incorporation. The
addition of fluorine establishes a conducive environment for Ag" ions before
DLW and enhances the availability of reducing agents and diffusion pathways
during DLW. These advantages facilitate the formation of Ag clusters under
low-energy single-pulsed DLW. Increasing laser energy results in a combina-
tion of Ag clusters and glasses defect, forming a dot + ring photoluminescent
pattern. Atom probe tomography (APT), a technique capable of mapping the
elemental spatial distribution and identifying clustering, is employed to gain
more information on laser-induced clusters. Comparison of APT results
between samples without and with DLW reveals the formation of Ag clusters
after laser writing. The design concept and characterization enrich the
understanding of Ag cluster behavior in glasses. This knowledge opens the
possibility of rational design of clusters confined in glasses and inspires their
synthesis for various applications.

Direct Laser Writing (DLW) enables precise modifications of trans-
parent materials such as polymer', sapphire?, and glass’. This capability
allows for the creation of customized 3D microstructures with tailored
properties, providing a versatile platform for material engineering and
optical device fabrication. Among applications, there is a growing
interest in fabricating silver nanoclusters (Ag NCs) inside glass for high-
capacity optical data storage (ODS). Consisting of several to tens of
atoms, Ag NCs exhibit bright photoluminescence (PL) due to the
quantum confinement effect*". In ODS, DLW is applied to inscribe Ag
NCs, with each inscribed PL dot serving as an information recording

unit’. By tailoring the DLW parameters such as laser energy, duration,
and pulse count, tunable PL intensity and multiple grayscales storage
can be achieved’.

Along with laser parameters, the choice of glass matrix also
influences ODS performance. An ideal glass for storage application is
expected to facilitate the generation of Ag NCs at low energy to reduce
writing energy consumption and should be compatible with single-
pulse laser processing to enhance the data writing efficiency®. The
earliest literature on this topic can be traced back to the year 2010°,
subsequent research has mainly focused on refining the DLW

'State Key Laboratory of Silicon Materials & School of Materials Science and Engineering, Zhejiang University, Hangzhou, China. 2State Key Laboratory of
Modern Optical Instrumentation College of Optical Science and Engineering, Zhejiang University, Hangzhou, China. 3School of Materials Science and
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parameter using oxide-based glasses, such as silicate, phosphate, and
borosilicate'®™. Few attempts have been made to explore alternative
glass systems and understand the glass's influence on Ag clustering.
Recently, fluorophosphate (PF) glass has emerged as a promising host
for Ag clusters, showing potential for high-density storage with
enhanced writability”. Leveraging the low polarizability of F ions, PF
glasses could inhibit silver ion reduction and consequent cluster for-
mation. This ensures a uniform distribution of silver ions. During DLW,
their large band gap and low refractive index mitigate the self-focusing
effect and improve laser resistivity'. PF glasses also offer a lower
phonon energy environment compared to their oxide counterpart,
which reduces the probability of nonradiative transitions of Ag NCs
and enhances their PL efficiency™™". These combined properties make
PF glass a suitable choice for studying the photochemistry of Ag under
laser irradiation and potentially accessing enhanced photosensitivity
and PL properties.

Besides understanding glass matrixes, characterizing small clus-
ters poses an additional challenge. Traditional techniques, such as
transmission electron microscopy, face limitations due to the electron-
beam-induced cluster growth™. And scattering methods often require
specialized beamlines, making them less accessible”’. To obtain both
spatial and chemical information, a combination of techniques is
usually employed, including fluorescence, X-ray absorption fine struc-
ture spectroscopy, mass spectrometry, and single-crystal X-ray
diffraction®*?, Recently, atom probe tomography (APT) has emerged as
a powerful high-resolution 3D mapping technique with sub-nanometer
precision, offering valuable insights into the distribution of clusters®,
APT offers quantitative information on cluster size and density, thus
enhancing our understanding of their structural characteristics.

In this study, we began with a facile approach to enhance the glass
photosensitivity by incorporating fluorine into the glass matrix. The
addition of fluorine brought two benefits. Firstly, the high electro-
negativity of fluorine created a less reductant environment, preventing
the reduction of Ag’ ions prior to DLW. This ensured a high

concentration of Ag" ions available for cluster formation during laser
irradiation. Secondly, fluorine disrupted the glass network, increasing
the diffusion channels and the availability of reducing agents under
DLW (Fig. 1a, b). As the laser energy increased, the PL pattern changed
from dots made of Ag clusters to a pattern by a combination of clusters
and defects, resulting in a dot + ring arrangement (Fig. 1c). For char-
acterizing the laser-induced clusters, APT was used to capture the
formation of Ag clusters following laser writing (Fig. 1d).

Results and discussion

Glass preparation and structural analysis

PFx glasses with fluorine concentrations ranging from PF5 to PF25 were
synthesized (Supplementary Fig. 1). The difference between T, (glass
transition temperature) and T. (crystallization temperature), AT, is
used to estimate their thermal stability. The increased AT from PF5 to
PF25 implies enhanced glass thermal stability®®, which is favorable for
achieving highly durable storage media (Supplementary Fig. 2). The
homogeneous dispersion of Ag" ions was confirmed through absorp-
tion, PL, and decay measurement (Supplementary Figs. 3-5 and Sup-
plementary Note. 1 and 2).

Analysis of *P NMR spectra revealed the PF glasses network fra-
mework comprises metaphosphate chains by PO, tetrahedra, Q?
where the superscripts indicate the number of bridging oxygens
(BOs)”. With increasing fluorine content, the Q* peak transferred into a
smaller chemical shift, and a Q' signal emerged (Fig. 2a). This trans-
formation suggested that fluorine depolymerized the metaphosphate
structure by replacing bridging P-O-P bonds with terminal P-F and P -
nonbridging oxygens (P-NBOs) bonds?,

The substitution of Q* by Q' indicated a reduction in the con-
nectivity of the phosphate network, which was further supported by
observations in Raman spectra (Supplementary Note. 3, Supplemen-
tary Fig. 6, and Supplementary Table. 1). This structural change was
expected to bring more diffusion pathways for Ag" ions during DLW.
Moreover, the incorporation of F~ ions along with O* ions created a
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Fig.1| Designing glass structures. a large Ag” ions reservoir and (b) favorable diffusion channels ready for DLW. ¢ Single-pulsed DLW transforms Ag" ions into Ag clusters,
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mixed-anion environment that exerts asymmetric forces on Ag species
and enhances their mobility*.

Compared to oxygen, the high electronegativity of fluorine
resulted in a weak reductant environment, which slowed the reduction
of Ag" ions and prevented cluster formation before laser irradiation®.
This was substantiated by the PL enhancement of Ag* ions from PF5 to
PF25 (Supplementary Fig. 7). In terms of Al element, in PF5, most of Al
modified the network interspace in the form of AlOs (AF) and AlO,
(Al°), with a minor fraction participating in glass backbone in the form
of AlO4 (Al*) (Fig. 2b)*. Upon increasing fluorine, the Al® gradually
converts into Al*, indicating a growing portion of Al entering the
phosphate network via P-O-Al bond linkage. The transformation from
Al® to Al*, along with the generation of more chemically durable P-O-Al
bonds, counteracted the fluorine-induced depolymerization, con-
tributing to the enhanced glass chemical stability (Supplementary
Note. 4 and Supplementary Fig. 8)*.

To gain deeper insight into the structural change, ab initio
molecular dynamics (AIMD) simulations were conducted. Upon
fluorine introduction, the glass transformed from a tight-bound
phosphate network featuring Q* units to an open structure with Q'
units and P-F bonds (Fig. 2¢). At the same time, a growing proportion of
Al* units emerged, enhancing its role as a glass former. Moreover, in

fluorine-modified glasses (right of Fig. 2c), Ag* ions were found to be
homogenously dispersed throughout the matrix.

Combining experimental and simulated results, the fluorine in PF
glass brought two benefits. Firstly, it established a weak reductant
environment that prevents premature reduction and ensures sufficient
Ag reservoir for subsequent cluster formation. Secondly, the presence
of fluorine disrupted the connectivity of metaphosphate chains,
introducing more diffusion channels. These channels, in turn, facilitate
the aggregation of silver species during laser irradiation and enhance
laser responsiveness. These synergistic effects make PF glass a com-
pelling candidate matrix for the fabrication of Ag clusters under low-
energy DLW.

Creation and mechanism of Ag nanoclusters under DLW
Drawing on the structural analysis, it was hypothesized that PF25 (with
the highest fluorine loading) would present the most favorable pho-
tosensitivity. To validate this, a series of single-pulsed femtosecond
experiments were conducted (Fig. 3a and Supplementary Fig. 9). The
PL of inscribed dots gradually gained its intensity with higher laser
energy (Fig. 3b). The minimal energy threshold required to induce PL
signal (Emin) decreased from 1.0 ) (PF5) to 0.1 (PF25), indicating
enhanced photosensitivity with increasing fluorine.
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Fig. 3 | Photoluminescence and distribution of DLW-induced Ag clusters.

a Confocal fluorescence image of PFx glasses, Aex =405 nm. b Integrated PL
intensity. ¢ Micro-PL spectrum of the dot written with 0.5 pJ in PF25 (inset: its
confocal fluorescence image), smoothing applied without losing intrinsic features

(orange line). d Emission decay curve monitored at 640 nm (PF25, 0.5 ).

e Dependence of PL dot size (solid symbol) and ring diameter (hollow symbol) on
laser energy. f, g Backscattered electrons image and elemental maps of the irra-
diated area under 0.5 ) and 10 p energy in PF25.

Micro PL spectra revealed a broad band centered at 640 nm with a
smaller shoulder at 520 nm (Fig. 3¢ and Supplementary Fig. 10). After
thermal treatment at 400 °C for 12 h, the primary peak at 640 nm per-
sisted, while the intensity of 520 nm decreased (Supplementary Fig. 11).
This indicates that Ag clusters are responsible for the 640 nm emission,
while thermally unstable defects contribute to the 520 nm emission®.
Furthermore, the emission at 640 nm displayed a lifetime of 3.68 ns,
consistent with the nanosecond decay characteristic of Ag clusters
(Fig. 3d)° These emission features of Ag clusters resemble those of
clusters produced by both multi-pulsed femtosecond laser writing and
electron/gamma radiation in glasses®™’. Moreover, with increasing
laser energy, the PL spectrum showed a gradual increase in intensity,
indicating a growing number of Ag clusters (Supplementary Fig. 12).

As the writing energy reached 1.0 pJ, peripheral PL rings emerged
in PF15 to PF25 (Fig. 3a). With increasing laser energy, the diameter of
PL ring (D) presented progressive expansion, while the central dot (d)
remained constant (Fig. 3e). This difference suggested that the dot +
ring pattern likely originates from two different PL centers. A com-
parison of electron probe microanalysis (EPMA) revealed that under
1.0 , the Ag enrichment in the outer ring (Fig. 3f, g), while the center
exhibits depletion of all elements.

The contrast in element distribution suggested that the PL rings
are associated with the migration of Ag species. Conversely, the
central dots are likely attributed to intrinsic properties of the glass,
possibly arising from laser-induced defects. These defects stem
from laser-induced perturbations known as phosphorus oxygen
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PF5 and PF25. ¢ Schematic diagram of structural evolution upon fluorine mod-
ification and increased laser energy.

hole centers (POHCs). They are characterized by an unpaired elec-
tron shared between two non-bridging oxygens bound to a phos-
phorus atom. In addition, they can be resonated at an electron
paramagnetic resonance scan (EPR in Fig. 4a and Supplementary
Note. 5)*. Furthermore, these centers are known to be thermally
unstable and can be easily erased by heat treatment at 400 °C for 12 h
(Supplementary Fig. 13).

To understand the mechanism behind the dot + ring pattern, a
closer examination of the interaction between the laser and the glass
becomes necessary. During DLW, the energy deposition begins with a
multiphoton absorption process (approximately four-photon), excit-
ing electrons from the valence band into the conduction band*’. These
excited electrons then work as reductants, reducing Ag" ions into Ag°
atoms. Simultaneously, a hole-capturing process takes place by the
reaction PO+hole > POHC". In this context, the PO refers to
phosphorus-oxygen defect precursors that are considered pre-
existing faults in the glass network. Such faults can be oxygen vacan-
cies, nonbridging oxygens, and strained bonds*.

Recalling PF glass structure, the incorporation of fluorine brings
the P-O-P bond breakage, increasing the number of P-NBOs
(phosphorus to non-bridging oxygens bonds) and terminal P-F
bonds. These NBOs serve as the phosphorus-oxygen defect pre-
cursor for POHC formation, capable of capturing holes and inhibiting
the recombination of electron-hole®. As a result, the retained electrons
effectively facilitate the reduction of the Ag" ions, leading to the for-
mation of Ag clusters even under low-energy laser irradiation.

When exposed to high-energy DLW, however, the intense laser
beam would induce a localized temperature surge, accompanied by a
strong shock wave and electron rearrangement at the focal point. This
heightened temperature gradient and shock wave facilitate the diffu-
sion of Ag species, leading to the formation of ring-shaped Ag clusters,
while the electron rearrangements contribute to the central glass
defect***, Consequently, ring-shaped Ag clusters emerge at the per-
iphery, and thermally erasable defects (POHC) appear in the center.

Further insights into the laser-induced structural changes were
obtained from micro-Raman spectra. In Fig. 4b, consistent with the
Raman trend upon increasing fluorine, DLW reduced the intensity of
both the v, (Q?) peak and v, (P-O-P) with a negative Raman shift. The 2D
mapping of v,(Q? displayed a comparable intensity decrease in the
regions subjected to DLW for both PF5 and PF25 samples (Supple-
mentary Fig. 14). But for vs (P-O-P) — the indicator of phosphate con-
nectivity (Q?), its reduction in PF25 covered a much smaller area (inset
of Fig. 4b). This suggested that the fluorine exerts a pre-break impact,
similar to that caused by DLW.

This pre-break effect generates both diffusion pathways and
precursors for POHCs: the former prepares the channels for Ag clus-
ters accumulation ready for laser irradiation, and the latter aids in hole
scavenging and defect formation (Fig. 4c). It should be noted that our
observation differs from previous reports, where the formation of Ag
clusters required a thermally assisted process under multiple pulse
irradiation*®. However, during single-pulsed laser irradiation, thermal
accumulation was absent, as evidenced by the lack of obvious melted
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Fig. 5 | Atom probe tomography of Ag clusters. a Schematic illustration of APT
measurement. b FIB-based APT specimen preparation: i SEM image of a protective
Pt cap over the ROI; ii an undercut bar ready for extraction; iii, iv tips of w/o-DLW
and w-DLW after annular milling. ¢ Mass spectrum of w-DLW tip. d, g 3D map

Distance (nm)

reconstruction of Ag in w/o-DLW and w-DLW. e, h FD analysis of Ag: dotted lines
with symbols were the experimental data, and solid lines were the modeled bino-
mial distributions. f, i Ag-Ag pair correlation function, g(r), inset in (i) shows nor-
malized g,(r) and fitted radius result.

structures (Supplementary Fig. S9). The formation of clusters is
expected to be limited. In this context, the significance of the glass
material becomes evident. The generated Ag clusters evidence the
beneficial impact of glass photosensitization, which was facilitated by
the introduction of fluorine anions. This reaffirms the effectiveness of
the design strategy for PF glasses.

Atom probe tomography of Ag clusters under DLW
To characterize the laser-induced Ag clusters, APT was performed
(Fig. 5a). Using a dual-beam focused ion beam, two needle-shaped

specimens of the sample without DLW (w/o-DLW) and with
direct laser writing (w-DLW) were prepared (Fig. 5b, Supplementary
Note. 6and Supplementary Figs. 15-18). Upon laser pulsing, ions
in the tip were evaporated from the surface. These ions were
directed into a position-sensitive detector with their mass-to-
charge ratio recorded by time-of-flight mass spectrometry. Here,
the potential for overheating of the specimen tip was deemed
minimal, as indicated by the absence of thermal tails in mass spec-
tra (Fig. 5c and Supplementary Fig. 19), suggesting rapid
cooling*’*%, Subsequently, the recorded ion positions on the
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detector were utilized to reconstruct the spatial distribution (Sup-
plementary Figs. 20-21).

Visual examination of the 3D reconstructions of Ag revealed no
signs of aggregation (Fig. 5d, g). To assess the Ag distribution, fre-
quency distribution (FD) analysis was applied*’. This analysis begins
with a comparison between the FD of Ag experimental data and the
theoretical randomized distribution, the latter characterized by bino-
mial probability. As shown in Fig. 5e, the experimental and binomial
curves for w/o-DLW were almost overlapped, suggesting a randomized
distribution of Ag. However, in w-DLW, the experimental curve pre-
sented a broadened peak (Fig. 5h). Given the conservation of the total
number of atoms, this broadening indicated that some blocks contain
fewer Ag atoms while others contain more than expected. The long
tails indicate blocks with high concentrations of Ag atoms, suggesting
Ag aggregation®,

Moreover, the FD analysis incorporates x° statistics to quantify the
degree of randomness, assessed by the p-value™ In w/o-DLW, the Ag
experimental curve matched with the theoretical binomial distribution,
with a p-value of 0.7, larger than the confidence level typically set at 0.01,
suggesting the random distribution of experimental Ag. However, in the
w-DLW, a p-value of <0.001 indicated the aggregation of Ag. Following
this, the Pearson coefficient (1) was used to remove the sample size
dependence and give a more accurate estimation, where u =1 suggests
complete non-randomness and p=0 suggests complete randomness.
Comparing u values of w/o-DLW (0.7225) and w-DLW (0.2201) reveals a
greater deviation from randomness in w-DLW after laser writing.

Beyond the FD analysis and y? statistics, the Ag aggregation was
also reflected in the nearest neighbor distribution (NND) analysis®™.
The Ag NND for w/o-DLW presented a minimal deviation from the
randomized distribution (Supplementary Figs. 22, 23). However, in w-
DLW, there was a gradual deviation that suggests Ag aggregation. This
was further examined using the maximum separation method (Sup-
plementary Note. 7 and Supplementary Figs. 24-26), where Ag clusters
with radii larger than 1 nm in w-DLW were found, while clusters in w/o-
DLW were smaller than 1 nm (Supplementary Fig. 27). In addition, the
Ag-Ag pair correlation functions, g(r), in w-DLW showed a more posi-
tive Ag correlation, reflecting the Ag clustering tendency (Fig. 5f, i)**.
Moreover, the Ag-Ag correlation distance (distance at which the cor-
relation approaches unity) was longer in w-DLW than in w/o-DLW,
indicating a higher proportion of Ag atoms participating in clusters.
For a sphere of radius (R), the normalized correlation function g,(r)
can be fitted to determine the R-value, according to Eq. (1) and (2)**

Ir B
gn(l’)={1_4lg_16rR3’ ifr<2r) (1)
0, ifr>2R (2

In the w-DLW region, the radius (R) was determined to be
0.673 nm. These findings collectively confirmed the presence of Ag
clusters and offer valuable insights into the aggregation and distribu-
tion of Ag clusters in the DLW region.

Optical data storage demonstration

Considering the bright PL and low energy consumption, PF25 and
single-pulse laser energy with 0.5 ) were selected for ODS demon-
stration (Fig. 6a). A 7x7 dot array (Fig. 6b) and the logo of Zhejiang
University (Fig. 6¢) were written. Figure 6d shows the PL intensity in
the array plotted against the horizontal axis. A distinct emissive peak
was observed at the inscribed regions, enabling the representation of
binary information as emissive dots denoting 1, interspersed with non-
emissive intervals representing 0. Each dot occupied a volume of
2x10™"cm?3, corresponding to a storage capacity of 5.82 GB cm™ (or
197 GB per glass disk in 120 x 3 mm? form). This capacity exceeds that
of traditional DVDs, which typically range from 5 to 25 GB*. Notably,
there is potential for achieving even higher storage densities by using a

more tightly focused laser beam or implementing multilevel encoding
within a single data unit®®. The spatial processing capability of DLW,
combined with the homogeneous matrix, enabled the patterning of
information at various depths without crosstalk. Three letters, Z, ], and
U, were written with a layer interval of 5 pm, demonstrating the
potential for high signal-to-noise and multilayer storage (Fig. 6e).

In conclusion, we demonstrated the simultaneous design of
photosensitive glass and atomic characterization of DLW-induced Ag
clusters by APT. The fluorine-modified fluorophosphate glass facili-
tated the efficient creation of photoluminescent Ag clusters under low-
energy single-pulsed DLW. The introduction of fluorine played a dual
role by disrupting the glass network, creating conducive channels for
Ag species clustering, and introducing defect precursors that trapped
holes, thereby enhancing electron availability for Ag" ion reduction.
High laser energy resulted in a dot + ring PL pattern, where the central
dot was glass defect, and the peripheral ring was Ag clusters. More-
over, the use of APT supported the formation of DLW-induced Ag
clusters. These findings, along with the optimization of glass structure
and the use of advanced characterization techniques, enhance our
understanding of DLW-induced Ag clusters in glass and offer promis-
ing prospects for developing photo-functional materials.

Methods

Materials and reagents

Glass samples with the composition of (95-x)AI(PO3);-XMF,-5Ag,0
(M=Mg, Ca, Sr; x=5-30mol%) were prepared using the melt-
quenching method with Al(PO3);, MgF,, CaF,, SrF,, and AgNO; as
raw materials. These are denoted as PFx, where X represents the mol%
of MF2. PFO refers to glass with the composition 70AI(PO5);-25MO-
5Ag,0, with MO being alkaline earth metal oxides (M=Mg, Ca, Sr).
Al(PO3); (Analytical reagent) were purchased from Thermo Scientific
Reagent Co. MgF,, CaF,, SrF,, MgO, CaO, and SrO (Analytical reagent)
were purchased from Aladdin Reagent Co. AgNO3 (Analytical reagent)
was purchased from Sinopharm Chemical Reagent Co. A 30 g batch of
each glass composition was weighed and mixed homogenously in the
agate mortar. Then, the mixture was melted in alumina crucibles with
closed lips to minimize fluorine loss at 1450 °C for 60 min. The melt
was then poured onto a cold stainless-steel plate, annealed, and then
immediately pressed with another plate to increase the cooling rate
and promote glass formation. The obtained glasses were then cut,
ground, and polished for subsequent measurements.

Direct laser writing in glasses

Single-pulsed direct laser writing was conducted on a regeneratively
amplified Yb: KGW laser (PHAROS, Light Conversion) with a central
wavelength of 1030 nm, pulse duration of 220 fs, and repetition rate of
1kHz. The laser was focused 100 pm below the glass surface using a
50 x (NA=0.8) objective lens. The diameter of the laser spot was
about 2 pm.

Materials characterizations

X-ray powder diffraction (XRD) was performed using an X-ray dif-
fractometer (Shimadzu XRD-6000) with a 5 °C min“~1 scanning speed.
The UV-Vis absorption spectra were recorded in a UV-Vis spectro-
photometer (Hitachi U-4100). The glass transition temperature (Tg)
and crystallization temperature (Tc) were collected from the differ-
ential scanning calorimeter (DSC, Q100 TA). The heating rate was 10 °C
min"-1. Photoluminescence (PL), Photoluminescence excitation (PLE),
and lifetime decay spectra were recorded by Edinburgh Instruments
FLSP920 spectrophotometer. The pH of the glass leachate solutions
was measured using a pH meter (FiveEasy PlusTM, FB28). Optical
images of the laser-modified regions were captured by a CCD camera
attached to a Nikon microscope (Eclipse 80i). PL spectra of the laser-
modified region were taken from a confocal microscope (Aex =405 nm,
LSM780, Zeiss). The PL of Ag clusters after DLW was carried out on a
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Fig. 6 | Demonstration of 3D optical data storage using PF25 glass. a Photo of
PF25, the width was close to that of a paper clip, and the length was one-third of it.
b A 7 x7 information points array. ¢ Zhejiang University logo. d Intensity profile

along the horizontal direction of the array, realizing the 0 and 1 state change in
binary information. e Three-level stack of Z, J, and U with an interval of 5 pm.

homemade confocal microscope. Raman spectra and mapping were
collected by Raman spectrometer (LabRAM HR Evolution) with a
532nm laser excitation. The Al nuclear magnetic resonance
(NMR) spectra were recorded on an Agilent 600
DD2 spectrometer at a frequency of 156.25MHz (14.1T), with
3.6 us pulses and 10 s recycle time in a 4 mm double-resonance
probe. *P NMR spectra were collected at a frequency of
242.76 MHz (14.1 T) using 3.0 pus pulses and 5 s recycle delays. The
AICl; and H3PO3 were chosen as the chemical shift reference. SEM
images and EMPA were carried out on EMPA-1720 (SHIMADZU) at
an accelerating voltage of 15kV and a current of 10 nA. Electron
paramagnetic resonance (EPR) spectra were recorded on a Bruker
A300 ESR spectrometer in X-ban. The samples were loaded into a
quartz tube and cooled to 120 K. A dual-beam SEM/FIB (FEI Helios
Nanolab 600i) was used to prepare lift-out samples.

APT experiments were conducted on a CAMECA LEAP 4000H XR
operated in laser pulse mode using 355 nm Nd:YVO, ultraviolet (UV)
laser. The detection efficiency was 37%. Data were acquired in laser
pulsing mode at a specimen temperature of 50K, with a target eva-
poration rate of 0.5ions per 100 pulses, pulse duration of 10 ps, pul-
sing rate of 200 kHz, and laser pulse energy of 60 pJ. The raw data were
processed by the commercial IVAS 3.4.4 software to map the position
and mass-to-charge ratio of each species.

ab initio Molecular dynamics simulations

ab initio molecular dynamics simulations were carried out on a cubic
sample made up of ~ 1000 atoms with random coordinates by Packmol
(v20.14.1)*. Two compositions, the 70AI(PO3);-5Ag,0-25Ca0 (without
fluorine) and 70AI(PO5);-5Ag,0-25CaF, (with fluorine) were studied.
Notably, Ca was chosen to represent the alkaline earth metals (Mg, Ca,
Sr), as they all exert as the glass modifier. These two systems were
subjected to structural optimization using the Density Functional
Theory method based on DZVP-MOLOPT-SR-GTH. Starting from the
initial configurations, Born-Oppenheimer Molecular Dynamics
(BOMD) was applied®. The high-temperature melt at 2000K was
quenched to 300K over a period of 300 ps in the NPT ensemble
(constant number of atoms, constant pressure, and constant tem-
perature). The glass was relaxed at 300 K under atmospheric pressure
for 5 ps. Periodic boundary conditions were applied in all directions.
The visualization of local atomic structure was facilitated by VESTA
(Ver 3.4.5)°.

Data availability
The data represented in Figs. 2a, b, 3b-e, 4a, b, 5c, e, f, h, i, and 6d are
provided as Source Data file. All data in Supplementary Information are
available from the corresponding author on request. Source data are
provided in this paper.
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3D Imprinting of Voxel-Level Structural Colors in Lithium

Niobate Crystal

Zhuo Wang, Bo Zhang,* Ziquan Wang, Jie Zhang, Peter G Kazansky, Dezhi Tan,*

and Jianrong Qiu*

Advanced coloration methods are of pivotal importance in science,
technology, and engineering. However, 3D structural colors that are critical for
emerging multidimensional information representation and recording are
rarely achievable. Here, a facile voxel-level programmable 3D structural
coloration in the bulk lithium niobate (LiNbO,) crystal is reported. This is
achieved by engineering wavelength-selective interference between ordinary
(O) and extraordinary (E) light in the crystal matrix. To induce effective phase
contrast between O and E light for establishing the highly localized
interference across the visible band, the presence of a pulse-internal-coupling
effect is revealed in the single-pulse ultrafast laser—crystal interaction and an
ultrafast-laser-induced micro-amorphization (MA) strategy is thus developed
to manipulate local matrix structure. Consequently, micro—nanoscale colorful
voxels can be fast inscribed into any spatial position of the crystal matrix in
one step. It is demonstrated that the colors can be flexibly manipulated and
quickly extracted in 3D space. Multidimensional MA-color data storage with
large capacity, high writing and readout speed, long lifetime, and excellent
stability under harsh conditions is achieved. The present principle enables
multifunctional 3D structural coloration devices inside high-refractive-index
transparent dielectrics and can serve as a general platform to innovate
next-generation information optics.

and recording.'"*! However, the current

structural colors are generally displayed in
2D substrates.”! Although complex bulk
photonic crystals have recently been de-
signed to generate quasi 3D colors,10-12]
the color voxels are largely interconnected
rather than independent and the spa-
tial extent of coloration is limited to
a small scale close to surfaces. Freely
imprinting voxel-level controllable struc-
tural colors in 3D space enables im-
planting additional degrees of freedom
in light modulation and device function-
alization, such as 3D display and high-
density data storage. However, due to the
lack of a suitable carrier, this vision re-
mains highly challenging and even impos-
sible via traditional coloration approaches.

One way to solve this problem is to de-
velop a principle that can print color vox-
els in 3D transparent media. Recently, ul-
trafast laser direct writing (ULDW) in trans-
parent dielectrics has been established as an
excellent platform for creating 3D micro-
nano functional structures,!'*2°l which en-
dows matrix materials with unprecedented
functionalities. Representatively, domain

1. Introduction

Structural colors originated from the interaction between the
polychromatic light and micro-nano photonic structures have
been created for various applications in high-resolution opti-
cal display, sensing, anti-counterfeiting, information encryption,

engineering at micro-nano scales using ULDW in lithium nio-
bate (LiNbO,) crystals has been used to produce 3D nonlin-
ear photonic crystals.[?'23] However, structural coloration is ex-
tremely difficult to generate inside such media, because the high
refractive index of the matrix severely impairs the phase mod-
ulation capability of photonic structures. Generally, transparent
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Figure 1. Working principle of MA coloration. A) Schematic illustration showing 3D imprinting of voxel-level structural colors using MA coloration. B)

Schematic illustration showing the mechanism of pulse-internal-coupling-assisted ULDW. C) Microscopy image color voxels written in the crystal matrix
(left) and high-resolution transmission electron microscopy (HRTEM) image of the crystal-glass phase transition interface (right). Insets: fast Fourier
transform (FFT) images of the dotted areas. Selected-area electron diffraction experimental results see Figure S5 (Supporting Information). D) Schematic
illustration showing the light propagation behavior at MA zone. E) High SNR structural colors generated by MA voxels (top) and corresponding signal

intensity mapping (bottom).

uniaxial crystals possess intrinsic structural anisotropy that al-
lows for splitting one light beam into ordinary (O) and extraor-
dinary (E) light. Using this, it is possible to generate 3D struc-
tural colors in high-refractive-index transparent uniaxial crys-
tals by locally modulating the spatial interference of O and E
light.

Taking LiNDbO, as an example, we proposed an unprece-
dentedly facile 3D structural coloration strategy that uses ul-
trafast laser-induced local amorphization to significantly tune
the phase difference of O and E light in the crystal ma-
trix and thus create highly controllable voxelized interfer-
ence colors in 3D space, which we call micro-amorphization
(MA) coloration (Figure 1A). In the color imprinting, one
color voxel can be fast created by a single ultrafast laser
pulse and possesses a considerably high resolution. The
color gamut covers the whole visible waveband and can be
flexibly manipulated by multiple approaches, enabling pro-
grammable 3D full-color patterning. The excellent readabil-
ity, manufacturability, and stability of MA colors make them
fully compatible with current mature data reading and writ-
ing technologies and suitable for mass standardized pro-
duction. Thus, it is highly anticipated to boost the prac-
tical applications of 3D structural colors in high-density
data storage, encryption, anti-counterfeiting, and 3D display
devices.

Adv. Mater. 2023, 2303256

2303256 (2 of 9)

2. Results and Discussion

2.1. Working Principle of MA Coloration

To fast induce MA structures, we demonstrated a technique of
pulse-internal-coupling-assisted ULDW in the LiNbO, crystal
(Figure 1B), where the processing light is incident perpendicular
to the optical axis and the intrinsic birefringence of LiNbO,
is used to split the incident single ultrafast laser pulse into
spatially coaxial but temporally separated E and O light pulses.
As E light pulse transports faster than O light pulse in the
LiNbO, crystal, E light pulse preliminarily modifies the raw
material matrix and induces active defects to greatly promote
the nonlinear optical absorption (Figures S2 and S3, Supporting
Information). Then, O light pulse further irradiates the defective
zone, enabling crystal-to-glass phase transition, and creating
micro-amorphous structures in the crystal matrix (Figure 1C).
Our experiments confirm that the coupling between the E and
O light pulses is essential for activating the pulse-internal-
coupling-assisted ULDW process (Figure S4, Supporting
Information).

The MA color generation is essentially achieved by locally en-
gineering the birefringence property of the crystal matrix. Specif-
ically, when a polychromatic illuminating light beam propagates
through MA domains, E light is partially eliminated in the glass

© 2023 Wiley-VCH GmbH
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phase (Figure 1D), which will create a giant phase difference
jump of O and E light at MA zone (Figure S6A, Supporting Infor-
mation). By applying the chromatic polarization method to make
O and E light possess polarization components in the same direc-
tion, constructive interference of specific wavebands and destruc-
tive interference of the background signal can be simultaneously
achieved,?*! enabling high signal-to-noise ratio (SNR) structural
colors (Figure 1E).

2.2. Manipulation of MA Colors

MA colors can be flexibly manipulated by multiple approaches.
When probe polychromatic light is incident perpendicular to the
optical axis, as there is no E light in the amorphous region,
the phase difference of the O and E light beams that propagate
through the MA zone can be expressed as:

2r(d =) 27l 2z (d -]
=— N, +—n,— n

Ap == N+ Tty ———"n

(1)
where Ag is the phase difference, 4 is the probe light wavelength,
d is the sample thickness, [ is the length of MA zone, n,, n., and
n, are the refractive indexes of O light, E light, and the light prop-
agating in the glass phase of MA zone, respectively. As refractive
index is a dispersion function of wavelength (Figure S6B, Sup-
porting Information), the light wavelength for establishing the
constructive interference is essentially dependent on length of
MA zone, where the mathematical relationship can be expressed
as:

_ kA2 (no - ne) _ k
= ~d = L hU-d R

2 (ng+ne—no) (ng+ne—no)

where k is the interference order, f,(4) = 4*/(n, + n, —n,), and
fZ(’l) = (no - ne)/(ng +n. — no)'

From this principle, the color of each MA voxel, controlled by
the phase difference of O and E light, can be regulated across the
whole visible band by adjusting the length of MA zones (Figure
S6C, Supporting Information). Theoretically, a larger MA length
corresponds to a redshift of the structural color and a smaller MA
length corresponds to a blueshift of the structural color (Figure
2A), which is confirmed by experimental results (Figure 2B).
Here, we obtained a wide-gamut color manipulation from pur-
ple to red across the whole visible band with the corresponding
wavelength ranging from 450 to 680 nm (Figure 2C,D) by finely
regulating the processing parameters for each color voxel (Figure
S8, Supporting Information). Notably, the relative angle of laser
polarization to the optical axis of the crystal affects the energy dis-
tribution of O and E light (Figure 2E), which can be used to adjust
the nonlinear optical absorption of the pulse-internal-coupling-
based laser modification process. Specifically, when the energy
of O light and E light is balanced, the nonlinear absorption is the
strongest, while the nonlinear absorption is weakest when there
is only O or E light energy (Figure. S9, Supporting Information).
Here, we demonstrated that this energy redistribution process
allows for quantitatively manipulating the intensity of the struc-
tural color by tuning the laser polarization (Figure 2F), which
can provide an additional multiplexing channel for information
recording.[2>%!
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In addition to processing parameters, the already patterned
MA colors can also be dynamically adjusted by introducing ex-
ternal stimuli. For example, the electro-optic effect of LiNbO, al-
lows for tuning the refractive index contrast between glass phase
and crystal matrix, which can be applied to tune the phase shift of
the light passing through MA color voxels. Based on this, we fur-
ther demonstrate the dynamic control of MA colors by electrically
modulating the refractive index contrast between amorphous and
crystal phases (Figure S10, Supporting Information).

2.3. Cross-Dimension Imprinting of Exquisite Images by Using
MA Coloration

As ULDW is a voxel-level programmable patterning technique,
each MA-color voxel can be independently decoded into its cor-
responding imprinting parameters, and thus MA coloration al-
lows for freely imprinting voxels with various colors to form on-
demand complex colorful patterns in 3D space. Here, multiple
types of MA-color patterning and readout are demonstrated. For
example, different monochromatic images of Maxwell’s portrait
(Figure 3A) and the chromatic image of the “Starry Night over
the Rhone” are imprinted in LiNbO, (Figure 3B). By finely reg-
ulating the color of each voxel, we can further achieve complex
adjustments to the tone style of the chromatic image of “The
Starry Night”, which is valid for both transmission and reflection
viewing modes (Figure 3C). The image resolution can generally
exceed 2540 dpi, and the highest resolution can reach ~50 800
dpi (Figure S11, Supporting Information). Besides planar pat-
terning, 3D color imprinting in the crystal matrix is also demon-
strated, including basic (Figure 3D) and customized geometries
(Figure 3E), curves, and characters (Figure S12, Supporting In-
formation), whose color voxels are completely independent and
their color features can be well controlled at any position in 3D
space.

Owing to the wavelength selectivity of the chromatic
polarization-based coloration principle, the color of voxels
can only be identified by their corresponding illumination wave-
bands (Figure S13, Supporting Information). Thus, confidential
information can be hidden by superimposing different color
voxels together. The hidden information (Newton's portrait) is
completely unrecognizable under white light illumination or
using birefringence imaging (Figure 3F,iii) and can only be
extracted by illuminating the sample with a specific waveband
in a chromatic polarization microscopic system (Figure 3Fiii).
Mluminating by a wrong waveband will lead to fake information
(Maxwell’s portrait) (Figure 3Fiv). By designing more complex
color combos, MA colors can be employed for information
encryption and anti-counterfeiting with multiple layers of
security.

2.4. Comprehensive Performance Characterization of MA Colors

As a recording technique, robust multichannel information
recognition is a highly valuable capability and represents the de-
velopmental trend of structural colors.?”] The 3D writability of
MA coloration and the transparency of LiNbO, crystal confer at
least four readout modes on MA colors (Figure S14A, Supporting
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Figure 2. Manipulation of MA colors. A) The length of MA zones as functions of interference wavelengths and interference orders. B) Color regulation
by tuning the length of MA zones. C) Multicolor voxels covering the visible band (top) and corresponding spectral features (bottom). Scale bar: 20 um.
D) Gamut of MA coloration in CIE chromaticity coordinates. Original spectral data of the chromaticity points see Figure S7 (Supporting Information).
E) Polarization-driven energy distribution control of O and E light. F) Polarization-driven intensity manipulation of the color signal.

Information), including front and back readout using transmis-
sion and reflection illumination respectively. Importantly, the
color signals extracted under different readout modes are the
same because the phase difference of O and E light is essentially
generated by the MA region and remains unchanged in both
transmission and reflection readout modes (Figure S14B, Sup-
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porting Information). As a proof of concept, we demonstrated
that the inscribed monochromatic image of Sir Newton's por-
trait (Figure 4A) can be read out from front and back sides
in both transmission and reflection modes with good consis-
tency (Figure 4Ai-iv). The reflection mode allows for using epi-
illumination to read MA color patterns, which minifies the size of
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Figure 3. Cross-dimension imprinting of exquisite MA-color images. A) The designed grayscale and experimental monochromatic images of a portrait
of Maxwell. B) Complicated chromatic picture patterning. Designed model (top) and experimental result (bottom). C) Voxel-level color tone tuning of a
chromatic picture in both transmission mode (i, iii) and reflection mode (ii,iv). Designed model (left) and experimental results (right). Scale bars: (A)
to (C), 200 um. D,E) 3D chromatic patterning of MA colors, including basic geometry (D) and customized geometry (E). F) Optical information encryp-
tion where voxels with different color responses are superimposed together and indistinguishable by using white light illumination (i) or birefringence
imaging (ii). Extraction of true information by illuminating the sample with specific monochromatic light centered at 445 nm (iii) while a wrong illumi-
nation (532 nm) will lead to fake information readout (iv). Scale bars: 100 um. A,F) "James-Clerk-Maxwell" by Faded Times, Flickr: Public Domain Mark
(https://creativecommons.org/publicdomain/mark/1.0). B) Gogh, Vincent van (1853-1890): Starry night. Arles (Starry Night on the Rhone), 1888. Oil
on canvas, 72.5x92 cm. 2023©Photo Scala, Florence. Musee d’Orsay, Paris, France. Reproduced with permission. C) Gogh, Vincent van (1853-1890):
The Starry Night, 1889. Oil on canvas, 29x36 % (73.7x92.1 cm). Acquired through the Lillie P. Bliss Bequest. Acc. n.: 472.1941. 2023©Photo Scala,
Florence. Digital image, The Museum of Modern Art, New York/Scala, Florence. Reproduced with permission.

the MA color reading devices and makes MA colors highly adapt-
able in mainstream data reading systems. And the transmission
mode can provide higher readout accuracy by eliminating the dis-
turbance from the scattering light caused by the reflection illumi-
nation. Furthermore, the localized interference-based coloration
mechanism makes the identification of MA colors highly inde-
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pendent of the viewing angle (Figure S15, Supporting Informa-
tion), showing the high robustness of MA color reading. These
properties of MA coloration are of great significance for accurate,
facile, flexible, and stable information extraction.

In addition to excellent readability, the pulse-internal-coupling
assistance endows several appealing advantages for the present
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Figure 4. Readability, manufacturability, and stability of MA colors. A) Portrait of Newton (left) and experimental results of four different color readout
modes (right), i) Including front reading using transmission illumination, ii) Back reading using transmission illumination, iii) Front reading using
reflection illumination, and iv) Back reading using reflection illumination. B) Resolution characterization of MA color voxels. C) Pulse energy limit test for
achieving coloration (up) and color patterning by using a pulse energy of 30 n) (bottom). D) Stability characterization of MA color signal in different harsh
conditions, including ultra-intense magnetic field, high temperature, strong acid, and X-ray radiation. Scale bars: 100 um. A) Sir Isaac Newton. Mezzotint
by T. O. Barlow, 1868, after Sir G. Kneller, 1689. Wellcome Collection. Public Domain Mark (https://creativecommons.org/publicdomain/mark/1.0).

MA coloration with high resolution and fabrication efficiency.
First, the feature size of MA color voxels can generally reach
~500 nm (Figure 4B), enabling high display resolution and infor-
mation density. Second, a single pulse with a strikingly low pulse
energy of ~30 nJ is enough to write one color voxel (Figure 4C),
comparable with that for processing organic materials,/?®! al-
lowing for splitting a single high-energy pulse into multiple
pulses to create color voxel arrays with one shot. Accordingly, the
printing efficiency of MA coloration is much higher than tradi-
tional approaches that rely on multipulse material modification.
Third, the pulse-internal-coupling is spontaneously activated by
the structural anisotropy of the crystal matrix rather than relying
on external beam control setups, which greatly simplifies the op-
tical system for imprinting color voxels and thus enhances the
manufacturability of MA colors.

As the created color voxels are embedded in the stable all-
inorganic dielectrics, we can expect high stability of MA colors
that inherits the intrinsic stable physicochemical characteristics
of LiNbO; crystals. We tested the produced samples under var-
ious harsh conditions (Figure 4D), including ultra-strong mag-
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netic field (42 T), high temperature (700 °C), strong acid corro-
sion (60% HNO,), X-ray irradiation (50 kGy), pollution, and me-
chanical damage (Figure S16, Supporting Information). All the
recorded information well survived after these treatments, which
was impossible for previous structural colors. We estimated the
lifetime of the structural colors to be as long as 103 years by using
the accelerating aging experiments at high temperatures (Figure
S17, Supporting Information), which is of great value for perma-
nent energy-saving big data storage.*”!

2.5. Demonstration for Multidimensional Data Storage Based on
MA Coloration

We demonstrated the great potential of MA coloration in both
2D and 3D data storage by writing the masterpiece “Pride and
Prejudice” into binary ASCII data in a 10 X 10 mm LiNbO; crys-
tal plate (Figure 5A—C). The readout of recorded data arrays is
easily achieved by photo-reading with a commercial white light-
emitting diode (LED) illumination source. Owing to the intrinsic
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Figure 5. Cross-dimension data storage by MA coloration. A) A LiNbO; disk full of imprinted color voxels. B) 2D binary color voxels imaging (top) and
data readout (bottom). C) 3D color voxels imaging. D) 3D data extraction by image recognition. E) High-efficiency information recording based on SLM
technology. For instance, splitting a single pulse into multiple pulses in a single layer (left), splitting a single pulse into multiple pulses in multiple layers
(middle), and customized patterning by using pulse train incidence (right). F) 5D data storage by encoding the structural colors and their intensity levels

into a hexadecimal system.

high SNR of MA colors, the data arrays in the same layer can
be captured in batches by a camera as a whole and the color in-
formation can be quickly identified (Figure 5D), without using
any complex optical measurements or point-by-point mechan-
ical scanning that is usually used in the traditional data read-
ing process (Figure S18, Supporting Information). Here, intelli-
gent image recognition was adopted to extract the written data
with high speed (x1.2 Gb s7!) and accuracy (up to ~99.7%),
which enables an extremely high readout efficiency for optical
data storage (Figures S19 and S20, Supporting Information). Be-
sides the single beam writing, by applying beam shaping tools,
such as spatial light modulator (SLM), we can split a single in-
cident pulse into multiple pulses to create color voxel arrays in
both 2D layer and 3D space (Figure 5E), which further improve
the recording speed by tens of times. Combining high repetition
rate laser and galvanometer scanning technology, a 1 Gb s™" level
data recording speed can be easily achieved. According to the cur-
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rent extreme resolution of MA coloration, the data capacity of a
127 x 127 x 3 mm LiNbO, optical disk can theoretically reach
~24 TB (Equation S7, Supporting Information).

Notably, the highly controllable colors and their signal inten-
sity provide more information multiplexing channels for higher
dimensional data storage.***!! Here, we preliminarily demon-
strate the feasibility of MA-color-based 5D information integra-
tion. At the current stage, besides initial 3D coordinates, the sig-
nals of a single MA voxel can be further encoded into eight hue
states and two intensity levels, corresponding to 4 bits of infor-
mation per voxel (Figure 5F, up), enabling 5D data storage. By
using the hexadecimal ASCII where every two voxels correspond
to a character and each voxel represents the number from 0 to f
in the hexadecimal system, the text “Pride and Prejudice” can be
recorded within a space of 40 voxels in size (Figure S5F, down).
Compared with the traditional binary system, the 5D hexadeci-
mal data storage can reduce the number of color voxels needed
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to be imprinted, which is expected to further improve the MA-
color-based data storage capacity. These results represent an im-
portant milestone in achieving optical data storage beyond three
dimensions via voxel-level structural colors.

3. Conclusion

The pulse-internal-coupling mechanism makes imprinting MA
voxels in the LiINbO, crystal a conceptually new platform for pro-
grammable 3D structural coloration with multiple advantages,
including but not limited to fast manufacturability, wide gamut,
multichannel recognition, high resolution, energy saving, and
excellent stability (Table S1, Supporting Information), which en-
dows new potential with the structural coloration in 3D informa-
tion display. Especially, MA coloration-based information record-
ing method brings an all-round improvement in optical data stor-
age performances and takes a qualitative leap forward with re-
spect to current technologies (Table S2, Supporting Information),
making the writing and readout speed as well as the data density
of optical storage comparable to that of magnetic and semicon-
ductor storage. Protected by the all-inorganic crystal matrix, MA
coloration can serve as an efficient, green, and perpetual big data
storage approach. Importantly, due to the nonlinear processing
capability of ultrafast lasers, the principles of this work can be
extended to more crystal materials (Figure S21, Supporting In-
formation). Thus, it is expected to develop a general approach to
enable a variety of micro-nano phase modulation elements in
high-refractive-index media, opening up more advanced micro-
nano photonic applications.

For high-dimensional data storage, our experiments have
shown that MA colors contain at least 10 color states and 8 in-
tensity states. Thus, more bits of information integration in a
MA voxel can be achieved by introducing more states of hue and
intensity of MA voxels, which means the full potential of MA-
color-based multidimensional information integration is still far
from being completely exploited. Notably, with the redshift of
MA colors, the length and diameter of MA voxels will also in-
crease, which limits the data capacity improvement brought by
multidimensional storage. This problem is expected to be re-
solved by technologies that can further reduce the length and di-
ameters of MA color voxels and improve the color readout accu-
racy, such as interference order manipulation (Figure S22, Sup-
porting Information), beam shaping, super-resolution process-
ing, and imaging, which may excite more research works in the
future.

In summary, we propose and demonstrate that a single ultra-
fast laser pulse can create highly localized crystal-to-glass phase
transition structures with a micrometer-scaled feature size in all-
inorganic uniaxial crystals. The difference in optical properties
of the amorphous region and the crystal matrix enables a sig-
nificant phase difference shift between O and E light, enabling a
voxel-level structural coloration with multidimensional controlla-
bility in 3D space. The generated colors are revealed to possess a
series of excellent performances and hold great potential for mul-
tiple applications, including 3D display, information encryption,
anti-counterfeit, fast data recording and readout, and low-power
long-term multidimensional data storage. It would be exciting
to fuse the MA-based coloration with advanced light modulation
technologies, novel photoelectric materials, and intelligent image
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recognition algorithms to develop a versatile 3D color rendering
strategy, empowering the development of next-generation infor-
mation optics.

4, Experimental Section

Materials:  Commercially available 10 x 10 x 10 mm Z-cut bulk LINbO;
crystal was used as the matrix for inducing MA structures. For data stor-
age, the crystal was cut into 10 X 10 X 0.5 mm thin plates along the direc-
tion perpendicular to the optical axis. All the crystals were polished on all
sides.

MA-Color Sample Preparation: In the pulse-internal-coupling-based
MA processing, the optical axis of the LINbO; sample was set to be per-
pendicular to the laser propagation direction where the pulse splitting
was spontaneously activated by the intrinsic structural anisotropy (bire-
fringence effect) of the LiINbO; crystal. Thus, no complex external beam-
shaping device was needed. Here, MA color voxels were created by using a
standard ultrafast laser direct writing system (Figure S1A, Supporting In-
formation), where the polarization was controlled by a half-wave plate and
the 3D position shift of the sample was controlled by using a translation
stage. Laser parameters such as pulse energy, pulse duration, and repeti-
tion rate were controlled by a computer. The imprinting process of color
voxels could be detected in real time by a complementary metal-oxide—
semiconductor (CMOS) camera connected to a computer. For high-speed
data recording, a spatial light modulator (SLM, X13138 Hamamatsu) and
a 4f system were added to the optical circuit to further split a single pulse
into multiple pulses and the fixed dichroic could be replaced by a gal-
vanometer for high-speed focal spot movements.

The light source for imprinting MA color voxels in the LINbO; crystal
was a mode-locked regeneratively amplified Yb: KGW-based ultrafast laser
(PHAROS, Light Conversion Ltd.) with a wavelength of 1030 or 515 nm,
a pulse duration ranging from 230 fs to 6 ps, and a pulse repetition rate
ranging from 1to 200 kHz. Generally, the laser was focused ~50 um below
the surface of the sample via a 50X objective lens (NA = 0.8). The MA-
based coloration can be achieved by a single laser pulse, the pulse dura-
tion, laser polarization, and pulse energy were set according to the desired
chrominance and intensity of MA-based coloration (Figure S8, Supporting
Information).

Optical Characterization of MA Colors:  The color generation and obser-
vation were achieved by using a standard chromatic polarization system.
As shown in Figure S1B (Supporting Information), the first polarizer (P1)
was used to make the probe polychromatic light polarized to split into or-
dinary (O) light and extraordinary (E) light in crystal. The second polarizer
(P2) was used to make the O and E light share a common polarization
component in the same direction to establish interference. As the phase
difference of O and E light after passing through the crystal was dependent
on light frequency, the interference established by chromatic polarization
method possessed wavelength selectivity.[?] Afilter could be added before
the light source to tune the transmission waveband when monochromatic
illumination is required. Microscopy images of 3D colorful patterns were
obtained by using confocal microscopy where two polarizers were added
to the front and back sides of the sample respectively for generating chro-
matic polarization effect. The spectral characteristics of the color voxels
were obtained by a micro-spectroscopy system.

Structural Characterization of MA Voxels: The optical observation of
MA color voxels was performed using a microscope (BX53 Olympus). The
inner structure of MA region was found and examined by scanning elec-
tron microscopy (SEM), using backscattering mode (Gemini300 Zeiss).
For the SEM observation, samples were polished so as to expose the
single pulse-modified area to air and the polished surface was etched
with hydrofluoric acid (5%) to improve the contrast of SEM images. Fur-
ther phase transition characterization of the crystal-glass heterogeneous
interface was performed by focused ion beam (FIB) slice and high-
resolution transmission electron microscopy (HRTEM). Electron param-
agnetic resonance (EPR) spectroscopy (Bruker, ESRA-300) was applied to
examine the defects of the pre-modified area.
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Ostensibly perpetual optical data storage in
glass with ultra-high stability and tailored
photoluminescence

Zhuo Wang!t, Bo Zhang!f, Dezhi Tan?* and Jianrong Qiu®3*

Long-term optical data storage (ODS) technology is essential to break the bottleneck of high energy consumption for in-
formation storage in the current era of big data. Here, ODS with an ultralong lifetime of 2x107 years is attained with single
ultrafast laser pulse induced reduction of Eu®* ions and tailoring of optical properties inside the Eu-doped aluminosilicate
glasses. We demonstrate that the induced local modifications in the glass can stand against the temperature of up to 970
K and strong ultraviolet light irradiation with the power density of 100 kW/cm?. Furthermore, the active ions of Eu?* exhib-
it strong and broadband emission with the full width at half maximum reaching 190 nm, and the photoluminescence (PL)
is flexibly tunable in the whole visible region by regulating the alkaline earth metal ions in the glasses. The developed
technology and materials will be of great significance in photonic applications such as long-term ODS.

Keywords: ultrafast laser; photoluminescence tailoring; ultralong lifetime; optical data storage
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Introduction generated by the government, data disaster recovery cen-

In the development history of human society, data stor- ters, and archives are not frequently accessed but still

age plays an indispensable and pivotal role, it has signi- need to be available over long periods in an easy access

ficantly boosted spacious domains from social science to
industrial production. With the advent of the Internet of
Things and artificial intelligence, the long lifetime and
large capacity of information storage are in increasingly
high demand. Accordingly, optical data storage (ODS)
technique provides a highly fascinating alternative to
conventional storage techniques (semiconductor or mag-
netic-based storage) with lower energy consumption, lar-
ger capacity, higher efficiency, and longer lifetime!~.
However, accounting for 80% of the total stored data

method. The typical lifetime of mature ODS is hundreds
of years that is still far from meeting the requirements of
next-generation information storage®®. Although the
ODS based on ultrafast laser induced volume periodic
structures has an ultralong lifetime, multipulse irradi-
ation with the pulse energy up to micro-joule is neces-
sary for writing, which will slow down the writing speed
and increase the power consumption’. Developing long-
term stable ODS based on single pulse writing process
can not only notably reduce the energy dissipation
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associated with frequent data migration but also in-
crease the efficiency of data writing.

Tailoring of optical properties of active centers or
dopants in solid matrix has extensively boosted the ap-
plications of glasses and crystals in optical communica-
tion, information storage, photonic device, and
display>!*-13. Typically, the spectroscopic features of the
active centers or dopants are highly dependent on the
local structures of amorphous glass or crystal field and
generally tuned via chemical component modulation and
homogeneous heat treatment of the matrix'-'”. Recently,
ultrafast laser has also been established to be an effective
tool for tailoring optical properties of transparent solids
and hence implementing new functionalities with three-
dimensional (3D) structuring capability'®->. For ex-
ample, modifying the local structures and valence of act-
ive ions in transparent matrix endows writing informa-
tion in the local volume by distinct photoluminescence
(PL) emission properties that enable large capacity ODS
with a high signal-to-noise ratio®*?”. However, the PL is
generally induced by multipulse laser irradiation, which
limits the writing speed of ODS. Besides, an obvious de-
crease in the PL intensity of active ions is usually observ-
able at high temperatures, which is detrimental for long-
term device operation®-. Hence, the lifetime of ODS
based on the distinct PL is limited to only a few hundred
years or even several decades’?!. It is a challenge to real-
ize ODS that not only possesses a facile method and fast
writing speed but also possesses an ultralong lifetime and
excellent stability.

In this work, we report long-term and high writing
speed ODS by tailoring the valence state of Eu’* ions in-
side glass with single laser pulse. We demonstrate that
the lifetime of stored information is as long as 2x10’
years and the written local modifications can stand
against the temperature of up to 970 K and intense ultra-
violet irradiation (100 kW/cm?). Furthermore, broad-
band emission of the active Eu** ions is observed with
the full width at half maximum (FWHM) reaching 190
nm and the PL can be tuned in the whole visible region.

Results and discussion

Ordinarily, luminescent materials, a kind of widely em-
ployed ODS medium, are composed of a reasonable
combination of certain active dopants with an inert mat-
rix. Divalent europium cation (Eu?*) is one of the extens-
ively applied activators due to unequaled 4f-5d trans-
ition*>*%. The emission spectrum of Eu?* islargely de-

https://doi.org/10.29026/0ea.2023.220008

pendent on the chemical compositions and structures of
hosts as the 5d orbital is sensitive to the surrounding en-
vironment. Besides, aluminosilicate glass is considered as
an outstanding category of host matrix due to the excel-
lent stability and accessible synthesis method with relat-
ively low cost of raw materials. Eu-doped earth-abund-
ant aluminosilicate glass represents preeminent lumines-
cence characteristics that can meet distinct optoelectron-
ic applications. Therefore, EuyO3; doped calcium-silicon-
aluminum (Eu: CSA) glass is employed to serve as ODS
matrix, among which intermediate elements including
silicium and aluminum act as glass former, whereas the
alkaline earth metal element (calcium) serves as glass
modifier. Ultrafast laser is used to tailor PL properties of
Eu: CSA glass to enable data writing. During laser-mat-
ter interaction, three-photon absorption occurs in the
laser modified area, and active electrons and holes can be
created in glass through multi-photon ionization pro-
cess. When the electrons are trapped by Eu’*, permanent
photoreduction of Eu** will be achieved to generate Eu?*,
and different luminescence characters will be attained.
Figure 1(a) shows the PL spectra from Eu®* in initial
Eu: CSA glass before tailoring luminescence by femto-
second (fs) laser. A series of characteristic emission lines
between 570 and 750 nm attributed to the
Dy —"F;(J=0,1,2,3,4) transition appear®®. The tar-
get glass without doping (CSA glass) does not emit PL
after ultrafast laser irradiation as illustrated in Fig. 1(b).
Typical broadband PL of Eu** ions arises in Eu: CSA
glass after tailoring luminescence with fs laser. The
FWHM of the emission spectrum reaches 190 nm, which
is much larger than that of the reported value of ~90 nm
in the previous reports® (such as in the Eu-doped borate
(Eu: BAN) glass (Fig. 1(c))). The anomalous spectra
broadening can be attributed to the coexistence of Eu?*
ions and Eu?* ions in glass (Fig. S4(a)). Besides, the ran-
dom distribution of Si and Al will enhance the structural
disorder and asymmetry thus leading to a broad spectral
band. Furthermore, the PL can be stimulated both by 375
nm and 405 nm resulting from the big centroid shift as
well as the energy level splitting. The Eu-doped glasses
usually have less absorption after 400 nm, the PL of Eu?*
excited by 405 nm laser is barely detectable in borate
glass as shown in Fig. 1(c). However, by tailoring the op-
tical property of Eu: CSA glass, the absorption in ultravi-
olet region of Eu?* doped glass becomes higher (Fig.
1(d)), and the PL emission can be excited by 405 nm
laser, which provides a new choice of excitation for data
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Fig. 1| (a) PL spectra of initial Eu: CSA glass. (b) PL spectra of Eu: CSA and CSA glasses after irradiation. (c) PL spectra of Eu: BAN glass after

ultrafast laser irradiation. The inset is the enlarged PL spectrum excited by 405 nm laser. (d) Absorption spectra of Eu: CSA and Eu: BAN

glasses. Inset is an enlargement of absorbance from 350 to 430 nm.

reading. Besides, the bandgap of Eu: CSA glass is approx-
imately 3.65 eV according to Fig. 1(d), indicating three-
photon absorption during laser-matter interaction. Con-
sequently, reduction of Eu’* and tailoring of optical
properties inside glass are achieved simultaneously and
allow for tuning the PL of the active ions. The distinct PL
in Eu: CSA glass resulting from Eu®* and Eu?* exhibits
the possibility to serve as an ODS medium. Besides, po-
tential multi-application of rare earth ions-doped glasses
has been proposed, and ODS technology is one of the
most important demonstrations.

To further demonstrate the performance of ODS in
the devised glass, we systematically investigated the im-
pact of used laser parameters including duration, pulse
energy, repetition rate, and pulse number. As illustrated
in Fig. 2(a), groups of dots are directly written into Eu:
CSA glass by single pulse fs laser with controlled pulse

durations and pulse energies. Reading out of dot-array is
exhibited in Fig. 2(b) and the result indicates even single
pulse can induce local material modifications with PL
strong enough to be used for data storage. Figure 2(c)
shows that the diameter of the written dots increases
with the increase in the pulse energy. The size of written
dots can be reduced to 600 nm when the pulse energy is
reduced to 96 nJ (Fig. S5(b)), and the density of ODS is
approximately 1.4 Tbit cm=. Figure 2(d) demonstrates
the PL intensity of dots written with different pulse ener-
gies and pulse durations. The PL intensity increases with
the increment in the writing pulse energy. A decrease in
pulse duration leads to an increase in the PL intensity of
Eu* and a decrease in the pulse energy threshold for
writing emissive dots. Figure 2(e) demonstrates the PL
intensity as a function of repetition rate and pulse num-

ber, which indicates the presence of a broad grayscale of
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Fig. 2 | (a) Optical image of recorded information in the glass. (b) Reading out of information by PL mapping. Scale bar: 10 ym. (c) Relationship

between emissive dot size and pulse energy. (d) PL intensity of dots written with diverse pulse durations and pulse energies. (e) PL intensity of

dots written with various repetition rates and pulse numbers. (f) 16 levels of grayscale assignment based on the relation between PL intensity and

pulse number.

PL intensity that can serve as another degree of freedom
in ODS. Figure 2(f) demonstrates up to 16 levels of gray-
scales and in this case each written dot can be coded in a
4-bit-format (from 0000 to 1111), which allows further
expansion of storage capacity. Dots in a 4-bit format can
also be achieved by controlling pulse energy, as shown in
Fig. S6. It is worth to note the diameter of writing dots
increases with the increase of pulse number and pulse
energy. Too small or large bit spacing will lead to a de-
crease in bit contrast or storage density, as a result, ap-
propriate bit spacing is very crucial to keep the balance
between low cross-talk and high storage capacity.

As demonstrated in Fig. 3(a—c), Chinese characters of
“zhe jiang da xue” are translated into a binary symbol
and recorded in various layers of the transparent Eu:
CSA glass. The dots in layer 1 and layer 2 are written by
single pulse of fs laser with pulse energy of 200 nJ, and
dots in layer 3 and layer 4 are written by 250 nJ and 300
n] fs laser, respectively. The first layer of dots is written
at the depth of 50 um, and the spacing between adjacent
layers in the z-direction is 10 um. Reading out of the re-
corded information can be achieved by collecting the PL
from the dots without and with fs laser writing, which
corresponds to the “0” and “1” states in the binary sys-
tem, respectively. No signal crosstalk is observed
between different adjoining layers by controlling the

writing pulse number and pulse energy (Fig. 3(b)) and it
is also essential for 3D ODS. As the information writing
is realized by single pulse incidence, the amount of data
written per unit time can be considerably large, which is
determined by the laser repetition rate and scanning
speed of the stage. Therefore, high repetition frequency
in the megahertz range is more favorable for improving
information storage efficiency. Besides, a complicated
logo pattern is also successfully recorded in glass by se-
lectively tailoring the luminescence with continuous line
scanning with 0.5 yJ pulse energy fs laser and the scan-
ning speed is 80 pm/s. The recorded pattern can be read
by 405 nm laser stimulation as demonstrated in Fig. 3(d)
and it can also be stored in different layers. The non-uni-
formity of PL intensity, such as the low PL intensity in
the bottom right, is due to the non-uniformity of glass
thickness, which can be optimized by better polishing.
The successful demonstration of 3D information record-
ing and reading demonstrates the feasibility of ODS
technology in the Eu,O3 doped aluminosilicate glass.

A long-term ODS technology with lifetime longer
than a few hundred years can not only significantly re-
duce the energy dissipation associated with frequent data
migration but also increase the savings in expenditures,
including electricity and costs of storage devices. Con-
sequently, it is necessary to examine the lifetime of
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Fig. 3 | Optical information writing and readout. (a) Schematic diagram of 3D information writing in the glass. (b) Recorded information in

glass in different layers. Dots in layer 1 and layer 2 are written by single pulse with 200 nJ. Dots in layer 3 and layer 4 are written by single pulse

with 250 nd and 300 nJ, respectively. Scale bar: 10 um. (c¢) Encode information by binary format. (d) Complicated logo pattern recorded in the

glass. Scale bar: 20 ym.

recorded information in the devised material. As illus-
trated in Fig. 4(a), the stored information in Eu: CSA
glass can survive under the temperature of up to 970 K.
According to Arrhenius law (Eq. S7), the lifetime (Fig.
4(b)) of the PL signal that can sustain the stability and
readability of recorded information is evaluated up to
2x107 years which is several orders of magnitude higher
than current PL-based ODS approaches (Fig. 4(c))*®. The
temperature tolerance of other EuyO3; doped alumino-
silicate glasses (Eu: DSA, D represents MgO, CaO, SrO,
BaO) is demonstrated in Fig. 4(d), after two-hours heat-
ing at 770 K, the PL intensity decreased by only 17%, in-
dicating a generally excellent storage lifetime in similar
glass systems. This is because that in Eu: DSA glass, the
tetrahedral symmetry around Eu?* will decrease with the
incorporation of AI** and Si** sites, and the energy level
splitting of 5d band increases. Consequently, the activa-
tion energy for thermal quenching becomes higher, res-
ulting in a more stable PL. Notably, the recorded inform-
ation in Eu: CSA glass can withstand highly intense ul-
traviolet irradiation (~100 kW/cm?) and be accurately
read with an excitation power as low as 6 nW (corres-
ponding to 2 W/cm? in Fig. 4(e)). The decay rate of PL
intensity is reduced significantly in Eu: CSA glass as
compared with the tolerability of ultraviolet irradiation
in Ag-doped silicate (Ag: CSA) glass and Eu: BAN glass
(Fig. 4(f)). These results firmly confirm the great poten-
tial of the Eu: CSA glass-mediated ODS in highly robust

long-term information storage.

In addition, the tailoring of luminescence can be uni-
versally attained in more glasses, such as employing oth-
er alkaline earth metal ions (including Mg, Sr, and Ba) to
serve as glass modifiers. Similar broadband PL emitting
by Eu?* and several characteristic sharp PL peaks emit-
ting by Eu?* are collected, as shown in Fig. 5(a) and 5(b).
It is worth noting that the emission of Eu** depends on
surrounding environment. Hence by regulating the al-
kaline earth metal ions in aluminosilicate glasses, the PL
emitted by Eu?* ions can be tailored and it is flexibly tun-
able among the whole visible region. The Commission
International de L’Eclairage (CIE) chromaticity coordin-
ates of PL spectra in these aluminosilicate glasses
changed gradually from (0.29, 0.35) to (0.43, 0.42) with
an increase in the ratio of alkaline earth metal ion (Fig.
5(c)). As shown in Fig. 5(d), the energy gap between the
4f ground state and the lowest 5d excited level (Egq (free))
is approximately 4.216 eV (equal to 34000 cm™!) for the
free Eu** ion*¥. However, the actual 4f-5d energy posi-
tion (Ef (A)) is generally smaller than that of the free
4f-5d energy gap when Eu?* ions are doped into the host
due to the influence of the surrounding environment on
the 5d energy level. Generally, the emission of europium
doped luminescence materials is determined by the spec-
troscopic redshift of the 5d energy position compared
with that of free Eu** ion D (A) consisting of the centroid
shift (ef) and the energy level splitting & (A)”. The
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emission spectrum is influenced by the lowest 5d energy
level and Stokes shift (AS (A)). The Stokes shift is related
to equilibrium position offset and phonon energy. In Eu:
DSA glasses, a larger cation ratio results in a bigger spec-
troscopic redshift, which originates from the synergistic
contribution of a large centroid shift, energy level split-
ting and Stokes shift as illustrated in Fig. 5(e). Typically,
when the radius of alkaline earth metal ions increases,
the spectral polarizability of the closest anion neighbors
increases, the typical coordination number of cations
also exhibits an increasing trend, and the distance
between Eu?* and O?- also decreases, hence leading to a
bigger centroid shift. Thus, the luminescence properties
of dopants in solid matrix can be manipulated in a wide
range, which can greatly expand the potential applica-
tions of aluminosilicate glasses in storage, imaging, and
display.

Conclusions

Here, a stable ODS technique with an ultralong lifetime
of 2x107 years is proposed by ultrafast laser selectively
regulating the valence state of doped active ions and tail-
oring optical properties of Eu?* ions inside the Eu-doped
aluminosilicate glasses. It is demonstrated that the stored
information exhibits excellent tolerability to temperat-
ure (970 K) and ultraviolet irradiation (100 kW/cm?).
Furthermore, the active Eu?* jons emit a broadband PL
with FWHM of 190 nm, and the PL can be flexibly tuned
in the entire visible range by adjusting the modifiers in
glasses. The proposed ODS technique with ultralong life-
time is of great significance for breaking the bottleneck
of large energy consumption in practical applications.
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Single-Pulse-Driven Frame Printing of Chromatic Pixels in

Lithium Niobate Crystal

Jie Zhang, Zhuo Wang, Bo Zhang,* and Jianrong Qiu*

Highly efficient and programmable writing of multidimensional optical data is
of great value for next-generation high-throughput information technologies
but has been rarely achieved. Here, a one-step frame printing of chromatic
pixels in lithium niobate crystal by using a single ultrafast laser pulse is
reported. In this strategy, a phase superposition-based spatial light
modulation strategy is applied to split a single ultrafast laser pulse into
multiple son pulses with designated optical properties and spatial distribution
patterns. It is demonstrated that these son pulses allow for massively creating
micro-amorphous phase transition zones with on-demand structural features
that can modulate the intrinsic birefringence of the crystal matrix and
generate wavelength-selective interference in the visible band to form
pixel-level chromatic patterns, namely, single-pulse-driven frame color
printing. The created chromatic pixels can be encoded into
computer-recognizable data arrays to play a role in high-efficiency
multidimensional information recording. The presented approach enables fast
and programmable information batch writing in 3D space and can serve as a

generation of pixel-level structural col-
ors that are especially valuable in infor-
mation optics therefore requires the pro-
duction of various photonic structural
modules, !l where a set of processing
parameters generally enables the fabri-
cation of only one structural feature, re-
sulting in the presentation of only one
kind of color (Figure 1a). Such a one-
to-one coloration mode greatly limits the
information writing efficiency, as it gen-
erally requires frequent adjustment of
laser and writing parameters, which will
overload the laser and mechanical servo
systems. Besides, the spatial scope of
pixel-level color printing is largely lim-
ited to a 2D plane or near surfaces. 3D
embedded micro-nano structures allow
for effectively utilizing the vertical spa-

versatile tool boosting next-generation information optics.

1. Introduction

The vast majority of information that human beings get from
the outside world is transmitted through light where the opti-
cal frequency, which can be identified as color by eyes or de-
tectors, is an important information dimension.'/ Recently,
structural colors that arise from the interference, diffraction, and
scattering behaviors of light when interacting with micro-nano
structures,/®!!] have been fast-developing and attracted tremen-
dous attention as they lie at the fundamental position in boost-
ing the development of advanced optical display,!*! information
recording,!¥! sensing,'* detecting,[® encryption,'®! and anti-
counterfeiting.['’] In principle, the generation of structural col-
ors relies on the optical modulation of illumination polychro-
matic light by wavelength-scale photonic structures, with each
color corresponding to a specific structural feature.'®2!1 The
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tial dimension and favorable properties
of substrates, implanting additional de-
grees of freedom in light modulation and
photonic device functionalization.[?28] However, a highly effi-
cient structural coloration that enables massively printing mul-
tiple chromatic pixels at designated 3D spatial locations with one
set of processing parameters has not been achieved.

The key to breaking through this bottleneck lies in the de-
velopment of a novel one-to-many coloration approach that en-
ables parallel fabricating light modulation structures in 3D space.
At present, it is extremely difficult to achieve this goal by rely-
ing on conventional micro-nano machining technologies, as they
generally require cumbersome processes. Recently, the ultrafast
laser has shown great superiority in creating embedded micro-
nano photonic structures in various transparent media because
of its highly efficient and versatile nonlinear material modifica-
tion capacity.?*%! In theory, it is possible to engineer ultrafast
laser pulses and manipulate them to fast inscribe desired light
modulation structures in a transparent medium, achieving the
efficient generation of 3D colors.

Here, we report on a single ultrafast laser pulse-driven frame
coloration strategy that enables fast one-to-many production of
multiple chromatic pixels in 3D space (Figure 1b). This proposal
is built upon two of our pivotal research foundations.l*®! First,
single-pulse ultrafast laser-induced micro-amorphous phase
transition (MAPT) in lithium niobate (LiNbO;) can locally mod-
ulate the phase difference of O and E light beams that propagate
in the crystal matrix and establish wavelength-selective interfer-
ence in 3D space by using chromatic polarization effect, namely,
pixel-level structural colors. Second, the interference colors can

© 2024 Wiley-VCH GmbH
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Figure 1. Concept and principle of single-pulse-driven frame printing of chromatic pixels. a) Schematic of conventional one-to-one structural col-
oration. b) Our fast one-to-many structural coloration based on frame printing. c) Creation principle of a CGH for frame printing. d) Schematic
showing a single ultrafast laser pulse is programmed into multiple son pulses that can drive the frame printing of multiple chromatic pixels in 3D

space.

be tuned by adjusting the length of the MAPT domain. In our
design, a spatial light modulation strategy is applied to add a well-
designed multi-focus phase to the original phase of the incident
ultrafast laser to create a multi-focal array with designated spa-
tial arrangement, focal-volume length, and energy distribution.
Specifically, a single-focus phase (SFP) and Fresnel-zone plate
phase (FZP) are added to ensure the 3D spatial positioning of
multi-focal arrays. The customization of the structural color is
performed by actively introducing an aberration phase (AP) and
weighting factor (WF) to adjust focal-volume lengths and energy
distributions of multi-focal arrays, respectively (Figure 1c). The
grating phase (GP) is introduced to eliminate the influence of
the zero-order light.’”38] In this way, by simply loading a sheet
of computer-generated hologram (CGH) to a spatial light mod-
ulator (SLM), a single ultrafast laser pulse (parent pulse) can be
programmed into multiple designated son pulses that can pro-
duce MAPT zones with desired structural features, realizing the
frame printing of multiple chromatic pixels in the crystal matrix
(Figure 1d). This one-to-many processing mode will endow struc-
tural coloration in 3D space with unprecedented efficiency and
flexibility.

2. Design and Principle

Generally, the number of pixels that can be printed at a time in
frame printing is limited by ultrafastlaser output power, objective

Laser Photonics Rev. 2024, 2400054
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field of view, and damage threshold of the SLM.[383] When print-
ing images with a large number of pixels, it is necessary to per-
form partition processing, with one partition corresponding to
one frame. Here, a three-step algorithm is proposed to obtain the
CGH for the generation of a volumetric multi-focal array with re-
quired optical properties in 3D space (Figure 2): i) Designing the
target pattern composed of chromatic pixels, dividing the pattern
into a series of frames, and extracting the color and position in-
formation of pixels in each frame, where one frame corresponds
to one parent pulse and each pixel in a frame corresponds to one
son pulse. ii) According to the extracted information, the phase
modulation of each frame is programmed to induce the chro-
matic pixels within it. Specifically, we regard each pixel in one
frame as a single focus and further divide a frame into a num-
ber of single-focus images. Then, the inverse Fourier transform
is applied to calculate these single-focus images into a series of
SEPs with lateral position (X/Y coordinates) information. For Z-
axis positioning, the SFPs with different vertical depths (Z coordi-
nate) were achieved by introducing FZPs, which are necessary for
generating 3D volumetric multi-focal arrays.***!l For color ma-
nipulation, APs are accordingly superimposed on SFPs, thereby
adjusting the focal-volume lengths of son pulses in each frame,
and the corresponding son-pulse energy is individually adjusted
by multiplying the complex amplitudes of SFPs by WFs. iii) Sub-
jecting these SFPs with FZPs, APs, and WFs to complex ampli-
tude superposition, and thus constructing a complex amplitude
hologram that can generate multi-focal arrays with designated

© 2024 Wiley-VCH GmbH
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Figure 2. The three-step algorithm for calculating CGHs enables the generation of a volumetric multi-focal array with designated color and position

characteristics. IFT: inverse Fourier transform.

parameters, including spatial position, focal-volume length, and
energy distribution. Setting this complex amplitude hologram as
the initial input and the CGH of a frame can be obtained through
an iterative calculation process (Detailed mathematical operation
see Text S2, Supporting Information). Therefore, by sequentially
loading CGHs into the SLM that drives the laser direct writing
system, the single-pulse-driven frame printing of chromatic pix-
els can be achieved.

This one-to-many coloration mode converts the tedious pa-
rameter adjustments of traditional one-to-one coloration into the
loading of CGHs. In this way, the laser is tasked solely with emit-
ting single-parameter parent pulses, while the customization of
son-pulse parameters is massively handled via the SLM. The 3D
writing of multiple color pixels can be achieved by simply loading
CGHs and coordinating with simple movements of the transla-
tion stage, thereby largely excluding the response time of hard-
ware from the pixel writing process. This method is anticipated to
greatly reduce the none-principle limitations on optical informa-
tion writing efficiency posed by hardware systems, positioning it
as a comprehensive platform to propel the advancement of next-
generation information optics.
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3. Results and Discussion

We demonstrated the effectiveness of the spatial light modula-
tion strategy in generating multi-focal arrays with designated pa-
rameters and practically inducing chromatic pixels. Here, we first
set a 3 X 3 squared multi-focal array with homogeneous pulse
energy distribution in the XY plane as a frame and superposed
three APs (denoted as “17, “2”, and “3”. The detailed generation
and optimization of APs see Text S3, Supporting Information) in
different rows of this multi-focus image, respectively (Figure 3a).
The CGH for generating the multi-focal array with desired focal-
volume lengths was then calculated by using our algorithm. Sim-
ulated spatial light intensity distribution of the multi-focal ar-
ray shows a significant difference in the focal-volume lengths
(Figure 3b). In experimental verification, the obtained CGH was
loaded into an SLM to split a parent pulse into designated mul-
tiple son pulses that could drive the frame printing of chromatic
pixels in a LiNbO; crystal. The side section image of experimen-
tally induced chromatic pixels is in perfect agreement with the
theoretical simulations (Figure 3c), which confirms the feasibility
of our approach in generating multi-focal arrays with manageable

© 2024 Wiley-VCH GmbH
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Figure 3. Manipulation of chromatic pixels in frame printing. a) CGH (left) calculated from a designed multi-focus image with three APs superposed
on each row (right). b) The 3D simulation of the multi-focal array generated by the calculated CGH. The color bar illustrates light intensity. c) The side
section image and d) the top view of experimentally printed chromatic pixels. The energy of each son pulse is 0.42 ). e) The designed multi-focal array
(left) and experimentally printed chromatic pixels (right) using different son-pulse energies accompanied with a fixed AP. f) The designed multi-focal
array (left) and experimentally printed chromatic pixels (right) by engineering the combination of APs and son-pulse energies. g) The results of the frame

printing cancel the introduction of APs and only manipulate son-pulse energies. Scale bars: 30 um.

focal-volume lengths. In theory, a larger focal-volume length can
promote the stretching of chromatic pixels in the Z-axis, corre-
sponding to the redshift of the interference signal. However, the
experimentally printed pixel array presented the opposite blue
shift color variation (Figure 3d), which we call abnormal color
manipulation. This is attributed to the absence of corresponding
pulse energy adjustment during the focal-volume length manip-
ulation. In this condition, the focal-volume length elongation de-
creases the energy density in the focal volume, which will instead
suppress the extension of the actually induced crystal-to-glass
phase transition zone. Then, we fixed AP and arranged the son-
pulse energies of three rows in the 3 x 3 multi-focal array as 0.6,
0.45, and 0.3 pJ. Experimental results indicated an obvious red
shift in the multi-focal array with pulse energy increased (called
normal color manipulation), which confirms the effectiveness of
pulse energy-driven color control in frame printing (Figure 3e).
From these results, we realized that the color obtained by indi-
vidually adjusting AP or pulse energy may not be the optimized
result and it is necessary to integrate these two kinds of ma-
nipulation modes, namely, simultaneously regulating both the
AP and energy distribution, to further enhance color manipu-
lation. Here, we superposed various APs to multi-focus images
with different son-pulse energies and conducted a series of pro-
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cess experiments to determine their correspondences, and thus
achieve high-quality coloration (Figure S7, Supporting Informa-
tion). As shown in Figure 3f, by properly engineering the com-
bination of APs and son-pulse energies, we eventually achieve a
great improvement in coloration quality, including color satura-
tion, contrast, as well as the distinction between different pixels.
As a comparison, we further demonstrated the frame printing
that cancels the introduction of APs and only relies on pulse en-
ergy control (Figure 3g). Experimental results indicate that color
manipulation of chromatic pixels cannot be effectively achieved
in frame printing without the introduction of APs, confirming
the pivotal role of AP-pulse energy combined control. These re-
sults firmly substantiate the capacity of our method in realizing
one-step frame printing of designated chromatic pixel arrays in
LiNbO; crystals. In principle, our strategy is universally effective
in different single crystals rather than an isolated scheme.
Generally, the physical size of the printed pixels can reach
~300 nm and the imaged pixel size can reach ~#500 nm (Figure
S8, Supporting Information). Since the chromatic pixels are op-
tically read out, their imaged size is limited by the diffraction
limit. The further reduction in pixel size will drastically increase
the difficulty of data reading, for example, immersion objective
and long exposure, which will seriously reduce reading speed

© 2024 Wiley-VCH GmbH
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Figure 4. Spectral characteristics and recognizability of chromatic pixels produced by frame printing. a) QR code patterns composed of five colored
subareas (top), and the corresponding experimentally printed colorful QR codes (bottom), whose spectra are measured and shown on their right side.
b) QR code pattern composed of multiple irregular monochromatic subareas (top), and experimentally printed one with its recognition result (bottom).
c) Frame printing of a computer-recognizable data array encoded in quaternary, where yellow equals to “3”, green equals to “2”, blue equals to “1”, and

black equals to “0”. Scale bars: 50 um.

and improve application costs. The presented pixel size is the re-
sult of a balance among multiple factors at this stage. Protected
by the surrounding all-inorganic crystal matrix, these chromatic
pixels possess ultra-high stability, making them immune to var-
ious harsh environments, such as high temperatures, pollution,
and mechanical damage (Figure S9, Supporting Information).
These properties make our approach valuable for micro-nano
photonic applications that require high robustness, such as next-
generation perpetual data storage.

The combination of spectral and positional information forms
the essential basis for computer recognition of printed chromatic
pixels. In this study, we demonstrated the frame printing of a
series of colorful QR codes and investigated the spectral char-
acteristics of printed chromatic pixels. As depicted in Figure 4a,

Laser Photonics Rev. 2024, 2400054
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several representative spectra centered from 440 to 600 nm are
identified in the transmission signals from different colored
subareas of the QR codes. This indicates a broad spectral tun-
ability of the chromatic pixels produced through frame printing
within the visible range. In addition, we also showcase that the
relative positions of different chromatic pixels can be precisely
tailored in the single-step fabrication process. As exemplified by
a specifically designed colorful QR code composed of three dis-
tinct kinds of chromatic pixels, the monochromatic subareas are
uneven in shape, size, and pixel number. Even so, the accuracy
of the relative positioning of these chromatic pixels is effectively
maintained in frame printing, enabling quick recognition and
reading of the printed QR code by various intelligent devices
(Figure 4b).

© 2024 Wiley-VCH GmbH
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Figure 5. Different types of highly customized frame printing. a) Schematic showing the frame printing of sparse dot-line patterns (left). Designed a
sparse dot-line pattern (middle) and experimentally printed one (right). b) Schematic diagram showing the frame printing of complex filling patterns
(left). Designed butterfly pattern filled with plenty of irregular subareas (middle) and experimentally printed one (right). c) Schematic showing 3D frame
printing of complex 3D patterns without relying on vertical movement (left). Designed 3D flower pattern with multiple subareas (middle). The top view
and perspective view of experimentally printed 3D flower pattern (right). Inserted parameter lists indicating the applied APs and son-pulse energies of

corresponding subareas.

The spectral features and accurate positioning of chromatic
pixels make frame printing an ideal tool for producing computer-
recognizable data arrays. As a proof of concept, we demonstrate
multidimensional information recording by using the spectral
features (reflected in colors) of chromatic pixels as an additional
information multiplexing channel beyond traditional spatial di-
mensions (Figure 4c), where three different chromatic pixels
(blue, green, and yellow) were rapidly written by frame printing
to construct a quaternary encoded data array. By leveraging color
channels, the multidimensional optical data can be precisely de-
coded by a computer. Owing to the transparency of the crystal
matrix, the recorded data arrays can be accurately identified from
both the front and back sides of the sample using transmission
and reflection illumination modes, respectively (Figure S10, Sup-
porting Information), making our approach widely compatible
with different readout systems. These results show that the chro-
matic pixels written by our frame printing approach possess ex-
cellent readability.

Except for standardized patterns like QR codes and data ar-
rays, our method can also perform well in the fast printing of
highly customized chromatic patterns with arbitrary shapes. As
a proof of concept, we demonstrated three representative types of
customized patterning, including sparse dot-line patterning, 2D
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complex filling patterning, and 3D spatial patterning (Figure 5).
First, benefiting from the combined color printing strategy of
multi-phase superposition and pulse energy distribution, both
the pixel positioning and coloration accuracy of irregular sparse
dot-line typed patterns can be well guaranteed, achieving pixel-
level color control (Figure 5a). Notably, during the frame print-
ing process, the overall energy of the incident parent pulse can
be efficiently adjusted according to the pixel numbers and son-
pulse energies of each frame, ensuring the color consistency and
coherence of different frames, instead of performing frequent pa-
rameter regulation like traditional one-to-one coloration modes.
We demonstrate that even though the filling pattern with plenty
of non-uniform subareas is partitioned into various frames, the
target color distribution can be achieved with a considerably high
consistency with the original design (Figure 5b), which is ad-
vantageous in massive and complex color printing. Importantly,
owing to the transparency of LiNbO, and laser direct writing
properties, our methods inherently support the patterning of
the chromatic pixels distributed in 3D space, extending the con-
cept of frame printing from 2D to 3D. In 3D frame printing
mode, Z-axis positions of chromatic pixels need to be consid-
ered. Therefore, FZPs are added in CGHs to adjust the focusing
depth of son pulses, thus tuning the Z-axis position of chromatic

© 2024 Wiley-VCH GmbH
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pixels. Here, a 3D flower-shaped pattern with pixels distributed
in depths ranging from 20 to 180 um below the crystal surface
can be fast printed by simply moving the translation stage in the
XY-plane (Figure 5c), which is essentially a volume-by-volume
printing process. Unlike traditional layer-by-layer 3D patterning,
our 3D frame printing strategy does not require frequent vertical
movements or point-by-point processing, which can significantly
simplify and speed up the printing process of chromatic pixels in
transparent media (Figure S11, Supporting Information). Com-
pared with recently reported multi-pulse and single-pulse-based
one-to-one data writing approaches,[“>*! the one-to-many nature
of frame printing can significantly improve the writing speed by
tens to hundreds of times. These results represent a substantial
advance in the efficient writing of 3D visibly chromatic informa-
tion, which is empowered by our conceptually new color printing
strategy. Notably, our strategy aims to improve chromatic infor-
mation writing and reading efficiency while ensuring computer
recognition. Therefore, the printed chromatic pixels may not be
optimal for human observation. If necessary, they can be visually
improved by optimizing the processing and imaging parameters.

4. Conclusion

In summary, we established a one-step strategy to achieve 3D pro-
grammable frame printing of tunable chromatic pixels inside the
LiNbO; crystal matrix. In this strategy, one ultrafast laser pulse
corresponds to a frame, and an SLM was applied to split the
single incident pulse into multiple son pulses to drive the one-
to-many printing process of multiple chromatic pixels in each
frame. The crucial of our approach lies in the introduction of var-
ious functional phase superposition and pulse energy regulation
in spatial light modulation, which enables the generation of volu-
metric chromatic pixel arrays with designated structural features
and spatial distribution. Essentially, the proposed strategy con-
verts the traditional one-to-one coloration process into a fast one-
to-many coloration mode, greatly improving the efficiency and
flexibility of color patterning in 3D space. The printed chromatic
pixels can be encoded into computer-recognizable arrays to play
a role in 3D display, encryption, anti-counterfeiting, and multi-
dimensional data storage. It would be exciting to fuse the color
frame printing approach with various advanced micro-nano ma-
chining technologies to achieve quick and programmable infor-
mation batch writing in 3D space and can serve as a versatile plat-
form to boost next-generation information optics.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Femtosecond laser-induced modification in the glass has
drawn considerable interest due to its widespread supe-
riority in the applications of three-dimensional optical
storage. In this Letter, we report that a single pulse could
be used in optical memory with super-high writing speed.
The photoluminescence image and spectrum indicate that
one pulse-induced permanent photoreduction of Sm>*
to Sm** in Sm**-doped sodium aluminoborate glass can
be achieved. Consequently, strong emission contrast is
obtained, which is used for optical storage. By regulating
the fabrication conditions, the fluorescent diameter could
be controlled to approximately 800 nm, which demon-
strates the feasibility in super-high density optical storage.
Besides, multi-layer information is successfully inscribed.
The proposed technique of single-pulse writing holds great
potential for optical memory with high speed and huge
capacity. © 2020 Optical Society of America

https://doi.org/10.1364/0L.409171

The capacity and the writing speed of optical information
recording are in increasingly high demand with the develop-
ment of big data technology [1]. Fs laser-induced localized
modifications, such as changes in refractive index [2,3], selective
precipitation of crystals [4,5], regulation of ion valence [6-9],
ablation of nanorods [10,11], and formation of nanogratings
[12—-14], are widely accepted as effective media for optical data
storage. However, great efforts have been made to increase the
capacity of optical memory [15-19], but the importance of
writing speed has been neglected. All the achievements for the
optical storage are based on multi-pulse fs laser writing, which
inevitably results in slow recording speed. Generally, thousands
of or even more pulses are necessary to write a single spot. Thus,
the primary challenge is the lack of a technique of single-pulse
writing with the advantages of both high writing speed and
tremendous capacity in optical data storage.

Multi-photon absorption induced by the ultra-high irra-
diance of an fs laser with low repetition rate pulses can lead
to the structural modifications, which shows the promise to

0146-9592/20/226274-04 Journal © 2020 Optical Society of America

realize optical recording with a single pulse. Fslaser-induced-ion
valence modulation with multiple pulses has engaged high
interest due to its great potential in the application of optical
storage with excellent characteristics, such as a high signal-to-
noise ratio, high stability, and easy reading [20]. In essence, the
electronic excitation of ions and transfer between the different
excited species can be triggered by a single pulse. However, up
to now, control of ion valence using a single pulse has not been
reported.

This Letter is devoted to realizing single-shot photon record-
ing with ultra-fast writing speed, which is extremely necessary
for three-dimensional optical memory. To achieve this goal,
a single pulse with diverse energy is employed to explore the
threshold which could exactly induce the valence conversion
of rare-earth ions. This not only fills the gap in single-shot
photon recording on optical memory, but also becomes the
key to increasing the storage density and writing speed. Our
experimental study indicates that a single pulse can induce the
permanent stable photoreduction of Sm®* into Sm** in sodium
aluminoborate glass. Single-pulse processing tremendously
increases the writing speed in optical data storage, as well as
greatly reducing the unit size and increasing the storage density.
Finally, three-dimensional optical storage is presented with
super-high writing speed and low writing energy threshold. In
addition, the photoluminescence (PL) difference in the infrared
range between Sm>* and Sm** ions also may be present, which
also would be interesting for applications [21-23].

The Sm’*-doped sodium aluminoborate glass used in
this Letter was prepared with a chemical composition of
85B,03—5A1,03—10Na,0—0.1Sm, O3 using a conventional
melting—quenching technique [6]. Powers of reagent grade were
mixed together and melted at 1250°C for 30 min in ambient
atmosphere. The melted glass was cast on a stainless steel plate
and formed a glass block with a thickness of about 1 mm.

Data recording experiments were performed with a fs laser
system (PHAROS, Light Conversion Ltd.) that delivers
1030 nm. Typically, the laser beam was focused by a 0.8 NA
objective lens at a depth of 100 wm from a surface for writing.
The information encoded in glass was detected by a scanning
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confocal fluorescence microscope. It consists of a fiber-coupled
light source emitting at 405 nm, an XYZ nanopositioning stage
with a 1.3 NA oil objective, and a single-photon counter. A
bandpass filter (10 nm bandpass at around 680 nm) was used
to eliminate background photoluminescence and improve the
signal-to-noise ratio. In our case, the read speed is determined
and limited by the moving speed of the nanopositioning stage,
which can be improved by using a better detecting system with
higher moving speed.

The size of the fs laser written spot and the PL intensity could
directly affect the capacity and signal-to-noise ratio of optical
storage respectively. Therefore, we systematically explored the
effects of laser duration, pulse energy, repetition rate on the
size and PL intensity of the irradiated area. Then an optimal
parameter that could achieve the smallest memory cell size was
determined for single-shot photon recording.

Figure 1(a) shows the optical image of dots written by a single
pulse, and this clearly illustrates that optical recording can be
realized with irradiation of a single fs laser pulse. Previous reports
indicate that the valence of doped ions could be tuned by fs laser
pulses [8,9]. Here we mapped PL of the written dots, which
is shown in Fig. 1(b), and bright red emission is observable at
the dots excited by a 405 nm laser. With the reduction of pulse
duration, the single-pulse energy to induce microstructures is
in a decreasing tendency, and the PL intensity increases dra-
matically. It is worth noting that the dots written by a single
pulse with energy as low as 0.25 pJ still emit red PL, showing
obvious contrast with the nonirradiated area. Figure 1(c) shows
the PL spectrum before and after laser irradiation, and this
indicates that partial Sm®* ions were photoreducted into Sm**
ions. A new peak attributed to the 4 f — 4 f transition of Sm**
ions appears at around 680 nm [8,9]. Consequently, a novel
technique of single-shot writing for optical recording with high
speed is established, and the actual speed is only determined by
the pulse repetition and stage moving speed. In addition, the
reduction efficiency induced by a single fs laser pulse depends on
many parameters, such as the nonlinear absorption coefficient
of glass matrix, interaction volume, and the number of active
electrons trapped by Sm**; uncovering the intrinsic character-
istic of the reduction process will be helpful to determine the
reduced percentage of Sm>* [6].

We further analyze the size of the dots with a PL peak at
680 nm. Figure 2(a) compared the PL intensity as a function of
pulse energy and duration. Generally, the PL intensity increases
with the decrease of pulse duration, which can be assigned to
the enhancement of peak power density with shorter pulse
duration. Consequently, more Sm>* ions could be reduced to
be Sm** ions, resulting in stronger PL emission. Figure 2(b)
revealed that the diameter of the storage unit could be effectively
reduced by decreasing the single-pulse energy. When the pulse
energy is decreased to 0.25 pJ, the induced structure cannot be
distinguished under the optical microscope. However, its emis-
sion could still be detected with a diameter of about 800 nm. All
the above information demonstrated that the writing speed of
optical storage could be greatly improved through single-pulse
processing. A low threshold of pulse energy for writing is favor-
able for huge capacity recording. By using the photoreduction
of Sm®" to Sm**, information not only can be recorded stably
in the form of sub-micron size bits inside transparent glass in
a three-dimensional manner, but also can be decoded easily by
reading out the characteristic PL with a high signal-to-noise
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Fig.2. (a) PL intensity and (b) diameter of emissive dots as a func-
tion of pulse duration and energy.

ratio. Furthermore, we suggest that the present technique
would be general to induce reduction of Sm®* efficiently in
this model glass system with varied doping concentration, and
tuning the concentration of Sm”" in the initial glass may adjust
the PL intensity and then improve the signal-to-noise ratio.
Single-pulse-induced reduction of Sm®* also may be available
in the some other systems, such as BaFCl: Sm crystal [24,25]. In
addition, we found that the written dots in the glass disappears
after annealing the glass sample at about 400°C for 2 h, and
the modified regions finally transform to the initial glass state,
which indicates that the written dots are still amorphous.

To reveal the advantage of single-pulse optical recording
along with conforming optical properties, we also investigate
the features of writing data by varying writing parameters. As
illustrated in Fig. 3(a), groups of dots were directly written
with diverse repetition rates and a number of pulses. The size
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of dots was reduced with the decrease of the number of pulses
at the same repetition frequency. To read out the information,
Fig. 3(b) shows the PL emission of the written dots at about
680 nm, confirming the presence of Sm?7 ions. The increment
in the number of pulses leads to higher PL intensity [Fig. 3(c)],
along with larger luminescent dots [Fig. 3(d)]. At higher rep-
etition frequency, the diameter of the PL region increases in
an approximately linear relationship with the exponential
growth of the number of pulses. Furthermore, a laser with a
higher repetition rate could induce larger microstructure while
the number of pulses is the same, which is due to the stronger
thermal accumulation effect at a higher repetition rate. An
increase of PL intensity as a function of the pulse number or
repetition rate originates from larger number of Sm** gener-
ated by photoreaction. It should be noted that although the PL
intensity of the memory cell processed by multi pulses is higher,
the diameter becomes larger, and the writing time increases at
the same time, leading to alimitation in the capacity and writing
speed of optical memory. Thus, single-shot photon recording is
extremely critical for high-capacity three-dimensional memory
storage while ensuring the signal-to-noise ratio.

Figure 4 has provided a proof-of-concept towards single-shot
photon recording in three dimensions. Here three layers of bit
arrays, consisting of the letter “Z’, T, and ‘U’ on top of each
other, were written inside the sodium aluminoborate glass.
Each dot was produced by one pulse. In the x or y direction,
the distance between the two adjacent points in the same plane
is 6 wm. The spacing between layers in the z direction is 8 pm.
(2 of the middle layer is 100 um, where z refers to the depth
from the upper surface.) From the fluorescent image, it can be
found that there is no signal crosstalk between two adjoining
layers processed by single-shot photon recording in this system,
which is essential for optical memory in three dimensions. More
layers of information can be written and stored inside various
glasses using this method, and single-shot writing provides the
possibility for multi-layer recording optical storage with super

capacity.

Fig. 4. Demonstration of three-dimensional optical memory
recorded by a single pulse.

We report single-shot photon recording for three-
dimensional ~ optical  memory.  Single-pulse-induced
photoreduction of Sm>T ions to Sm>t has been achieved,
and the written dots exhibit an emissive diameter of 800 nm and
distinct PL characteristic compared with the glass, which can
be applied in optical storage with a high signal-to-noise ratio.
We find that single-pulse processing not only can tremendously
increase the writing rate of optical memory, but also can reduce
the size of written dots, thus expanding storage capacity. Finally,
multi-layer photon recording was demonstrated to illustrate the
data-storage possibility in three dimensions. Successful imple-
mentation of writing and readout of information categorically
reveals the viability of single-shot photon recording in glass as an
ultra-fast writing speed, humongous capacity three-dimensional
optical memory technique.
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This Letter describes the realization of long-term optical
information storage in glass using an enhanced signal-to-
noise ratio (SNR). We show that the photo-oxidation of
Eu’* ions in the glass matrix induced by ultraviolet light
suppresses background signals, thereby enhancing by ten-
fold the SNR of Eu’* ions photoluminescence (PL) of the
dots written by a femtosecond (fs) laser. Thus, smaller dots
exhibiting weak PL emission can be detected. In addition,
the stored information shows excellent stability under the
light irradiation with the power density up to 240 W/cm?.
Accelerated-aging experiments indicate that the stored
data can retain stability for more than 115 years at room
temperature. The optical storage capacity is approximately
270 Gbit cm™>. This technique enables long-term, high-
capacity data storage in glass media. © 2021 Optical Society
of America

https://doi.org/10.1364/0L.433674

Over the past two decades, there has been an increasing demand
for secure and stable storage of large amounts of information
for along period of time (typically longer than 100 years) [1-6].
Optical storage provides a fascinating alternative to conven-
tional semiconductor- or magnetic-based storage owing to
its advantages, including long lifetime [7,8], superb stability
[2,9], high storage density [4,8,10], fast speed [11], and low
cost [1]. For the traditional non-optical information storage
techniques, the stability term is usually shorter than 50 years
[12]. Recently, femtosecond (fs) laser-induced modifications in
transparent solids, such as refractive index change [13,14], selec-
tive precipitation of nanocrystals [9,15-17], regulation of ion
valence [18-20], and formation of nanogratings [7,21,22] have
been proposed to be useful for three-dimensional or even five-
dimensional optical storage with high performance. Generally,
glass provides an ideal matrix to stabilize the embedded struc-
tural modifications, as well as the stored optical information.
For example, the lifetime of nanogratings in silica glass spans
seemingly over 3 x 10% years [7]. However, the lifetime of
other structural changes induced by fs laser in glass has not been

0146-9592/21/163937-04 Journal © 2021 Optical Society of America

determined, which is critical for realizing applications of fs laser
writing in long-term optical storage.

Three-dimensional optical memory applications always
require a high signal-to-noise ratio (SNR), referring to the ratio
of photoluminescence (PL) intensity of the written dots to the
noise intensity of the storage media (e.g., glass), to decrease
the bit error rate (BER) when reading the stored data. In fact, a
low SNR could be one of the main issues that limit the record-
ing capacity, reading accuracy, and reading speed of optical
memory. Typically, the SNR worsens after long-term storage.
Furthermore, there may be a noise signal from the matrix, which
would lead to a reduction in SNR and an increase in BER.
For example, modifying the valence of active ions, such as the
reduction of Eu®* ions in glass by using fs laser irradiation is
established as an effective strategy to record optical information
[23,24]. However, partially active Eu®" ions doped in glass
could also be changed to Eu** ions during the high-temperature
glass preparation process [25-28], which is detrimental to the
SNR in ion valence modulation-mediated optical storage. As
a result, reducing the noise signal from Eu’" ions in the area
without fs laser irradiation is of great importance, not only
for improving the SNR and decreasing the BER, but also for
reading smaller dots in high-capacity storage.

Here, we propose enhancing the SNR by tenfold in Eu’'-
doped sodium aluminoborate glass for long-term optical
storage. Information can be written in the glass by a single fs
laser pulse that induces the reduction of Eu’" to Eu?*, while
ultraviolet (UV)-light pre-irradiation has been demonstrated to
significantly suppress the background signal from Eu®" around
the written dots in the glass matrix. Furthermore, accelerated
aging demonstrated that the stored data remain stable for more
than 115 years at room temperature. The optical storage capac-
ity is approximately 270 Gbit cm™>. Thus, the combination of
UV-light preprocessing and fs laser writting allows for long-term
stable optical information storage with a high SNR.

The Eu’*-doped sodium aluminoborate glass used in this
study was fabricated with a stoichiometric composition (in

mol %) Of 85 B203 - 5A1203 —10 NaZO —0.1 EUZ03 via
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a conventional melt-quenching route. Reagent grade powders
were mixed and melted at 1250°C for 30 min in ambientatmos-
phere. The melted glass was then removed from the furnace,
cast on a stainless steel plate, and formed into a block with a
thickness of approximately 1 mm, thereby yielding colorless and
transparent glass.

The preprocessing experiments were performed with a
375 nm CW laser, with the laser beam focused by a 1.3 NA oil
objective lens. For data recording, a fs laser (PHAROS, Light
Conversion Ltd.) with a wavelength of 1030 nm and pulse dura-
tion of 220 fs was used. The fs laser beam was focused by a 0.8
NA objective lens for writing data ata depth of 100 pm from the
glass surface. The PL of Eu*" ions is recorded usinga homemade
confocal fluorescence microscope system mainly composed of
an excitation light source emitting at 375 nm, an XYZ nanopo-
sitioning stage (Physik Instrument), a 1.3 NA oil objective
lens (Olympus), and an avalanche photodiode (Excelitas). The
typical reading time was 80 ms. In fact, the detector still can
collect enough signals for identifying the writing dots when
the reading time is shortened to 50 ms, and the reading speed is
mainly limited by the moving speed of the stage.

Photo-oxidation induced by a higher-power CW laser was
explored for erasable optical recording in active ions-doped glass
[29], which presents a facile technique to suppress noise from
the glass. Based on this, UV-light irradiation with the power
density of 600 W/cm? was adopted to induce oxidation of Eu**
and weaken the noise signal from Eu** in the initial glass before
recording data. Figure 1(a) shows the optical image of dots
written by a single fs laser pulse of 600 nJ with a reduction of
Eu’" to Eu®*. The UV-light preprocessing was only performed
in area II. Comparing the two areas, no apparent changes were
observed under an optical microscope. We mapped the PL
images in both areas, as shown in Fig. 1(b). The characteristic
PL of Eu*" ions can be collected in the dots written by the fs
laser. We can observe that the background noise signal in area

[ is much stronger than that in area II, which indicates that the
background noise signal is suppressed in the UV-light irradi-
ated area. PL spectra of the written dots and glass matrices are
illustrated in Figs. 1(c) and 1(d), respectively. The broadband
PL of Eu’* ions, attributed to the 5d—4f transition, appears
at around 435 nm, and several sharp peaks between 570 and
750 nm resulting from the > Dy =7 F; (] =0, 1, 2, 3, 4) tran-
sitions of Eu’™ ions emerge [Fig. 1(c)] [30]. It is worth noting
that there was nearly no change in the PL intensity and peak
position of the written dots in both areas. By contrast, Fig. 1(d)
demonstrates that the PL peak at around 435 nm is significantly
inhibited after the UV-light preprocessing, which is evident
in the enlarged PL spectra. This indicates that the Eu*" ions
formed in the glass preparation process could be converted to
Eu®" ions with UV-light irradiation, in line with the PL map-
ping images. Consequently, a higher SNR is obtained, and the
BER is decreased, both of which are important to read data in
optical storage accurately.

As revealed in Fig. 2(a), the average PL intensity of back-
ground noise is 10.97 and 1.07 counts without and with
UV-light preprocessing, respectively. The SNR was determined
to be 14 (higher than 140) for the case (without/with) UV-
light preprocessing, indicating a tenfold enhancement in the
SNR, which not only leads to a lower BER, but also implies
the feasibility to read smaller dots. Figure 2(b) shows the SNR
with different excitation powers in areas I and II, the PL inten-
sities of signal and background noise are revealed in the inset of
Fig. 2(b). For all excitation powers, the preprocessing can sig-
nificantly decrease the background noise and achieve a tenfold
enhancement of SNR compared with non-preprocessing.

Because photo-reduction dots are erased when the excitation
power exceeds the threshold for Eu*" photo-oxidation, it is of
great importance to explore the stability of PL intensity of the
written dots at various excitation powers, as shown in Fig. 3(a).
The excitation light source was employed to irradiate dots for
10 min. Considering that in a real-world data-reading process
these dots would not be constantly exposed to the excitation
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light, the PL intensity was measured just within 10 min to avoid
strong thermal effects. There is no obvious PL change with
an excitation power density <240 W/cm?. It is worth noting
that the PL can still be detected accurately with an excitation
power as low as 20 nW (corresponding to a power density
of 30 W/cm?). In addition, the intensity of UV light under
the indoor conditions and even the outdoor condition (up to
~ 6.3 x 1073 W/cm?) is much smaller than that in the current
reading process. As a result, the written information is expected
to exhibit excellent stability in the preservation environment.

The lifetime of stored data is a crucial factor in optical storage
and needs to be further explored. The above discussions indicate
that the recorded information remains stable during the normal
reading process with the excitation power density below the
threshold for UV-light-induced oxidation of Eu’" ions. Here,
accelerated aging measurements at different temperatures are
adopted to calculate the lifetime through the decay time, which
can be estimated by the Arrhenius law:

l—k—A E,
T_ - AP /ZBT ’

where 7 is the lifetime, # is the decay rate, A is the frequency
factor, E, is the activation energy, £ is the Boltzmann constant,
and 7 is the temperature. This has been proved to be an effective
method to predict the storage life [7]. The decay rate can be
evaluated by detecting the decrease in PL intensity versus the
annealing time at different annealing temperatures [inset of
Fig. 3(b)]. As Fig. 3(b) revealed, the lifetime of stored infor-
mation is determined to be approximately 115 years at room
temperature, indicating sufficiently high stability of optical data
storage. Even at 373°K, the information can be stored stably for
more than 200 days. As a result, the optical information written
by asingle fs laser pulse in the glass was revealed to show superior

stability over conventional semiconductor- or magnetic-based
storage. Furthermore, as the recorded information was embed-
ded in the glass matrix, strong protection against the influence
of environment such as humidity could be expected, and no
obvious change is observed after storing for more than 5 months
under room conditions. Data can be steadily stored under room
conditions without packing. However, packing is necessary
for the protection in the traditional information storage. In
addition, it will be interesting to evaluate whether the optical
storage system developed here can resist the influence of other
harsh environments such as X- and y -ray radiation [31,32].

To further verify that the preprocessing only inhibits the
background noise without changing the glass structure, we mea-
sured the Raman spectra of the glass, as shown in Fig. 4(a). No
significant changes are observed in the Raman peaks at 770 and
806 cm ™!, which are attributed to the BO4 units and boroxol
ring, respectively [26,33]. This confirms that the preprocessing
does not destroy the glass structures. The results are also con-
sistent with X-ray photoelectron spectroscopy. Transmittance
spectra of glasses before and after writing data by fs laser are
depicted in Fig, 4(b). A characteristic absorption band of Eu®*
ions is observed at 393 nm assigned to the transition from the
ground state Fy to excited state °Lg, and it becomes weaker after
writing data in the glass, which confirms the reduction of Eu**
ions to Eu®" ions [inset of Fig. 4(b)].

As a further proof-of-concept experiment, a stack of lay-
ers with letters were encoded inside the glass. Figure 5 shows
how three letters, “Z,” “],” and “U,” are written in three layers
stacked along the z-axis with a 10 um layer spacing. The dis-
tance between adjacent points in the x and y directions is 8 ftm.
A single 120 n] fs laser pulse is chosen for data recording, with
dot size of 650 nm. The maximum storage capacity is approx-
imately 270 Gbit cm ™2, which could be increased by using a
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Fig. 4. () Raman spectra of the area with and without UV-light
preprocessing before writing data. (b) Transmittance spectra of glasses
before and after writing data.
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memory.

Demonstration of recorded three-dimensional optical

shaped beam for writing a smaller dot. Furthermore, as all the
dots can be written by one fs laser pulse, the writing speed or
information storage efficiency can be extremely high, and this
is basically determined by the laser repetition rate and scanning
speed of the stage. For example, writing 1 million dots in 1 s is
achievable for the 1 MHz fs laser if the stage moves fast enough.
Considering the low threshold pulse energy (<60 n]) for writ-
ing, it is also possible to write multiple dots with one pulse with
the assistance of a spatial light modulator. Furthermore, we have
proved that one pulse with the pulse duration in a wide range
(e.g., from 220 fs to 6 ps) can write a dot [34]. Consequently,
even a low-power fs fiber laser will be enough for optical stor-
age, and a commercial available expensive fs laser system is not
necessary. Similar to the glass case, we can also expect to induce
valance modification in the crystals using one fs laser pulse [20].
Furthermore, we have confirmed the Sm** is much more stable
than Eu®* in the current glass system, and there is nearly no
reduction of Sm>* to Sm** during the glass preparation process.
Consequently, the UV-light preprocessing does not enhance
the SNR significantly. However, as the stability of valence
state of the rare earth strongly depends on the matrix, it will be
meaningful to investigate the effect of matrix on the UV-light
preprocessing, such as by adjusting the glass and transparent
crystal systems [35]. In addition, super-resolution microscopy
is useful for reading smaller dots, and more work is required to
improve the reading process.

In conclusion, we propose a novel technique that can signifi-
cantly improve the SNR and decrease the BER in optical data
storage system using glass. To this end, UV-light preprocessing
is adopted to induce photo-oxidation of the extraneous Eu**
ions in the glass and subsequently decrease the corresponding
emission of Eu’" ions. Thus, the SNR of the PL intensity from
the written dots with desirable Eu*" ions generated by a single
fs laser pulse can be improved 10 times. To further evaluate
the performance of optical storage, the lifetime of the stored
information is calculated to be longer than 115 years at room
temperature, and the capacity of optical storage is approximately
270 Gbitcm™. Successful implementation of writing and
reading of information categorically reveals the viability of UV
light-induced enhancement of SNR for long-term and stable
optical information storage.
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Abstract

Achieving high-level integration of composite micro-nano structures with different structural
characteristics through a minimalist and universal process has long been the goal pursued by
advanced manufacturing research but is rarely explored due to the absence of instructive
mechanisms. Here, we revealed a controllable ultrafast laser-induced focal volume light field
and experimentally succeeded in highly efficient one-step composite structuring in multiple
transparent solids. A pair of spatially coupled twin periodic structures reflecting light
distribution in the focal volume are simultaneously created and independently tuned by
engineering ultrafast laser-matter interaction. We demonstrated that the generated composite
micro-nano structures are applicable to multi-dimensional information integration, nonlinear
diffractive elements, and multi-functional optical modulation. This work presents the
experimental verification of highly universal all-optical fabrication of composite micro-nano
structures with independent controllability in multiple degrees of freedom, expands the current
cognition of ultrafast laser-based material modification in transparent solids, and establishes a
new scientific aspect of strong-field optics, namely, focal volume optics for composite
structuring transparent solids.

Supplementary material for this article is available online
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1. Introduction

Micro-nano structures lay at the heart of optical components
for light manipulation in different dimensions [1-6]. In partic-
ular, composite micro-nano structures constructed in 3D have
been revealed to enable novel photonic devices with unpre-
cedented control degrees of freedom over the state of electro-
magnetic waves and have emerged as a new research frontier
in nanophotonic science and engineering [7—10]. For example,
multi-layer composite micro-nano structures allow for modu-
lating light waves that have wave vectors in 3D space, enabling
innovation in stereoscopic display, light manipulation, and
data storage [11-15]. Currently, the generation of composite
micro-nano structures largely relies on complicated multi-step
micro-nano machining processes where the integration of dif-
ferent structural characteristics remains limited. Fast construc-
tion of composite micro-nano structures with a higher level of
integration in 3D space has long been a bottleneck due to the
lack of effective fabrication approaches.

Ultrafast laser-matter interaction has become an excel-
lent platform for preparing functional elements in transparent
media [16-22]. For example, ultrafast laser-induced embed-
ded micro-nano structures have been widely studied and util-
ized in the welding of all-inorganic hard and brittle transpar-
ent materials [23, 24]. In particular, 3D material modification
capability has become one of the most important attributes
inherent in ultrafast laser direct writing (ULDW) technology
[25-29]. However, creating different types of micro-nano
structures in one step with a single-beam ultrafast laser is
traditionally very difficult and even generally not within the
scope of ULDW, which is essentially restricted by assuming
the typical light distribution as the Gaussian type in the focal
volume. Generally, achieving composite structuring with mul-
tiple degrees of freedom requires a higher-level manipulation
of micro-scale spatial light fields. Up to now, it remains a great
challenge to determine and control the microscopic optical
behaviors of highly intense light-matter interaction in the focal
volume at the micro-nano scale, owing to the multiple complex
optical responses and fast ionization process [30-33].

Here, we realize the generation, visualization, and manipu-
lation of the focal volume light fields induced during the ultra-
fast laser-matter interaction. Combined with ULDW, we pro-
posed that such light fields can be applied for highly integrated
and controllable single-step composite structuring within the
focus of a single-beam ultrafast laser. Our principles are con-
firmed to be highly universal and widely applicable in different
types of transparent dielectrics. Finally, multiple applications
are demonstrated using the fabricated composite structures.

2. Results and discussion

2.1. Working principle of composite structuring

In ultrafast laser-matter interaction, a tightly focused ultrafast
laser can induce multi-photon ionization in various transparent
dielectrics. This process is highly dependent on the intensity

of the laser beam and thus occurs exclusively within the focal
volume [34, 35]. During multi-photon ionization, a signific-
ant number of free electrons can be quickly excited (figure
S2 in the supplementary material), causing the ionized mater-
ial within the focal volume to exhibit a quasi-metallic state
with metal-like optoelectronic properties [36, 37]. Such an
ionized zone will disturb the subsequent incident light wave.
Here, we proposed that the ionized zone can serve as a tun-
able scatterer to the incident light and lead to the genera-
tion of a tunable scattering light field in the focal volume
(figure 1(a)). Generally, a smaller and rounder scatterer leads
to an intense forward light field, while a larger and longer scat-
ter leads to a sideward light field in the focal volume (figures
S3 and S4 in the supplementary material). The interference
between the incident light and the scattered light occurs in
the focal volume, resulting in an intense 3D volumetric light
field (figures 1(b)-(i)). Both the well-defined intensity dis-
tribution and the extremely confined interaction scope make
this volumetric light field an ideal secondary driving source
to trigger structured spatial nonlinear absorption and select-
ively modify local material, thereby producing wavelength-
scaled periodic interference patterns (PIPs) with a period of
~1 pum (figure 1(b)—(ii)). During the generation process of
PIPs, nano-plasmas could be simultaneously excited by ultra-
fast laser irradiation and their anisotropic growth induced by
local field enhancement leads to nano-scale periodic material
modification within the volumetric light field-irradiated area,
whose orientation depends on the light polarization [38—40].
Therefore, this well-structured volumetric light field can be
adopted to further induce subwavelength-scaled nano-gratings
(NGs) with a period of ~200 nm, which are embedded inside
the PIPs (figure 1(b)—(iii)). This process allows for two parallel
material modifications within the extremely compact space of
a laser focus and constructing two different yet coupled peri-
odic structures at the same 3D spatial location, namely, single-
step composite structuring (figure 1(b)). As a result, we estab-
lished a fundamentally new principle to achieve highly integ-
rated composite structures relying on the intrinsic light field
distribution in the focal volume based on the ultrafast laser-
matter interaction.

2.2. Manipulation of composite structuring

Although the PIPs and NGs are spatially coupled together,
forming composite structures, they can be manipulated con-
tinually and independently (figures 2(a) and (d)), as the ori-
entation of PIPs and NGs depends on the laser scanning dir-
ection and polarization, respectively, which is due to the dif-
ferent physical origins (figure S5 and equations (S2)-(S6)
in the supplementary material). We identified the formation
and orientation of NGs by birefringence intensity mapping
(figures 2(b) and (e)) and slow-axis azimuth imaging of the
birefringence area (figures 2(c) and (f)), which confirms the
optical phase-modulation ability and structural variation of
NGs. In addition, we demonstrated that the PIPs and the NGs
can be synergistically tuned by simultaneously adjusting the
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Figure 1. Conceptual model for the principle of composite structuring. (a) Schematic of the light field creation and evolution in the focal
volume of a gaussian ultrafast laser beam irradiating in transparent dielectrics. Radiating symbols indicate light scattering. (b) Composite
structuring with focal volume light field. Insets: theoretical volume light field in the XZ plane (i), experimentally observed periodic
interference patterns (PIPs) in the XZ plane (ii), and experimentally observed nano-gratings (NGs) inscribed inside the PIPs. (iii) k indicates

the laser propagation direction.

scanning direction and laser polarization (figures 2(g) and (i)).
Notably, the existence and variation of PIPs do not disturb the
birefringence-related optical signals created by NGs, which
indicates that both the manipulation and identification of these
two structures are completely decoupled. These findings indic-
ate that focal volume light fields enable composite structuring
(3D writing, PIPs creation, and NGs creation) with independ-
ent controllability in multiple degrees of freedom (3D spatial
coordinates, scanning direction, and polarization direction).
In contrast to conventional micro-nano machining principles
that rely on special materials and multi-step processes to real-
ize the fabrication of different types of micro-nano structures,
the composite structuring capacity proposed here is inherent
to ultrafast laser processing.

According to our interference model (equations (S2)—(S5)),
the spatial distribution of the constructive interference field in
the focal volume is theoretically a series of hyperboloids, each
of which corresponds to the interference field under a specific
interference order. As the focal volume light field is essentially
the 3D constructive interference established at the focus, the
created PIPs inherit the structural characteristics of the volume
light field, which can be verified by their intersecting patterns
in the XZ, YZ, and XY planes (figures S6(a)—(c) in the supple-
mentary material). Based on this, the experimentally observed
PIPs can be quantitatively described by the projection of these
hyperboloids in observation planes, denoted as constructive
interference stripes (CISs). For instance, the CISs in the XY
plane are a series of circular arcs and the CISs in the YZ plane
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Figure 2. Composite structuring control and corresponding optical characterization in the XY plane. (a), (d), and (g) scanning electron
microscopy (SEM) images of the composite structures in fused silica. Inset: partially enlarged image. Red dotted arrows indicate the
scanning path. White dotted arrows indicate the orientation of the PIPs. Gray dotted arrows indicate the orientation of the NGs. Yellow
dotted curves help to visualize the PIPs. E indicates laser polarization. (b), (e), and (h) birefringence imaging, and (c), (f), and (i) imaged
azimuth angles of the slow axis of the birefringence area. Color bars illustrate the birefringence intensity. Pseudocolor indicates the
orientation of the slow axis. (a), (b), and (c) the scanning direction is continuously changed and the laser polarization is fixed. (d), (e), and
(f) the laser polarization is continuously changed and the scanning direction is fixed. (g), (h), and (i) both the laser polarization and the

scanning direction are continuously changed.

are a series of symmetrical hyperbolic curves. Notably, the
existence of the inclination factor 6 (caused by the conver-
gence angle of laser focusing) breaks the symmetry of the CISs
in the XZ plane (equation (s6)), dividing the CISs into three
main categories, namely, positive, negative, and zero-order
CISs (figures S6(d)—(f) in the supplementary material). Under
the restriction of interference orders, the creation of PIPs must
follow specific patterns, which lays the foundation for achiev-
ing more complex manipulation of composite structuring.
Here, we propose that this structural manipulation essen-
tially manifests as the shift of CISs that work in compos-
ite structuring, which can be demonstrated by examining
the PIPs formed in different media. Theoretically, owing

to the difference in nonlinear optical response proper-
ties between different media, the creation of PIPs should
be induced by different types of CISs. Here, we present
three representative experimental results of PIPs induced
in different media, including positive CISs-induced PIPs
in La;O3-Nb,Os glass that tilt in the direction oppos-
ite to the scanning direction (figure 3(a), left), negat-
ive CISs-induced PIPs in La;03-Al,03 glass that tilt
along the scanning direction (figure 3(b), left), and zero-
order CISs-induced PIPs in fused silica (figure 3(c), left).
These experimentally induced PIPs are in good agree-
ment with the simulated CISs in the red-marked regions
(figures 3(a)—(c), right).
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Figure 3. Interference-based composite structuring manipulation. (a) PIPs created in the La,O3-Nb,Os glass (left) and simulated positive
CISs (right). (b) PIPs created in the La;O3—Al, O3 glass (left) and simulated negative CISs (right). (c) PIPs created in the fused silica (left)
and simulated zero-order constructive interference field (right). The regions marked in red indicate effective CISs that dominate the PIPs
formation. Color bars: light intensity. Scale bars in simulation: 1 pm. (d) Parameter-driven structural manipulation of PIPs in fused silica
realized by varying laser scanning speed and writing depth. Red arrows: laser scanning direction. Yellow curves help visualize the gradual

transition from positive CISs (bottom left) to negative CISs (top right).

Even in the same medium, the CISs that work in the
composite structuring can also be effectively controlled by
tuning the processing parameters. These parameters generally
enable the scatterer deformation by controlling the incident
pulse number per unit length or inducing a self-focusing effect,
leading to the shift of CISs. From this, more diverse and fine-
grained structural manipulation of the composite structures
can be realized. For example, by tuning the scanning speed
(pulse density), writing depth, and laser power, the inclination
direction of PIPs in fused silica can be gradually shifted from
opposite to along the laser scanning direction (figures 3(d) and
S7 in the supplementary material), indicating the transition
from positive CISs to negative CISs. The PIPs can also be
manipulated by adjusting the laser polarization state and the
numeric aperture of the objective lens (figure S8 in the sup-
plementary material), implying the highly flexible processing
capability of composite structuring.

Generally, the processing parameters (high irradiance, large
writing depth, pulse number/density, and focal depth) that con-
tribute to the elongation of the focus tend to activate positive
CISs-dominated structuring, while the processing parameters
(low irradiance, small writing depth, pulse number/density,
and focal depth) that restrain the distortion of the focus tend
to activate negative CISs-dominated structuring, which agrees
with the model we established (section S2) in the supplement-
ary material.

2.3. Universality of composite structuring

We confirmed that composite structuring can serve as a highly
universal composite structuring method that enables the cre-
ation of composite structures in multiple transparent dielec-
trics, including but not limited to sapphire, quartz, lithium
niobate, lithium tantalite, and silicon carbide (figure S9 in
the supplementary material). Notably, the composite struc-
tures exhibit designated structural features by utilizing the
phase transition properties of target media, resulting in various
advanced functional heterostructures that are not achievable
with traditional techniques. Generally, the created composite
structures can be categorized into four types by characterizing
the inner structures and interfaces (figure 4). The first type of
PIPs is characterized by alternately arranged glass arrays with
and without defects (type I, figures 4(a) and (e)). The type |
PIPs are mainly formed in the media that have low crystalliz-
ation tendency, such as fused silica. An increase in the crys-
tallization tendency of the media leads to the selective crystal-
lization of the original amorphous matrix, thereby producing
periodically arranged crystalline structures. The crystallites
can be dispersed (type 11, figure 4(b)), for example in La,O3—
ZrO,-Nb,Os glass, or fully connected (type III, figures 4(c)
and (f)), for example in La;03-Ta;Os—Nb,Os glass, depend-
ing on the crystallization tendency of different glass matrices.
Furthermore, similar phase separations can also be induced
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Figure 4. The universality of composite structuring. (a)-(d) SEM images showing the PIPs made of glass-defects (a), glass-crystallites (b),
glass-polycrystal (c¢), and glass-single crystal (d). (e) Mapping of the distribution of O element in the PIPs. The inserted curve indicates O
content along the yellow arrow determined by energy dispersive spectroscopy (EDS). (f) High-resolution transmission electron microscopy
(HRTEM) image of the heterointerface between glass matrix and polycrystal. (g) HRTEM image of the heterointerface between glass matrix
and single crystal. Insets represent the fast Fourier transform (FFT) images of the dotted areas. (h) Cross-section view (right), side view
(middle), and top view (left) of the composite structures written with different polarizations. P1, P2, and P3 indicate the periods of PIPs and
NGs in different views. E indicates laser polarization direction.

in single crystals (such as quartz and lithium niobate) to pro-
duce single crystal-glass PIPs (type IV, figures 4(d) and (g)).
Importantly, the structural coupling of PIPs and NGs is also
verified to be widely valid in multiple transparent dielectrics,
ranging from important glasses to crystals (figure S10 in the

supplementary material), and makes the composite structure
exhibit multiple periods in 3D space (figure 4(h)), which not
only substantiates the universal effectiveness of our principle
but also provides a unified mechanism for a series of obscure
multi-periodicity phenomena reported before [41-44].
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2.4. Potential applications of composite structuring

We presented the potential of the composite structures within
multiple aspects of photonics. As the manipulation of PIPs
and NGs is completely decoupled, the optical properties of
PIPs and NGs can be combined to achieve multi-dimensional
information multiplexing. Figures 5(a)—(c) shows that multi-
dimensional information integration can be achieved by mul-
tiplexing the five dimensions provided by NGs (three spa-
tial dimensions, the azimuth of NGs, and optical retardance)
[45, 46], and the sixth dimension, namely the directionality
of PIPs, which grants the composite structure with the poten-
tial in multi-dimensional information anti-counterfeiting and
encryption (figure S11 in the supplementary material). The
high universality of composite structuring makes it possible
to directly write artificial photonic structures in matrix mater-
ials and thus fully utilize the excellent performances of vari-
ous optical media (figures 5(d) and S12 in the supplement-
ary material), which opens up an avenue to novel optical ele-
ments. For example, we demonstrated the fabrication of a
planar nonlinear axicon lens with a diameter of about 6 mm
in bulk lithium niobate crystal (figure 5(e)). The integration
of the nonlinear crystal and the regularly arranged compos-
ite structures with sub-wavelength periodicity offers a bin-
ary optical manipulation capacity, which allows the element
to simultaneously achieve frequency conversion and beam
shaping (figure 5(f)). For micro-scale optical modulation, as
the period of NGs is sub-wavelength-scaled while that of
PIPs is wavelength-scaled, the optical responses of NGs and
PIPs can be combined to form a multi-functionally integrated
optical modulator that simultaneously possesses polarization
and wavelength selectivity (figures 5(g) and (h)).

Compared with the photonic elements that are fabricated by
conventional lithography approaches, the created all-inorganic
photonic elements embedded in transparent dielectrics gener-
ally possess high stability, ultralong service life, and the capa-
city to work in various extreme environments [47—49]. These
photonic elements can potentially be used for the modulation
of high-power lasers and effectively work under high tem-
perature, corrosion, and radiation conditions. Predictably, the
methodology of focal volume light field-empowered material
modification offers an excellent platform for multiple frontier
applications, such as optical measurement, information pro-
cessing, on-chip photonic integration, and space exploration.

3. Discussion and conclusions

For a long time, an ultrafast laser has been applied as a point-
typed energy source to trigger various material modifications
[50-52], and the profile of light intensity is mainly considered
a Gaussian type. Therefore, the actual morphology and evolu-
tion of the light field in the focal volume have been overlooked.
Our work indicates that the 3D spatial distribution of the light
field at the focus can possess finer structures and is tunable,
which offers a novel strategy for highly controllable micro-
nano fabrication with more degrees of freedom beyond con-
ventional point-by-point optical modification. Furthermore,

revealing the actual light field in the focal volume helps under-
stand the ultrafast light-matter interaction physics and may
provide the principles for more potential advanced manufac-
turing technologies.

The proposed models and experimental results may change
the traditional cognition of spot-driven laser processing. On
the one hand, the focal volume light field can serve as a ver-
satile tool to create various advanced functional composite
structures that are not achievable with traditional techniques.
On the other hand, the focal volume light field may also
become a potentially unfavorable factor in achieving continu-
ous and homogeneous material modification. Therefore, re-
examining the current ultrafast laser-based micro-nano man-
ufacturing principle in transparent media would be necessary,
and some conventional concepts about behaviors of light in the
focal volume need to be improved. This will arouse a series of
brand-new research topics about how to activate, manipulate,
or eliminate the focal volume light field according to specific
application scenarios, which may trigger plenty of research
work in the future.

In summary, we proposed and experimentally demon-
strated composite material modification in a single step, where
the light field in the focal volume can serve as an optical
mold for imprinting composite structures and enabling the
visualization of the actual energy distribution. The ultrafast
laser-excited focal volume light field in transparent dielectrics
is revealed to possess a fine distribution rather than being a
Gaussian type. The fabricated composite structures are shown
to hold great potential for multiple applications, such as multi-
dimensional anti-counterfeit, information encryption, nonlin-
ear planar lenses, and multi-functionally integrated photonic
crystals. It would be exciting to combine our approach with
spatial light modulation technologies, novel photoelectric
materials, and intelligent path planning methods to develop
a highly generalized strategy to achieve functional photonic
elements at the on-demand position in various transparent
dielectrics, empowering the construction of next-generation
all-inorganic integrated optical systems.

4. Material and methods

4.1 Material preparing

In this study, the unconventional glasses, including La,O3—
Nb205 glass, Lazo3—A1203 glass, L3203—T3205—Nb205
glass, and La, 03—ZrO,—Nb,Os are prepared using a contain-
erless process where two CO, lasers were used to melt the
mixture of raw materials levitated by the O, airflow. The silica
glass and all of the crystals used in this study are commercially
available materials.

4.2. Ultrafast laser processing

A ULDW system is used to achieve composite structuring
(figure S1 in the supplementary material), where a mode-
locked regeneratively amplified Yb: KGW-based ultrafast
laser system (PHAROS, Light Conversion Ltd) operating at
a wavelength of 1 030 nm was employed as the light source.
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Figure 5. Potential applications of composite structuring. (a) Schematic diagram of multi-dimensional information integration. (b) Optical
retardance (left) and azimuth angle (right) of the NGs in fused silica. The color bar illustrates the retardance value (0-250 nm). Pseudocolor
indicates the direction of the slow axis. (c) Directional features of the PIPs in fused silica. White arrows indicate the scanning direction. (d)
Schematic diagram of the nonlinear diffractive element made of the composite structure. (e) Optical image of a nonlinear planar axicon lens
with a diameter of about 6 mm inscribed in lithium niobate crystal. (f) A second harmonic Bessel beam (testing light wavelength: 1 030 nm)
was generated by the nonlinear planar axicon lens. (g) Schematic diagram of the polarization selectivity of NGs (left) and corresponding
experimental certification (right). E represents the polarization direction. k indicates the wave vector. Probe light wavelength: 980 nm. (h)
The wavelength selectivity of PIPs. Insets are schematic diagrams of the selective transmission (upper) and SEM images of PIPs in
Lay03-Ta;Os—Nb,Os glass (lower). Red arrows indicate the incidence of the probe light. Scale bar: 1 pm.
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Generally, the laser was focused 10-500 pm below the sur-
face of the sample via a 50 x objective lens (NA = 0.8). For
fused silica, the pulse energy is 0.3-2 uJ, the pulse duration is
0.2—4 ps, the repetition rate is 25-200 kHz, and the scanning
speed is 10-2000 pum s~!. For unconventional glasses, the
pulse energy is 0.5-1.5 pJ, the pulse duration is 0.8-3 ps, the
repetition rate is 100-200 kHz, and the scanning speed is 100—
2 000 pm S_1 (La203—Nb205 glass, L21203—ZI'02—Nb205
glass, and La,O3-Ta,0s—Nb,05 glass) and 50-150 pm s~!
(Lapy03—-Al,03 glass). For crystals, the pulse energy is 0.5—
1 pJ, the pulse duration is 0.5-1 ps, the repetition rate is 50—
200 kHz, and the scanning speed is 20—1 600 ;m s~ .

4.3. Structural characterization of composite structures

The optical observation of PIPs was performed using a
polarizing microscope (BX53 Olympus Ltd). The structural
properties of the PIPs and NGs were examined by scan-
ning electron microscopy (SEM), using backscattering mode.
For the SEM observation, samples were polished so as to
expose the composite structures to air, and the polished sur-
face was etched with hydrofluoric acid to improve the con-
trast of SEM images. Further phase transition characteriz-
ation of the crystal-glass heterogeneous interface was per-
formed by focused ion beam slice and transmission electron
microscopy.

4.4. Theoretical modelling and simulation

Numerical simulation of the focal light field was performed
using a finite-element method mode-solver tool. In the mod-
elling, fused silica is set as the target transparent medium for
demonstrating the establishment of the focal-volume interfer-
ence, and a focused Gaussian beam is set as the original light
source. The distance between the light radiation source and
the focal plane is determined by the refractive index of the
target medium and the numerical aperture of the objective
lens.

Data and materials availability

All data needed to evaluate the conclusions in the paper are
available in the main text or the supplementary materials.
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Photonic circuits written by femtosecond laser
in glass: improved fabrication and recent
progress in photonic devices
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Abstract. Integrated photonics is attracting considerable attention and has found many applications in both
classical and quantum optics, fulfilling the requirements for the ever-growing complexity in modern optical
experiments and big data communication. Femtosecond (fs) laser direct writing (FLDW) is an acknowledged
technique for producing waveguides (WGs) in transparent glass that have been used to construct complex
integrated photonic devices. FLDW possesses unique features, such as three-dimensional fabrication geometry,
rapid prototyping, and single step fabrication, which are important for integrated communication devices and
quantum photonic and astrophotonic technologies. To fully take advantage of FLDW, considerable efforts
have been made to produce WGs over a large depth with low propagation loss, coupling loss, bend loss, and
highly symmetrical mode field. We summarize the improved techniques as well as the mechanisms for writing
high-performance WGs with controllable morphology of cross-section, highly symmetrical mode field, low loss,
and high processing uniformity and efficiency, and discuss the recent progress of WGs in photonic integrated
devices for communication, topological physics, quantum information processing, and astrophotonics.
Prospective challenges and future research directions in this field are also pointed out.
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femtosecond laser direct writing (FLDW) as an on-demand
solution to these requirements.
Femtosecond (fs) laser-induced multiphoton absorption

1 Introduction

Photonic integrated circuits have shown the potential to allow

integrating passive and active optical components on one chip
in a scalable manner and have been identified to support a
plethora of applications, such as data communication, sensing,
astrophotonics, quantum information processing, and national
security."™ Photonic circuits are indispensable components in
modern optical communication networks and lie at the heart
of integrated photonic devices. Currently, to this end, one of
the biggest challenges in integrated photonics is establishing
a general and flexible method to produce photonic circuits
with low loss, high integration density, and high tunability.
The unique feature of 3D fabrication geometry promises

*Address all correspondence to Dezhi Tan, wctdz @zju.edu.cn; Jianrong Qiu, gjr@
zju.edu.cn
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enables tailoring the material structures and properties inside
transparent bulk materials with high processing precision and
triggers a great deal of activity in the field of photonics.”"
In particular, the fs laser can induce a permanent refractive index
change in glass, which indicates a promising tool to fabricate
photonic circuits, waveguides (WGs), and basic elements in in-
tegrated optics.™'*'"> FLDW has been identified to be an effective
technique for constructing WGs in a 3D fashion over a large
depth from the micrometer to millimeter scale.”'*"® WG-based
2D and 3D optical devices have also been demonstrated in
various glasses. Compared with the 2D fabrication of silicon
photonic circuits by planar lithography, FLDW is a rapid pro-
totyping technique to produce WGs in 3D without needing com-
plex procedures. Thus, up to now, FLDW has been exploited to
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be a highly potential solution to quickly create optical compo-
nents and integrated photonic devices three-dimensionally in
transparent glasses. The intrinsic characteristic of being em-
bedded in bulk makes these devices highly tolerant to variations
of the working environment, which is significant for optical
network applications.'**’

However, although significant advances have been made in
writing and applications of WGs, there are still practical chal-
lenges that need to be addressed before fully exploiting 3D
fabrication capabilities of FLDW and constructing complex
WG-based photonic integrated devices. For example, low inser-
tion loss, including low coupling loss and propagation loss, and
symmetrical mode field are usually necessary. Unfortunately,
propagation effects, such as nonlinear filamentation and refo-
cusing, would influence energy-deposition behavior and the
resultant microstructures.”"* In general, when a tightly focused
fs laser irradiates into glass, a refractive-index mismatch be-
tween the air and glass causes spherical aberration (SA), which
would distort the energy distribution in the focus and the shape
of modified volumes.”” SA increases with increments of
numerical aperture (NA), focusing depth, and refractive index
of the glass.”® Other effects such as the self-focusing effect
and nonlinear absorption effect can also induce focus distortion.
As a result, although the transverse writing geometry with the
writing direction perpendicular to the laser propagation axis can
realize maximum degrees of processing flexibility, these effects
intrinsically lead to an elliptical cross-section in WGs and usu-
ally also cause high asymmetry in the mode field of the written
WGs along with high coupling loss and propagation loss."**"*
It is a great challenge to maintain the WG circularity, symmetry,
and mode-field profiles, which would limit the coupling loss,
propagation loss, and 3D capability of the FLDW technique.
Furthermore, these issues will be more serious for the deep
WGs in glass. However, writing deep WGs is of importance
for constructing complex reconfigurable photonic circuits,
which is essential for highly integrated on-chip devices with
multifunctionality. Furthermore, to push the development and
wide-scale implementation of integrated photonic devices be-
yond the laboratory, the importance of fabricating WGs with
high uniformity and efficiency is continuing to grow, which
raises concerns over controlling the highly nonlinear process
in the WG writing and the stability of the setups. In addition,
since the refractive index change induced by fs laser irradiation

is generally small (usually smaller than 1%), decreasing the loss,
especially the bend loss in the curved WGs, is a tough task. To
address these issues, great efforts have been devoted to devel-
oping improved strategies to reduce the coupling loss, propaga-
tion loss, and bend loss, improve the symmetry of cross-section
and that of the mode field, and enhance the processing uniform-
ity and efficiency.

Here, we provide a comprehensive review of the improved
techniques along with the mechanisms for controlling the
symmetry of the WG cross-section and mode field profile
and reducing the loss (including coupling loss, propagation loss,
and bend loss), as outlined in Fig. 1. Furthermore, with the ever-
increasing data demand, photonic WGs have achieved explosive
growth in applications, especially in optical communication
devices, topology and quantum science, and astrophotonics.
We will also review the state-of-the-art progress of photonic
applications in these fields with WGs written by fs lasers.

2 Improved Technologies and Mechanisms
for Waveguide Writing by Femtosecond
Lasers

2.1 Beam Shaping

The shape of the focal volume affects the energy distribution
and the generated cross-section of the WGs, which would de-
termine the morphology of the mode field, the coupling loss,
and propagation loss.”** In general, manipulating the beam
shape has been proved to be a facile method to control the
morphology of the mode field and reduce the coupling loss and
propagation loss. For this purpose, several beam shaping tech-
niques were introduced, including slit beam shaping, astigmatic
beam shaping, simultaneous spatiotemporal focusing (SSTF),
and spatial light modulator (SLM) beam shaping.™>**~

2.1.1 Slit beam shaping

In general, as mentioned, WGs written by fs lasers in glass using
conventional spherical focusing optics exhibit significant loss
and strong core asymmetry with an elongated shape along
the fs laser propagation direction with a large aspect ratio.
Cheng et al. reported that the aspect ratio in the cross-section
of the microchannels could be greatly reduced by inserting a
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Fig. 1 WGs written by fs lasers in glass: improved fabrication techniques and photonic device

applications.
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slit before the focusing lens with the slit oriented parallel to the
laser scanning direction, which is attributed to the diffraction
effect at the slit aperture.” This slit beam shaping technique
was also adopted to produce low loss, circular WGs in glass
with a long working-distance objective lens.”***

For a circular Gaussian beam and an elliptical Gaussian
beam, the energy distribution near the focal point is described

as23

x2+y2 ]
L= exp|l2—> " | |
11 2/2) p[ 23 M

1 1 x?
1, = exp|—2————5—-
I+ 2/ P+ 237 P w%<1+z2/z3>}

2
y
e [_2 wi(1+ zz/Zé?)}’ @

where wy = 1/(NA - r) is the beam waist at the focus with 4 as
the laser wavelength, z;, = kw(% /2 is the Rayleigh length with &
as the wave vector, and wj, = (R,/R,)w} and z, = kw{} /2 with
R, and R, as the radii along the x and y axes of the elliptical
beam, respectively. Equation (2) indicates that a beam waist can
be expanded R, /R, times in the y direction, and the beam in the
x direction is tightly focused, leading to small Rayleigh length.
As aresult, for an elliptical Gaussian beam, there is a significant
reduction in the aspect ratio that is determined by the ratio of the
Rayleigh length to the beam waist at the focal point, which is
achievable by inserting a slit.”**

To estimate the optimal slit width (W) for generating highly
symmetrical cross-section of WGs, the aspect ratio of the slit,
W, /W, can be expressed as the following:

W, NA /In2
WiZT 5 for W, > 3W,, A3)

where W, is the unapertured beam waist, NA is the numerical
aperture of the objective lens, and » is the refractive index of
glass.

Compared to the case without a slit, as shown in Fig. 2(a),
Fig. 2(d) shows that the transverse width in the y direction has
become significantly larger by placing a slit before the focusing
lens, which results in much higher symmetry for the energy
distribution [Fig. 2(e)]. Figure 2(c) shows that the shape of
a WG written without a slit has an elliptical-shaped core with
the aspect ratio of about 4:1. A circular WG is fabricated by
introducing a slit with width of about 500 ym, as shown in
Fig. 2(f). The symmetry of the refractive index distribution
and mode field of the guiding light also becomes higher after
inserting a slit. Consequently, this slit beam shaping would
be favorable for improving the loss performance.

Combining low NA (0.1 — 0.2) focusing optics and the slit
beam shaping technique, the fs laser could write deep surface
WGs with a circular cross-section and low loss over a large
depth range (e.g., from 0.7 to 7 mm), and the aspect ratio
reaches nearly 1.”° Due to the highly symmetrical morphology,
Fig. 2(h) shows that the propagation loss is as low as 0.2 dB/cm
at the depth of 0.72 mm and remains smaller than 1 dB/cm at
the depth beyond 7 mm. The slit beam shaping technique also
works in the transverse regime with the laser beam moving
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along the propagation direction.” All of these results reveal that
slit beam shaping is a powerful technique to improve the per-
formance of WGs written by fs lasers in glass. In addition, the
slit beam shaping technique is also adopted to fabricate WG
Bragg gratings with a circular cross-section.™’

2.1.2 Astigmatic beam shaping

Although the slit beam shaping technique is simple, it is not
efficient, and most of the laser energy is attenuated by the
slit.”>* To shape the laser beam, astigmatic shaping is also
adopted to reshape the beam with an astigmatic cylindrical tele-
scope before focusing, which allows for writing WGs with a
circular cross-section and arbitrary size.”*"*** The basic prin-
ciple for the astigmatic beam shaping is that the WG size does
not depend on the focal size along the sample translation direc-
tion in the transverse writing regime. Focusing very tightly in
the x direction will decrease the Rayleigh range zz,; the in-
creased divergence in the xz plane can significantly reduce
the intensity to that below the threshold for nonlinear absorp-
tion, and this decreases the focus depth. Consequently, the trans-
verse WG size can be optimized by independently tuning the
focal size in the y direction. The intensity profile of a focused
astigmatic Gaussian beam can be expressed as

{2l

)

Wox  Woy

wi(z) wy(2)

Ly(x,y, x) = I

2 _ 2
we(2) = wox 1+<i>, w,(2) = ey 1+(Z Z°>,
ZR)c
)

where zg,, = n(w(%x,y /A) denotes the Rayleigh ranges of the
Gaussian beam for the x and y directions, w,, is the astigmatic
beam waist at z =0, and z, is the offset distance between
the beam waists, named the astigmatic difference, which is
shown in Fig. 3(a). Increasing the beam size (w,) in the y di-
rection, with respect to wy,, is achieved by controlling z, at
the plane with respect to the beam waist in the x direction.
Figures 3(a)-3(d) show that the symmetry and size of the
electron density profile are highly tunable by modifying the as-
tigmatic difference. Consequently, the WG size perpendicular
to the beam propagation direction can be adjusted continu-
ously, and the highly symmetrical WG profile is achievable.
Furthermore, manipulating the astigmatic difference allows
for not only improving the symmetry of the WG profile but also
for varying the WG size. As a result, the coupling loss can reach
as low as 0.1 dB/facet to the single mode optical fiber at
1550 nm, and the propagation loss is lower than 0.4 dB/cm.*
This beam shaping method is also of significance for mass pro-
duction of identical WGs, which provide a stable and reliable
quantum light source.”*

When the microstructure is not purely one-dimensional (1D),
slit beam shaping and astigmatic beam shaping require modify-
ing the orientation of the slit or the cylindrical lens pair during
laser beam scanning, and an additional complexity is produced.
As a result, they are not suitable for writing bending WGs and
related devices that restrict their further applications.

Mar/Apr 2021 e Vol. 3(2)
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Fig.2 Beam evolution near focus (a) without and (d) with a slit, energy distribution in the Y Z plane
(b) without and (e) with a slit, optical images of fabricated WGs in phosphate glass (c) without and
(d) with a slit (W, = 500 um). X corresponds to the fs laser beam translation direction. Figures
reproduced from Ref. 25. (g) Aspect ratio of the WGs produced in the fused silica with a slit W, of
350 um. Dotted line: aspect ratio of 1. (h) Propagation loss at 1550 nm as a function of depth
(W, = 250 um). Figures reproduced from Ref. 26.

2.1.8 Simultaneous spatiotemporal focusing

SSTF offers another solution to control the cross-section.****

This technique relies on separating the spectral components of
the fs laser pulse in space before focusing using a grating pair,
which induces spatial chirping in the incident pulse and gener-
ates an array of beamlets at various frequencies. As different
frequency components overlap spatially only around the focus,
temporal focusing happens, and this results in the shortest pulse
duration with the highest peak intensity. In such a manner, the
spatiotemporally focused pulses are transform-limited in time,
diffraction-limited in space, and strongly localized near the geo-
metric focus, and the pulse duration broadens obviously when
moving away from the focus, which leads to a rapid decrease
in the peak intensity. As a result, this transform-limited SSTF
method allows for a significant improvement in the axial
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resolution of the fs laser writing. The schematic illustration of
fs laser SSTF is shown in Fig. 4(a).

In general, the field of a spatially chirped pulse can be written
as

(=) — Ar(@)P+?
Ay (x,y,w) =Ag exp {—920] exp{—[zwé]},
(©6)

where A, is a field amplitude, v2 In 2Q is the full width at
half maximum of the frequency spectrum, w is the carrier fre-
quency, W, is the incident beam waist before the grating pair,
and Ax(w) = a(w — wy) is the displacement of each spectral
component (« is the groove density of the grating).
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Fig. 3 (a) Schematic of the WG writing setup with astigmatic beam shaping. Figure reproduced
from Ref. 31. Simulated electron density profiles (b) without and with astigmatic beam shaping for
different focusing parameters (c) wo, = 1 um, wy, = 3 um, zy = 0, (d) wo, = 1 um, wg, = 3 um,
zy =100 um, and (e) wox = 1.4 um, wy, = 4.2 um, z, = 260 um. Figures reproduced from

Ref. 29.

The field after the objective lens and near the focus can be
expressed as

2 2
A2<x,y,w>=A1<x,y,w>exp(—ikx * ) a
2f
o (e
A3(x,y, CU) = eXI;ilZ Z)// A2(§v m, a))
2 Y
X exp [ik (x—¢) ;Z(y ) }dé’dn, ®)

where k is equal to 2z¢/wy, c is the velocity of light in vacuum,
and f is the focal length of the objective lens.

I(x,y,2,1) = |A3(x,y,2,1)]?
2

- ‘/OOA3(x,y,z,t) exp(—iwt)do| . )

Figures 4(c) and 4(d) show the intensity distributions of the
SSTF beam in the XZ and YZ planes calculated by combining
Eqgs. (6)—(9), and a nearly spherical intensity distribution has
been obtained. Furthermore, the axial resolution of fs laser
writing is continuously tunable simply either by adjusting the
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incident beam size or the spatial chirp of the laser pulse via
changing the distance between the two gratings. In addition,
an objective lens with a relatively high NA (i.e., NA = 0.46)
is necessary for generating a nearly spherical distribution of
the laser field in the focal volume. However, a low NA objective
lens cannot result in a circular lateral cross section.”

The aspect ratios of cross-sectional shapes of a focal spot
can be manipulated independently in both axial and lateral
directions by combining a slit beam shaping technique and
an SSTF technique, which enables isotropic resolution in
3D space even for an objective lens with low NA.”' To suppress
the strong aberration in the fabrication at large depth, another
double-pass grating compressor (DGC) can be adopted, as
shown in Fig. 4(e). The total group delay dispersion of the
pulse before the objective lens could be controlled by simul-
taneously modifying the DGC and the single-pass grating
compressor. The longitudinal resolution is improved dramati-
cally, and a nearly perfect circular cross-section is obtained. In
this case, a low NA lens also works. The focal lens with low
NA allows for writing circular WGs at a large depth (~9 mm),
owing to its long working distance.” In addition, besides con-
trolling the aspect ratio, SSTF also offers several additional
levels of control over the ultrafast laser focus such as an adjust-
able pulse front tilt (PFT).”>* Neighboring foci can be over-
lapped by exploiting the inherent PFT with an appropriately
designed diffractive holographic pattern from SLM irradiated
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Fig. 4 (a) Schematic illustration of fs laser SSTF. Calculated laser intensity distributions at the
focus generated by an objective lens (b) without and (c), (d) with the SSTF technique in the
XZ and YZ planes, respectively. Figures reproduced from Ref. 30. (e) Schematic of the exper-
imental setup for adding an initial temporal chirp on the SSTF. AP, aperture; VF, variable neutral
density filter; GR1 and GR2, gratings; OBJ, objective lens; SA, sample. (f) Cross-sectional view
optical micrographs of the line written at 9 mm. Scale bar, 20 um. Figures reproduced from Ref. 50.

by a spatially chirped beam, and overlapping of multiple spots
from a single pulse could have occurred in space but separated
in time."” This technique not only provides a high level of axial
confinement but also enables parallel writing for improving
the processing efficiency. Temporally chirped SSTF is demon-
strated via focusing the light with an off-axis parabola after
the grating pairs, which is useful for rapid prototyping to
produce high aspect ratio channels in glass and also for bio-
medical applications (e.g., deep tissue ablation and optical
histology).”* Combining a grating with an SLM or a cylindrical
lens, temporally chirped SSTF is also achievable with en-
hanced axial resolution for accurately tailoring the laser—
material interaction.* >
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In summary, the SSTF of the fs laser pulse strongly reduces
nonlinear side effects and offers unique possibilities for fabri-
cation with isotropic 3D resolution.”” Furthermore, the addition
of an initial temporal chirp on the SSTF is favorable for keeping
the fabrication resolution nearly unchanged against the SA.

2.1.4 Spatial light modulator beam shaping

An SLM beam shaping technique gives rise to a versatile and
energy efficient option for modifying the energy distribution in
the focus, allowing not only for the improvement of the aspect-
ratio of the focal volume as well as the symmetry of the mode
field pattern of WGs but also the dynamic manipulation of it
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during fabrication.**** Aberration correction is achieved over
a large depth using SLM with higher accuracy and flexibility,
which enables writing deep WGs with a circular cross-section.
To realize the depth-dependent aberration correction, the change
in optical path length for the light refracted at the glass surface
should be considered, and the SA associated phase in the pupil
of the objective can be expressed as™

—2ndom
—3 [\/n%—(NA-p)z—\/n%—(NA-p)Z}
(10)

Osalp) =

where d,,, is the nominal depth in the glass [Fig. 5(a)], 4 is the
wavelength of the fs laser, n; (n,) is the refractive index of air
(glass), p is the normalized pupil radius, and NA is the NA of
the lens. Equation (10) indicates that the aberration strongly
depends on writing depth and the NA of the objective lens.
Figure 5(b) shows that the peak intensity (/,,) of the laser beam
decreases with increase of focusing depth, especially in the
higher NA regime. The full width at half maximum (Az) of
the distribution along the beam propagation direction increases
with the depth, as revealed in Fig. 5(c), and this is in agreement
with the simulation of energy distribution for focusing at various
depths, which shows that the focus becomes distorted, and the

cross-section is no longer symmetric and substantially elongated
along the laser propagation direction. The distortion and asym-
metry become more serious with a depth increase. As a conse-
quence, the cross-section of the fabricated WGs is noncircular at
the large depth, as shown in Fig. 5(d). Figure 5(e) shows that
the morphology of the WG can be improved significantly
after appropriate aberration correction using SLM, and the
WG cross-section almost does not depend on the writing depth.
Furthermore, Fig. 5(f) shows that the near-field mode profile
exhibits high symmetry, and the mode ellipticity reaches nearly
1. In addition, there is also no obvious difference in light
transmission of the WGs at different depths after aberration
correction. These results indicate that the SLM beam shaping
technique allows for fabricating symmetrical WGs through
the entire depth of the working objective lens, which will be
crucial for fabricating complex WG lattices with high integra-
tion density and holds promise for a wide range of applications
with 3D photonic circuits.

In addition, the SLM can also enable effective parallel
writing. Multiple foci with controlled power distribution and
dynamically variable distance can be produced in 3D by modu-
lating the spatial phase distribution of a fs laser beam with a com-
puter-generated hologram, which allows for writing several WGs
or multiscan performance over one WG in a single pass.®*
Furthermore, for fabricating 3D WG arrays and coupling devices
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Fig.5 (a) Schematic of the focusing geometry. (b) Simulated estimate of the focal peak intensity /,
at various depths in glass. (c) Az as a function of depth. WGs inscribed at different depths (d) with-
out and (e) with aberration correction in the nonthermal writing regime (pulse repetition rate of
1 kHz). Figures reproduced from Ref. 59. (f) Plot of the transmission throughput and mode ellip-
ticity as a function of depth for WGs inscribed with SLM beam shaping at the thermal writing regime
(pulse repetition rate of 1 MHz). Figure reproduced from Ref. 24.
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using the traditional fs laser writing technique, the substrate is
needed to be precisely positioned. With the help of the SLM, a
branched WG can be written simultaneously by one pass scan-
ning in glass. Consequently, an SLM not only significantly
enhances the fabrication uniformity and efficiency but also elim-
inates the need for precisely positioning the glass substrate.

2.2 Multiscan

Multiscan is a reliable technique to increase the refractive index
change and modify the shape and size of the WGs by scanning
the laser beam multiple times.”® In this regime, there is no po-
sition shift between consecutive scans. David et al. revealed that
the increase in refractive index is about 0.01 and 0.035 in the
Ge-doped silica glass generated by 1 and 10 writing passes,
which indicates the possibility of reducing insertion loss by
the multiscan.™ Bend loss could be also reduced by scanning
the WG track multiple times in all curved segments due to the
tighter confinement of the modes caused by multiscan-induced
large refractive index contrast.”® Recently, Tan et al. reported
that the WG size can be controlled by adjusting the scanning
passes [Figs. 6(a)-6(c)].”” Furthermore, a mechanism of a tem-
perature gradient-assisted process was proposed for the forma-
tion of WGs, which locates outside the focus. Consequently, the
unique position of WGs allows for abating the distortion of laser
energy in the focal volume and inscribing low-loss deep WGs.
Usually, a WG core with the largest density and RI locates near
the center of the modified zone, which is generated by the matter
melting and quenching in thermal writing with high repetition
rate pulses (e.g., >100 kHz) or local compression in the non-
thermal case with low repetition rate pulses. In temperature gra-
dient-assisted writing, a high temperature with a sharp gradient
is generated by ultrafast injection of enough energy in the focus,
which is accompanied by pressure wave propagation. As a re-
sult, rapid mechanical expansion with structural reorganization
is driven during the temperature evolution, and melted and
ionized matter would be ejected out from the hot pressurized
center to the surrounding zone, resulting in forming a densified
“cladding” ring and a rarefied center consisting of less dense
structures [Fig. 6(a)]. In addition, in the conical WG structure,
a quasidirectional hydrodynamic material flow can be induced
by the fast stress relaxation along the laser propagation axis, and
the axial densification at the top of the densified ring is gener-
ated [Fig. 6(b)]. Multiscan writing is suggested to repeat this
material flow process and increase the WG size. The absence
of separation between the parallel pass avoids the presence
of a nonhomogeneous interface structure between parallel scans.
As the guiding core of WGs is at the tips of the densified zone,
outside the focal volume, a lowest insertion loss of about 0.6 dB
[Fig. 6(c)] for the 1-cm-long WGs with the WG diameter size of
around 6 ym is obtained over a large depth range from 300 to
900 pm. Revealing strong dependence of insertion loss on the
WG size provides a unique way to improve WG performance in
various coupling cases.

The critical issue for the multiscan technique is the relatively
low fabrication yield. In addition, the scan speed in the multi-
scan case is usually the same as that in the single pass scan, and
there have been no systematic studies about the optimal speed in
the multiscan, uncovering what may enable improvement of the
fabrication efficiency with low propagation loss, coupling loss,
and bend loss. Our work indicates that monitoring the WG size
offers an effective way to optimize the multiscan process
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efficiently.” Furthermore, the optimal processing window for
low-loss WGs is usually small, and the fluctuation in the writing
process may be detrimental to the reproducibility and the
uniformity, especially when the number of the WGs is larger.
Multiscan as well as the aforementioned SLM-assisted parallel
writing should be helpful for improving the writing reproduc-
ibility and the uniformity.

Besides rescanning the laser along the whole path, tapering
the WGs close to the end facet was also demonstrated to be a
useful technique to increase the refractive index as well as to
enlarge the modification region.”’* As shown in Fig. 6(d), a spa-
tial power ramp is used. Multiscan is performed at the last few
millimeters of a WG with increasing laser power, ranging from
just under the modification threshold up to a moderate power
level. Figure 6(g) shows that mode field size can be modified
by tapering of WGs with the multiscan. Furthermore, the cou-
pling efficiency to the standard single mode fiber is also en-
hanced.

In another case, the WG cross-section is tunable using the
multiscan technique, and an offset is adopted between consecu-
tive parallel scans with a small distance in the direction
perpendicular to the laser scanning direction, as shown in
Fig. 6(f).®"*™7 This technique does not depend on the intensity
distribution at the focal volume and enables WG fabrication
with desirable morphologies, such as square cross-sections
along with a step index refractive index profile [Fig. 6(g)].
The size of the WG cross-section and the change in refractive
index can be controlled independently by varying the scan
parameters and the translation speed, respectively, and this is
not achievable using beam shaping techniques. Furthermore,
integrated photonic lanterns constituted with an array of single
mode WGs can be produced using the multiscan technique,
which have found many applications in astrophotonics and re-
mote sensing.””

In addition, writing a pair of parallel structures with a desir-
able distance to sandwich the curved WG will control the stress
and birefringence effect in the WGs.""* The refractive index
change would increase from 1.85x 10~ to 3.45x 1073 in
the guiding core, as shown in Fig. 6(h).”" Consequently, the bend
loss is suppressed drastically from 2.7 to 0.3 dB for a bend
arc angle of 5 deg. A similar technique is adopted to fabricate
a mode field compressor and reduce the mode field size.®
Birefringence is demonstrated to be tunable in the range from
0 to 4.35 x 107, and this allows great flexibility in designing
polarization sensitive and insensitive components devices on
one single chip, which adds another degree of freedom in the
fabrication of integrated optical devices.*"*

2.3 Thermal Annealing

Stress can be induced during the WG writing in glass, and aniso-
tropic and inhomogeneous distribution of the refractive index in
the modified region is generated through the photoelastic effect,
which would lead to a polarization shift and polarization depen-
dent losses as well as an asymmetrical mode field and large
propagation loss.*** The stress in the cladding zone surrounding
the WG core also reduces the refractive index contrast between
the WG core and the outer region, which can cause high propa-
gation loss and bend loss.* Thermal annealing has been dem-
onstrated to be a useful method for stress relaxation and
complex material reorganization.*”**® In general, heat increases
the atom movement rate in the glass matrix by offering the
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Fig. 6 (a) Cross-sections of WGs written by scanning fs lasers 1, 2, 4, 6, and 10 times.
(b) Schematic view of temperature gradient assistant fs laser writing. Black arrow: matter expan-
sion and flow driven by temperature gradient and stress. White arrows: stress. (c) Insertion loss
and diameter (w) of WGs fabricated by scanning various times at 300 um. Inset: I, cross-section;
II, near-field mode profile. Figure reproduced from Ref. 67. (d) Left: illustration of the dependency
of the WG cross-section on the fs laser power. Right: cross section of WGs tapered by multiscan-
ning with a low power at the end of the WG. Figures reproduced from Ref. 68. (f) Schematic of the
multiscan WG fabrication with an offset perpendicular to the writing direction. Figure reproduced
from Ref. 69. (g) Size variation with an increase in the number of scans. Figure reproduced from
Ref. 70. (h) Schematic of the sandwiched WG. Insets: the cross sections of the WG and bend-
loss-suppression walls. Scale bar: 30 zm. (i) Top view of the sandwiched WG. (j) A 633-nm laser
beam propagating in the WG. Top view images of a WG bend (k) without and (I) with bend-loss-
suppression walls. Figures reproduced from Ref. 71.
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energy for breaking bonds and during annealing at temperatures
in the vicinity of the glass transition temperature, where the
formation of new bonds and structural rearrangement may
have occurred, which leads to a decrease in the structural
inhomogeneity.” ™ As a result, the reduction of the structural
deformation leads to stress relaxation. In addition, nonbridging
oxygen hole center (NBOHC) defects can also disappear at low
temperature (e.g., 300°C for silica glass).”** Consequently, the
size of the guiding core and the structure anisotropy are reduced,
the refractive index contrast in the core/cladding regions in-
creases, and these are accompanied by lower propagation loss
and bend loss along with higher mode symmetry.

A typical rate thermal annealing process is adopted for this
purpose. The key characteristic of this thermal treatment is
the slow cooling rate that enables removing the stress and
birefringence effectively. In general, to initiate an erasure and
stabilization process, the sample is initially heated above the
transformation temperature. Once reaching the maximum tem-
perature that is well below the softening temperature of the
glass, a very slow cooling rate is adopted until the glass temper-
ature is cooled down below the strain or transformation point
temperature.**** Figures 7(a) and 7(b) show the cross-section
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of the WGs before and after annealing, respectively, and the re-
fractive index profile is displayed in Figs. 7(c) and 7(d), respec-
tively, which clearly indicate that the outer lower refractive
index zone is removed by thermal annealing. As a result, the
output power through the WGs increases, and the bend loss
decreases significantly, as revealed in Fig. 7(e). Symmetric
polarization-insensitive WGs are also available with ultralow bi-
refringence and low propagation loss of 0.3 dB/cm. Babu et al.
also reported that insertion loss could be reduced effectively to
1.01 dB at 632.8 nm by an isochronal annealing treatment,
which is due to the bleaching of the NBOHC defects.”"*

2.4 Predefect Engineering

One of the big challenges for direct writing of WGs by fs lasers
is the increase in the refractive index of WGs, which would
foster better performances of the devices. As the presence of
defects makes great contributions to the refractive index in-
crease, predefect engineering of materials to induce an incipient
defect density has been explored to cause an increment in the
refractive index. The predefects can be generated by hard
(40 keV) X-ray irradiation with accumulated doses up to
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Fig. 7 Cross sections of the WGs (a) before and (b) after thermal annealing. Refractive index
profiles of WG (c) before and (d) after annealing. (e) Normalized output through the WGs as a
function of bend radii. Figures reproduced from Ref. 86. (f) PL intensity versus depth in the glass
after X-ray exposure with various doses. (g) Change of refractive index (An) in the WGs as a
function of the scan speed at different X-rays doses. Figures reproduced from Ref. 34.
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6 MGy, which subsequently serve as precursors for further
defect generation induced by fs lasers, along with an overall
increase in photosensitivity. As a result, photoinscription effi-
ciency is enhanced, and a higher index change is obtained.
Figure 7(f) shows that the PL. coming from NBOHC increases
with an increase in X-ray doses from 0.5 to 6 MGy, especially in
the depth smaller than 500 pm, and the unexposed sample does
not emit PL, which indicates the generation of NBOHC after
X-ray irradiation. The increase in refractive index is much larger
with 1 and 6 MGy doses of X-ray irradiation than that with
0-0.5 MGy doses of irradiation at all scan speed, as shown in
Fig. 7(g). In conclusion, predefect engineering is a promising
technique to increase the refractive index of WGs, which also
enables validating scenarios of defect-assistant densification for
the refractive index change. Furthermore, we suggest that UV
light or electron and ion beam preirradiation may also lead to
similar effects, and further experimental work is needed to
verify this proposal.”***

2.5 Composition Engineering

As the optical properties and photoresponse to fs lasers depend
on the chemistry of glass, and the fs laser-induced refractive in-
dex change would be determined by the structural and elemental
reorganization, composition engineering is a simple and prom-
ising alternative route to improve the performance of written
WGs in glasses, especially in the thermal writing regime with
high repetition rate lasers.”" In the fs laser writing process, the
local temperature would be higher than that of the softening and
working point of glass.”” As a result, the breaking of bonds
linking the network modifiers or the network formers will occur
in this high-temperature field, and the ions, including or,
would diffuse and modify the local compositions of glass, which
usually leads to formation of two typical zones with positive and
negative refractive index change, respectively. Increasing the
concentration of the components such as Ca, La, and Al that
induce densification and disorder causes a larger increase in re-
fractive index, with An reaching 102, and reduces the coupling
loss and propagation loss significantly.”**”” For example, in
typical alkali-free borosilicate glasses, such as Corning Eagle
2000, Corning Eagle XG, and Schott AF32 glasses, the charac-
terizations based on the refractive index mapping, electron mi-
croprobe analysis, and Raman spectroscopy clearly suggest that
an increase in the concentration of the silicon element causes a
decrease in refractive index, and an increase in the concentration
of Ca and Al elements leads to an increment in the refractive
index.” Similar phenomena are also found in other glass
systems.” Germanium doping in silica glass is suggested to
increase the refractive index change.'” The increment in the
concentration of Al,Oz in the aluminosilicate glasses could
lead to breaking of the Si-O-Si network into four and three-
membered ring structures accompanied by structure densifica-
tion, which is confirmed by the increase of Raman intensity at
D, (~485 cm™') and D, (~600 cm™') peaks.”" The presence of
silver was reported to decrease the insertion loss of the WGs
in the binary tellurite-zinc glass, but the mechanism is still
unclear."”! However, although composition engineering is a use-
ful method to increase the refractive index change, there have
been not as many efforts to optimize the compositions and
controll the element migration in a desirable way for achieving
better performance, and more systematical studies are still
needed.
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3 Applications in Optical Coupling and
Integrated Devices

WG writing by fs lasers in glass has found various applications
in a vast range from scientific researches to technological
devices."*">""*"7 In this review, we focus the recent progress in
the WG applications for photonic integrated devices in commu-
nication, topological physics, quantum information processing,
and astrophotonics.

3.1 Optical Couplers and Network Devices

Optical couplers are one of the key building blocks for combin-
ing and splitting optical signals in photonic integrated
circuits.'™ A compact, low-loss, broadband power coupler with
polarization sensitivity or insensitivity is highly required for
many applications, such as power splitters, optical switches,
multiplexers, directional couplers, birefringent retarders, and
rotated waveplates.* 1?1319 The flexibility in photonic
circuit configuration and mass production with designability
in 3D helps WG writing by fs lasers to build couplers and
splitters with arbitrary shapes and tunable coupling ratios in
glass.'™'®!"" Especially, achieving polarization transformation
is achievable and also desirable in integrated architecture with
WGs created by FLDW, and this is critical for quantum appli-
cations, as controll over polarization enables performing oper-
ations with polarization-encoded photonic qubits.*'"'"'"

For example, an on-chip rotated polarization directional cou-
pler (RPDC) operating at 780 nm with an arbitrary birefringent
optical axis can be constructed via writing a double-track, as
shown in Fig. 8(a), through which the distribution of the refrac-
tive index between adjacent tracks in the fused silica is tuned.”
In this case, a single-mode WG with an artificially birefringent
optical axis and high transmittance could be produced by
adjusting the relative radial and azimuthal positions of the
tracks. Figure 8(b) shows the polarization analysis of the 45-
deg rotated birefringent optical axis measured by two crossed
polarizers. The visibility of the input polarized light propagating
along the optical axis remains as high as 98% to 99%.
Characterization of the transmission power of the 45-deg
RPDC with adjusted coupling lengths indicates that coupling
lengths are the same for the 0-deg and 45-deg RPDCs, and
the parallel coupling length could be determined to be 23 mm.
Reconstruction of the Stokes vector was also performed, and
the average fidelities reach 98.1% and 96.0% for the 0-deg and
45-deg RPDCs, respectively, with the corresponding average
ratios up to 16 dB (0 deg) and 20 dB (45 deg).

Shortening the distance between the coupled WGs in the
couplers may induce strong anisotropic mechanical stress,
which was exploited to decrease the size of the polarizing direc-
tional couplers down to 3.7 mm with WG distance below
5 um."® Importantly, the WGs exhibit low birefringence out
of the coupled region. As a result, this approach allows for con-
structing complex polarization-sensitive integrated circuits with
high integration. The extinction ratios at the operation wave-
length of 808 nm are determined to be about 16 and 20 dB
for the horizontal and vertical polarizations, respectively.

Polarized and polarization insensitive directional couplers,
working in the telecom band of 1550 nm, were also fabricated
in aluminoborosilicate glass (EAGLE, Corning) just by control-
ling the interaction length (L) and the separation of two WGs
(d), as shown in Fig. 8(c)."" This paves the way to the integrated
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Fig. 8 (a) lllustration of the double-track approach for fabrication of WGs and RPDCs. ¢ is the
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(d) Transmission and reflection extinction ratios for a PDC with L of 33.2 mm and d of 12.5 yum
in the telecom band. (e) Transmission for polarization insensitive DCs with L of 0.4 to 1.3 mm
and d of 8 um. Figures reproduced from Ref. 111. (f) Diagram of the 4-core few-mode coupler.
Figure reproduced from Ref. 114. (g) Schematic of the optical add-drop multiplexer configuration.

Figure reproduced from Ref. 115.

controll over polarization encoded photonic qubits and polari-
zation entanglement at the 1550 nm wavelength range. In gen-
eral, the WG birefringence causes a different periodicity for
different polarization states in the power oscillation between
the two WGs in the DCs, which can be described as
T =sin?(kL + @), R = cos*(kL + @), (11)
where T is the power transmission coefficient, R is the reflection
coefficient, k is the coupling coefficient between the optical
modes, and @, is an offset for the coupling occurring in the
curved segments incoming and departing from the coupling
region.

Large phase difference could be present with large L. With
the appropriate coupler geometrical and coupling parameters,
the two oscillations can be in antiphase, which results in a
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polarized DC. For example, Fig. 8(d) shows that the extinction
ratios between the two polarizations are higher than 25 dB at
1550 nm with extinction ratios higher than 15 dB, where L
is 33.2 mm, and d is 12.5 ym. While for shorter interaction
lengths, the DC exhibits polarization insensitivity. Figure 8(e)
shows the transmission for DCs with L of 0.4 to 1.3 mm
and d of 8 ym, and the absolute transmission difference for
the two polarizations is as low as 10, meaning polarization
insensitivity. The authors suggested that the alteration of the
optical properties caused by the inscription of the second
WG to that of the first one in the coupler is the origin of such
polarization-insensitive behavior. Techniques, such as bireftin-
gence compensation and thermal annealing, were used to
improve the symmetry of the WGs and the birefringence,
which lead to symmetric polarization-insensitive DCs.** These
achievements imply that it is possible to integrate polarization
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dependent and independent devices in a single circuit by just
manipulating the geometrical parameters of the components,
which will be vital in future complex photonic devices.

To realize arbitrary photonic waveplate operations on chip,
a stress engineering technique via writing an additional modi-
fication track near the WG was adopted to create an artificial
stress field and rotate the optical axis of the birefringent
WG.'" Higher pulse energy and lower writing velocity were
used for writing the second defect track, in which no light prop-
agates. Consequently, Hadamard, Pauli-X, and rotation gates for
encoding photonic polarization qubits on chip were achieved
with high fidelity on both classical and quantum states of light.
In this case, the retardation between ordinary and extraordinary
field components was tuned, including half-wave plate and
quarter-wave plate operations through modifying the length
of the modified track parallel to the WG.

Furthermore, to support the ever-growing demand in trans-
mission bandwidth and capacity over a communication channel,
a number of technological features have been developed by the
telecommunication community in the past decades."’ 3D multi-
plexers and demultiplexers based on WGs were produced and
could be integrated on a photonic chip.'”®!*!"*!"#1 Ultrahigh
capacity space-division multiplexers systems were built in boro-
silicate glass."” For example, 1.2 Pb/s throughput transmission
was demonstrated using the few-mode multicore fiber (four-
core, three-mode) with a cladding diameter of 160 um, as
shown in Fig. 8(f)." In this case, 368 wavelength division mul-
tiplexed spatial super channels across the C and L bands were
used. Simultaneous multiplexing of the LPy;, LP;;,, and LP;y,
modes of all cores is achievable in this three-mode, four-core
fiber with high mode extinction ratios and low insertion losses
over a large bandwidth across the S + C + L bands."" In addi-
tion, optical add—drop multiplexers written in fused silica were
demonstrated operating at 1550 nm, as shown in Fig. 8(g)."" To
this end, two DCs with a symmetrical geographical layout were
used in a Mach—Zehnder interferometer configuration for the
signal routing, and the inserted Bragg grating WGs between
the DCs worked for wavelength selectivity. In principle, the in-
put signal is split equally into two WGs by the first DC, which is
then guided to two identical Bragg grating WGs. The resonant
wavelength is reflected to the drop port and collected. The re-
maining transmitted signal will leave from the through port.
New information at the resonant wavelength can also be added
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to the output signal through the add port. The versatility of the
fs writing technique promises the capability of scalable DM
fabrication with more modes and cores and mass production.
As a result, practical ultrahigh capacity dense space-division
DMs are expected.

Due to the intrinsic flexibility of 3D fabrication, WG-based
fan-out devices were also achieved, with one end consisting of a
1D WG array and another end consisting of a 2D WG array,
which can be used as multiplexers, demultiplexers (aforemen-
tioned), interposers to interconnect silicon photonic chips, as
shown in Fig. 9(a), and astrophotonic interferometer integrated
chips (discussed later).”®”"*' For example, WGs in a glass inter-
poser were reported to vertically couple light from an optical
fiber to the silicon photonic chip.'” An 84-channel interposer
is also realized for coupling a multicore optical fiber and silicon
photonics chips, as shown in Fig. 9(b)."”” However, misalign-
ment causes significant loss in the packaging and stabilizing
process. Further improvement in the packaging step for edge
coupling of WGs to the silicon photonic chips is one of the
biggest challenges. For the future, the optimized 3D WG fan-
out devices may promise an attractive balancing of loss, mode
matching, high channel density, low crosstalk, and multifunc-
tional integration with other photonic components.

3.2 Topological Physics and Quantum Information
Processing

In the past decades, photonic structures consisting of arrays of
evanescently coupled WGs have emerged as a major represen-
tation of functionalized optical structures, in which the light
propagates along the topological states or the light evolution
exhibits intrinsic similarities with the quantum evolution of
particle wave-functions. As a result, WG arrays have been pro-
posed as a typical model system for researches and applications
in topological physics and quantum information processing,
such as formation of topological edge states, quantum mechan-
ics emulation, and quantum computing. FLDW has been estab-
lished as a standard method to construct 3D WGs into a variety
of optical bulk materials, which enables the achievement of vari-
ous innovative topological states, quantum physical concepts,
and quantum information applications that are not feasible with
other fabrication techniques.”'*'*'**

3D Waveguide
Fanout

MCF
Sockets

3000

(b)

Fig. 9 (a) Schematic for an 84-channel interposer in glass, fanning out from a linear array (silica
photonic chip at back) to 12 socket positions for multicore fibers (MCFs) packaging. (b) Optical
image of the interposer in silica glass. Figures reproduced from Ref. 120.
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Recently, the rise of topology has been one of the most rec-
ognizable trends in physics."”'* In the topological phases, pro-
tected travel is allowed along the edges of the structures in a
robust way, giving rise to immunity against backscattering by
defects. In particular, topological photonics have attained a burst
of interest, as light waves can work as a platform for revealing
the nontrivial bulk and edge topological states by carefully
structuring photonic crystals.'””"*" WG photonic lattices are
frequently adopted to build photonic topological structures
for investigating the interplay of topology and interparticle
interactions."”"*' For example, the helicity of the evanescently
coupled helical WG array would break the z-reversal symmetry
in a honeycomb photonic lattice [Figs. 10(a) and 10(b)], which
leads to formation of Floquet topological insulators, and topo-
logically protected transport of visible light is observed on the
lattice edges.'”” Photonic Floquet topological insulators in the
fractal lattices were proposed theoretically, and robust travel
along the outer and inner boundaries of the fractal lattices
without scattering was possible.'” Experimental realization of
topological fractal insulators is promising. Solitons were also
identified in an anomalous photonic Floquet topological insu-
lator, which exhibited different behavior in that they executed
cyclotron-like orbits."** For this purpose, the WG lattice was
modulated periodically along the axis, and this resulted in a
nonzero winding number with the optical Kerr effect-induced
nonlinearity. The observation of topological solitons offers
new prospective directions for the topological nonlinear optics,
complementing other platforms. 2D honeycomb photonic
lattices with broken inversion symmetry were also reported to
exhibit photonic topological valley Hall edge states and four-

(©)

dimensional (4D) quantum Hall."**'* Detuning the refractive in-
dex of the two honeycomb sublattices with varying average
writing pulse energy of the fs laser generates an armchair
[Fig. 10(c)] and zigzag edges [Fig. 10(d)] at their domains
and a boron nitride-like band structure.”> Consequently, the
edge states appear along the domain walls between regions with
opposite valley Chern numbers. The valley-Hall effect enables a
new mechanism for realizing time-reversal-invariant photonic
topological insulators. The fabricated time-reversal invariant
WG photonic lattice could possess a zero-dimensional topologi-
cal defect corner mode, which represents a new type of crystal-
line topological phase with a topologically protected energy
lying at mid-gap and insensitive to disorder."*

In addition, sufficiently strong disorder can lead to the close
of the topological bandgap, and the system becomes topologi-
cally trivial with all states being localized and all transport van-
ishing, complying with Anderson localization [Figs. 11(b) and
11(e)]; but, adding on-site disorders with random variations in
the refractive index of WGs could drive the system from a trivial
phase into a topological one, resulting in the emergence of topo-
logical Anderson insulators with protected edge states and quan-
tized transport, as revealed in Figs. 11(c) and 11(f). In this case,
the refractive index detuning was induced by adjusting the writ-
ing speed during the fabrication process, and a slower writing
speed leads to a larger refractive index in WGs. The topological
Anderson insulator was demonstrated experimentally with
sufficiently detuned honeycomb photonic structure of helical
WGs."" The light propagates only along the edge in the
Floquet topological insulator [Fig. 11(d)]. When there is strong
disorder, the system becomes topologically trivial, and there is

Fig. 10 (a) Sketch of the helical WGs with honeycomb geometry. (b) Optical image of the input
facet of the photonic lattice. Figures reproduced from Ref. 127. Schematic diagram of honeycomb
lattices with (c) armchair and (d) zigzag edge domain walls. Red and green WGs exhibit a different
refractive index, and blue is the excitation WGs. Red-shaded regions are domain walls. Figures

reproduced from Ref. 132.
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no light along the edge [Fig. 11(e)]. After introduction of
sufficiently strong on-site disorder, a photonic topological
Anderson insulator is generated, which is confirmed by the pres-
ence of the mid-gap excitation-induced coupling to a topologi-
cal edge state, as shown in Fig. 11(f). A photonic topological
insulator in a synthetic dimension with topological edge states
was demonstrated successfully.'* In this case, a 2D WG array
was produced with 1D in real space and one synthetic dimen-
sion in modal space. As a result, the propagation of the topo-
logically protected edge state was observed at the edge of the
synthetic space, but not at the spatial edges of the system.
Waveguiding by artificial gauge fields was demonstrated using
an array of evanescently coupled identical WGs. In this realiza-
tion, WGs in the core and cladding follow distinct trajectories
during propagation, and the artificial gauge field caused a shift
of the dispersion relations from one another in the core and in
the cladding in momentum-space.'”

In contrast to the intricate set-ups with helical optical WGs
[Fig. 10(a)], Fig. 12(b) indicates the presence of kagome-based

corner states in the straight WGs, which exhibit a high degree of
flexibility and control, operating in the visible light range.'®
Furthermore, topological boundary states in a single photon
level were established in the WG-based quasicrystal, with the
protected topological phases against the decoherence caused
by diffusion and the noise.""

Quantum computing and quantum communication offer high
efficiency in approaching problems of scientific and commercial
interests, where processing an extremely large amount of data
with fast speed is on-demand."*'* Photonic WG lattices give
rise to an excellent model system allowing for simulating many
quantum statistics for quantum information processing.'*'
For example, boson sampling experiments against various
alternative hypotheses were achieved on larger WG photonic
chips fabricated by fs laser writing, which will be critical for
boson sampling devices to conform the supremacy of quantum
information processing over classical computers.'”* Anderson
localization of a pair of noninteracting entangled photons
was observed in an integrated quantum walk by employing
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Fig. 11 (a) Topological bandgap for the Floquet topological insulator in a helical honeycomb
lattice. (b) Breaking the parity structure symmetry by detuning the sublattices with formation of
a trivial bandgap. (c) Forming topological Anderson insulator phase by suppressing the effect of
the parity-symmetry breaking terms with sufficiently strong disorder. (d) Hybrid structure with a
1D straw and a 2D honeycomb helical WG lattice. The excited state was controlled by the
“straw”—through which the modes of the system were selectively excited. Excitation light along
the edge states in the (e) Floquet topological insulator, (f) trivial insulator, and (g) topological
Anderson insulator. The input positions were indicated by the white arrows. Figures reproduced

from Ref. 137.
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(a)

(b)

Fig. 12 (a) Triangular photonic lattices with a defect in a straight WG array. (b) Observation of
the “fractionalized” corner states. Red circle: injection of 720-nm coherent light into the WG at
the corner indicated. Green circle: missing WGs. Figures reproduced from Ref. 140.

polarization entanglement of photons to simulate the quantum
statistics in the WG arrays.'** Genuine many-particle quantum
interference and high-visibility quantum interference of single-
photon topological states were observed with the fs laser written
integrated photonic circuit."*'""” Two topological edge states
were brought into proximity, interfering and undergoing a
beamsplitter operation, and the visibility of the Hong—Ou-
Mandel interference is as high as 93.1% = 2.8%."” By integrat-
ing a quantum dot-based multiphoton source and a WG
photonic chip in glass, scalable platforms exhibiting high-rate
many-particle quantum interference were attained.'® Jin and
coauthors reported a 2D continuous-time quantum walk with
a single photon on the 2D WG array and quantum fast hitting
on hexagonal WG photonic structures with up to 160 nodes and
a depth of 16 layers [Figs. 13(a)-13(c)]."*”"*"'** They showed
that the time for optimal quantum hitting increases linearly with
network depth, as shown in Fig. 13(d). In comparison,
Fig. 13(d) indicated that classical random walk was character-
ized by a quadratic relation. As a consequence, quantum speed-
up to improve information processing is highly promising,
which would initiate breakthroughs into real-life applications.
Recently, a scalable photonic computer was developed to solve
the subset sum problem. Photons were found to dissipate into
the photonic circuits and search for solutions in parallel that re-
sult in an exponential superiority over even supercomputers in
time consumption, as shown in Fig. 13(e)."”" Furthermore, quan-
tum polarization entangled states could be well topologically
protected on a photonic chip, and the linking of photonic top-
ology and quantum information opens the door to topological
enhancement in the quantum regime.'”

Many other applications in the photonic topology and quan-
tum information processing were also reported. For example,
using the fs laser written 3D helical WG lattices, type-1I Weyl
points of light at optical frequencies were observed experimen-
tally, confirmed by the presence of conical diffraction with the
frequency corresponding to the Weyl point, and Fermi arc-like
surface states.”* A Weyl exceptional ring was also realized with
the upper and lower bands of the topological transitions meeting
at a ring, rather than a point, by observing the lack of conical
diffraction at the topological transition when the system is non-
Hermitian with quantized Berry charge." A scalable approach
for the operation of the fast Fourier transform algorithm was
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developed using 3D WG photonic integrated interferometers.'
Unique complex photonic quantum structures, such as the frac-
tal network, can be built with 3D fs laser writing, which pro-
vides platforms for the investigations about the properties of
these structures.”

3.3 Astrophotonics

Application of fs laser writing WGs for astrophotonics was pro-
posed in 2009 by Thamson et al., which relies on the capability
of 3D designability with high WG density and precision posi-
tion control.” Implementing various optical functions on a
single integrated chip enables the reduction of the complexity
of traditional astronomical instruments significantly. The typical
glass systems for astrophotonics include silica glass, borosili-
cate glass, chalcogenide glass, and fluoride glass.”**"'*""'** For
the demonstration, integrated photonic lanterns were fabricated,
which can couple multimode light to an array of single-
mode WGs.” These integrated devices [named photonic dicers,
as shown in Fig. 14(a)] are also developed as a diffraction
limited pseudoslit and used to reformat multimode light into
a 1D array for high-resolution diffraction limited spectros-
copy.”*"1% n this case, multimode light collated from the
telescope (I in Fig. 14) is spatially overlapped, and the input
modal noise is converted into amplitude and phase changes
along the slit, which minimizes the slit length as well as the
number of detector pixels for light analysis in the spectrograph.
However, during on-sky testing, wavelength-dependent loss was
discovered, which manifests as modal noise and makes it diffi-
cult to extract and calibrate spectra properly.'® By integrating
WG S-bends, Y-splitters, and directional couplers on one chip,
as shown in Fig. 14(b), nulling interferometers were written
in gallium lanthanum sulfur (GLS) glass via multiscans of
5.1 MHz fs laser.' In this two-port interferometer, the Y-split-
ters direct half of the light into the outer photometric channels,
with another half directed into the two inner channels for inter-
ferometric interaction. The starlight is nulled by destructive
interference in the coupling region. The remaining light at the
output of the coupler may originate from a possible exoplanet
near the star. On-sky demonstration was also realized with
the nulling interferometer integrated in the borosilicate glass
[Fig. 14(c)].¥ In this chip, each WG encountered a Y-splitter
with 33% of the light split off that was sent to separate
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Fig. 13 Schematic diagrams of (a) a photonic-chip-based glued binary tree, (b) the proposed
hexagonal WG photonic chips, and (c) the quantum fast hitting experiment on the WG photonic
chips. (d) Optimal hitting efficiency for hexagonal photonic chips at different layer depths. Figure
reproduced from Ref. 149. (e) The estimated computing time for the photonic computer and other
competitors. Figure reproduced from Ref. 150.
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Fig. 14 (a) Schematic of a photonic dicer consisting of the 3D WG lattices combining photonic
lantern and reformatting functions. I: multicode input end with 6 x 6 array WGs in 2D; II: pseudoslit
output end with 36 array WGs in 1D. Figures reproduced from Ref. 159. (b) Schematic of an
on-chip two-port nulling interferometer chip in GLS glass. Figure reproduced from Ref. 162.
(c) The photonic assembly includes the nulling chip, the microlens array (MLA), and fiber
V-groove. (d) The WG arrangement in the photonic chip. Figure reproduced from Ref. 80.

photometric outputs, as shown in Fig. 14(d). An evanescent
directional coupler was created by bringing two input WGs
together, and it produced a 50:50 splitting ratio at its two
output ports. At the output face, the four WGs were butt-coupled
and bonded to a fiber V-groove using UV curing adhesive
and sent via single-mode fibers to the photodetectors. A periodic
3D array of WGs is also an excellent platform for light coupling
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and performing interferometry of the light that comes from
telescopes. 10!

Though laboratory testing and on-sky testing have indicated
that the integrated WGs written by fs lasers hold great potential
in astrophotonics, there are still some issues hindering their
wide application. For example, chalcogenide and fluoride
glasses are fascinating alternatives for mid-infrared optic
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detecting in the range from 2 to 5 um, which are in high demand
for high angular resolution astrophotonics. Unfortunately,
the loss performance of WGs in these mid-infrared glasses
(e.g., propagation loss >0.2 dB/cm in chalcogenide glass
and >0.3 dB/cm in fluoride glass) is worse than that in silica
and borosilicate glasses (that <0.2 dB/cm).'”"'* In fact,
the propagation loss will increase in the 3D WG lattices.
Second, it is also still difficult to fabricate 3D WG arrays with
identical waveguiding performance in each one, especially
when the WG number and depth variation are large. As a result,
there is a difference between the outputs from different WGs.
Beam shaping techniques as discussed above with critical
controlling over the writing parameters should be important
for writing identical WGs for reliable results and high
reproductivity.”’ Third, an oil immersion objective with 1.25
NA is usually necessary for writing loss WGs in mid-infrared
glass. As a result, special care should be taken to prevent oil
boiling, and the writing depth is also limited. In addition, multi-
scan is usually adopted for the astrophotonic WG writing with a
tunable size of cross-section. Modified alternative techniques
(e.g., temperature gradient-assisted fs laser writing) may be
helpful to fabricate optimal WGs under more mild conditions
for astrophotonics. Fourth, although the laboratory testing im-
plies that WGs in the mid-infrared glass will be a better choice
than that in borosilicate glass for the astrophotonic interferom-
eter, the on-sky demonstration has only been achieved in the
latter glass until now. Further work is needed to reduce the loss
(including propagation loss, coupling loss, and bend loss) of
WGs in the mid-infrared glass for the astrophotonic interfer-
ometry.

4 Conclusions and Prospects

The far-reaching goal of on-chip multifunctional photonic
circuits is to perform complex tasks within a single chip.
Though great progress has been made in developing improved
techniques and achieving device applications, besides the afore-
mentioned issue, there exist some potential challenges for the
practical applications of fs laser writing WGs. For example,
the mechanism of RI change induced by fs lasers is still not
fully understood. As a result, optimizing the loss performance
usually relies on the experimental experience, and the reported
optimized laser parameters are varied from different groups.
Uncovering the process of fs laser—matter interaction and mech-
anisms of refractive index change is urgent and also essential
to enhance reproductivity of high-performance WGs. Second,
although writing low propagation loss (~0.2 dB/cm) WGs in
borosilicate glass is realized with the high speed of 1 to
10 cm/s, the optimized scanning speed for achieving typically
low propagation loss of ~0.3 dB/cm in silica glass is usually 50
to 200 um/s, and the effective speed is even much smaller in the
multiscan case. Considering that silica glass may be the most
important substrate compatible with the modern semiconductor
industry, enhancing the writing efficiency of WGs in silica glass
will be significant. Third, due to the relatively small refractive
index change induced by fs lasers, reducing the bend loss is still
a great challenge, and the effective working radius with reason-
able performance is generally greater than 20 mm. More work is
expected to decrease the bend loss for fabricating 3D complex
photonic circuits with high density and purchasing the full
fabrication capability of FLDW. Next, combining writing struc-
tures (e.g., WGs and nanogratings) with chemical etching and
metal deposition will be an important step to construct photonic
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integrated devices, which also provides the possibility of
realizing thermo-optic or electro-optical control over device
functionality.*'*”'® Furthermore, for the photonic integrated cir-
cuit devices, reducing the coupling loss between the WGs and
other optical components, such as optical fibers, is also impor-
tant, which can be achieved by modulating the refractive index
and size of WGs. For example, temperature gradient-assisted fs
laser writing offers a promising technique to tune the size of
WGs and reduce the coupling loss significantly.”” Packaging
techniques for integrating various optical components and a
large number of WGs are in demand.'” In addition, WGs also
provide a new platform for applications not yet achieved. For
example, WGs are fascinating alternatives for programmable
photonic circuits. Typically, the 3D designability gives WGs
written by fs lasers superiority compared with the traditional
2D planar dielectric WGs. Recently, integrated WGs with
low power reconfigurability and reduced crosstalk have been
produced by FLDW, and thermal phase shifting has been dem-
onstrated, which indicates a very simple method for dynamic
reconfiguration of the WGs."™'”" These pave the way toward
programmable photonic circuits, thus opening exciting perspec-
tives in integrated photonics. WGs supporting orbital angular
momentum modes possess an additional degree of freedom for
modern optics and allow for the fabrication of a photonic chip
for high-capacity communication and high-dimensional quan-
tum information processing.'”"'”* Integrated quantum memory
may be also achievable by writing WGs in the rare-earth-ion-
doped glass.*

In conclusion, this review reveals the rapidly growing pho-
tonic circuits written by fs lasers in glass. With important
achievements and progress including improved technologies,
such as beam shaping, multiscan, thermal annealing, predefect
engineering, and composition engineering, the mechanisms and
the recent photonic device applications, such as optical couplers,
network devices, topological physics, quantum information
processing, and astrophotonics, have been reviewed in detail.
Future challenges and research directions have also been pro-
posed. It is reasonable to expect further progress and additional
applications of WGs and FLDW for the benefit of all-photonics
networks in the future.

Acknowledgments

This work was financially supported by the National Key
R&D Program of China (2020YFB1805900), the National
Natural Science Foundation of China (U20A20211, 51902286,
61775192, 61905215, and 51772270), Open Funds of the
State Key Laboratory of High Field Laser Physics, Shanghai
Institute of Optics and Fine Mechanics, Chinese Academy
of Sciences, and the Fundamental Research Funds for the
Central Universities. The authors declare no competing financial
interest.

References

1. A. W. Elshaari et al., “Hybrid integrated quantum photonic
circuits,” Nat. Photonics 14(5), 285-298 (2020).

2. M. Grife and A. Szameit, “Integrated photonic quantum walks,”
J. Phys. B At. Mol. Opt. Phys. 53(7), 073001 (2020).

3. L. Li et al., “Integrated flexible chalcogenide glass photonic
devices,” Nat. Photonics 8(8), 643-649 (2014).

4. W. Bogaerts et al., “Programmable photonic circuits,” Nature
586(7828), 207-216 (2020).

Mar/Apr 2021 e Vol. 3(2)


https://doi.org/10.1038/s41566-020-0609-x
https://doi.org/10.1088/1361-6455/ab6cfc
https://doi.org/10.1088/1361-6455/ab6cfc
https://doi.org/10.1038/nphoton.2014.138
https://doi.org/10.1038/s41586-020-2764-0

Tan et al.: Photonic circuits written by femtosecond laser in glass:

proved fabrication...

10.

11.

12.

13.

14.

15.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

Advanced Photonics
Downloaded From: https://www.spiedigitallibrary.org/journals/Advanced-Photonics on 20 Mar 2021

. K. M. Davis et al., “Writing waveguides in glass with a femto-

second laser,” Opt. Lett. 21(21), 1729-1731 (1996).
E. N. Glezer et al., “Three-dimensional optical storage inside
transparent materials,” Opt. Lett. 21(24), 2023-2035 (1996).

. D. Z. Wei et al., “Experimental demonstration of a three-

dimensional lithium niobate nonlinear photonic crystal,” Nat.
Photonics 12(10), 596-600 (2018).

. Z.Wang, D. Z. Tan, and J. R. Qiu, “Single-shot photon recording

for three-dimensional memory with prospects of high capacity,”
Opt. Lett. 45(22), 6274-6277 (2020).

K. J. Sugioka and Y. Cheng, “Ultrafast lasers—reliable tools for ad-
vanced materials processing,” Light Sci. Appl. 3(4), 149 (2014).
W. J. Yang, P. G. Kazansky, and Y. P. Svirko, “Non-reciprocal
ultrafast laser writing,” Nat. Photonics 2(2), 99-104 (2008).
D. Z. Tan et al., “Single-pulse-induced ultra-fast spatial cluster-
ing of metal in glass: fine tunability and application,” Adv.
Photonics Res. (2000121) (2021).

Y. Hu et al., “Chiral assemblies of laser-printed micropillars
directed by asymmetrical capillary force,” Adv. Mater. 32(31),
2002356 (2020).

S. Jiang et al., “Multifunctional Janus microplates arrays actuated
by magnetic fields for water/light switches and bio-inspired
assimilatory coloration,” Adv. Mater. 31(15), 1807507 (2019).
T. Meany et al., “Laser written circuits for quantum photonics,”
Laser Photonics Rev. 9(4), 363-384 (2015).

D.Z. Tan et al., “Femtosecond laser induced phenomena in trans-
parent solid materials: fundamentals and applications,” Prog.
Mater. Sci. 76, 154-228 (2016).

. K. Miura et al., “Photowritten optical waveguides in various

glasses with ultrashort pulse laser,” Appl. Phys. Lett. 71(23),
3329-3331 (1997).

S. M. Eaton, H. Zhang, and P. R. Herman, “Heat accumulation
effects in femtosecond laser written waveguides with variable
repetition rate,” Opt. Express 13(12), 4708-4716 (2005).

A. Szameit and S. Nolte, “Discrete optics in femtosecond-laser
written photonic structures,” J. Phys. B At. Mol. Opt. Phys.
43(16), 163001 (2010).

R. G. H. van Uden et al., “Ultra-high-density spatial division
multiplexing with a few-mode multicore fibre,” Nat. Photonics
8(11), 865-870 (2014).

X. Y. Xu et al., “Shining light on quantum transport in fractal
networks,” arXiv:2005.13385v1 (2020).

A. Couairona and A. Mysyrowicz, “Femtosecond filamentation
in transparent media,” Phys. Rep. 441(2-4), 47-189 (2007).

Q. Sun et al., “Effect of spherical aberration on the propagation
of a tightly focused femtosecond laser pulse inside fused silica,”
J. Opt. A Pure Appl. Opt. 7(11), 655-659 (2005).

Y. Cheng et al., “Control of the cross-sectional shape of a hollow
microchannel embedded in photostructurable glass by use of
a femtosecond laser,” Opt. Lett. 28(1), 55-57 (2003).

N. Bisch et al., “Adaptive optics aberration correction for deep
direct laser written waveguides in the heating regime,” Appl.
Phys. A 125(5), 364 (2019).

M. Ams et al., “Slit beam shaping method for femtosecond
laser direct-write fabrication of symmetric waveguides in bulk
glasses,” Opt. Express 13(15), 5676-5681 (2005).

V. D. Blanco et al., “Deep subsurface waveguides with circular
cross section produced by femtosecond laser writing,” Appl.
Phys. Lett. 91(5), 051104 (2007).

D. Liu et al., “Influence of focusing depth on the microfabrica-
tion of waveguides inside silica glass by femtosecond laser direct
writing,” Appl. Phys. A 84(3), 257-260 (2006).

S. Gross and M. J. Withford, “Ultrafast-laser-inscribed 3D inte-
grated photonics: challenges and emerging applications,”
Nanophotonics 4(3), 332-335 (2015).

G. Cerullo et al., “Femtosecond micromachining of symmetric
waveguides at 1.5 ym by astigmatic beam focusing,” Opt. Lett.
27(21), 1938-1940 (2002).

Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

5L

52.

024002-20

F. He et al., “Fabrication of microfluidic channels with a circular
cross section using spatiotemporally focused femtosecond laser
pulses,” Opt. Lett. 35(7), 1106-1108 (2010).

R. Osellame et al., “Femtosecond writing of active optical wave-
guides with astigmatically shaped beams,” J. Opt. Soc. Am. B
20(7), 1559-1567 (2003).

P. R. Varona et al., “Slit beam shaping technique for femtosecond
laser inscription of enhanced plane-by-plane FBGs,” J.
Lightwave Technol. 38(16), 4526-4532 (2020).

V. D. Michele et al., “Near-IR- and UV-femtosecond laser wave-
guide inscription in silica glasses,” Opt. Mater. Express 9(12),
4624-4633 (2019).

M. Royon et al., “X-ray preconditioning for enhancing refractive
index contrast in femtosecond laser photoinscription of em-
bedded waveguides in pure silica,” Opt. Mater. Express 9(1),
65-74 (2019).

K. Mishchik et al., “Photoinscription domains for ultrafast laser
writing of refractive index changes in BK7 borosilicate crown
optical glass,” Opt. Mater. Express 3(1), 67-85 (2013).

G. D. Marshall et al., “Directly written monolithic waveguide
laser incorporating a distributed feedback waveguide-Bragg
grating,” Opt. Lett. 33(9), 956-958 (2008).

D. Marshall, M. Ams, and M. J. Withford, “Direct laser written
waveguide-Bragg gratings in bulk fused silica Graham,” Opt.
Lertt. 31(18), 2690-2692 (2006).

A. R. De la Cruz et al., “Modeling of astigmatic-elliptical beam
shaping during fs-laser waveguide writing including beam trun-
cation and diffraction effects,” Appl. Phys. A 104(2), 687-693
(2011).

Y. Wang et al., “Quantum topological boundary states in quasi-
crystals,” Adv. Mater. 31(49), 1905624 (2019).

R.J. Ren et al., “Identical quantum sources integrated on a single
silica chip,” arXiv:2005.12918 (2020).

J. P. Brub and R. Valle, “Femtosecond laser direct inscription of
surface skimming waveguides in bulk glass,” Opt. Lett. 41(13),
3074-3077 (2016).

J. P. Bérubé et al.,, “Femtosecond laser direct inscription of
mid-IR transmitting waveguides in BGG glasses,” Opt. Mater.
Express 7(9), 3124-3135 (2017).

C. Y. Wang, J. Gao, and X. M. Jin, “On-chip rotated polarization
directional coupler fabricated by femtosecond laser direct writ-
ing,” Opt. Lett. 44(1), 102-105 (2019).

C. Liu et al., “On-demand quantum storage of photonic qubits in
an on-chip waveguide,” Phys. Rev. Lett. 125(26), 260504 (2020).
R. Osellame et al., “Lasing in femtosecond laser written optical
waveguides,” Appl. Phys. A 93(1), 17-26 (2008).

Z. H. Wang et al., “Interferometric characterization of pulse front
tilt of spatiotemporally focused femtosecond laser pulses,” Opt.
Express 22(21), 26328-26337 (2014).

B. Sun et al., “Four-dimensional light shaping: manipulating ul-
trafast spatiotemporal foci in space and time,” Light Sci. Appl.
7(1), 17117 (2018).

A. Patel et al., “Non-paraxial polarization spatio-temporal cou-
pling in ultrafast laser material processing,” Laser Photonics Rev.
11(3), 1600290 (2017).

R. Kammel et al., “Simultaneous spatial and temporal focusing:
a route towards confined nonlinear materials processing,” Proc.
SPIE 9736, 97360T (2016).

P. Wang et al., “Aberration-insensitive three-dimensional micro-
machining in glass with spatiotemporally shaped femtosecond
laser pulses,” Opt. Lett. 43(15), 3485-3488 (2018).

F. He et al., “Independent control of aspect ratios in the axial and
lateral cross sections of a focal spot for three-dimensional femto-
second laser micromachining,” New J. Phys. 13(8), 083014
(2011).

E. Block et al., “Integrated single grating compressor for variable
pulse front tilt in simultaneously spatially and temporally focused
systems,” Opt. Lett. 39(24), 6915-6918 (2014).

Mar/Apr 2021 e Vol. 3(2)


https://doi.org/10.1364/OL.21.001729
https://doi.org/10.1364/OL.21.002023
https://doi.org/10.1038/s41566-018-0240-2
https://doi.org/10.1038/s41566-018-0240-2
https://doi.org/10.1364/OL.409171
https://doi.org/10.1038/lsa.2014.30
https://doi.org/10.1038/nphoton.2007.276
https://doi.org/10.1002/adpr.202000121
https://doi.org/10.1002/adpr.202000121
https://doi.org/10.1002/adma.202002356
https://doi.org/10.1002/adma.201807507
https://doi.org/10.1002/lpor.201500061
https://doi.org/10.1016/j.pmatsci.2015.09.002
https://doi.org/10.1016/j.pmatsci.2015.09.002
https://doi.org/10.1063/1.120327
https://doi.org/10.1364/OPEX.13.004708
https://doi.org/10.1088/0953-4075/43/16/163001
https://doi.org/10.1038/nphoton.2014.243
https://doi.org/10.1016/j.physrep.2006.12.005
https://doi.org/10.1088/1464-4258/7/11/006
https://doi.org/10.1364/OL.28.000055
https://doi.org/10.1007/s00339-019-2635-4
https://doi.org/10.1007/s00339-019-2635-4
https://doi.org/10.1364/OPEX.13.005676
https://doi.org/10.1063/1.2761298
https://doi.org/10.1063/1.2761298
https://doi.org/10.1007/s00339-006-3610-4
https://doi.org/10.1515/nanoph-2015-0020
https://doi.org/10.1364/OL.27.001938
https://doi.org/10.1364/OL.35.001106
https://doi.org/10.1364/JOSAB.20.001559
https://doi.org/10.1109/JLT.2020.2992568
https://doi.org/10.1109/JLT.2020.2992568
https://doi.org/10.1364/OME.9.004624
https://doi.org/10.1364/OME.9.000065
https://doi.org/10.1364/OME.3.000067
https://doi.org/10.1364/OL.33.000956
https://doi.org/10.1364/OL.31.002690
https://doi.org/10.1364/OL.31.002690
https://doi.org/10.1007/s00339-011-6316-1
https://doi.org/10.1002/adma.201905624
https://doi.org/10.1364/OL.41.003074
https://doi.org/10.1364/OME.7.003124
https://doi.org/10.1364/OME.7.003124
https://doi.org/10.1364/OL.44.000102
https://doi.org/10.1103/PhysRevLett.125.260504
https://doi.org/10.1007/s00339-008-4644-6
https://doi.org/10.1364/OE.22.026328
https://doi.org/10.1364/OE.22.026328
https://doi.org/10.1038/lsa.2017.117
https://doi.org/10.1002/lpor.201600290
https://doi.org/10.1117/12.2209540
https://doi.org/10.1117/12.2209540
https://doi.org/10.1364/OL.43.003485
https://doi.org/10.1088/1367-2630/13/8/083014
https://doi.org/10.1364/OL.39.006915

Tan et al.: Photonic circuits written by femtosecond laser in glass:

proved fabrication...

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Advanced Photonics
Downloaded From: https://www.spiedigitallibrary.org/journals/Advanced-Photonics on 20 Mar 2021

J. Squier et al., “High average power Yb:CaF femtosecond am-
plifier with integrated simultaneous spatial and temporal focus-
ing for laser material processing,” Appl. Phys. A 114(1), 209-214
(2014)

D. N. Vitek et al.,, “Temporally focused femtosecond laser
pulses for low numerical aperture micromachining through
optically transparent materials,” Opt. Express 18(17), 18086~
18094 (2010).

G. Zhu et al., “Simultaneous spatial and temporal focusing of
femtosecond pulses,” Opt. Express 13(6), 2153-2159 (2005).
B. Leshem et al., “When can temporally focused excitation be
axially shifted by dispersion?” Opt. Express 22(6), 7087-7098
(2014).

R. Kammel et al., “Enhancing precision in fs-laser material
processing by simultaneous spatial and temporal focusing,”
Light Sci. Appl. 3(5), €169 (2014).

P. S. Salter et al., “Adaptive slit beam shaping for direct laser
written waveguides,” Opt. Lett. 37(4), 470472 (2012).

L. Huang et al., “Aberration correction for direct laser written
waveguides in a transverse geometry,” Opt. Express 24(10),
10565-10574 (2016).

P. S. Salter et al., “Adaptive optics in laser processing,” Light Sci.
Appl. 8(1), 110 (2019).

M. Sakakura et al., “Fabrication of three-dimensional 1 x 4 splitter
waveguides inside a glass substrate with spatially phase modulated
laser beam,” Opt. Express 18(12), 12136-12143 (2010).

M. Pospiech et al., “Single-sweep laser writing of 3D-waveguide
devices,” Opt. Express 18(7), 6994-7001 (2010).

C. Mauclair et al., “Dynamic ultrafast laser spatial tailoring for
parallel micromachining of photonic devices in transparent ma-
terials,” Opt. Express 17(5), 3531-3542 (2009).

P. S. Salter and M. J. Booth, “Dynamic optical methods for direct
laser written waveguides,” Proc. SPIE 8613, 86130A (2013).
Y. Nasu, M. Kohtoku, and Y. Hibino, “Low-loss waveguides
written with a femtosecond laser for flexible interconnection
in a planar light-wave circuit,” Opt. Lett. 30(7), 723-725 (2005).
R. Keil et al., “Hybrid waveguide-bulk multi-path interferometer
with switchable amplitude and phase,” APL Photonics 1(8),
081302 (2016).

D. Z. Tan et al., “Fabricating low loss waveguides over a large
depth in glass by temperature gradient assisted femtosecond laser
writing,” Opt. Lett. 45(14), 3941-3944 (2020).

S. Gross et al., “Three-dimensional ultra-broadband integrated
tapered mode multiplexers,” Laser Photonics Rev. 8(5), L81-
L85 (2014).

R. Mary, D. Choudhury, and A. K. Kar, “Applications of fiber
lasers for the development of compact photonic devices,”
IEEE J. Sel. Top. Quantum. Electron 20(5), 72-84 (2014).

M. D. Mackenzie et al., “GLS and GLSSe ultrafast laser in-
scribed waveguides for mid-IR supercontinuum generation,”
Opt. Mater. Express 9(2), 643-651 (2019).

Z. M. Liu et al., “Suppression of bend loss in writing of three-
dimensional optical waveguides with femtosecond laser pulses,”
Sci. China-Phys. Mech. Astron. 61(7), 070322 (2018).

R. Heilmann et al., “Tapering of femtosecond laser-written wave-
guides,” Appl. Opt. 57(3), 377-381 (2018).

N. D. Psaila et al., “Femtosecond laser inscription of optical
waveguides in Bismuth ion doped glass,” Opt. Express 14(22),
10452-10459 (2006).

H. L. Butcher et al., “Ultrafast laser-inscribed mid-infrared evan-
escent field directional couplers in GeAsSe chalcogenide glass,”
OSA Continuum. 1(1), 221-228 (2018).

L. Helen et al., “Demonstration and characterization of ultrafast
laser-inscribed mid-infrared waveguides in chalcogenide glass
IG2,” Opt. Express 26(8), 10930-10943 (2018).

G. Demetriou et al., “Nonlinear refractive index of ultrafast laser
inscribed waveguides in gallium lanthanum sulphide,” Appl. Opt.
56(19), 5407-5411 (2017).

Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

93.

94.

95.

96.

97.

98.

99.

024002-21

R. R. Thomson, A. K. Kar, and J. Allington-Smith, “Ultrafast
laser inscription: an enabling technology for astrophotonics,”
Opt. Express 17(3), 1963-1969 (2009).

R. R. Thomson et al., “Ultrafast laser inscription of an integrated
photonic lantern,” Opt. Express 19(6), 5698-5705 (2011).

G. Douglass et al., “Femtosecond laser written arrayed wave-
guide gratings with integrated photonic lanterns,” Opt. Express
26(2), 1497-1505 (2018).

B. R. M. Noirris et al., “First on-sky demonstration of an inte-
grated-photonic nulling interferometer: the GLINT instrument,”
Mon. Not. R. Astron. Soc. 491(3), 41804193 (2020).

L. A. Fernandes et al., “Stress induced birefringence tuning in
femtosecond laser fabricated waveguides in fused silica,” Opt.
Express 20(22), 24103-24114 (2012).

G. Corrielli et al., “Symmetric polarization-insensitive direc-
tional couplers fabricated by femtosecond laser writing,” Opt.
Express 26(12), 15101-15109 (2018).

Z. M. Liu et al., “Fabrication of an optical waveguide-mode-field
compressor in glass using a femtosecond laser,” Materials
11(10), 1926 (2018).

M. Sakakura et al., “Thermal and shock induced modification
inside a silica glass by focused femtosecond laser pulse,” J.
Appl. Phys. 109(2), 023503 (2011).

V. R. Bhardwaj et al., “Stress in femtosecond-laser-written wave-
guides in fused silica,” Opt. Lett. 29(12), 1312-1314 (2004).
A. Arriola et al., “Low bend loss waveguides enable compact,
efficient 3D photonic chips,” Opt. Express 21(3), 2978-2986
(2013).

O. S. Narayanaswamy, “Annealing of glass,” Glass Sci. Technol.
3, 275-318 (1986).

H. E. Hagy, “Fine annealing of optical glass for low residual
stress and refractive index homogeneity,” Appl. Opt. 7(5),
833-835 (1968).

N. Ollier et al., “Relaxation study of pre-densified silica
glasses under 2.5 MeV electron irradiation,” Sci. Rep. 9(1), 1227
(2019).

J. J. Witcher et al., “Thermal annealing of femtosecond laser writ-
ten structures in silica glass,” Opt. Mater. Express 3(4), 502-510
(2013).

B. H. Babu et al., “Systematic control of optical features in
aluminosilicate glass waveguides using direct femtosecond laser
writing,” Opt. Mater. 72, 501-507 (2017).

P. Dekker et al., “Annealing dynamics of waveguide Bragg
gratings: evidence of femtosecond laser induced colour centres,”
Opt. Express 18(4), 3274-3283 (2010).

J. D. Musgraves, K. Richardson, and H. Jain, “Laser-induced
structural modification, its mechanisms, and applications in
glassy optical materials,” Opt. Mater. Express 1(5), 921-935
(2011).

X. W. Wang et al., “Analysis of defects patterned by femtosecond
pulses inside KBr and SiO, glass,” Appl. Phys. A 122(3), 194
(2016).

T. T. Fernandez et al., “Ton migration assisted inscription of high
refractive index contrast waveguides by femtosecond laser pulses
in phosphate glass,” Opt. Lett. 38(24), 5248-5251 (2013).

T. T. Fernandez et al., “Revisiting ultrafast laser inscribed wave-
guide formation in commercial alkali-free borosilicate glasses,”
Opt. Express 28(7), 10153-10164 (2020).

P. Moreno-Zarate et al., “Role of the La/K compositional ratio in
the properties of waveguides written by fs-laser induced element
redistribution in phosphate-based glasses,” Materials 13(6), 1275
(2020).

T. T. Fernandez et al., “Bespoke photonic devices using ultrafast
laser driven ion migration in glasses,” Prog. Mater. Sci. 94, 68—
113 (2018).

M. Macias-Montero et al., “Waveguide tapers fabrication by
femtosecond laser induced element redistribution in glass,”
J. Lightwave Technol. 38(23), 6578-6583 (2020).

Mar/Apr 2021 e Vol. 3(2)


https://doi.org/10.1007/s00339-013-8106-4
https://doi.org/10.1364/OE.18.018086
https://doi.org/10.1364/OPEX.13.002153
https://doi.org/10.1364/OE.22.007087
https://doi.org/10.1038/lsa.2014.50
https://doi.org/10.1364/OL.37.000470
https://doi.org/10.1364/OE.24.010565
https://doi.org/10.1038/s41377-019-0215-1
https://doi.org/10.1038/s41377-019-0215-1
https://doi.org/10.1364/OE.18.012136
https://doi.org/10.1364/OE.18.006994
https://doi.org/10.1364/OE.17.003531
https://doi.org/10.1117/12.2005054
https://doi.org/10.1364/OL.30.000723
https://doi.org/10.1063/1.4960204
https://doi.org/10.1364/OL.396861
https://doi.org/10.1002/lpor.201400078
https://doi.org/10.1109/JSTQE.2014.2301136
https://doi.org/10.1364/OME.9.000643
https://doi.org/10.1007/s11433-018-9202-0
https://doi.org/10.1364/AO.57.000377
https://doi.org/10.1364/OE.14.010452
https://doi.org/10.1364/OSAC.1.000221
https://doi.org/10.1364/OE.26.010930
https://doi.org/10.1364/AO.56.005407
https://doi.org/10.1364/OE.17.001963
https://doi.org/10.1364/OE.19.005698
https://doi.org/10.1364/OE.26.001497
https://doi.org/10.1093/mnras/stz3277
https://doi.org/10.1364/OE.20.024103
https://doi.org/10.1364/OE.20.024103
https://doi.org/10.1364/OE.26.015101
https://doi.org/10.1364/OE.26.015101
https://doi.org/10.3390/ma11101926
https://doi.org/10.1063/1.3533431
https://doi.org/10.1063/1.3533431
https://doi.org/10.1364/OL.29.001312
https://doi.org/10.1364/OE.21.002978
https://doi.org/10.1016/B978-0-12-706703-2.50008-8
https://doi.org/10.1364/AO.7.000833
https://doi.org/10.1038/s41598-018-37751-9
https://doi.org/10.1364/OME.3.000502
https://doi.org/10.1016/j.optmat.2017.06.049
https://doi.org/10.1364/OE.18.003274
https://doi.org/10.1364/OME.1.000921
https://doi.org/10.1007/s00339-016-9647-0
https://doi.org/10.1364/OL.38.005248
https://doi.org/10.1364/OE.387790
https://doi.org/10.3390/ma13061275
https://doi.org/10.1016/j.pmatsci.2017.12.002
https://doi.org/10.1109/JLT.2020.3015013

Tan et al.: Photonic circuits written by femtosecond laser in glass:

proved fabrication...

100.

101.
102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.
113.

114.

115.

116.

117.

118.

119.

120.

121.

122.
123.

124.

Advanced Photonics
Downloaded From: https://www.spiedigitallibrary.org/journals/Advanced-Photonics on 20 Mar 2021

L. Bressel et al., “Femtosecond laser induced density changes in
GeO, and SiO, glasses: fictive temperature effect,” Opt. Mater.
Express 1(4), 605-613 (2011).

J. M. Oliveira et al., “Waveguides written in silver-doped tellurite
glasses,” Opt. Mater. 101, 109767 (2020).

N. Riesen et al., “Femtosecond direct-written integrated mode
couplers,” Opt. Express 22(24), 29855-29861 (2014).

Y. Duan et al., “Time dependent study of femtosecond laser writ-
ten waveguide lasers in Yb-doped silicate and phosphate glass,”
Opt. Mater. Express 5(2), 416-422 (2015).

K. Minoshima et al., “Fabrication of coupled mode photonic de-
vices in glass by nonlinear femtosecond laser materials process-
ing,” Opt. Express 10(15), 645-652 (2002).

K. Suzuki et al., “Characterization of symmetric [3 x 3] direc-
tional couplers fabricated by direct writing with a femtosecond
laser oscillator,” Opt. Express 14(6), 2335-2343 (2006).

S. Gross et al., “Ultrafast laser-written sub-components for space
division multiplexing,” in Opt. Fiber Commun. Conf., OSA,
p. WIA.1 (2020).

J. Lapointe et al., “Making smart phones smarter with photonics,”
Opt. Express 22(13), 15473-15483 (2014).

R. Heilmann et al., “Arbitrary photonic wave plate operations on
chip: realizing Hadamard, Pauli-X and rotation gates for polar-
isation qubits,” Sci. Rep. 4(1), 4118 (2015).

L. A. Fernandes et al., “Femtosecond laser fabrication of birefrin-
gent directional couplers as polarisation beam splitters in fused
silica,” Opt. Express 19(13), 11992-11999 (2011).

W. J. Yang et al., “Low loss photonic components in high index
bismuth borate glass by femtosecond laser direct writing,” Opt.
Express 16(20), 16215-16226 (2008).

L. Pitsios et al., “Geometrically controlled polarisation processing
in femtosecond-laser-written photonic circuits,” Sci. Rep. 7(1),
11342 (2017).

G. Corrielli et al., “Rotated waveplates in integrated waveguide
optics,” Nat. Commun. 5(1), 4249 (2014).

L. Sansoni et al., “Polarization entangled state measurement on
a chip,” Phys. Rev. Lett. 105(20), 200503 (2010).

R. S. Luis et al., “1.2 Pb/s throughput transmission using a
160 pum cladding, 4-core, 3-mode fiber,” J. Lightwave Technol.
37(8), 1798-1804 (2019).

V. A. Amorim et al., “Monolithic add—drop multiplexers in
fused silica fabricated by femtosecond laser direct writing,”
J. Lightwave Technol. 35(17), 3615-3621 (2017).

L. V. Dyakonov et al., “Laser-written polarizing directional cou-
pler with reduced interaction length,” Opt. Lett. 42(20), 4231-
4234 (2017).

T. Mizuno et al., “Dense space-division multiplexed transmission
systems using multi-core and multi-mode fiber,” J. Lightwave
Technol. 34(2), 582-592 (2016).

N. Riesen et al., “Monolithic mode-selective few-mode multicore
fiber multiplexers,” Sci. Rep. 7(1), 6971 (2017).

B. Guan et al., “Free-space coherent optical communication with
orbital angular, momentum multiplexing/demultiplexing using
a hybrid 3D photonic integrated circuit,” Opt. Express 22(1),
145-156 (2014).

G. Djogo et al., “Femtosecond laser additive and subtractive
micro-processing: enabling a high-channel-density silica inter-
poser for multicore fibre to silicon-photonic packaging,” Int.
J. Extreme. Manuf. 1(4), 045002 (2019).

R. R. Thomson et al., “Ultrafast-laser inscription of a three di-
mensional fan-out device for multicore fiber coupling applica-
tions,” Opt. Express 15(18), 11691-11697 (2007).

M. Mirshafiei et al., “Glass interposer for short reach optical
connectivity,” Opt. Express 24(11), 12375-12384 (2016).

C. Mikael et al., “Photonic Floquet topological insulators,”
Nature 496(7444), 196-200 (2013).

N. Spagnolo, “Experimental validation of photonic boson
sampling,” Nat. Photonics 8(8), 615-620 (2014).

Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

024002-22

L. Lu, J. D. Joannopoulos, and M. Soljaci¢, “Topological pho-
tonics,” Nat. Photonics 8(11), 821-829 (2014).

M. Kim, Z. Jacob, and J. Rho, “Recent advances in 2D, 3D and
higher-order topological photonics,” Light Sci. Appl. 9(1), 130
(2020).

M. C. Rechtsman et al., “Photonic Floquet topological insula-
tors,” Nature 496(7444), 196-200 (2013).

M. Kremer et al., “A square-root topological insulator with
non-quantized indices realized with photonic Aharonov-Bohm
cages,” Nat. Commun. 11(1), 907 (2020).

L. J. Maczewsky et al., “Fermionic time-reversal symmetry in
a photonic topological insulator,” Nat. Mater. 19(8), 855-860
(2020).

S. Weimann et al., “Topologically protected bound states in
photonic parity—time-symmetric crystals,” Nat. Mater. 16(4),
433-438 (2017).

G. G. Pyrialakos et al., “Symmetry-controlled edge states in the
type-1I phase of Dirac photonic lattices,” Nat. Commun. 11(1),
2074 (2020).

J. Noh et al., “Observation of photonic topological valley Hall
edge states,” Phys. Rev. Lett. 120(6), 063902 (2018).

Z. J. Yang et al., “Photonic Floquet topological insulators in
a fractal lattice,” Light Sci. Appl. 9(1), 128 (2020).

S. Mukherjee and M. C. Rechtsman, “Observation of Floquet
solitons in a topological bandgap,” Science 368(6493), 856-859
(2020).

O. Zilberberg et al., “Photonic topological boundary pumping as
a probe of 4D quantum Hall physics,” Nature 553(7686), 59-62
(2018).

J. Noh et al., “Topological protection of photonic mid-gap defect
modes,” Nat. Photonics 12(7), 408-415 (2018).

S. Stiitzer et al., “Photonic topological Anderson insulators,”
Nature 560(7719), 461-465 (2018).

E. Lustig et al., “Photonic topological insulator in synthetic
dimensions,” Nature, 567(7748), 356-360 (2019).

Y. Lumer et al., “Light guiding by artificial gauge fields,” Nat.
Photonics 13(5), 339-345 (2019).

A. E. Hassan et al., “Corner states of light in photonic wave-
guides,” Nat. Photonics 13(10), 697-700 (2019).

Y. Wang et al., “Quantum topological boundary states in quasi-
crystals,” Adv. Mater. 31(49), 1905624 (2019).

J. W. Wang et al., “Integrated photonic quantum technologies,”
Nat. Photonics 14(5), 273-284 (2020).

D. J. Brod et al., “Photonic implementation of boson sampling:
a review,” Adv. Photonics 1(3), 034001 (2019).

N. Spagnolo et al., “Three-photon bosonic coalescence in an
integrated tritter,” Nat. Commun. 4(1), 1606 (2013).

T. Giordani et al., “Experimental statistical signature of many-
body quantum interference,” Nat. Photonics 12(3), 173-178
(2018).

A. Crespi et al., “Anderson localization of entangled photons in
an integrated quantum walk,” Nat. Photonics 7(4), 322-328
(2013).

J. L. Tambasco et al., “Quantum interference of topological states
of light,” Sci. Adv. 4(9), eaat3187 (2018).

C. Antén et al., “Interfacing scalable photonic platforms: solid-
state based multi-photon interference in a reconfigurable glass
chip,” Optica 6(12), 1471-1477 (2019).

H. Tang et al., “Experimental quantum fast hitting on hexagonal
graphs,” Nat. Photonics 12(12), 754-758 (2018).

X. Y. Xu et al., “A scalable photonic computer solving the subset
sum problem,” Sci. Adv. 6(5), eaay5853 (2020).

H. Tang et al., “Experimental two-dimensional quantum walk on
a photonic chip,” Sci. Adv. 4(5), eaat3174 (2018).

Z.Y. Shi et al., “Quantum fast hitting on glued trees mapped on
a photonic chip,” Optica 7(6), 613-618 (2020).

Y. Wang et al., “Topologically protected quantum entanglement,”
arXiv:1903.03015v1 (2019).

Mar/Apr 2021 e Vol. 3(2)


https://doi.org/10.1364/OME.1.000605
https://doi.org/10.1364/OME.1.000605
https://doi.org/10.1016/j.optmat.2020.109767
https://doi.org/10.1364/OE.22.029855
https://doi.org/10.1364/OME.5.000416
https://doi.org/10.1364/OE.10.000645
https://doi.org/10.1364/OE.14.002335
https://doi.org/10.1364/OE.22.015473
https://doi.org/10.1038/srep04118
https://doi.org/10.1364/OE.19.011992
https://doi.org/10.1364/OE.16.016215
https://doi.org/10.1364/OE.16.016215
https://doi.org/10.1038/s41598-017-09462-0
https://doi.org/10.1038/ncomms5249
https://doi.org/10.1103/PhysRevLett.105.200503
https://doi.org/10.1109/JLT.2019.2902601
https://doi.org/10.1109/JLT.2017.2715118
https://doi.org/10.1364/OL.42.004231
https://doi.org/10.1109/JLT.2015.2482901
https://doi.org/10.1109/JLT.2015.2482901
https://doi.org/10.1038/s41598-017-06561-w
https://doi.org/10.1364/OE.22.000145
https://doi.org/10.1088/2631-7990/ab4d51
https://doi.org/10.1088/2631-7990/ab4d51
https://doi.org/10.1364/OE.15.011691
https://doi.org/10.1364/OE.24.012375
https://doi.org/10.1038/nature12066
https://doi.org/10.1038/nphoton.2014.135
https://doi.org/10.1038/nphoton.2014.248
https://doi.org/10.1038/s41377-020-0331-y
https://doi.org/10.1038/nature12066
https://doi.org/10.1038/s41467-020-14692-4
https://doi.org/10.1038/s41563-020-0641-8
https://doi.org/10.1038/nmat4811
https://doi.org/10.1038/s41467-020-15952-z
https://doi.org/10.1103/PhysRevLett.120.063902
https://doi.org/10.1038/s41377-020-00354-z
https://doi.org/10.1126/science.aba8725
https://doi.org/10.1038/nature25011
https://doi.org/10.1038/s41566-018-0179-3
https://doi.org/10.1038/s41586-018-0418-2
https://doi.org/10.1038/s41586-019-0943-7
https://doi.org/10.1038/s41566-019-0370-1
https://doi.org/10.1038/s41566-019-0370-1
https://doi.org/10.1038/s41566-019-0519-y
https://doi.org/10.1002/adma.201905624
https://doi.org/10.1038/s41566-019-0532-1
https://doi.org/10.1117/1.AP.1.3.034001
https://doi.org/10.1038/ncomms2616
https://doi.org/10.1038/s41566-018-0097-4
https://doi.org/10.1038/nphoton.2013.26
https://doi.org/10.1126/sciadv.aat3187
https://doi.org/10.1364/OPTICA.6.001471
https://doi.org/10.1038/s41566-018-0282-5
https://doi.org/10.1126/sciadv.aay5853
https://doi.org/10.1126/sciadv.aat3174
https://doi.org/10.1364/OPTICA.388451

Tan et al.: Photonic circuits written by femtosecond laser in glass:

proved fabrication...

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

Advanced Photonics
Downloaded From: https://www.spiedigitallibrary.org/journals/Advanced-Photonics on 20 Mar 2021

J. Noh et al., “Experimental observation of optical Weyl points
and Fermi arc-like surface states,” Nat. Phys. 13(6), 611-617
(2017).

A. Cerjan et al., “Experimental realization of a Weyl exceptional
ring,” Nat. Photonics 13(9), 623-628 (2019).

A. Crespi et al., “Suppression law of quantum states in a 3D pho-
tonic fast Fourier transform chip,” Nat. Commun. 7(1), 10469
(2016).

A. Saviauk et al., “3D-integrated optics component for astro-
nomical spectro-interferometry,” Appl. Opt. 52(19), 4556-4565
(2013).

D. G. MacLachlan et al., “Development of integrated mode
reformatting components for diffraction-limited spectroscopy,”
Opt. Lett. 41(1), 76-79 (2016).

R. J. Harris et al., “Photonic spatial reformatting of stellar light
for diffraction-limited spectroscopy,” Mon. Not. R. Astron. Soc.
450(1), 428-434 (2015).

N. Cvetojevic et al., “Modal noise in an integrated photonic lan-
tern fed diffraction-limited spectrograph,” Opt. Express 25(21),
25546-25565 (2017).

R. Diener et al., “Towards 3D-photonic, multi-telescope beam
combiners for midinfrared astrointerferometry,” Opt. Express
25(16), 19262-19274 (2017).

T. Gretzinger et al., “Towards a photonic mid-infrared nulling
interferometer in chalcogenide glass,” Opt. Express 27(6),
8626-8638 (2019).

J. Tepper et al., “Ultrafast laser inscription in ZBLAN integrated
optics chips for mid-IR beam combination in astronomical inter-
ferometry,” Opt. Express 25(17), 20642-20653 (2017).

A. Arriola et al., “Mid-infrared astrophotonics: study of ultrafast
laser induced index change in compatible materials,” Opt. Mater.
Express 7(3), 698-711 (2017).

N. Jovanovic et al., “Integrated photonic building blocks for
next-generation astronomical instrumentation I: the multimode
waveguide,” Opt. Express 20(15), 17029-17043 (2012).

J. Tepper et al., “Integrated optics prototype beam combiner for
long baseline interferometry in the L and M bands,” Astron.
Astrophys. 602, A66 (2017).

Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

024002-23

167. N. Psaila, “3D laser direct writing for advanced photonic integra-
tion,” Proc. SPIE 10924, 109240U (2019).

168. E. Ceccarelli et al., “Low power reconfigurability and reduced
crosstalk in integrated photonic circuits fabricated by femto-
second laser micromachining,” Laser Photonics Rev. 14(10),
2000024 (2020).

169. E. Perez et al., “Automated on-axis direct laser writing of cou-
pling elements for photonic chips,” Opt. Express 28(26), 39340~
39353 (2020).

170. FE. Ceccarelli et al., “Thermal phase shifters for femtosecond laser
written photonic integrated circuits,” J. Lightwave Technol.
37(17), 4275-4281 (2019).

171. Y. Chen et al., “Mapping twisted light into and out of a photonic
chip,” Phys. Rev. Lett. 121(23), 233602 (2018)

172. Y. Chen et al., “Vector vortex beam emitter embedded in a pho-
tonic chip,” Phys. Rev. Lett. 124(15), 153601 (2020).

Dezhi Tan is an associate professor in the College of Optical Science and
Engineering at Zhejiang University, China. He received his BS and PhD
degrees in materials science and engineering from Zhejiang University in
2009 and 2014, respectively. He worked as a postdoc at Polytechnique
Montreal (Canada), the JSPS fellow in Kyoto University (Japan), and a
research professor in the Institute for Basic Science (Korea). His current
research interest is focused on the study of ultrafast laser-matter inter-
action and the fabrication of micro/nanostructures and devices in trans-
parent media.

Jianrong Qiu is a professor in the College of Optical Science and
Engineering at Zhejiang University, China. He specializes in laser—
matter interaction and optical materials. He is the chair professor of the
Cheung Kong Scholars Program, and a fellow of the Optical Society of
America (OSA), the American Ceramic Society (ACS), the International
Glass Commission, and the Chinese Ceramics Society. He is also
the vice chairman of Photoelectronic Glasses Branch and an associate
editor (or international advisory board member) of Asian J. Ceram Soc.,
Int. J. Appl. Glass Sci., and J. Non-Cryst. Solids.

Biographies of the other authors are not available.

Mar/Apr 2021 e Vol. 3(2)


https://doi.org/10.1038/nphys4072
https://doi.org/10.1038/s41566-019-0453-z
https://doi.org/10.1038/ncomms10469
https://doi.org/10.1364/AO.52.004556
https://doi.org/10.1364/OL.41.000076
https://doi.org/10.1093/mnras/stv410
https://doi.org/10.1364/OE.25.025546
https://doi.org/10.1364/OE.25.019262
https://doi.org/10.1364/OE.27.008626
https://doi.org/10.1364/OE.25.020642
https://doi.org/10.1364/OME.7.000698
https://doi.org/10.1364/OME.7.000698
https://doi.org/10.1364/OE.20.017029
https://doi.org/10.1051/0004-6361/201630138
https://doi.org/10.1051/0004-6361/201630138
https://doi.org/10.1117/12.2513758
https://doi.org/10.1002/lpor.202000024
https://doi.org/10.1364/OE.410435
https://doi.org/10.1109/JLT.2019.2923126
https://doi.org/10.1103/PhysRevLett.121.233602
https://doi.org/10.1103/PhysRevLett.124.153601

PhotoniX

https://doi.org/10.1186/543074-023-00101-8

®

Ultrafast laser-induced self-organized G
nanostructuring in transparent dielectrics:
fundamentals and applications

Bo Zhang' ®, Zhuo Wang', Dezhi Tan? and Jiangrong Qiu'"

*Correspondence:
zhangbob@zju.edu.cn; gjr@zju.
edu.cn

! State Key Laboratory of Modern
Optical Instrumentation,

College of Optical Science

and Engineering, Zhejiang
University, Hangzhou, China

? Zhejiang Lab, Hangzhou, China

@ Springer Open

Abstract

Inscribing functional micro-nano-structures in transparent dielectrics enables con-
structing all-inorganic photonic devices with excellent integration, robustness,

and durability, but remains a great challenge for conventional fabrication techniques.
Recently, ultrafast laser-induced self-organization engineering has emerged as a prom-
ising rapid prototyping platform that opens up facile and universal approaches for con-
structing various advanced nanophotonic elements and attracted tremendous atten-
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.

Keywords: Ultrafast laser, Self-organization, Nanostructuring, Transparent dielectrics

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],



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



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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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 Cl 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.



In 2016, Cao et al. [110] first reported an extraordinary periodic crystallization phe-
nomenon in Li,O-Nb,0;-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,05-Dy,0, 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,O5 content is 30 mol%),
the precipitated crystal is Dy;Al:O,, garnet, while for Al-40Dy glass (Dy,O4 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,04-Dy,04 glass possesses fairly high regularity
and controllability, which confers its broader application prospects.

(Laser polarization)

500 nm
Z (Laser polarization)

51/nm

5 1/nm 5 1/nm

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



In 2019, Zhang et al. [115] reported a periodic crystalline structure in a
La,05-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,04-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], SrTiO; crystal [119], CaF, crystal [120],
Al,Oq 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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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



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
etal. [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.



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.



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 \
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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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.



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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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.



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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[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



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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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



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



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
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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.



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.



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
3D Three-dimensional

RI Refractive index

LTN La,05-Ta,05-Nb,Os

SEM Scanning electron microscopy

HRTEM High-resolution transmission electron microscopy
TEM Transmission electron microscopy

NPs Nanoparticles

STEs Self-trapped excitons

EPR Electron paramagnetic resonance

FNGs Fiber nanogratings

5D Five-dimensional

DNA DeoxyriboNucleic acid

LIF Lab-in-fiber

SLM Spatial light modulation

OPA Optical parametric amplifier

OAM Photon orbital angular momentum
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