CHrinese PuysicaL Sociery | IOP Publishing

CPB

Chinese Physics B

http://cpb.iphy.ac.cn https://iopscience.iop.org/journal/1674-1056

Laser-modified luminescence for optical data storage

Xin Wei(#13%), Weiwei Zhao(Xffi}), Ting Zheng(#B4%), Junpeng Lu( = & 5),Xueyong Yuan(3= %% %), and
Zhenhua Ni(fiifz1£)§

Citation:Chin. Phys. B, 2022, 31 (11): 117901. DOI: 10.1088/1674-1056/ac9824

What follows is a list of articles you may be interested in

In-plane optical anisotropy of two-dimensional VOCI single crystal with weak interlayer

interaction

Ruijie Wang(F}fi7), Qilong Cui(4 H ), Wen Zhu(2k ), Yijie Niu(Zf: Z74%), Zhanfeng Liu(XI358), Lei Zhang (7K
), Xiaojun Wu (KB #), Shuangming Chen(f%XXHH), and Li Song(K4£L)
Chin. Phys. B, 2022, 31 (9): 096802. DOI: 10.1088/1674-1056/ac7555

Laser fragmentation in liquid synthesis of novel palladium-sulfur compound

nanoparticles as efficient electrocatalysts for hydrogen evolution reaction

Guo-Shuai Fu(fF [E 1), Hong-Zhi Gao(f5 % &), Guo-Wei Yang(# [E £§), Peng Yu(T-/l18), and Pu Liu(XI|£%)
Chin. Phys. B, 2022, 31 (7): 077901.  DOI: 10.1088/1674-1056/ac4e0e

Surface electron doping induced double gap opening in T-WTe,

Qi-Yuan Li(Z/8i%), Yang-Yang Lv(EEETEE), Yong-lie Xu(#7K ), Li Zhu(437), Wei-Min Zhao(#BX %), Yanbin
Chen([RZEM), and Shao-Chun Li(ZE4H %)
Chin. Phys. B, 2022, 31 (6): 066802.  DOI: 10.1088/1674-1056/ac632e

CN, as excellent dual electrocatalyst: A first principles study

Wei Xu(¥FF), WenWu Xu(¥F3C i), and Xiangmei Duan(E & 1)
Chin. Phys. B, 2021, 30 (9): 096802. DOI: 10.1088/1674-1056/acOccf

Thin film micro-scaled cold cathode structures of undoped and Si-doped AIN grown on

SiC substrate with low turn-on voltage

Shi Ming (f#%4), Chen Ping (%), Zhao De-Gang (#&X{£[1)), Jiang De-Sheng (VL.{&4:), Zheng Jun (¥87), Cheng
Bu-Wen (Ji% 3C), Zhu Jian-Jun (4% %), Liu Zong-Shun (XIZ2)I), Liu Wei (X1)4§), Li Xiang (Z#}), Zhao Dan-Mei
(X FHHE), Wang Qi-Ming ()& BH), Liu Jian-Ping (XIJ%°F), Zhang Shu-Ming (7K 13 1H), Yang Hui (#1%)

Chin. Phys. B, 2015, 24 (5): 057901. DOI: 10.1088/1674-1056/24/5/057901


http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac9824
https://doi.org/10.1088/1674-1056/ac9824
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac7555
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac7555
https://doi.org/10.1088/1674-1056/ac7555
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac4e0e
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac4e0e
https://doi.org/10.1088/1674-1056/ac4e0e
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac632e
https://doi.org/10.1088/1674-1056/ac632e
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac0ccf
https://doi.org/10.1088/1674-1056/ac0ccf
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/24/5/057901
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/24/5/057901
https://doi.org/10.1088/1674-1056/24/5/057901

Chin. Phys. B 31, 117901 (2022)

REVIEW

Laser-modified luminescence for optical data storage
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School of Physics and Key Laboratory of MEMS of the Ministry of Education, Southeast University, Nanjing 211189, China

(Received 13 September 2022; revised manuscript received 1 October 2022; accepted manuscript online 7 October 2022)

The yearly growing quantities of dataflow create a desired requirement for advanced data storage methods. Lumines-
cent materials, which possess adjustable parameters such as intensity, emission center, lifetime, polarization, etc., can be
used to enable multi-dimensional optical data storage (ODS) with higher capacity, longer lifetime and lower energy con-
sumption. Multiplexed storage based on luminescent materials can be easily manipulated by lasers, and has been considered
as a feasible option to break through the limits of ODS density. Substantial progresses in laser-modified luminescence based
ODS have been made during the past decade. In this review, we recapitulated recent advancements in laser-modified lumi-
nescence based ODS, focusing on the defect-related regulation, nucleation, dissociation, photoreduction, ablation, etc. We
conclude by discussing the current challenges in laser-modified luminescence based ODS and proposing the perspectives

for future development.

Keywords: laser, luminescence, data storage
PACS: 79.60.Dp, 68.65.—k

1. Introduction

The explosion of digital data is overpowering with the
rapid development in artificial intelligence (Al), the internet of
things (IoTs), neurotechnology advancing and so on.!!-? Esti-
mated by the International Data Corporation, annual volume
of digital information is experiencing a substantial increase,
from 33 zettabytes (ZB) in 2018 to 175 ZB in 2025.5%] Be-
cause of its higher capacity, longer lifetime and lower con-
sumption features, the optical data storage (ODS) owns enor-
mous potential to surpass contemporary storage technology. !
The traditional laser modifies recording ODS such as compact
discs (CDs), digital video discs (DVDs) and Blu-ray discs have
exhibited highly-competitive performance of durability and
energy consumption. However, due to the resolution limita-
tion, bottlenecks of storage density emerge. > Various super-

[7-101 with complicated systems and deli-

resolution schemes
cate operations have been put forward, which are still advanc-
ing towards practical application. A simple strategy of infor-
mation multiplexing,!!""!? allowing the storage of more di-
mension per location, is needed to improve the ability of ODS.

Owing to the operability of multiple physical parameters

such as intensity,[!3-14]
19,20

emission center,!!>-10] lifetime,[!7-18]
and polarization,!??°! luminescent materials can be used to
enable multi-dimensional ODS. Furthermore, diverse forms
of luminescent materials can be accessibly fabricated. Laser-
modified luminescence with high-efficiency and simple man-
ufacturing has been considered as a classy choice to respond

to the rapid increase of data storage. The precise tunabil-
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ity of laser irradiation allows the delicate manipulation of
luminescence properties. When laser interacts with materi-
als, processes such as reduction, *!! ablation,??! defect-related
regulation/?3! and so on occur, as shown in Fig. 1. The devel-
opment of laser-modified luminescence will impel the appli-
cation of large-scale and cost-effective ODS.
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Fig. 1. Schematic diagram of laser-modified luminescence mechanism in
ODS, including nucleation and dissociation, ablation, reduction, ion con-
centration modification, defect-related regulation (The X indicates the de-
fect level repairment) and so on.

In this review, we overview recent achievements in data

storage based on laser-modified luminescence. We first em-
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phasize the mechanism of down-conversion luminescence
(DCL) and up-conversion luminescence (UCL), respectively.
Thereafter, we give a comprehensive description of DCL-
related and UCL-related luminescence modification utilized in
ODS. Finally, we provide a brief discussion on the advances,
challenges and opportunities of laser-modified luminescence
for ODS.

2. Mechanism of luminescence

Effective regulation of luminescent process is crucial for
ultrahigh density optical storage. Luminescent process is a
non-equilibrium radiation thermodynamics process,>*! mean-
ing external energy is needed to break the carrier equilibrium

[25 [241 Based on the difference

such as extra phonon!>! or photon.
between excitation and emission wavelength, the luminescent
processes can be divided as down-conversion luminescence

(DCL) and up-conversion luminescence (UCL).

2.1. Down-conversion luminescence

Converting high-energy photons to lower-energy photons,
DCL process could be rendered as longer wavelength emission
with shorter wavelength excitation, demonstrated via Jablon-
ski diagram in Fig. 2(a).[*6] The ground, first triplet, first and
second electronic states are depicted by Sg, Ty, Si, and S»,
respectively. Conversion involving photon and electron is ex-
pressed as arrow with solid line, while electron transition with-
out involving photon is expressed as arrow with dotted line. In
the DCL processes, absorption is very crucial since the tran-
sition requires photons overcoming the energy gap between
the ground state (Sg) and excited state (S; or Sy). As shown
in the Jablonski diagram, Sy electrons eventually return to the
So after undergoing a lower energy level to a higher energy
level. When excited from the Sy, the excited electrons tend to
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dissipate energy in several processes: internal conversion, flu-
orescence, intersystem crossing and phosphorescence. As for
the internal conversion, the excited electron transits from one
vibrational energy level to another level in lower electronic
state, and the transition averagely occurs within 107! s or
shorter.?”] The fluorescence process is considered as a radia-
tive process, generally happens in fluorescent material. The
wavelength of fluorescence is normally longer than the exci-
tation because of the energy loss during the internal conver-
sion or thermal radiation. Based on the excited states differ-
ence, DCL can be divided into fluorescence and phosphores-
cence process, in which electrons at S; state transform to the
first triplet state Ty in the form of spin conversion (intersys-
tem crossing) and phosphorescence occurs. In general, the
wavelength of phosphorescence is longer than that of fluores-
cence. In addition, the probability of triplet emission in phos-
phorescence is several orders of magnitude smaller than that
in fluorescence because direct transition from T to the singlet
ground state is forbidden. By using laser-induced nucleation,
oxidization and etc., emission probability of fluorescence or
phosphorescence can be carefully manipulated, making ODS
based on DCL process achievable.

2.2. Up-conversion luminescence

Compared to DCL, UCL requires different models for
further elaboration. The UCL (anti-stoke-type emission) is

(2.28-311 quring which two

also known as multiphoton process,
or more incident photons are absorbed. When excited by
lower-energy light, these UCL materials can offer shorter
wavelength emission, which often covert light from near-
infrared to visible range. Various mechanisms of UCL have
been elaborated, including excited-state absorption (ESA),

energy transfer upconversion (ETU), photon avalanche (PA),
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Fig. 2. (a) One form of a Jablonski diagram. (b) Energy-transfer mechanisms of UCL: (i) excited-state absorption (ESA), (ii) energy transfer

upconversion (ETU), (iii) photon avalanche (PA).
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two photon absorption excitation (TPA), cooperative sensiti-
zation (CS) and cooperative luminescence (CL).[*”! Among
them, the ESA, ETU and PA are of higher probability of oc-
currence and details of which are descried as follows.

(i) A typical ESA process involves ground state (Ep) elec-
tron continuously absorbing pumped photons, which can be
regarded as a multi-step system, as shown in Fig. 2(b)(i). The
electron at the Eg leaps into a metastable state (E;) after ab-
sorbing photon, and then shifts from the intermediate state to
a higher energy level (E,) after the absorption of another pho-
ton. The energy sum of two photons should be equal or slightly
bigger than the energy of emission photon when electrons ra-
diatively convert from E; to Eq. Such process tends to occur
in single ion with ladder-like arrangement of the energy levels.

(i1) ETU is a process of successive energy transfer be-
tween different adjacent ions, as shown in Fig. 2b(ii). First,
the two contiguous ions in the Ey absorb photons with the
same energy upon irradiation and jump to E;. Rather than
directly returning to the Eg in the form of radiation, the energy
of sensitizer ions (ion 1) transfers to the center of the activa-
tor or luminescence ions (ion 2), due to the photon absorption.
Then, the electron in the re-energized ions will jump to E; and
return to the Eg in the form of radiation.

(iii) PA can be considered as an unconventional pumping
mechanism based on a collaborative process of ESA and ETU,
as shown in Fig. 2b(iii). During the PA process, the ground
state (Eg) is occupied in all ions, and then electron on the level
E; of ion 2 can be populated by non-resonant weak ground-
state absorption process. Similar to ESA, the level E; of ion 2
can be further populated. Then, an efficient cross relaxation
(CR) process between the level Eg of ion 1 and the level E; of
ion 2 can happen, making the intermediate energy level E; oc-
cupied in both ions. And then these two ions undergo ESA, CR
and interact with two another adjacent ions, resulting as four
ions with E; occupation. In a similar fashion, ESA and CR
will continue until E; is occupied in all ions. Eventually, the
upconversion with the direct transition from level E; to level
E; occurs, during which excited state absorption contains no
ground state absorption.

3. ODS based on DCL
3.1. Defect-related regulation

Defects commonly exist in luminescent materials such
as persistent luminescent materials (PSLM), two-dimensional
transition metal dichalcogenides (TMDCs), etc. The laser—
defect interaction will highly affect the charge carrier trap-
ping and de-trapping in luminescent materials. These defect-
related luminescent materials have been widely employed in
lighting, 32331 biological fields®+33 and ODS.1®! The laser-
based defect regulation results in various luminescence man-
ifestations, leading to marvelous applications of defect-laser
interaction based ODS.

As a particular member in the advanced optical
2.37.381 PSLM can store charge carriers produced by
high energy photon through various defect trapping, and cre-
ate light emission during the high-temperature thermal stimu-
lation or photoexcitation process. Hence, the PSLM have been
widely applied in vivo bio-imaging, 3*4%! light-emitting diode
alternating,!*1*?1 security signs for dark conditions!*3 and so

materials, |

on. Benefited from the excellent erasable-rewritable ability
based on repeatable photons releasing process, PSLM have
been recognized as a possible rewritable data storage candi-
date once the following engineering roadblocks are overcome.
Firstly, for bit-by-bit optical data write-in and readout, light—
matter interaction on the micrometer scale is needed. Sec-
ondly, for increasing the probability of charge carrier trapping
and de-trapping at room temperature, materials with appro-
priate trap depth are required.>**! A large number of groups
have made great effort overcoming the above issues. Qiu ef al.
demonstrated that calcium aluminosilicate glasses doped with
Ce’*, Tb>T, and Pr** can emit bright and long-lasting phos-
phorescence covering blue, green, and red light range, af-
ter irradiated by a 800 nm femtosecond (fs) pulsed laser, as
shown in Fig. 3(a).*) Attributed to the recombination of
holes and trapped electrons induced by the laser irradiation,
such work paved a new way for ODS and three-dimensional
image displaying in transparent matrix.*®*”1 Zhuang et al.
presented that various patterns (QR code, building sketch
and etc.) can be rewritten in persistent luminescence film
((Sr1_4Bay) SioOsN,: Eu/Yb, Dy) by 405 nm laser irradia-
tion, and the read-out is via optical microscope after thermal
annealing or 980 nm laser scanning, as shown in Fig. 3(b).[4®]
Due to the adjustable emission, the ODS can be expanded
to emission-intensity-multiplexing or emission-wavelength-
multiplexing. Lin et al. extended PSLM based ODS to
bulk glasses (LiGasOg: Mn”* nanocrystals).[*”! By focusing
405 nm lasers into the glass at different depths, miscellaneous
patterns were realized. After exposed to ultraviolet light, the
bit-by-bit data readout can be archived by 808 nm NIR laser
scanning, as shown in Fig. 3(c). It is remarkable that the in-
tensity and wavelength can still be regulated by ultraviolet ra-
diation or heat treatment time, even after laser writing, which
can highly improve the information dimension of ODS.
Luminescence of TMDCs with excitons (X°), tri-
ons (X~/XT) and biexcitons (XX) can be regulated by laser
repairing or passivating of the existent defects, making the
TMDCs promising defect related ODS candidates. 3659331
For example, Zhao et al. demonstrated that PL. enhancement
could be easily achieved in exfoliated monolayer WS, un-
der low-power laser irradiation, because oxygen attachment
played a significant role in curing sulfur vacancy (Vg).l>!!
Moreover, Sivaram et al. demonstrated that HyO molecules
can overcome a large adsorption barrier with the assistance of
photogenerated excitons to passivate Vg in the chemical vapor
deposition grown MoS,, resulting in a 200-fold increase in PL
intensity.53! Zhao et al. focused on the PL intensity change
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Fig. 3. Defect-related regulation based data storage. (a) The photoluminescence of Ln>*-doped glass. The P; and P, are phosphorescence spectra
of the glass after the laser irradiation of 350 s and 1000 s, as shown in (i). The Ce>*, Tb>* and Pr’*-doped calcium aluminosilicate glass sample
presents blue, green and red-light emission, respectively, as shown in (ii).[*! (b) The QR code patten written demonstration was shown in film
SSON:Eu, irradiated by a 405 nm laser. (i) Pre-set QR code pattern for data storage. (ii) After laser write-in, a 980 nm laser was used to read
out information at different positions along the red line shown in (i), which showed green luminous spot. (iii) A summary image by managing
27 graphs in (ii). (iv) Photograph rather than bit by bit readout of the QR code by heating. Scale bar: 5 mm.! 8! (c) Illustration of the multilayer
information write-in/readout process in transparent LiGasOg: Mn?* glass. (i) The bit-by-bit mode was done via 405 nm and 808 nm NIR laser
scanning progressively. (ii) High quality 3D optical readout in different layers with heat assistance. (iii) Wavelength modulated by controlling
the heating time. (iv) The intensity multiplexing could be controlled by varying the input UV irradiation power.[*! (d) Illustration of the cyclic
on-WS,; rewriting process based low dimensional ODS. (i) Schematic of multiple cycles. (ii) Red and black spectra corresponding to write-in and
ozone erasing, respectively. (iii) An array diagram of recording points. (iv) The intensity of the exciton peak can be precisely controlled by writing
power. 1361 panels (a)—(d) were reproduced from Refs. [36,45,48,49], respectively, with permission.

in ozone treated WS, before and after laser irradiation, and de-
veloped defect-related TMDCs ODS, as shown in Fig. 3(d).[3¢]
They controlled fluorescence contrast by introducing local-
ized unoccupied states via ozone irradiation, then used fo-
cused laser beam scanning to passivate defects via substitution
of the Vg with oxygen atoms. By defect curing, an erasable,
high resolution and atomic thin disk was achieved. The use of
low-dimensional materials will benefit the extending of high-
density ODS to low-dimensional regime, along with effective
encryption of information storage.

3.2. Nucleation and dissociation

Forming direct band gap or luminescent center by nu-
cleation is a key step for luminescent materials-based ODS.
Nucleation is a self-organizing process, during which barrier
energy is broken through and novel thermodynamic phase or
self-assembled structure emerges.>*>3 Various methods for
nucleation fabrication have been proposed, such as sol-gel

technique, %7 hydrolysis method,*3°1 CVD,3%601 Jaser

heating treatment!®'=%3 and so on. Among them, laser heat-
ing treatment is particular suitable for ODS due to its high-
resolution, efficiency and controllability. Predominant influ-
ence for laser heating based nucleation treatment is attributed
to three key parameters: location, irradiation duration and en-
ergy density.[® For instance, Lin ef al. presented the syn-
thesis of CdSe and core-shell CdSe/CdS QDs via 532 nm
laser irradiation for 3 hours, production of which can be ef-
fectively used in ODS.[9>%0] Arciniegas er al. reported that
CH3NH;3Pbl3 microcrystals (~ 50 pm) and nanocuboids (~
500 nm) can be controllably produced by tuning the laser pa-
rameters (power density or irradiation time).!®”! Zhan et al.
demonstrated that y-CsPblz QDs with a high quantum yield
(92%) can be achieved by removing solvent DMF with the
accumulation of heat induced by 405 nm laser.[®®] By ma-
nipulating laser direct writing parameters, patterns with scal-
able resolution can be manufactured, as shown in Fig. 4(a).
Vetchinnikov ef al. demonstrated that laser-induced tempera-
ture gradient can lead to the formation of CbS QDs in CdS-
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doped silicate glass.[®”! In addition, the in-situ fabrication or
decomposition of QDs respectively only requires fs laser pulse
number of 10® and 10°, paving new solution for repeatable
and reversible writing of optical storage information, as shown
in Fig. 4(b). Recently, the reversible 3D laser-induced nu-
cleation and dissociation of CsPbBr; QDs have been demon-
strated by Huang er al., which was realized via fs-800 nm
working platform, as shown in Fig. 4(c).[’") When the pulse
laser is focused into the transparent glass, the glass absorbs
photon energy through nonlinear effect due to the ultra-high
peak power. The temperature of the focused area exceeds the
glass transition temperature, and the atoms (Cs, Pb, S) at the
center of laser irradiation area moves and aggregates to form
crystal nuclei (~ 1 nm). As crystal seeds, these cores grow
and form perovskite QDs after subsequent lower temperature
heat treatment. Hence, the presupposed information can be
stored in the glasses after nucleation treatment. In particu-

(a)

y-CsPbl, PQDs

Precursors

(© @)

Laser irradiation Annealing Erasing Recov Erasin; Recovery

K22 2 K

2
i
:
g

(i)

Cycles

NOP
D) o v o000

@

lar, further fs laser irradiation can erase the recorded infor-
mation in CsPbBr3z QDs, but the information can be repeat-
ably recovered through annealing process, suggesting repet-
itive and stable ODS capability. Huang ef al. also demon-
strated that information based on blue PL can be recorded,
erased and then recovered in glasses by controlling the for-
mation of CsPb(C1/Br); QDs.[”! Sun et al. presented the 3D
direct laser writing of tunable composition and band gap per-
ovskite nanocrystals (CsPb(Br_I,)3) using fs lasers.[”?) The
PL wavelength ranged from 520 nm to 690 nm, offering a new
dimension for ODS, as shown in Fig. 4(d). By tuning irradi-
ation time, ultrafast laser can induce liquid nanophase sepa-
ration, leading to ion exchange between Br~ (smaller radius)
and I~ (larger radius). The recorded information possessed
high-temperature stability, which can be of potential for ODS
with high stability.
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Fig. 4. Nucleation based ODS. (a) In situ direct laser writing fabrication of patterned dots lines and pattern, based on y-CsPblz QDs. %81 (b) Optical
(i) and luminescence (ii) microscope images of the domains array laser-written in CdS-doped glass (Aexc. = 330-385 nm). 1991 (¢) (i) Optical images
(upper) and readout signal intensity mapping images (lower) of CsPbBr3 quantum dots array under UV light. (ii) The relationship between PL
intensity, peak wavelength and full-width at half-maximum (FWHM) and number of cycles of the CsPbBr; quantum region during erasure recovery.
Scale bars: 100 um.7%! (d) (i) Schematic diagram of direct lithography of composition-tunable perovskite CsPb(Br;_,I;)3 nanocrystals (NCs) in
glass. (ii) PL spectra of NCs with different composition. (iii) Photograph (top) and PL mappings (bottom) of CsPb(Br;_,I,)3 NCs. The scale bar is
10 pum, and the excitation wavelength is 405 nm.[7?! Panels (a)—(d) were reproduced from Refs. [68—70,72], respectively, with permission.

3.3. Photoreduction

Photoreduction is the process of chemical reduction un-
der light irradiation, often associated with the formation of
fluorescence emission center, and is widely used in ODG.
Compared with continuous-wave laser, fs laser is adapted
to photoreduction because large number of free electrons
can be induced by multi-photon ionization,”>’#! tunneling

75,76 71,78

ionization! ! and avalanche ionization! I at the focused

area. Chen et al. presented that laser-induced Te** reduction
and Te, molecular clusters forming (with NIR luminescence)

could be effectively controlled via fs laser irradiation.!””]

Peng et al. found that Bi** can be reduced to Bi* after fs
laser irradiation and exhibited NIR PL under 785 nm laser
diode pumping.!®®) Watanabe er al. presented valence state
of silver (Ag) ion modification in Ag?>*-doped soda-alumino-
phosphate glass using intense near-UV fs laser irradiation. [8!]
Bellec et al. demonstrated that Ag™ transformed to Ag atoms
(Ago) and then to Agﬁjr (m: the number of atoms, x: the ion-
ization degree) by using a high repetition rate infrared fs laser,
which involved different physical mechanisms at different
time scales, as shown in Fig. 5(a).[8?] A nonlinear 4-photon-
absorption occurred instantaneously, and the Ag™ trapped the
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electrons after photoelectron transformation. Then, the Ag°
was trapped by the Ag™ ions to form silver clusters Ag}'
(m < 10), which exhibited strong fluorescence under 405 nm
irradiation. Employing silver clusters as storage medium,
Royon et al. showed the fs-laser modified Ag>"-doped glasses
could be used for ODG, as presented in Fig. 5(b).8% The flu-
orescence grayscale was regulated linearly when tuning the
number of pulses, and optical information containing various
portraits was explicitly recorded in different depths without
information cross talk. Miura ef al. created a multilayer,
rewriteable and high signal-to-noise ratio (PL contrast) data
storage in samarium (Sm) ions doped glass, based on the pho-
toreduction and photo-oxidation of Sm ions.®*! The PL emis-
sion (~ 680 nm) sub-micron-size of the laser-irradiated area

obtained in their work is shown in Fig. 5(c), suggesting the

(@) O

Silver atom Ag,
= Silver cluster Ag,,"
~ ~— Photooxidation threshold
Thermal diffusion

Silver cluster
hotodissociation
hreshold

size limitation breakthrough ability. Hereafter, Riesen et al.
demonstrated that the PL induced by d—f (Sm?*:>D? —7F0)
transitions was suitable for low power read-out. The Sm>**
>D; —'F; luminescence emerged when the read-out power
increased, which may influence the signal-to-noise ratio. %3
Recently, Wang et al. studied the photoreduction of Sm3* to
Sm?* induced by fs-laser one-pulse irradiation in Sm**-doped
sodium aluminoborate glass, which could increase the speed
of information writing.!3¢! Both the PL intensity and diameter
of data recording dots could be controlled regularly by tuning
the pulse duration and energy, as shown in Fig. 5(d), proving
that the photoreduction reduction based ODS could be subtlety
controlled. Furthermore, the single-shot photon information
recording in glass has been successively achieved, which can
be of great potential for large capacity ODS.
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Fig. 5. Photoreduction based ODS. (a) Schematic view of the Agl," nanostructures formation is shown as (i). Fluorescence microscopy and
corresponding HRSEM images showed a cross pattern was created by moving the sample first in the x direction and then in the y direction, as
shown in (ii).!®?! (b) Writing and reading experimental setups and fluorescence grayscale encoding in Ag>"-doped glass. Recorded images viewed
by confocal fluorescence microscopy and side view of the recorded images (Aexe. = 405 nm) of three French Nobel laureates in physics: Gabriel
Lippmann, Alfred Kastler, and Claude Cohen-Tannoudji, as in (ii).183! (¢) The difference of photoluminescence spectra obtained by excitation at
488 nm for a laser irradiated area or not in the interior of the Sm3*-doped glass (i). Signal readout by detecting the fluorescence for photoreduction
bits with a 200 nm diam (ii).[¥*! (d) PL intensity and diameter of emissive dots as a function of pulse duration and energy in Sm>*-doped glass. 8!
Panels (a)—(d) were reproduced from Refs. [82-84,86], respectively, with permission.

3.4. Photoinduced ablation and others

The interaction between laser and matter is affected by
many factors, such as the pulse width, power density, wave-
length. In fact, all these laser-interacted materials with fluores-
cence contrast are of potential to be new storage strategies for
fluorescence-based ODS. In addition to methods mentioned
above, experimental studies on laser-induced ablation, [87-88]
two-photon absorption photo-bleaching, ¥°Y laser-induced

fluorophores®!! have also been employed to achieve high den-
sity ODS. For instance, Lu et al. demonstrated that the pat-
tern and thickness of MoS, sheets could be precisely con-
trolled with a focused laser beam, resulting in layer-dependent
band gap engineering.®”] Zhou ez al. optimized the thickness
of (FAPb(Br,I;_,)3) nanoplatelets modification using fs laser
and modulated the fluorescent emission from red (690 nm)
to green (540-600 nm), as shown in Fig. 6(a).121 Based
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on fs-DLW system, in the form of holes, laser ablation en-
abled microscale-resolved multicolor emission and color ad-
justable ability with the nanoplatelet thickness manipulation.
Chen et al. presented that thermoplastic polyurethane with
outstanding mechanical properties displayed fluorescence in-
tensity linearly dependent on the pulse energy by harnessing
fs laser. The encoded multilayer information remains high
readout accuracy after multiple bending cycles, indicating that
the thermoplastic polyurethane is of potential to be densely
rolled up.®!! Wei et al. reported that data storage with ultra-
high capacity based on fs laser induced PL in low-cost plas-
tics, including polycarbonate (PC), precipitated calcium car-
bonate (PCC), polystyrene (PS), and polymethyl methacrylate
(PMMA).[?3l The data storage can be realized via control-
ling single pulse using high-frequency electro-optic modulator

(a) fs-laser
o \ FAPbBry
/\W
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Thin (~50 nm)
Br
FAPbBE; I o~ S
FAPbBIy v B N FAPb
Substrate Substrate |-
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(©) con(———
[ I » Lens ;
Attenvator lA""»‘ Filter' £
’inhole 8
A I Dichroic
— — mimor 3

v

515 nm fs
-
Lens

100x/1.4NA
0il objective lens

¥ _Sample

Scanning stage E——

(EOM). Multiple gray levels and 100 layers on both sides of a
standard disc can be assigned by adjusting the power density
and focus position of the focused laser, as shown in Fig. 6(b).
Thermally stable penta-functional monomer dipentaerythritol
pentaacrylate developed by Gao et al. improved the ODS
data lifetime to nearly 250 years at ambient environment. %]
Yuan et al. embedded aggregation-induced emission material
(fluorescent molecule tetraphenylethene (TPE)) into the tape
by soaking in TPE powder solution for long time.*°! The two-
photon absorption photo-bleaching effect occurred, leading to
irreversibly destroying of the excited state molecules of TPE
under 515 nm fs laser. Six-layer information recording inside
the transparent tape was realized, as shown in Fig. 6(c), pro-
viding a new method to adopt fluorescent molecule into high
density ODS.
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Fig. 6. Photoinduced ablation based ODS and others. (a) Scheme of the direct laser writing on high-quality halide-mixed formamidinium lead
mixed-halide (FAPb(Br,I;_,)3) NP with different thickness (~ 50 nm, ~ 200 nm, 5001000 nm).®?! (b) ODS written by a fs laser with a sin-
gle pulse in PMMA and its relative pulse energy evolution of the dots (Ist and 50th layers). Scale bar: 20 um.[®3! (c) Optical set-up used for
recording data points inside fluorescent molecule tetraphenylethene-dipped transparent. The readout result presented six recording layers under
two-photon illumination in the photobleaching transparent fluorescent tape.[°’] Panels (a)—(c) were reproduced from Refs. [90,92,93], respectively,

with permission.

4. ODS based on UCL

With the high penetration depth, low damage to biologi-
cal samples, narrow emission bands, adaptability for storage,
etc., UCL have been applied in various applications.[?4-%6]
Lanthanide ions (Ln3T) such as Yb3t/Er3tand Yb3/Tm3*
shown in Fig. 7(a) exhibit general form of 5s25p®4f", produc-
ing wavelength manipulable UCL emission.°*>°7! The unique
UCL of Ln** is related to the electrons transition between
4f energy levels,[®! which can be functionalized for ODS.
For instance, Zhang et al. reported that 3-NaYF4: Yb, Er
with UCL characteristic under near-IR excitation was over-
lapped with photochromic diarylethene, and the ETU pro-
cess could be used for emission tuning. Rewritable ODS and

nondestructive readout can then be archived with the assis-
tance of single-beam irradiation.[®”! Bai et al. provided a
novel tactic for ODS based on reversible modification of UCL
in photochromic ceramic (PbWO,4:Yb**, Er**), as shown in
Fig. 6(b).1"% Tuning the duration time of 532 nm irradiation,
the Pb>" +hv — Pb*" +2¢~ and WO +e~ +hv — Wt reac-
tions can be controlled to influence the photochromic degree,
UCL modified degree of which was regulated up to ~ 80%.

High density ODS requires efficient use of bulk space,
making UCL inside transparent materials be particularly im-
portant. Wang et al. completed abundant multicolor lumines-
cent patterns in a plate based on UCL, using Er:Cs3 YbFg NCs

@ glass inks.['%! Teng er al. also presented ODS inside the
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transparent rare earth ion (Er>*) imbedded glasses, with emis-
sion located at 525 nm and 545 nm.!'%?] Huang et al. proposed
that UCL in Dy>*-doped glass could be regulated by optimiz-
ing the fs laser spectral phase.!!'%] Xiao et al. confirmed that
ODS in rare earth ions (Yb3*, Er3*, Tb3+) doped transparent
glasses (Sb and W elements contained) glass could be real-
ized based on UCL, as shown in Fig. 6(c).['% The UCL was
ascribed to ETU process between two rare earth ions before
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the radiative transition from *Hj, /25 48, /2 and “Fy /2 state to
ground state of Er’*, respectively. The high peak power of fs
laser promoted multiphoton absorption, resulting in the reac-
tions of Sb* +hv — Sb>" +2e~ and 2W +hv +2e~ —
2W>+ after 800-nm fs laser irradiation. In summary, the UCL
overcomes the overlapping between the UCL and excitation
laser, and presents huge potential of archiving nondestructive
information reading out.
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Fig. 7. Modified UCL based ODS. (a) Energy transfer mechanisms showing the UCL processes in Er**, Tm3*+, and Yb?* doped crystals under
980-nm diode laser excitation. The dashed-dotted, dashed, dotted, and full arrows represent photon excitation, energy transfer, multi-phonon
relaxation, and emission processes, respectively. Only visible and NIR emissions are shown here.!%! (b) Reversible writing and erasing of the
flower pattern of PbWO4: YT, Er?T ceramic by alternating 532 nm irradiation (600 mW/cm?, 40 s) and 808 nm irradiation (2.5 mW/cm?,
140 5).11901 (¢) Photochromic pattern information, digital information, and raw and enlarged photochromic 2D code pattern and information readout
by 980 nm irradiation. 3D pattern in the interior of Ln?>*-doped glasses with different sizes and Chinese characters “three”, “four”, and “five”
recorded in various layers of the glass.['*! Panels (a)—(c) were reproduced from Refs. [96,100,104], respectively, with permission.

5. Conclusion and perspectives

Laser modified luminescence based ODS owns enormous
potential in this era of information explosion. In this review we
have shown the potential of laser-modified luminescent mate-
rials for optical data storage: higher capacity, longer lifetime
and lower energy consumption features compare to the current
mainstream solid state disk drive technique. The mechanisms
of luminescence are generally elaborated for the purpose of
more effectively regulating of luminescence. We give a de-
scription how laser is utilized to ODS via various physical or
chemical interactions such as laser induced defect-related reg-
ulation, nucleation and dissociation, photoreduction, ablation
and other conditions. Based on mechanisms of laser modi-
fied luminescence, we give detailed introductions of develop-
ment of various laser modified luminescence based ODS and
the benchmark parameters for these materials are listed in Ta-

ble 1. Table 1 summarizes the state of the art of laser modified
luminescence based ODS: various materials have been proven
efficient candidate for laser modified ODS and storage density
in LiGasOg: Mn?* (~ 16.25 TB-cm~3) even exceeds currently
widely-used solid state disk drive technique.

Though decent progresses have been made, there are still
considerable challenges and features to meet the demanding
requirement of data storage in the future.

Storage density Storage density, as the most critical tech-
nical indicator of capacity, should be substantially improved in
order to deal with mass data generated in the future. However,
the maximum storage density under current theoretical frame-
work is approaching theoretical limit of storage density even
with a high N.A. objective.!!%! Hence, novel mechanisms and
methods out of the box should be employed to break the con-
ventional storage capacity limit of OSD.

Data throughputs A followed challenge in front of big
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data storage is fast writing and reading throughputs. The writ-
ing and reading processes of laser modified ODS strongly de-
pend on the number of laser pulses. However, the laser fre-
quency and parallel quantities of laser spots in current tech-
nique need to be precisely controlled (to efficiently write in
information without introducing unnecessarily damage) to ob-
tain high throughputs in different materials, which in turn
greatly limit the application of big data storage in the future.

Therefore, boosting throughputs is another important issue.

Data security and lifetime Information security has be-
come a major issue. As one promising candidate of data stor-
age method in the future, it would be desirable to realize an
ODS platform for future demand of ultrahigh-security stor-
age. Besides, developments of storage device with ultralong
lifetimes put forward new challenges on laser modified lumi-
nescence based ODS.

Table 1. Representative characteristics of ODS based on luminescence. The storage density was calculated and analyzed based on experimental results

presented in individual work from each groups.

Lateral resolutions Axial resolution

Materials Writing laser (nm) Reading laser (nm) Storage density Rewritable Ref.

Ar (um) Az (um)
LiGasOg: Mn** 254 808 0.12 0.492 16.25 TB-cm? v [49]
WS, 532 532 1.0 — 62.5 MB-cm ™2 i [36]
y-CsPbl;3 ns-405 365 0.9 — — — [68]
CsPbX3-glass fs-800 365 3.0 — — Vv [70]
CsPb(Br;_,1,)3-glass fs-1030 405 ~10 50 — — [72]
Te-glass £s-800 808 2.7 — — — [79]
Ag-glass fs—NIR 405 0.19 0.785 35 TB-cm™3 — [83]
Sm-glass fs-800 488 0.15 2 1.25 TB-cm™> Vv [84]
Tetraphenylethene-tape fs-515 uv 2 3 10 GB-cm™3 — [90]
Thermoplastic polyurethane fs-515 488 2 15 3.9 GB-cm™3 — [91]
PMMA s-800 405 0.6 10 0.8 TB-cm ™3 — [93]
Er’*-glass £s-800 800/980 5 — — — [102]
B-NaYF4: Yb, Er 325 980 10 — 0.95 MB-cm 2 [100]

The lateral and axial resolutions can be acquired using Ar = 0.449/N.A. and Az = 1.420/(N.A.)? in theory*83] or from the preliminary

experimental observation (N.A.: numerical aperture).

In view of the above issues, several strategies have been
proposed, such as decreasing laser focal area or increasing
storage dimensions in ODS. To some content, these methods
improve corresponding properties, but most of these methods
have not met the best expectations. Therefore, tremendous ef-
forts should be paid in the following points to overcome the
obstacles listed before.

1. Deepen the understanding of interaction between ul-

trafast fs laser and materials. The dynamic inter-
action process (linear effect, near-field processing)
between fs pulse laser and materials is not well-
understood yet, where some explanations are of much
controversial.'%¢1071 Syper-resolution processing, an
approach breaking the diffraction barrier could be re-
alized with better understanding of physical origin of
laser-modified luminescence,!'%! thus ultrahigh capac-
ity will be achieved with greatly enhanced storage den-
sity and higher dimension storage. Furthermore, it
would be very helpful to propose effective optical paral-
lelism methods for generating multi-arrays lasers shots

to boost writing and readout in large scale.[!0%]

2. Performing as sole input, the light itself, which pos-
sesses rich dimensional features, can be synergistically
used in multi-dimensional information storage and en-
cryption system. Separately or synergistically combin-
ing more than six-dimensional features of the input light

(wavelength, duration, phase, polarization, depth, power
and etc.), information could be efficiently encrypted into

1.301 With specific input features

one storage materia
thrown into a magic box, complete information can be
read out only when the box matches well with the added
features. According input light feature demand, suitable
materials with special structures could be purposefully
designed and prepared, with the capacity of outputting

the predesigned encryption under corresponding input.

3. Introduction of novel materials and novel structures.
Many new nanomaterials emerge with the develop-
ment of nanotechnology. Several types of nanoma-
terials are believed to be promising candidates for
the next-generation ODS, such as metallic nanopar-

2D materials,

ticles, semiconductor quantum dots

and rare-earth-doped nanocrystals. For example, re-
cently extensively-studied monolayer transition metal
dichalcogenides (TMDCs) could be an excellent plat-
form for ODS. First of all, the nature of ultrathin thick-
ness (atom scale) ensures a maximum storage den-
sity, which is the top challenge for big data storage.
Second, quantum confinement and valley-contrasting
physics turn emitters in TMDCs into entangled single-

[110-114]' A5 a main role in quantum in-

photon sources.
formation scheme, data equipped with quantum char-
acteristics will be unconditionally secure when quan-

tum encryption is employed./!'3] With laser-modified
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method, high-quality quantum emitters would be fab-
ricated in larger scale and with high-yield.!'!%!17] Be-
sides, recent progress of TMDCs on twistroincs en-
dows the emitted photons with more degree of free-
dom, in which excitonic photons can be fancy com-
plex information carriers.[!'8-123] Lastly, combination
with novel structures, such as metasurfaces, would be
another direction to realize the laser modified lumines-
cence based ODS for the future. Known as a planar ver-
sion of artificial materials, metasurfaces enable possi-
bilities to manipulate light through multi-degree of free-
dom, which is highly beneficial to high density and
multi-function of ODS.['24] Moreover, the success of
optical holography using metasurfaces made by metal,
dielectrics and 2Ds has proven the high potential on
chip-integration.!'>-12%1 Therefore, we believe meta-
surfaces would be another methods boost the function
of ODS for future.
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