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1. Introduction

In today’s digital age, we are witnessing an unprecedented surge
in data generation. Factors such as the Internet of Things, big
data analytics, artificial intelligence, and the increasing digitiza-
tion of industries are contributing to an exponential growth in
global data volume!"!, This has consequently led to heightened
demands for efficient and reliable data storage solutions. While
data are generated at rapid speeds, it is important to note that
80% of these data gradually transition to “cold” status as they
age, moving from active usage to long-term archival needs'’.
Traditional storage methods like hard disk drives (HDDs)
and magnetic tapes have served us well in the past but are
now encountering serious limitations. These limitations are par-
ticularly evident in their lifespan of three to five years and capac-
ity for storing cold data, making them less suitable as long-term
archival solutions'®).

Optical data storage, distinguished by its offline storage
capability and high-capacity attributes, has garnered consider-
able attention as a promising avenue for archiving cold data'®!,
The emergence of advanced optical data storage technologies
presents substantial opportunities, yet also poses significant
challenges that research groups, startups, and large corporations
around the globe are keen to address.
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The ongoing quest for higher data storage density has led to a plethora of innovations in the field of optical data storage.
This review paper provides a comprehensive overview of recent advancements in next-generation optical data storage,
offering insights into various technological roadmaps. We pay particular attention to multidimensional and superresolution
approaches, each of which uniquely addresses the challenge of dense storage. The multidimensional approach exploits
multiple parameters of light, allowing for the storage of multiple bits of information within a single voxel while still adhering
to diffraction limitation. Alternatively, superresolution approaches leverage the photoexcitation and photoinhibition proper-
ties of materials to create diffraction-unlimited data voxels. We conclude by summarizing the immense opportunities these
approaches present, while also outlining the formidable challenges they face in the transition to industrial applications.

Keywords: optical data storage; multidimensional data storage; nanogratings; superresolution data storage.

In this review, we undertake a comprehensive examination
of recent advancements in the field of optical data storage tech-
nologies. Our analysis predominantly concentrates on two
emerging paradigms that have the potential to revolutionize
the domain. The first entails multidimensional data storage
schemes, where multiple bits of information are encoded within
a single data voxel, albeit constrained by diffraction limitation
[Fig. 1(a)]. The second is superresolution optical data storage,
where each voxel, transcending the bounds of the diffraction
limits of light, contains a single bit of information [Fig. 1(b)].
Both roadmaps present compelling opportunities and chal-
lenges, and are subjects of increasing academic and industrial
interest. This review aims to elucidate the underlying principles,
technological advancements, and practical limitations of these
approaches, thereby providing a cohesive understanding of the
current landscape and future prospects of optical data storage.

2. Multidimensional Optical Data Storage

Conventional optical data storage techniques, such as DVDs and
Blu-ray discs, are typically classified as two-dimensional (2D)
optical data storage systems. In these systems, data voxels are
confined to a prefabricated recording medium arranged in a
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Fig. 1. (a) Multidimensional data storage: each data voxel is decoded into a
sequence of binary data. (b) Superresolution data array: each data voxel is
decoded into a single binary digit, but with higher spatial resolution.

2D space. Consequently, the storage capacity of such media is
generally limited, often capping at gigabyte-scale. While state-
of-the-art Blu-ray technology has introduced multiple recording
layers to augment capacity, these systems remain within the
realm of multilayer data storage. The capacity is fundamentally
constrained by the number of predefined layers, a figure that
cannot be increased without limit.

Three-dimensional (3D) optical data storage, in contrast,
takes full advantage of the bulk volume of isotropic materials.
The salient difference between 3D and 2D optical storage lies
in the spatial distribution of data voxels. In 3D systems, data
voxels can be arbitrarily induced anywhere within the bulk
material. Conversely, in 2D systems, voxels must be confined
to predefined recording layers. With 3D data storage, data stor-
ing across hundreds of layers is not only possible but has also
been experimentally demonstrated'**!.

The advent of multidimensional data storage can be traced
back to seminal work in 1989, which showed that data voxels
could be formed through two-photon absorption in volume pol-
ymers'®!. Subsequent research by various teams has expanded on
this pioneering discovery, exploring the potential for 3D optical
data storage in a range of materials through two-photon or mul-
tiphoton absorption techniques”*!. However, these endeavors
primarily stayed within the confines of the three spatial dimen-
sions in isotropic media, and as such, the capacities remained
constrained.

To transcend this limitation and further advance the field of
multidimensional optical data storage, researchers have begun
exploiting additional dimensions beyond the conventional three
spatial ones. These involve intricate light-matter interactions,
which have led to the development of several novel approaches.
For the purposes of this review, these methodologies can be
broadly categorized into three distinct roadmaps: birefringence-
based methods, plasmon resonance-based techniques, and fluo-
rescence-based approaches.

2.1. Optical data storage based on birefringence properties

Birefringence describes a phenomenon in which a single inci-
dent light ray results in two refracted rays. For anisotropic modi-
fication in isotropic bulk materials, this manifests as varying
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refractive indices based on light polarization. Controllable
birefringence in these nanostructures facilitates four- or five-
dimensional optical data storage, utilizing the slow-axis orienta-
tion and retardance dimension.

2.1.1. Nanogratings in glass for multidimensional optical storage

Silica glass is a highly durable and robust medium compared to
the storage media used in current commercial data storage sol-
utions. With its exceptional physical and chemical properties,
silica glass is resilient against various adversities such as high
temperatures, elevated pressures, microwaves, electromagnetic
interference, and other environmental stressors. The wide
bandgap of silica glass and its high transparency in the visible
and infrared wavelength ranges allow a femtosecond laser to
perform 3D printing of nanostructures inside the material via
multiphoton ionization'”'%). Owing to its outstanding mechani-
cal and optical attributes, silica glass emerges as a trusted
medium for upcoming optical data storage innovations!”'"'%,

Nanogratings in silica glass, characterized by their birefrin-
gence properties, emerge as one of the most promising solutions
for next-generation multidimensional optical data storage!' '),
These nanogratings incorporate not only a 3D spatial distribu-
tion but also two supplementary dimensions: retardance and
slow-axis orientation. Together, they facilitate high-density,
five-dimensional data storage.

The discovery of nanogratings can be traced back to 1999,
when Kazansky et al. observed anisotropic light scattering in
germanium-doped glass using femtosecond laser irradiation
[Fig. 2(a)] 4] In the same year, Sudrie et al. conducted a similar
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Fig. 2. (a) Anisotropic light scattering generated within germanium-doped
fused silica upon focusing femtosecond laser pulses of four polarization
states™k (b) backscattering electron microscopy image of nanogratings!™:
(c) schematic of the nanogratings composed of periodic alignment of nano-
planes with different refractive index"®: (d) erasing and rewriting capability of

nanogratings!™.
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(d) Arrhenius plot of the nanogratings decay rate!™: (e] five-dimensional optical data storage via self-assembled nanogratings in fused silica. Maxwell and Newton

are recorded in one image®®

observation in fused silica glass[ls]. In 2003, Shimotsuma et al.
identified the periodic polarized-dependent nanostructures in
fused silica glass using backscattering electron microscopy, and
referred to them as nanogratings [Fig. 2(b)]""). Subsequently,
research on the mechanisms!'*'°-**) and applications'*****! of
nanogratings has been ongoing. Nanogratings orient perpendi-
cular to the laser polarization direction, showcasing a birefrin-
gence characteristic similar to uniaxial crystals. This behavior
arises from the periodic alignment of nanoplanes with a differ-
ent refractive index [Fig. 2(0)]"). This birefringence charac-
teristic makes nanogratings suitable for multidimensional
optical data storage [Figs. 3(a)-3(e)]"2%*1. Moreover, femto-
second laser pulses can erase and rewrite this nanostructure
[Fig. 2(d)]"”*?), allowing for multiple repeated data record-
ing!****!. Zhang et al. improved the data recording speed by con-
figuring an array of wave plates in the writing setup [Fig. 3(c)]
and verified the seemingly unlimited storage lifetime of the
nanogratings [Fig. 3(d)]!""). Recently, the formation mechanism
of nanogratings was comprehensively explained and a multidi-
mensional shingled optical recording approach was demon-
strated based on this mechanism [Fig. 3(f)] (33.34] Consequently,
nanogratings stand out as a pivotal candidate for next-genera-
tion ultrahigh-density optical storage structures. However, in
their application to multidimensional optical data storage, nano-
gratings face challenges chiefly concerning recording speed and
pronounced scattering from multilayered recording structures.

I (f) Schematic illustration of the multidimensional shingled optical recording

33]

2.1.2. Other anisotropic nanostructures in glass for multidimen-
sional optical storage

To address the challenges posed by nanogratings in silica glass,
researchers are making efforts to explore alternative solutions.
Various anisotropic nanostructures have been induced in fused
silica glass, leading to significant advancements in multidimen-
sional optical data storage. High-speed induction of aniso-
tropic structures can be achieved using temporal modulation
[Fig. 4(2)]® or spatiotemporal modulation [Fig. 4(b)]B,
making the multidimensional data recording speed entirely de-
pendent on the laser repetition rate. The storage density of nano-
gratings as a recording structure is constrained by the relatively
large spatial occupancy from the periodic arrangement of nano-
planes. In contrast, the width of a nanolamella-like structure
[Fig. 4(c)]"*”! or a single nanoslit [Fig. 4(d)]"® is only a few tens
of nanometers. These compact anisotropic structures, being
smaller than the diffraction limitation, can significantly boost
storage density. And the type X nanostructure, made up of
anisotropic nanopores and recognized for its ultralow-light
loss'*”), enables nearly error-free reading of multilayered data
[Fig. 4(e)]). Notably, elliptical polarization further enhances
its recording efficiency*’!.

These anisotropic structures promise high data density!*>*”!
and precise readout'™). Furthermore, compared to other multi-
dimensional storage methods, anisotropic nanostructures in
silica glass stand out as one of the most commercially feasible
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Fig.4. (a) Bright field (left) and birefringence (right) microscopy images of anisotropic nanostructure produced in silica glass by a burst with pulse interval of 10 ps
and with a single pulse for three different linear polarization directions, indicated by red arrows’®®: (b) schematic of formation mechanism of anisotropic nano-
structure induced by spatiotemporal modulation and a birefringence microscopy image of an encoding arraym]; (c] birefringence and scanning electron micros-
copy images of anisotropic nanolamella-like structures via pulse energy madulation®”: (d) birefringence and scanning electron microscopy images of single
nanoslit structures®®: (e) schematic diagram of the five-dimensional optical data storage writing setup based on Type X nanostructures'®: (f) Project Silica and

the GitHub Archive Program partnered to store and retrieve 114.8 GB of user data in a 75 mm x 75 mm x 2 mm piece of silica glass“zl.

solutions. The Project Silica initiative has successfully accom- ~ molecular-level anisotropy. Such organic materials enable
plished the storage and retrieval of 114.8 GB of user data in  repetitive adjustments of birefringence through laser irradiation
its entirety [Fig. 4(f)]"?). However, optical devices used for  and find application in rewritable multidimensional optical data

multidimensional data readout tend to be intricate and cumber-  storage applications'*' **, Two primary types of organic mate-
some, not aligning with commercial application requirements. rials, azo dyes [Fig. 5(a)] and diarylethene derivatives [Fig. 5(b)],
This calls for deeper research into novel storage media, record-  are capable of inducing birefringence and are employed in
ing and readout mechanisms, swift data extraction algorithms, = multidimensional optical storage applications.

and notably, miniaturization of storage systems. Azo molecules typically assume a stable trans configuration

under standard conditions (room temperature, anechoic cham-
ber)*®]. However, when exposed to polarized light, they can
transition between cis and trans isomers [Fig. 5(a)] 4147481
resulting in the emergence of optical anisotropy. This op-
Unlike the birefringence property of anisotropic nanostructures,  tical anisotropy primarily in azo materials arises from two
laser-induced birefringence in organic materials arises from  different mechanisms: angular hole burning*”’ and angular

2.1.3. Laser-induced birefringence in organic materials for multi-
dimensional optical storage
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redistribution of the molecule®®. Due to their excellent photo-
induced anisotropic properties, azo materials exhibit vast poten-
tial applications in the field of optical storage. A common
method involved directly doping azo materials into organic
carriers like polyvinyl alcohol (PVA)P2 or polymethyl
methacrylate (PMMA)**", In addition, the photoinduced
anisotropy of azo molecules exhibits higher resolution for
image storage when irradiated with coherent light, as opposed
to incoherent light'®®). Li et al. achieved erasable, polariza-
tion-encoded multilayer data storage on polymer films doped
with the azo dye 2,5-dimethyl-4-(p-nitrophenylazo)anisole
(DMNPAA)"®®. However, these materials exhibit thermal iso-
merization characteristics, resulting in relatively weak thermal
stability. This not only necessitates more stringent storage con-
ditions but also leads to shorter storage lifespans. The thermal
stability of azobenzene materials can be enhanced by incorpo-
rating azobenzene molecules into polymers as main-chain
and side-chain polymers through chemical bonding!”’~**. For
instance, a photoresponsive conjugated polymer, which con-
tains alternating azobenzene and fluorene units, exhibits high
thermal stability at 370°C [Fig. 5(c)]"". Furthermore, the pho-
toinduced anisotropy of liquid-crystal materials containing
azobenzene moieties demonstrates reverse relaxation character-
istics, enhancing their ability for long-term high-density data
storage!® ~*”]. However, thermal effects during photoisomeriza-
tion cycles still persist®*®’), compromising the photoinduced
birefringence. Exploring methods to mitigate these thermal
effects will be a crucial research direction for the application
of azo materials in optical storage.

The mechanism of photoinduced birefringence in diaryle-
thene derivatives is similar to that of azobenzene molecules,
but it does not undergo thermal isomerization**~**7%,

Therefore, it exhibits excellent thermal stability and fatigue
resistance. Its high quantum yield and the ability for multiple
write-erase cycles”!) make it highly valuable in the field of
optical storage [Fig. 5(d)]”? and holographic storagel”>”*.,
Although most diarylethene derivatives exhibit good thermal
stability and fatigue resistance, the process of writing and erasing
requires different wavelengths of light [ultraviolet (UV) and
visible light], which adds complexity to optical data storage
systems.

2.2. Multidimensional optical storage based on plasmon
resonance

Different from the aforementioned birefringence properties,
plasmon resonance expands dimension multiplexing by trigger-
ing distinct responses from nanoparticles of varied shapes and
sizes to specific wavelengths and polarizations. Gold nanorods,
precisely due to this plasmon resonance propertyl”>”®), emerge
as another promising candidate medium for multidimensional
optical data storage!’”). These nanostructures exhibit a narrow
longitudinal surface plasmon resonance (~45-65nm) linewidth
in the near-infrared wavelength range”®”), The shape of the
nanorods dictates the plasmon resonance wavelength of these
nanostructures’®!. This shape-dependent property is crucial
for multidimensional optical storage using spectral encoding!®”!.
Furthermore, photothermal effects from femtosecond laser
pulse irradiation can reshape gold nanorods!®'***!. Their dipolar
optical response grants them wavelength and polarization selec-
tivity for femtosecond laser-resonant photothermal effect
[Fig. 6(a)]®***]. Leveraging these characteristics, in 2009,
Zijlstra et al. were the pioneers in using gold nanorods for five-
dimensional optical data recording [Fig. 6(b)]'*!. Subsequently,
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Fig. 6. (a) Schematic illustration of the gold nanorods reshaping due to photothermal effect under different light wavelengths and polarizations; (b) schematic
diagram of five-dimensional optical data storage using gold nanorods!®®": (c) measurement of the 3D orientation of a single gold nanorod through two-photon
fluorescence scanning images[B”; (d) distribution of two-photon absorption signals for an array of gold nanorods under excitation at 1070 nm wavelength with

vertical polarizationlgm; (e) schematic of the OAM-based six-dimensional optical data storage of quick response codes!®®!.

research on the use of gold nanorods for multidimensional data
storage has subsequently gained momentum.

Li et al. expanded the polarization response of gold nanorods
to three dimensions by employing a vector beam with 3D polari-
zation orientations [Fig. 6(c)] (871 Furthermore, Zhang et al.
achieved an extended storage lifetime of gold nanorods for sev-
eral centuries by doping them into a hybrid glass with a higher
Young’s modulus®®!. Through plasmonic coupling, gold nano-
rods can create random hot spots [Fig. 6(d)]®~°1. These hot
spots drastically reduce the needed recording energy—by almost
2 orders of magnitude—and boost multiplexing capacity, paving
the way for ultrahigh-density optical data storage. Xian et al.
capitalized on the response of gold nanorods to cylindrical

93]

vector beams, using the order of the cylindrical vector beams
as another dimension for data storage!®?). Xu et al. highlighted
that tightly focused linearly polarized orbital angular momen-
tum (OAM) beams with different topological charges result in
distinct polarization ellipses at the same position within the focal
spot, facilitating the emergence of nanoscale synthetic helical
dichroism!®*). This brings forth OAM as a sixth dimension, tran-
scending five-dimensional optical data storage [Fig. 6(e)].
Multidimensional optical data storage solutions leveraging
gold nanorods present significant benefits in storage dimen-
sions. Nonetheless, challenges persist, such as intricate material
fabrication, compromised stability, and a limited number of gold
nanorods in the focal volume and signal interference, limiting
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their commercial viability. For improved applicability, there is
a pressing need to streamline equipment and material proce-
dures and bolster the stability of the recording structures and
substrates. Continued research focus into these directions is
imperative.

2.3. Multidimensional optical storage based on
fluorescence

2.3.1. Two-photon absorption for multidimensional optical storage

By harnessing the two-photon absorption characteristics of cer-
tain polymer materials”*°*, it is possible to achieve two-photon
voxel writing, reading, and erasing. This is due to the fact that
the ground-state electrons in these polymer materials can
simultaneously absorb two photons, resulting in their transi-
tion to an excited state!®®”). This enables the realization of
ultrahigh-density 3D optical data storage technology'®?*~'%"),
whose storage capacity surpassing that of DVD and Blu-ray
by a factor of 100"°”). Furthermore, compared to single-photon
processing, this technique exhibits lower cross talk, resulting in
a higher signal-to-noise ratio during the readout process''*").
Subsequently, Cumpston et al. successfully accomplished two-
photon polymerization for 3D optical data storage using a class
of m-conjugated compounds that exhibit large two-photon
absorption cross sections!'*?. Walker et al. achieved successful
two-photon recording of multilayer fluorescence voxels using
alternative materials with their disc consisting of 200 layers, each
containing 5 GB of data, while achieving a writing speed of up to
25 Mbit/s [Fig. 7(2)]"%%. In the future, enhancing the writing
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Fig. 7. (a) 3D optical data storage based on two-photon recording[m];

(b] encoding and decoding process of 3D optical data storage based on fluo-
rescent silver cluster structures™: (c] erasing and recovery process of
CsPbBrz QD arrays under UV Iight“UE’]; (d) typical photoluminescence images
of the multicolor patterns produced by femtosecond laser in glass“oﬁ].
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speed, durability, and overall efficiency is crucial for the multi-
dimensional optical storage techniques based on two-photon
absorption. The exploration of integrating supplementary
optical attributes, such as polarization®, holds the potential
for realizing advanced higher-dimensional optical storage
solutions'™!,

2.3.2. Photoluminescence in glass for multidimensional optical
storage

Glass possesses qualities such as excellent light transmission,
strong chemical stability, and favorable mechanical properties.
Femtosecond lasers have the capability to induce defects with
photoluminescent properties!'®”'**) inside silica glass, enabling
3D optical data storage. However, the intensity of this fluo-
rescence is low, and the thermal stability is relatively poor.
Subsequent researchers explored methods such as rare-earth
ion doping!® or quantum dot (QD)"'*) induction to enhance
fluorescence intensity and stability.

The crystalline phases in glass ceramics provide distinct sites
for rare-earth ions, which helps enhance the intensity and
lifetime of fluorescence. Additionally, femtosecond lasers can
induce changes in the valence states of rare-earth ions, promot-
ing their applications in 3D optical storage!''"!. By manipulating
the valence state changes of samarium ions using femtosecond
lasers, it has been demonstrated that a storage density of
10 TB/cm® can be achieved"'>'**], Furthermore, silver-doped
glass materials can be modified by femtosecond lasers to possess
fluorescent silver cluster structures, making them suitable for
3D and even higher-dimensional optical data storage
[Fig. 7(b)]""*).

QDs are a novel type of optical material with tunable photo-
luminescence, high quantum efficiency, broad absorption range,
and resistance to photobleaching. A femtosecond laser com-
bined with other methods such as thermal treatment!*! and
moisture field modulation!"'®! can induce, erase, and rewrite
perovskite QDs in perovskite glass [Fig. 7(c)]. This makes
laser-induced in-glass perovskite QDs a promising avenue for
multidimensional optical storage applications!'*>!'*!1¢] The
introduction of polarized structures can also achieve higher-
capacity data encryption!' ). Recently, it has been demonstrated
that the irradiation time of femtosecond lasers can be used to
adjust the elemental ratios, allowing for wavelength-tunable
luminescence of perovskite QDs in glass [Fig. 7(d)]Hoel.

2.3.3. Fluorescent protein for multidimensional optical storage

As a representative biological material, protein has various and
complex structures, endowing it with excellent electrical, optical,
mechanical, chemical, and electromagnetic properties!' 7121
that are suitable for optical data storage. The photochromic
property of bacteriorhodopsin (bR) imparts its ability for
wavelength-multiplexed optical data storage!'*. Additionally,
when combined with its 2D crystalline arrangement, optical
data rewriting becomes achievable [Fig. 8(a)]"'**!. Moreover,
fluorescent proteins with photoactivation and photoconversion
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capabilities exhibit rapid and reversible photon blinking, offer-
ing them an advantageous application in the field of optical
reversible data storage!'**"'*!, In addition to relying solely on
protein fluorescence, optical data storage can also be achieved
by manipulating the protein morphology. Advanced nanopat-
terning techniques, such as tip-enhanced nano-optics, can in-
duce surface morphology changes in silk fibroin [Fig. 8(b)] (1271,
This writing approach demonstrates significant storage capacity
along with compatibility with biological interfaces.

3. Superresolution Optical Storage

With the rapid development of big data and electronic informa-
tion technology, the demand for data storage capacity and read-
out speed has been consistently increasing. Information storage
methods primarily based on magnetic storage technology suffer
from shortcomings such as short storage times and high energy
consumption. In comparison to magnetic storage, optical stor-
age technology offers advantages like low energy consumption
and high data security!'?*!. However, the capacity of optical stor-
age is greatly constrained by the optical diffraction limit.
Overcoming the optical diffraction limit to achieve superresolu-
tion storage is the key to enhancing data storage capacity''?).
The optical diffraction limit formula reveals that resolution
mainly depends on the wavelength of incident light and the
numerical aperture (NA). Therefore, methods to increase optical
storage capacity mainly focus on shortening the wavelength of
incident light and using higher NA objectives. Nevertheless, the
incident wavelength has already reached the extreme UV range,
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and the NA of objective lenses is also limited by a technical
bottleneck. Furthermore, using laser light sources with shorter
wavelengths will result in a more intricate optical system, requir-
ing costly optical components, thus increasing the cost of optical
storage. Therefore, in order to meet the needs of high-efficiency
and high-density optical storage, it is particularly important to
study and develop superresolution optical storage technology
beyond the optical diffraction limit.

3.1. Superresolution optical storage based on proteins

UV photolithographic patterning of protein-based microstruc-
tures has demonstrated the use of proteins as resist materials.
The fatal weakness of existing protein-based biophotoresists
is the unavoidable broad molecular weight distribution in the
protein extraction/regeneration process, which hinders their
practical application in the optical data storage industry, and
repeatability is of paramount importance [Fig. 9(a)]"*, Tao
et al. used silk fibroin light chains as a resist, and high-resolution
patterning of biological microstructures was obtained"*").
Wafer-level high-resolution patterned materials with biological
microstructures have shown unprecedented performance. This
protein photoresist has higher image resolution, better etching
resistance, and inherent biocompatibility, which provides
new opportunities for the fabrication of large-scale biocompat-
ible functional microstructures. Hofmann et al. demonstrated
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Fig. 9. (a) Schematic representation of the s-SNOM system: an infrared laser
targets the AFM tip, with the resultant scattered signal captured by the detec-
tor. The system facilitates IR nanoimaging and measures the absorbance lev-
els of UV-Silk30, UV-Silk90, UV-SilkHTP, and UV-LC across different exposure
durations™®.. (b) Fluorescence microscopy beyond diffraction limits using
asFP595. In the linearly deconvolved data, the peaks separated by 100-nm
demonstrate a depth of 35%™".
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a reversible photoswitching protein between a fluorescence-
activated state and a nonactivated state (RESOLFT) type of con-
cept to resolve 50-100 nm in the focal plane [Fig. 9(b)] 131,

3.2. Superresolution optical storage based on upconversion
nanoparticles

Lanthanide-doped upconverting nanoparticles (UCNPs) can
optically convert low-energy near-infrared beams into high-
energy UV or visible photons, facilitating photoactivation in
optical data storage.

Lamon et al. demonstrated nanoscale optical writing using
UCNPs and graphene oxide (GO) as substrates [Fig. 107432,
The resonance energy transfer (RET) of high-energy quanta
from UCNPs induces a localized chemical reduction in GO
flakes, with two-beam superresolution irradiation, achieving
optical writing with a lateral feature size of ~50nm (1/20 of
the wavelength) at a rejection intensity of 11.25 MW cm=21132],

3.3. Superresolution optical storage based on stimulated
emission depletion

In 1994, Hell introduced stimulated emission depletion (STED)
fluorescence microscopy while researching far-field microscopy
imaging"**!. As shown in Fig. 11(a), the method utilizes two
beams of light. The first beam excites the molecules from the
ground state LO to the higher vibrational state L1. The electrons
in the higher vibrational state will transition to the lowest vibra-
tional state L2 through vibrational relaxation. The second beam
of loss light will quench the excitation of the fluorescent mole-
cules in the excited state, thereby transitioning to the higher
vibrational state L3 of the ground state and then returning to
the lowest vibrational state LO of the ground state through vibra-
tional relaxation. This method uniquely uses two beams of
light to control the excitation of the material. The most striking
feature is that under the excitation of one beam, the other beam
spatially modulates the fluorescence signal in the excitation
region by induced stimulated emission losses. This break-
through successfully surpassed the limitation of optical diffrac-
tion [Fig. 11(b)]"**.

(a) Writing Inhibition
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Fig. 10. (a) The writing beam triggers the reduction of GO via RET by trans-
mitting high-energy quanta from UCNPs. Conversely, the inhibition beam
prevents GO reduction by suppressing the generation of high-energy quanta
in UCNPs. (b) Experimental arrangement for a dual-beam superresolution
setup, facilitating the inscription of subdiffractional patterns on the
nanocomposite™?.
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Fig. 11. (a) Schematic diagram of STED'™: (b) schematic diagram of the STED
device™!.

Based on the concept of STED, introducing a dual-beam opti-
cal system in optical data storage devices could reduce informa-
tion recording to the nanoscale level, thereby realizing the
optical storage requirements of ultrahigh capacity and ultrafast
data. In 2011, Grotjohann et al. utilized a novel fluorescent pro-
tein (called reversibly switchable enhanced green fluorescent
protein, rsEGFP)"**), Combined with the double-beam super-
resolution technology [Fig. 12(a)], they converted the text of
25 Grimm’s fairy tales into 7-bit binary ASCII format and
inscribed 270,000 letters within a 17 pm X 17 pm region across
6596 frames, with every frame accommodating 41 letters. Each
individual bit spanned a diameter of 500 nm!"**!. In 2015, Li et al.
parallelized recording of binary bits with a feature size below the
diffraction limit [Fig. 12(b)]1>¢!. By using a femtosecond pulse
laser beam with a wavelength of 800 nm as the excitation beam
and a continuous-wave laser beam with a wavelength of 532 nm
as the inhibition beam, a recording spot of 200 nm is realized
on the optical disk and the capacity of a single optical disk
achieves 30 TB!"*°),

With the continuous development of various superresolution
technologies, the optical storage technology based on superreso-
lution is also consistently improving and maturing. The theo-
retical storage density of optical data storage technology
continues to expand, which enables it to overcome the short-
comings of other data storage methods, such as high energy

(@
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Fig. 12. (a) Rewritable data storage depiction. Sequential writing and reading
of 25 Grimm'’s fairy tales (in ASCII code; 1.9 Mbits) on a 17 um x 17 pm region of
a PAA layer embedded with rsEGFP. Data bits are represented as spots
(with selected frames displayed). The blue line sets the threshold to distin-
guish read spots as "0s" or "% (b) Demonstration of 3D parallelized record-
ing through a volumetric superresolved multifocal array. SEM visuals display
three layers of bit arrays documented by the superresolved multifocal array,
maintaining a consistent bit size of 80 nm and a bit separation of 200 nm{*e],
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Fig.13. Schematic illustration of key obstacles hindering the real-world appli-
cations of next-generation optical data storage.

consumption and low lifetime of magnetic storage technology. It
has a wide application prospect in big data storage technology.

4, Discussions

While these novel approaches to multidimensional and super-
resolution optical data storage present significant advantages in
terms of data capacity, a variety of challenges must be addressed
before these technologies can be successfully implemented in
industrial applications. Major obstacles include factors such as
the time required to induce data voxels, raw error rate (RER),
storage lifetime, system development, algorithm evolution, cost,
and industrial viability.

4.1. Time required to induce data

Data storage is intrinsically a process where a signal induces a
change in the storage medium, whether that medium responds
optically, electrically, or magnetically. This interaction time is
determined by the specific physical or chemical processes occur-
ring in the recording medium, and must be minimized for
high-speed data storage. And for optical data storage, the fun-
damental constraint is the time required for light-material
interaction.

To put this into perspective, consider that if a writing speed
of 10 MB/s is required and each voxel represents a single bit of
information, approximately 80 million voxels would need to
be modified per second. Neglecting the time it takes to move
the writing mechanism from one voxel to another, each voxel
would have only 12.5 ns for modification. In reality, travel time
between voxels cannot be ignored and further constrains the
time available for each voxel modification. Traditional storage
techniques such as HDDs, DVDs, and Blu-ray discs operate with
signal-material interaction times in the subnanosecond range.
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While much of the existing research on next-generation opti-
cal data storage has focused on advancements in technology,
the signal-material interaction time often remains over-
looked"'#1%127] This time constraint can serve as a valuable
benchmark for evaluating the feasibility of new techniques for
real-world applications.

For instance, the utilization of gold nanorods in optical data
storage typically requires a laser duration on the millisecond
time scale to induce a single voxel®®!. Consequently, in a single-
beam arrangement, a maximum of only a few tens or hundreds
of voxels can be formed each second. Similarly, STED-based
techniques may offer the capability to surpass the diffraction
limitation, but they come with their own set of challenges. The
required stimulation and inhibition processes necessitate a
complex optical setup and specific laser irradiation sequences.
To illustrate, superresolution approaches employing rsEGFP
mandate a four-step writing process''**). Even under ideal con-
ditions, assuming perfect synchronization and negligible heat
accumulation, the total light irradiation time exceeds 20 ms.
This severely restricts the number of voxels that can be induced
within a given period.

Several approaches are actively addressing the challenges
posed by light-material interaction time. For instance, in the
realm of five-dimensional optical data storage based on birefrin-
gence nanostructures in glass, conventional methods often
necessitate tens of pulses to induce a single nanostructure!****!,
This requirement poses a significant bottleneck for data writing
speed. However, recent advancements have shown promise in
circumventing this limitation. Researchers have discovered that
spatiotemporal manipulation of picosecond beams can effec-
tively induce birefringence nanostructures®®. This technologi-
cal leap allows for on-the-fly recording capabilities comparable
to those of traditional Blu-ray storage systems. In another note-
worthy development, the implementation of a pulse sequence
scheme has reduced the number of required pulses to merely
five!®”'*”] This innovation has the potential to elevate data
writing speeds to megabytes per second. Similar innovative
solutions have also been demonstrated in other material sys-
tems, including glass-based!"**! and polymer-based**! optical
data storage.

In summary, these emerging strategies demonstrate the
industry’s commitment to resolving the challenges associated
with light-material interaction time. Such advances mark cru-
cial steps in transitioning these next-generation technologies
from the research stage to commercial implementation.

4.2. Raw error rate

One of the often-overlooked parameters in the research of opti-
cal data storage technologies is the RER, a critical factor for
industrial applications. The prevailing trend in academic studies
is to showcase the technology’s ability to record arbitrary data by
imprinting a voxel array with a scene, portrait, or binary
code!"**"1*2l While such demonstrations offer an intuitive
impression of the technology’s capability, they can be misleading
for several reasons.
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Fig. 14. Schematic illustration of printed images with varying RERs. The
corresponding error rate for each image is labeled to emphasize the impact
of error rate on image quality.

Primarily, these demonstrations imply that if one can success-
fully print an image, the same technology should be able to rec-
ord real data. This implication is flawed, as human perception
has a high tolerance to errors in image quality. For instance,
we generated a series of images programmatically that showed
better contrast and resolution than many state-of-the-art dem-
onstrations. However, only one of these images achieved an RER
of 1% [Fig. 14(a)]. In contrast, the image with the poorest per-
formance had an RER of 40%, which is quite significant yet
still produced a visually acceptable image to the human eye
[Fig. 14(d)]. It is worth noting that the theoretical maximum
error rate for a binary system is 50%. Therefore, relying solely
on visual demonstrations for proof of concept might not capture
the full scope of challenges in reducing the RER to a level accept-
able for industrial applications.

In the context of real-world applications, it is crucial to under-
stand that the operational environment can exacerbate the RER.
The complexity of the optical paths and the recording medium
introduces a variety of noise, thereby increasing the likelihood of
random error behavior. Additionally, during the data retrieval
process, factors such as dynamic servo and surface scratches
on the disc contribute to data errors. These environmental and
operational challenges underline the importance of developing
robust read-write systems to ensure the efficacy of optical data
storage systems.

43, Lifetime

In the realm of data storage, optical media generally possess a
longer lifespan compared to their electronic and magnetic coun-
terparts. However, the longevity of optical storage is contingent
on both the recording principles employed and the materials
used. A broadly accepted notion posits that the more effort
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Fig. 15. (a) The Code of Hammurabi; (b) doodles on a sandy beach.

invested in the recording process, the greater the data longevity.
The magnitude of this effort is fundamentally determined by the
recording medium. For example, the ancient Babylonians’
painstaking inscription has enabled the Code of Hammurabi
to endure for nearly four millennia [Fig. 15(a)]. In contrast, cas-
ual doodles on a sandy beach are quickly erased by the ocean’s
tides [Fig. 15(b)]. Despite both being forms of inscription, the
differing media and levels of effort result in vastly disparate
lifetimes.

Recent studies have indicated that the Young’s modulus of the
recording material is a key factor influencing data longevity'®®!,
Silica glass, a robust material with a high Young’s modulus,
has proven to be particularly durable!'”. Various forms of
laser-induced modifications in glass—known as Type I1''**],
Type 1'% Type I17'*4) and Type X*'—have all demon-
strated extremely long lifetimes, making them attractive options
for optical data storage. However, this longevity comes at a cost.
Materials with a high Young’s modulus require more intense
laser beams or longer irradiation periods'®*), both of which have
practical limitations. The necessity for high-power or ultrafast
lasers inflates system costs, while extended irradiation times
compromise data writing speeds. Striking an optimal balance
between data longevity and system practicality remains an open
challenge. Advances in material science and laser processing
techniques are anticipated to pave the way for photon-efficient
laser writing in robust materials, mitigating some of the existing
trade-offs.

L4 System development

The journey from a laboratory breakthrough to a real-world
application is not linear. For next-generation optical data stor-
age to move beyond academic circles and become a staple in
industry, the development of a complete write/read system is
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essential. Currently, many optical data storage systems, espe-  particularly in terms of their data capacity, aligning well with
cially those involving advanced laser setups in laboratory, are  the exponential surge in global data generation. However, sev-
bulky and complex. Miniaturization is paramount for a more eral significant challenges remain unaddressed, including the
seamless integration into industrial processes and for enhancing ~ time required for data voxel induction, RER, lifetime, system
user experience. Leading the way in this regard is a multidimen- ~ development, algorithm evolution, cost, and industrial viability.
sional storage solution based on quartz glass, from Hitachi’s 3D Encouragingly, there has been a palpable shift in the research
silica storage solution'"** in the early days to Microsoft’s Project ~ community toward addressing these practical obstacles in an
Silical"»"*! today. Although the commercialization of these sol- effort to transition these technologies from the experimental
utions is still in its infancy, it does provide a clear direction for ~ stage to industrial applicability. It is our aspiration that readers
the next-generation optical data storage. Over time, after the  of this review will gain a comprehensive understanding of the

high integration of femtosecond lasers, the advantages of silica  state of the art, and perhaps more importantly, a sense of con-

storage solutions will become more obvious. fidence in the future prospects of next-generation optical data
storage. We earnestly hope that this insight will galvanize both
4.5. Algorithm evolution researchers and industry companies to invest further resources

into this burgeoning field, thereby accelerating the advent of

Equally pivotal is the evolution of write/read algorithms. The truly scalable, efficient, and long-lasting optical data storage

vast amounts of data that next-generation optical data storage  ¢ojutions.

systems promise to handle necessitate advanced algorithms

for efficient data retrieval and storage. Artificial intelligence

can be a game-changer in this realm. Already, in recent optical Acknowledgement

data storage research works, artificial intelligence algorithms
have demonstrated their prowess in enhancing data access  This work was supported by the National Key Research and
speeds and reliability!'>'*>!*”), By leveraging pattern recogni-  Development Program of China (No. 2022YFB2804300), the
tion and predictive analytics, artificial intelligence can optimize = Creative Research Group Project of NSFC (No. 61821003),
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4.6. Cost and industrial viability
Despite the enticing prospects of high-density, rapid, and long-
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