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Fig. 1 State of big data storage and eternal time capsules fabricated by femtosecond laser direct writing. (a) Annual data

increasing of the global datasphere™ ; (b) proportion of different methods for data storage™ ; (¢) global data center
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compute instances " ; (d) time capsules of eternal data storage fabricated by laser direct writing
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Table 1 Comparison of different storage media

Media Lifetime /a Storage capacity Advantage Disadvantage Ref.

SsD 95 32 GB-5 TB Fast . .Feadlng/wrltmg, . high  High costs, low capacity, and 147
compatibility, and shock-resistance short lifecycle

HDD a5 614 GB—20 TB Fast r.eadmg/wrl'tn'qg, high capacity. ngh' environmental stapdards [15-167
and high compatibility and high power consumption

BD 30-50 95200 GB oW consumption. longrterm s ) TR (crached disk [12.17]
storage, and portability

300 GB-330 TB Low consumption, cost-effective, Limit scalability and potential

Tape 20-30 (201 Gbit/in®)  dependability, and simple replication media issues [13,18]
Permanent storage, low power

Glass =>1000 up to 360 TB  consumption, security, and high Low writing speed [19-20]
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Fig. 2 Mechanism of femtosecond laser interaction with matter. (a) Process of multi-photonic ionization and avalanche

ionization; (b) graph of pulse energy versus pulse duration defining three regimes of material modification using an

NA =0.65 objective lens®”
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Fig. 3 Development of femtosecond laser-induced bulk damage for data storage. (a) Laser-induced refractive index

changes[m ; (b) binary data stored in fused silica
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(¢) plane of photonic lattice in Ge-doped silica™" ; (d) optical

image of bits written inside fused silica™ ; (e) pattern of voids produced in sapphire™® ; (f) 100-point simultaneous

multi-bit recording, reading, and signal enhancement
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Fig. 4 Development of laser-induced nanogratings. (a) Four different polarization directions focused inside the sample”™ ;

(b) damage trajectories inside fused silica by unpolarized light transmission (left) and by orthogonal polarization

light transmission (right), and arrows indicate the two thresholds for type | and type Il damages™™ ;

(¢) backscattering electron imagesmj ;

silicon on same silica glass"’® ; (e) sideview of nanogratings induced inside fused silica

birefringence introduced by the self-organized nanograting
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Fig. 5 Characteristics of nanogratings. (a)—(d) Rewriting of nanograting voxels"*”

(807

; (e) 5D optical storage readout (left)

and Arrhenius plot of the nanogratings decayrate (right)[lgj; (f) a pseudo-color map of the world made with

femtosecond laser-induced nanogratings
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Fig. 7 High transmittance through Type X structure®™ . (a) Photo of quartz glass plate modified with Type Il (left) and

Type X (right); (b) transmission spectra of birefringent structures of Type [l (red dashed line) and Type X (blue
solid line) ; (c) retardance (blue) and transmission (red) images of birefringent structures written at different pulse

densities; (d) retardance (blue) and transmission (red) images of birefringent structures written at different pulse durations
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Fig. 8 High-speed writing of birefringent structure through pulse energy modulation™"” . (a) Slow axis azimuth images of
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distribution around nanobodies with different diameters; (c) contrast of writing birefringent structure before and

after modulating energy; (d) simulation of temperature evolution of focal center
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ABK R A 23 B A AR RS R . T R 2 PR, AU BREEREAR 1/2 AP A P A 4
10 MHz S HR T, 5B T RS e Al 3% 49 XU 5t P R IBR A MR AIR 1/2, fP A 4R 1 A PR AT
FLE 8o ]. G RERImS BN e Ak R RE SR IR A0 LEAR S B WA A A N 1 LR/ R E
i SRS T R R FEAR LA 8 (D T, TS B 7 Hdl il 2 Pes/ il A I — 1. EEAEAR A L

225 kB/s ¥ TE MB/s iR M5 AR BERE —Jr IR UG I A2 VE RE B0 T $2 T L 75 TR
4.3 KRB HEKARFEPADM A B AR A DN 1) AR i) ]S 5 55— 05 T i 2 4

MR F 08 i B, RRPOL 2 dE Kk A0 et /D HURR AR R IT 10 5 Tl B R 22 [ B, 3 02 o) 24 77 ik 25
TEAFAE B 5N B IO S e mf T bR A DR m R OCHE .
F2 FEEARN 120 mm JEEEHN 2 mm FES PR BE 2 R FE B0 PR RS A A Y G R
Table 2 Relationship between dot spacing, layer spacing, and bit number per dot and capacity in a sample with

diameter of 120 mm and thickness of 2 mm

Dot spacing /pm Layer spacing /pm Number of layers Bit number per dot Capacity /TB
1.0 20 96 1 0.13
0.5 20 191 1 0.53
0.5 10 191 1 1. 05
0.5 10 191 2 2.11
0.2 5 381 8 100
0.1 2 951 8 1000

2) 5 AN EBAR . AR A K T R4 T B S T AT K R 100 AN FEARE] 10 A4S, B
4 R 2 By, T it R i 5 S 1 ik o et 22 4 R KR FeRr gl 1 $E ) 4, AT BmE S5 A B B
BT A EEN ) BRI S S A 12,5 kB/s #2175 500 kB/s. 10 3 3# 7 JE 0] 42 FF
ST ST I ok b BB M O L B B eP B D AR 5 MB/s RRBIHL AN 2 AN Bk b SOk S 45 4, gk T
JEE R, AR O f B AR O 10 MHz #Y Fi 52 LUK S A& F) 50 MB/s(3 3),
3 WOLSEE AN 10 MHz B iz i 5 AU 5 50 0 Ik o 80 515 U AR R AT 5 A IE B0 56 &
Table 3 Relationship among writing speed, pulse number per dot, bit number per dot, and channels when laser

repetition rate is 10 MHz

Pulse number per dot Bit number per dot Max speed 10 channels’ speed
100 1 12.5 kB/s 125 kB/s
50 4 100 kB/s 1 MB/s
10 4 500 kB/s 5 MB/s
2 8 5 MB/s 50 MB/s

3) VI A AR AR, BRI A o B T2 RE SR I H T A BN R
R R IOR B B I, B B IO DL 2 PR XU B OB R SR — R R G A
R o AR ATl B I, i /N A ] B R (8] B 2 9Ca) FIr 7R 3l 2o R A2 SE R 7 B 4~ 5 IR Bl
T RO B I R A AN RO B A e TS BIAR L A IR AN T 2 A L BOAR IR A T
PER G PO RN B9 7 A AN AT R S Type | o T B e T AR {E T T S A il AR G 4 T T
B Type [l BS54 , 520 3 BOAE B % B BEA KR AL R 22 YO I R AR AR T AR

PR AR XU R SR T R BOEE S RS SR AL BT . b TR AR B RS S R A
PORALIY B R 5 2R s 20 BRSO E S W 2SRRI BB T BRI AL 28 R0 . 18 9(h)
EORETAA S R B, NHIE Bl TR ZH R s 1 LU AR 18] B 2 1 5 X B 3t AOR
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Fig. 9 Readout schematic for permanent optical storage by femtosecond laser direct writing. (a) Diagram of the setup of

. . . 103
a birefringent microscope™® ;
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(c¢) curvature and separation control of O-FIB
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Abstract

Significance Nowadays, the using of big data is reshaping our lives via artificial intelligence (AI) and internet of
things (IoT) by penetrating education medical care, business, entertainment, and so on. Industrial companies
around the world are sparing no effort to collect much data to obtain market conditions, competitors, and logistics
information for profits and have long created TB- or even PB-scale information. Meanwhile, consumers are
integrating social media, entertainment, and real-time personalized services on mobile devices to connect with
friends and shop online. According to the International Data Corporation (IDC), there is an explosive growth in
global data, which is estimated to reach 175 zettabytes (ZBs) by 2025. However, the disparity between the amount
of digital data and the available storage capacities is enlarging. Most importantly, data storage accounts for 1% of
global electricity consumption and exert enormous pressure on resources and environments. However, none of the
current medium is capable to meet the requirements. In especial, the cold data storage that is for culture, history,
scientific research and these important but infrequently used data is urgently calling for long-term and high capacity
medium.

Therefore, we are challenged with the arduous task of developing next-generation data storage technologies,
where femtosecond laser direct writing for eternal data storage offers a practical solution with low energy
consumption, long lifetime, and high capacity. With multiplexing degrees of freedom, this technology’s achievable
limit capacity could reach 360 TB/disc. Furthermore, accelerated aging measurements show that nanograting has
unprecedentedly high stability, including thermal stability up to 1000 C and a practically unlimited lifetime.

Progress We reviewed the research progress of femtosecond laser direct writing for eternal data storage. At first,
we introduce the interaction between femtosecond laser and materials by reviewing three types of modification. On
this basis, the concept and basic physical mechanism of femtosecond laser permanent optical storage were
introduced. Then, we reviewed the development of 3D optical storage and 5D optical storage, as well as the
structure formation mechanism in detail. Next, we introduced the high-density storage of over 100 layers and fast
data recording at a speed of 100 kB/s via a single channel (potential MB/s via multichannel). At the final, based on
electronic field continuity conditions at the nanoscale, we calculated the theoretical bottleneck and physical limit of
optical storage by femtosecond laser direct writing.

Conclusion and Prospect Femtosecond laser direct writing inside hard materials for permanent optical storage
provides an unexceptionable solution for cold data storage to meet the demands of big data era. However, there are
still some significant scientific and technical problems that must be addressed between the laboratory and the
industrial application. For instance, volumes of nanograting must be minimized, and the dot and layer spacing must
be reduced to increase the storage density. Moreover, fast writing with fewer pulses and new data readout
algorithms for accurate and fast data readout are required. We firmly believe this technology will support every
aspect of our lives and bring huge economic benefits to society in the future.

Key words photoelectric device processing; femtosecond laser; laser materials processing; laser-matter
interactions; optical storage; nanograting
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