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Ostensibly perpetual optical data storage in
glass with ultra-high stability and tailored
photoluminescence

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

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

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

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

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

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

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

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

Results and discussion

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

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

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

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

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

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

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

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

ber, which indicates the presence of a broad grayscale of

220008-3


https://doi.org/10.29026/oea.2023.220008
https://doi.org/10.29026/oea.2023.220008

Wang Z et al. Opto-Electron Adv 6, 220008 (2023)

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

o o
600 600
. _ T 20}
2 480 2 480 2
3 360 B 360 -§ 15
[0 (0]
c c o]
(0] (0] -
o 240 o 240 510}
« i)
& 120 & 120
05 % o v w
100 200 300 400 500 600
6 3 1 05 022 6 3 1 05 022 Pulse energy (nJ)
Pulse duration (ps) Pulse duration (ps)
ﬂ 16 ps =3000- —a—200 kHz 50| 4|
4? gz J500. 100 kHz §,§
~ | == . = - -50 kHz
3| =503 fs - 2 —i-10 kHz 240 ¥
8| =220 <2000 —v—1kHz 2 )
> > 2 ré
3 7 £ 30 §’§
c c 1500 - c
5] 9 2 ¥
= = £20 29
= - 1000 §/§
4|Iﬁ LI s =Y et .
120 240 360 480 600 1 10 100 1000 10000 1 50 500 3000 6000

Pulse energy (nJ)

Pulse energy

Pulse energy

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

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

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

pulse number.

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

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

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

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

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

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

glass. Scale bar: 20 ym.

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

long-term information storage.

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

Conclusions

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