
DOI: 10.29026/oea.2023.220008

Ostensibly perpetual optical data storage in
glass with ultra-high stability and tailored
photoluminescence
Zhuo Wang1†, Bo Zhang1†, Dezhi Tan2* and Jianrong Qiu1,3*
1State  Key  Laboratory  of  Modern  Optical  Instrumentation,  and  College  of  Optical  Science  and  Engineering,  Zhejiang  University,  Hangzhou

310027,  China; 2Zhejiang  Lab,  Hangzhou  311100,  China; 3CAS  Center  for  Excellence  in  Ultra-intense  Laser  Science,  Chinese  Academy  of

Sciences, Shanghai 201800, China.
†These authors contributed equally to this work.
*Correspondence: DZ Tan, E-mail: wctdz@zju.edu.cn; JR Qiu, E-mail: qjr@zju.edu.cn

This file includes:

Section 1: Sample preparation and experimental method
Section 2: Instrument and characterization
Section 3: Mechanism analysis
Section 4: Additional supporting experimental results and descriptions

Supplementary information for this paper is available at https://doi.org/10.29026/oea.2023.220008

Opto-Electronic 
Advances 

Supplementary information
2023, Vol. 6, No. 1

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License.
To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023. Published by Institute of Optics and Electronics, Chinese Academy of Sciences.

220008-S1

 

https://doi.org/10.29026/oea.2023.220008
https://doi.org/10.29026/oea.2023.220008
http://creativecommons.org/licenses/by/4.0/.


  Section 1: Sample preparation and experimental method
The transparent Eu2O3 doped DO-SiO2-Al2O3 (Eu: DSA, D=Mg, Ca, Sr, Ba) glasses used in this study were prepared by
using a conventional melt-quenching route with a chemical composition (in mol %) of 43 DO-13 Al2O3-44 SiO2-0.05
Eu2O3.  Reagent grade powders were mixed together and melted at 1550 ºC for 20 minutes in an ambient atmosphere.
Besides,  the  Eu-doped borate  glass  (Eu:  BAN glass)  and Ag-doped phosphate  (Ag:  PAN) glass  were  fabricated with  a
stoichiometric  composition (in  mol  %)  of  85  B2O3-5  Al2O3-10  Na2O-0.1  Eu2O3 and 70  P2O5-18  Na2O-12 Al2O3-0.1
Ag2O, respectively. The Ag-doped silicate glass (Ag: CSA glass) was fabricated with a composition of 54 SiO2-32 CaO-
14  Al2O3-0.1  Ag2O. Reagent  grade  powders  were  mixed  and  melted  at  1250  °C  for  30  minutes  in  an  ambient  atmo-
sphere. The melted glasses were then removed from the furnace, cast on a stainless steel plate, and formed transparent
and colorless glasses with a thickness of approximately 1 mm. It is evident these glasses can be used in ultrafast laser mi-
cromachining after polishing (Fig. S1).

  Section 2: Instrument and characterization
In order to selectively induce modifications in microscale, a mode-locked regeneratively amplified Yb: KGW-based ul-
trafast  femtosecond  (fs)  laser  (PHAROS,  Light  Conversion  Ltd.)  operating  at  a  wavelength  of  1030  nm  with  tunable
pulse duration of 0.2–6 ps and repetition rates of 1–200 kHz was employed. The fs laser beam was focused by a 50×0.8
NA objective lens at a depth of 50 μm under the glass surface. The movement of the glass in XYZ axes was derived with
a computer-controlled three-dimensional positioning platform.

The information encoded in glass was characterized by a confocal microscope. The samples were excited by a 405 or
375 nm continuous wave laser,  and photoluminescence (PL) was collected by a 100× oil  immersion objective with an
NA of 1.3.  The PL signal  was either directed to the EMCCD (PI)  for spectrum acquirement or detected by avalanche
photodetectors for PL intensity mapping (Excelitas, SPCM-AQRH-14).

  Section 3: Mechanism analysis
As shown in Fig. 5(d), the energy gap between the 4f ground state and the lowest 5d excited level (Efd (free)) is approx-
imately 4.216 eV (equal to 34000 cm–1) for the free Eu2+ ionS1,S2.  However, the actual 4f-5d energy position (Efd (A)) is
generally smaller than that of the free 4f-5d energy gap when Eu2+ ions are doped into the host due to the influence of
the surrounding environment on the 5d energy level. The relationship between (Efd (free)) and (Efd (A)) can be estim-
ated using the following equation: 

Efd (A) = Efd (free)− D (A) , (S1)

D (A)where  refers to the spectroscopic redshift of the 5d energy position compared with that of free Eu2+ ion. It is the
synergistic  contribution  of  centroid  shift  resulting  from  nephelauxetic  effect  and  energy  level  splitting  attributing  to
spontaneous symmetry breaking. The downward shift of 5d energy can be inferred from the empirical equation as de-
scribed by Morrison and DorenbosS3,S4: 

D (A) = εc (A) + εs (A) /r (A)− C , (S2)

εc (A)
εs (A)

where  refers to centroid shift, which is relative to the polarizability of the anion ligands, covalence between the ac-
tivator ion and the anion ligands of host.  is the energy level splitting, denoting the energy difference between the

 

Fig. S1 | Optical image of Eu: DSA glasses, D=Mg, Ca, Sr, Ba. Scale bar: 10 mm.
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r (A)
lowest and highest 5d energy level, which is linked to the bond length, shape, and size of Eu2+ coordination polyhedrons.

 is related to a certain matrix site and the value is generally situated at 1.7 and 2.4. C is a constant representing the
energy difference between centroid position and the 5d level of free Eu2+ ion.

The first factor in Eq. (S2), centroid shift, can be evaluated as follows according to the ligand polarization modelS5: 

εc (A) ∝ Nαsp/R6
eff , (S3)

αsp

Reff

where N is  the coordination number,  means the spectral polarizability of the closest anion neighbors and it  is  dir-
ectly proportional to the radius of cation, and  represents the effective average ligand distance that can be calculated
according to the following formulaS5: 

Reff =
1
N
∑N

i=1
(Ri − 0.6ΔR) , (S4)

Ri ΔR
ΔR

where  is the individual bond lengths to the coordination.  is the difference radius value between europium ion and
the cation replaced by europium, in the same class host, the average difference in the radius value  can be regarded as
the same5. The inequality relationship of the constituent cation’s ratio for Eu: DSA glass is presented as follows: 

RBa2+ > RSr2+ > RCa2+ > RMg2+ . (S5)

αsp

Reff

Based on the above analysis, it can be concluded that as the radius of alkaline earth metal ions increases, the polariz-
ability  increase,  the  typical  coordination  number  of  cations  also  exhibits  an  increasing  trend,  and  the  distance
between Eu2+ and O2– decreases, hence leading to a bigger centroid shift. Besides, the centroid shift of oxides is stronger
than that of fluorides, indicating that employing an oxides system with larger cation as the host can achieve the redshift
of the spectra in topology engineeringS5−S7. In the present case, we tailor the topological properties of the structures with
modulation of the spectral polarizability of the closest anion neighbors, the radius of cation, the effective average ligand
distance ( ), and the individual bond length to the coordination (Ri).

As for another factor in Eq. S2, the energy level splitting can be estimated on the basis of the point charge model the-
oretically. 

εs (A) ∝ Dq = ze2r4/6R5
eff , (S6)

Dqwhere  is the magnitude of the 5d energy position separation, z refers to the charge or valence of the anion, e indic-
ates the charge of an electron, r is the radius of the D wave function, and Reff is the bond length. As the bond length in-
creases, the energy level splitting decreases.

  Section 4: Additional supporting experimental results and descriptions
The glass transition temperature (Tg) and crystallization temperature (Ts) of Eu: CSA glass are determined by the differ-
ential thermal analysis (DTA), as shown in Fig. S2.

The Nuclear Magnetic Resonance (NMR) spectra of 29Si and 27Al in Eu: CSA glass are demonstrated in Fig. S3(a). The
network of aluminosilicate glass is ordinarily composed of SiO4 tetrahedron and AlO4 tetrahedra in different Qn species.
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Fig. S2 | DSC curve of Eu: CSA glass.
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In this system, Si and Al are mainly in Q2 and Q4 species along with the addition of high CaO contentS6,S7. In order to re-
veal the structural engineering of Eu: DSA glasses, Raman spectra are measured as demonstrated in Fig. S3(b). Broad-
band  centered  at  about  1380  cm–1 is  observed  which  has  been  attributed  either  to  the  asymmetric  and  symmetric
stretching vibrations of the fully polymerized tetrahedral network groups including Si(OAl)x groups (x is the number of
AlO4 tetrahedral  connected  to  a  SiO4 tetrahedral)  or  to  the  (Si,  Al)-O  stretching  in  tetrahedral  groups  with  assorted
number  of  non-bridging  oxygens  (NBOs)  and bridging  oxygens  (BOs)S8,S9. With  the  increase  in  cationic  radius  of  al-
kaline earth metal, the Raman peak shifts to a longer wavenumber which could ascribe to a gradual shift in the (Si, Al)-
O  stretching  frequency  or  the  disassembly  of  polymerized  tetrahedral  groups  and  this  is  in  good  agreement  with  the
NMR results.

Figure S4(a) demonstrates the PL spectra of dots written with different pulse energies. The overlapping of PL spectra
emitting by Eu2+ ions and Eu3+ ions results in broadening of the holistic emission spectrum. The PL intensity increases
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Fig. S3 | (a) 29Si and 27Al NMR spectra of Eu: CSA glass. (b) Raman spectra of Eu: DSA glasses.
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with an increment in the writing pulse energy. However, a decrease in pulse duration leads to an increase in the PL in-
tensity of Eu2+ and a decrease in the threshold pulse energy for writing emissive dot. It is worth noting that the intensity
of the broad PL peak located at 550 nm attributed to Eu2+ decreases at a higher rate than that of the PL peak at 614 nm
associated with Eu3+. The intensities of two PL peaks as a function of the pulse energy are as presented in Fig. S4(b), and
Fig. S4(c) reveals the ratio of PL intensity at 550 nm to that at 614 nm. The bigger ratio represents the higher percentage
of Eu2+ ions that are generated by one fs laser pulse.

Figure S5(a) presents the optical image of information recorded by lower pulse energies. It is hard to distinguish the
written dots in optical microscope while the pulse energy is reduced to 96 nJ. However, the PL image can identify these
dot groups with no doubt as revealed in Fig. S5(b),  which implies a prospective application in 3D optical information
encryption and anti-counterfeit. The size of written dots can be reduced to 600 nm when the pulse energy is reduced to
96 nJ. The diffraction limit of the optical microscope used in this work is about 500 nm, which is also the detection limit
for our setup and smaller than the achieved smallest dot sizeS10. As shown in Fig. S5(c), the relationship between PL in-
tensity,  pulse  duration  and  pulse  number  is  also  systematically  explored.  The  longer  pulse  of  a  few  picoseconds  may
cause a negative effect on luminescence compared to the shortest pulse of 220 fs. The increase in pulse duration gener-
ally leads to a decrease in peak power density. With the reduction in pulse duration, the single pulse energy to induce
microstructures is  in a  decreasing tendency and the PL intensity increases. Figure S5(d) shows a comparison between
the PL intensity as a function of pulse duration and pulse number. It is unsurprising that the PL intensity shows a posit-
ive correlation property with the increment of pulse number. The PL intensity emitting by these dots written with 220 fs
laser  is  generally  stronger than that  emitting by dots  fabricated with 6 ps laser  which is  coincident with Fig.  2(b) and
2(d). Besides, the PL intensity is more sensitive to repetition rate than pulse duration compared to Fig. 2(e).

The 4 bits writing can also be achieved by controlling pulse energy, as shown in Fig. S6.
Figure S7 is the optical image of information recorded into glass in different layers as shown in Fig. 3(b). Figure S7(a)
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Fig. S5 | (a) Optical image of information recorded by low pulse energies. (b) PL mapping of dots recorded by low pulse energies. (c) PL map-
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and S7(b) represent Chinese characters  of  “zhe jiang” respectively.  The writing energy is  200 nJ  at  50 μm and 60 μm
from the surface of glass. Figure S7(c) and S7(d) represent Chinese characters of “da xue”, respectively. The writing en-
ergy is 250 and 300 nJ at 70 μm and 80 μm from the surface of glass.

We have confirmed that single pulse with the wavelength 515 nm can also induce reduction of Eu3+ ions and the PL
spectrum is the same as that with 1030 nm, as shown in Fig. S8(a). Generally, the multiphoton absorption coefficient in-
creases with the decrease in the photon number needed for exciting the electron from the valence band to conduction
band. However, Fig. S8(b) and S8(c) show the PL intensity of dots written by 515 nm and 1030 nm fs laser, respectively.
It is obvious that dots written with 1030 nm laser emit much stronger PL than those with 515 nm laser. We found that
the energy threshold of  515 nm to induce effective PL is  larger than that  of  1030 nm. These unusual  results  originate
from the fact that the refractive index increases with the decrease in incident laser wavelength, causing a stronger scat-
tering effect by the glass for 515 nm laser, and effective pulse energy for inducing photoreduction decreases significantly.

Here, accelerated aging measurements at different temperatures are adopted to calculate the lifetime through the de-
cay time, which can be estimated by the Arrhenius law: 

1
τ
= k = Aexp

(
− Ea

kBT

)
, (S7)

k A Ea kB
T

where τ is the lifetime,  is the decay rate,  is the frequency factor,  is the activation energy,  is the Boltzmann con-
stant,  and  is  the temperature.  The method to predict  the storage life  theoretically  based on Arrhenius law by aging
tests has been proved by similar researchS11,S12. The lifetime at room temperature is estimated by fitting the decay rate at
corresponding high temperature values (470, 520, 570 K for Ag: PAN glass, and 720, 770, 870 K for Ag:CSA glass). As
Fig. S9 revealed, the lifetime of information assembled in Ag: PAN glass is determined to be approximately 86 years at
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Fig. S7 | Optical image of information recorded into glass in different layers. (a–e) Represent Chinese characters of “zhe jiang da xue”, re-

spectively. Scale bar: 10 μm.
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6× 104room temperature, and in Ag: CSA glass, the lifetime is determined to be approximately  years at room temperat-
ure. Lifetime of information recorded in Eu: CSA glass in Fig. 6(b) is enhanced several orders of magnitude in the de-
vised Eu: CSA glass with great potential in highly robust long-term information storage.
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