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Abstract

Photochromic glass shows great promise for 3D optical information encryption
and storage applications. The formation of Ag nanoclusters by light irradiation
has been a significant development in the field of photochromic glass research.
However, extending this approach to other metal nanoclusters remains a chal-
lenge. In this study, we present a pioneering method for crafting photochromic
glass with reliably adjustable dual-mode luminescence in both the NIR and vis-
ible spectra. This was achieved by leveraging bimetallic clusters of bismuth,
resulting in a distinct and novel photochromic glass. When rare-earth-doped,
bismuth-based glass is irradiated with a 473 nm laser, and it undergoes a color
transformation from yellow to red, accompanied by visible and broad NIR
luminescence. This phenomenon is attributed to the formation of laser-
induced (Bi", Bi) nanoclusters. We achieved reversible manipulation of the
NIR luminescence of these nanoclusters and visible rare-earth luminescence
by alternating exposure to a 473 nm laser and thermal stimulation. Informa-
tion patterns can be inscribed and erased on a glass surface or in 3D space, and
the readout is enabled by modulating visible and NIR luminescence. This study
introduces a pioneering strategy for designing photochromic glasses with
extensive NIR luminescence and significant potential for applications in high-
capacity information encryption, optical data storage, optical communication,
and NIR imaging. The exploration of bimetallic cluster formation in Bi repre-
sents a vital contribution to the advancement of multifunctional glass systems
with augmented optical functionalities and versatile applications.
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1 | INTRODUCTION

The exponential surge in information data demands
advancements in optical storage technologies. A range of
strategies, including 3D optical storage media and dual
light beam systems, have been explored to enhance data
storage density.'”® Photochromism, a phenomenon char-
acterized by color changes induced by light irradiation,
has emerged as a promising mechanism for optical stor-
age.”® However, relying on absorption modulation for
optical information readout may result in a high noise
ratio, owing to the reduced absorption contrast caused by
the photochromic effect.

To overcome this limitation, researchers have investi-
gated photochromic ceramics doped with rare-earth ions
as potential optical storage media, achieving a high infor-
mation readout ability through the reversible modifica-
tion of the absorption and luminescence states.”"?
Transparent glass, which is known for its three-
dimensional optical storage capacity, has emerged as an
especially promising medium.'*'® Recently, a transition
from two-dimensional to three-dimensional optical stor-
age modes has been achieved in photochromic glasses
doped with rare-earth ions. Notably, the incorporation of
WO valence state changes and silver nanoparticles have
been recognized to confer photochromic properties to
glass.'”*° However, the development of novel photochro-
mic glasses remains challenging. In addition, existing
approaches for optical information readout in glass based
on the reversible modification of visible luminescence
still face challenges in terms of information security.”"**
Leveraging NIR luminescence as a controllable readout
signal in optical information storage media is promising
for bolstering information security. Although studies
have been conducted to modulate the NIR luminescence,
achieving reversible regulation based on the photochro-
mic effect remains a frontier that requires further
exploration.

Luminescent glasses spanning from the visible to NIR
luminescence spectra have been extensively used in opti-
cal communication, in vivo imaging, photothermal treat-
ment, tumor detection, displays, and laser
technologies.”*** The ability to modulate luminescence
across this broad range opens up intriguing possibilities
for expanding its utility. Through the manipulation of
visible and NIR multimodal luminescence, researchers
have demonstrated deep-learning decoding and informa-
tion encryption.’** In the context of optical information

storage, readout can be accomplished by controlling the
wavelength and intensity of visible or NIR luminescence,
facilitating wavelength, or intensity multiplexing, thereby
enhancing information security.>*>’ Consequently, the
integration of visible and NIR luminescence modulation
into a single glass promises novel avenues for advancing
optical data storage and information encryption.

In this study, we introduce a novel mechanism that
presents an innovative approach to achieve color-
changing and dual-mode luminescence modification
properties in glass. By harnessing the formation of bime-
tallic clusters of bismuth, we designed a unique type of
photochromic glass that exhibited reversible color
changes accompanied by simultaneous visible and broad
NIR dual-mode luminescence (Figure 1). In this study,
we investigated the optical behavior of rare-earth ion-
doped bismuth-based (ER-Bi) glass using 473 nm laser
direct writing technology. The optical behavior of ER-Bi
glass was systematically investigated. Under irradiation
with a 473 nm laser, the glass underwent a color transfor-
mation from yellow to red, accompanied by the genera-
tion of broad NIR luminescence attributed to the laser-
induced formation of (Bi*, Bi’) nanoclusters. Further-
more, we achieved the reversible modulation of NIR
luminescence from (Bi', Bi®) nanoclusters and visible
luminescence from rare-earth ions by alternating 473 nm
lasers and thermal stimulation. The capacity to inscribe
and erase information patterns on a glass surface or
within an arbitrary 3D space, with data readout enabled
by modulating the visible and NIR luminescence, demon-
strates the potential of this photochromic glass for high-
capacity information encryption, 3D optical data storage,
and NIR imaging. This work introduces a groundbreak-
ing strategy to address the prevailing challenges in optical
storage and encryption as well as paves the way for sig-
nificant advancements in optical technologies.

2 | RESULTS AND DISCUSSION

Pure bismuth-based glass (Bi-glass) without rare earth
ion doping was prepared with a molar composition of
45%Bi,03-5%A1,03-16%Pb0-29%B,03-5%Sb,03. No vis-
ible luminescence or weak NIR luminescence was
observed for the Bi-glass using various light sources
(Figure S1A,B). Upon irradiation with a 473 nm laser, a
noticeable decrease in transparency was observed in the
Bi-glass within the range of 450-900 nm (Figure S2A).
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Schematic of the 473 nm laser writing system for sample fabrication. Complex photochromic patterns can be controllably

created by combing a focused 473 nm laser beam with a 3D XYZ translation stage. Laser induced red coloration in glass can modulate the

visible and NIR luminescence intensity, respectively. A 465 nm light from a xenon lamp is used to excite the glass to realize an optical

information readout. The white pattern represents NIR luminescence in the photochromic region of the glass upon 880 nm excitation.

This phenomenon indicated a significant photochromic
effect, resulting in a color transition from yellow to red.
Subsequently, this photochromic glass exhibited intense
broad NIR luminescence, peaking at 1450 nm, compared
to the raw glass without 473 nm laser irradiation when
excited by a 880 nm laser (Figure S2B,C).

To explore the dual-mode luminescence properties in
both the visible and NIR regions, various concentrations
of Eu®>" ions were introduced into the glass. The glass
doped with 1 mol% Eu**, denoted as Eu-Bi, displayed the
highest luminescence intensity upon excitation at

465 nm (Figure S3A,B). The doping of Eu®" ions had no
significant effect on the transmission of the glass and
maintained high transparency (Figure S3C,D). However,
no photochromism was observed in the Eu-Bi glass upon
irradiation with 365, 808, 880, and 980 nm lasers or
with xenon lamp light at 394, 465, and 532 nm. The
most prominent color change properties were observed
following irradiation with a 473 nm laser (Figure S4).
The transparency of the Eu-Bi glass was significantly
reduced, saturating within the range of 450-900 nm after
irradiation with a 473 nm laser at a power density of
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2 Reversible photochromism induced visible and NIR luminescence modification. (A) Transmission spectra and photos of Eu-

Bi glass before and after 473 nm laser with 102.88 W cm™? irradiation for 2 min, (B) Corresponding AR, and (C) NIR luminescence spectra

under 880 nm laser excitation in Eu-Bi glass after different 473 nm laser irradiation durations. (D) Optical images and (E) NIR luminescent

photos under 880 nm laser excitation of Eu-Bi glass after 473 nm laser irradiation with different power densities and exposure times, scale

bar, 900 pm. (F) Modification of luminescence spectra and (G) degrees under 465 nm excitation before and after 2 min 473 nm laser

irradiation. (H) NIR luminescence intensity of an erasing-recovery process of Eu-Bi glass under 880 nm excitation alternate 473 nm laser

irradiation

102.88 W cm ™ for 2 min (Figure 2A and Figures S5 and
S6). The transmittance modification contrast (AR;) at
518 nm was calculated as AR;= (Ty-T;)/T, x 100%,
representing the percentage difference between the

(102.88 W cm~2) and heat-treated (350°C).

transmittance of the unaltered and photochromic Eu-Bi
glass subjected to varying durations of irradiation. AR,
increased with increasing irradiation time (Figure 2B),
ultimately reaching a high coloration contrast of 71%.
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The NIR luminescence intensity of the glass
exhibited a positive correlation with irradiation time
(Figure 2C). The images of the photochromic effect and
NIR luminescence were further enhanced as both the
irradiation time and power density of the 473 nm laser
increased (Figure 2D,E). The photochromic Eu-Bi glass
retained stable and robust NIR luminescence perfor-
mance (Figure S7A,B), with the NIR luminescence
intensity demonstrating an increase with the power of
the 880 nm laser (Figure S7C,D). The visible lumines-
cence spectra of the Eu-Bi glass were recorded under
465 nm excitation before and after 2 min of 473 nm
laser irradiation (Figure 2F and Figure S8), indicating
luminescence modification induced by photochromism.
The luminescence modulation contrast, AL,,, with the
formula AL,, = (Lo-L;)/Ly X 100%, where Ly is the lumi-
nescence intensity of untreated glass, and L; is that of
photochromic glass post 473 nm laser irradiation for dif-
ferent durations. The AL, at 592, 615, and 701 nm
increased with the duration of 473 nm laser irradiation
(Figure 2G). After an irradiation time of 2 min, a lumi-
nescence modulation contrast of 83% was achieved at
615 nm. Concurrently, with increasing laser power den-
sity, both the transmittance and luminescence of the
Eu*"-doped glass decreased (Figure S9A,B). Conversely,
AL, and NIR luminescence intensity showed an
increase with rising laser power density (Figure S9C,D).
Furthermore, after thermal bleaching, the glass reverted
to its original state, exhibiting no red coloration and
reduced NIR luminescence under 880 nm laser excita-
tion (Figure 2H). The rewritable NIR luminescence in
Eu-Bi glass was demonstrated through eight cycles of
erasing recovery, achieved by employing repeated
473 nm laser irradiation and subsequent thermal
bleaching (Figure S10).

The influence of reversible photochromism on the
luminescence properties of Dy*"-and Sm>" doped rare-
earth ions in glass (Dy-Bi sample with 1 mol% Dy** and
Sm-Bi sample with 1 mol% Sm*") was further investi-
gated. The transmission spectra of the Dy-Bi and Sm-Bi
glasses after 473 nm laser irradiation are shown in
Figure S11, revealing a substantial decrease in the trans-
parency between 450 and 900 nm in the glasses. The sim-
ilar photochromic behavior observed in the ER-Bi glasses
and pure Bi glass suggests that doping did not alter the
photochromic nature of the glass. The visible lumines-
cence emitted by the Dy-Bi and Sm-Bi glasses exhibited
attenuation (Figure 3A,B) following photochromism
upon excitation at optimal wavelengths (Figure S12). The
Dy-Bi and Sm-Bi photochromic glasses irradiated with a
473 nm laser for 2min achieved high visible-
luminescence regulation contrasts of 85% and 86%,
respectively (Figure 3C).

The absorption spectra of the Eu-Bi, Dy-Bi, and Sm-
Bi glasses in the NIR region was displayed in Figure 3D.
Notably, no absorption peak was observed from 1000 to
1650 nm for the Eu-Bi glass. The shape and intensity of
the NIR luminescence spectra in the Eu-Bi glass were
similar to those of pure Bi-glass upon 880 nm excitation
(Figure S13). However, distinct sharp absorption peaks
were evident in the Dy-Bi and Sm-Bi glasses in the range
of 1000-1650 nm. Consequently, the absorption of Sm*"
and Dy’" ions induced alterations in the NIR lumines-
cence spectra of the photochromic Dy-Bi and Sm-Bi
glasses (Figure 3E,F). The NIR luminescence spectra and
peak intensities of the Dy-Bi and Sm-Bi glasses exhibited
pronounced changes compared to those of the photochro-
mic Bi-glass devoid of rare-earth ions. To demonstrate
the regulation of NIR luminescence, flower-shaped infor-
mation was inscribed in Eu-Bi, Dy-Bi, and Sm-Bi glasses
using a focused 473 nm laser, and the information could
be retrieved by modulating visible luminescence
(Figure 3G). The NIR luminescence appeared darker in
the Dy-Bi and Sm-Bi glasses because of the absorption of
Dy>" and Sm>* ions in the NIR region, in contrast to the
Eu-Bi glass. These findings confirm that the regulation of
the visible and NIR luminescence is a shared characteris-
tic of rare-earth-doped Bi-based glasses.

To investigate the bleaching of the photochromic
glass, we irradiated it with a 473 nm laser and subse-
quently subjected it to heat stimulation. The impact of
heat treatment on the bleaching of Eu-Bi saturated pho-
tochromic  bismuth-based glass was  explored
(Figure S14). Figure S15A illustrates the transmission
spectra of the photochromic Eu-Bi glass heat-treated at
350°C for various durations, demonstrating a progressive
transition in color from red to yellow, ultimately
reverting to its original state after 7 min. The visible
luminescence of the Eu-Bi glass gradually increased, and
then reverted to its initial state with an extended duration
of heat treatment (Figure S15B,C). The NIR lumines-
cence generated by the photochromic glass gradually
diminished and became nearly imperceptible after 7 min
of thermal stimulation (Figure S15D). The 518 nm trans-
mission and 615 nm visible luminescence spectra of the
Eu-Bi glass could be toggled on and off over 10 cycles
with high re-writability and re-erasability (Figure 3H and
Figure S16). No discernible degradation in transmission
and visible/NIR luminescence was noted after multiple
cycles, underscoring remarkable reproducibility and reli-
ability while underscoring potential applications in infor-
mation encryption, optical anti-counterfeiting, imaging,
and other domains.

Structural analysis was conducted via Raman and FT-
IR spectroscopy of both raw and photochromic glass
(Figure S17), unequivocally confirming that the
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FIGURE 3 Influence of rare earth doping Bi-based glass on optical properties. Visible luminescence spectra of (A) Dy-Bi and (B) Sm-Bi

glasses before and after 473 nm laser irradiation for 2 min. (C) Modulation degree of visible luminescence of Eu-Bi (615 nm), Dy-Bi

(576 nm), and Sm-Bi (601 nm) photochromic glasses. (D) Absorption spectra of Eu-Bi, Dy-Bi, and Sm-Bi photochromic glasses range from
1000 to 1650 nm. Corresponding NIR luminescence spectra of Dy-Bi (E) and Sm-Bi (F) photochromic glasses. (G) The photochromic pattern,
visible, and NIR luminescence pattern of Eu-Bi, Dy-Bi, and Sm-Bi glasses. (H) Transmission intensity at 518 nm of Eu-Bi glass by alternating
473 nm laser (102.88 W cm™2, 2 min) and thermal stimulation (350°C, 7 min) as a function of cycle numbers.

glass structure remained unaltered after exposure to
473 nm laser irradiation. Furthermore, the photochro-
mism and NIR luminescence observed in the Eu-Bi glass
closely mirror those of the Bi glass, suggesting that rare-
earth doping does not play a role in the laser-induced
effects. Thermoluminescence (TL) analysis (Figure S18)
reveals no discernible peaks in the TL curves, effectively
excluding the formation of defects, such as oxygen

vacancies as the underlying cause of laser-induced photo-
chromism and NIR luminescence in the glass.

The XPS analyses of Bi and Sb (Figure S19) revealed
noteworthy shifts in the binding energies of Bi and alter-
ations in the shape of Sb in the photochromic glass, indi-
cating a change in the valence states of Bi and Sb
following 473 nm laser irradiation. Specifically, the XPS
spectra of Bi in the raw Eu-Bi glass (Figure 4A) exhibited
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FIGURE 4 Reversible photochromic and reproducible NIR luminescent mechanism. XPS spectra of (A-C) Bi and (D-F) Sb element in
Eu-Bi glass before and after photochromism (473 nm laser, 102.88 W cm™2), further bleached through heat-treatment at 350°C for 7 min.

(G) room temperature EPR spectra of the raw, photochromic and bleached Eu-Bi glass. TEM image of the raw (H), photochromic (I) Eu-Bi
glass. (J) NIR luminescence spectra of the photochromic Eu-Bi glass upon 808, 823, 883, 942, and 980 nm excitation. (K) Bi L-edge XANES
spectra of the raw, photochromic Eu-Bi glass, and Bi,0; standard materials.
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intense peaks corresponding to Bi** ions, accompanied
by weak peaks corresponding to Bi'" ions. In contrast,
after 473 nm laser irradiation, the XPS spectra of the pho-
tochromic glass (Figure 4B) reveal an increased intensity
of Bi'" ions and the emergence of a peak at 157.0 eV
corresponding to Bi%, indicative of the transformation
from Bi*" ions to low-valence Bi'" and Bi® species.

Similarly, the XPS spectra of Sb in the Eu-Bi glass
(Figure 4D) indicate the presence of Sb>" ions in the raw
Eu-Bi glass, whereas the photochromic Eu-Bi glass
(Figure 4E) exhibits distinct peaks corresponding to Sb>"
ions after 473 nm laser irradiation. These observations
suggest that the reactions induced by 473 nm laser irradi-
ation involve the conversion of 5Sb*" 4 473 nm
hv — 58b>" 4 10e and 4Bi** + 10e + 473 nm
hv — 2Bi" + 2Bi° in the Eu-Bi glass. XPS spectra of Bi
and Sb ions in the bleached glass (350°C for 7 min)
(Figure 4C,F) show a decrease in the peaks
corresponding to Bi'" ions at 158.47 and 163.78 eV. The
XPS peaks corresponding to Sb>" and Bi’ disappeared.
Thermal stimulation may induce reversible reactions in
the glass: 2Bi" + 2Bi’ — 4Bi*" + 10e and 5Sb>"
+ 10e — 58b*".*® Consequently, the photochromism
was bleached, and the NIR luminescence from the
nanoclusters disappeared upon thermal stimulation.

In the electron paramagnetic resonance (EPR) spectra
(Figure 4G), a Lorentz line with a g-value of approxi-
mately 2.0086 was observed for the raw, photochromic,
and decorated glasses, indicating the presence of free
electrons from the Bi'* ions. Significantly, the Eu-Bi glass
exhibited a robust EPR signal for Bi*" ions after 473 nm
laser irradiation.*® This finding strongly suggests that the
laser-induced NIR luminescence and photochromism in
the Bi glass arise primarily from the formation of low-
valence Bi'" and Bi° species.

Transmission electron microscopy (TEM) images
(Figure 4H,I) reveal the absence of nanoclusters in the
raw Eu-Bi glass. However, after 2 min of 473 nm laser
stimulation, nanoclusters with a diameter of approxi-
mately 5 nm emerged in the photochromic glass. Energy-
dispersive x-ray spectroscopy (EDS) of the nanoclusters
confirmed the presence of a substantial amount of Bi
(Figure S20). The EDS mapping of the original glass
(Figure S21) showed a uniform distribution of elements
(Bi, Pb, O, Al, Sb, B). After irradiation with a 473 nm
laser, the formation of clear nanoparticles was observed,
predominantly composed of Bi elements, as revealed by
EDS Mapping. This observation indicates that laser irra-
diation may induce the agglomeration of low-valence
Bi'* and Bi° species, culminating in the formation of bis-
muth nanoclusters in photochromic glass.*>*' The decay
curves of the 1450 nm NIR luminescence illustrate the
formation of low-valence Bil™, Bi°, and bismuth clusters

(Figure S22). The NIR luminescence spectra (Figure 4J)
revealed a redshift in the luminescence of the photochro-
mic Eu-Bi glass as the excitation wavelength increased.
The red photochromic glass exhibiting near-infrared
luminescence is due to laser-induced (Bi", Bi°) clusters,
including dimers, trimers, tetramers, and so forth, within
the bismuth-based glass.**** These Bi clusters, known for
their red coloration, contribute to the glass's unique prop-
erties.* The formation of (Bi', Bi’) clusters in varying
sizes could be associated with a spectrum of energy
levels, leading to a redshift in the near-infrared spectrum
as the excitation wavelength increases.*®*’” The valence
states of the bismuth ions before and after photochro-
mism were analyzed using Bi L-edge x-ray absorption
near edge spectroscopy (XANES), and the intensity of the
white line revealed a low average valence state of the Bi
ions in the photochromic glass (Figure 4K). These results
further demonstrates that the laser-induced NIR lumines-
cence and photochromism in the Eu-Bi glass are primar-
ily attributed to the formation of bismuth nanoclusters.

The radiative transitions of the Eu*" ions from D, to
°F, (n =1, 2, 3, and 4) yielded luminescence at 594, 615,
652, and 700 nm, respectively (Figure S23A). The decay
curves of the 615 nm luminescence of the Eu-Bi glass fol-
lowing various durations of 473 nm laser irradiation
showed minimal changes in the lifetime of the Eu** ions.
This suggests that the luminescence modulation is not
caused by the non-resonance energy transfer process
(Figure S23B). Notably, the luminescence spectrum of
the Eu®" ions overlaps with the absorption band of the
photochromic glass (Figure S23C). Moreover, the visible
luminescent decay curves of the Dy-Bi and Sm-Bi glasses
measured before and after photochromism revealed no
significant alteration in the lifetimes of the Dy’ and
Sm** ions (Figure S24). The absorption of the glass host
modified the visible luminescence intensity, which
increased with longer stimulation times, leading to a
greater degree of luminescence modification.

The simultaneous control of rare-earth ions and NIR
luminescence provides an opportunity for deep informa-
tion encryption. Stability tests on data written in photo-
chromic glass under 465 nm light, shown in Figure S25,
reveal consistent transmittance spectra and photochro-
mic properties across varying light durations. This con-
firms the data's stability and allows for nondestructive
optical information readout with 465 nm light. Figure 5
illustrates the application of photochromic bismuth glass
for reproducible modulation of NIR and visible lumines-
cence. An optical moving platform, controlled by computer
software, allows precise control of the 473 nm laser irradia-
tion time on each point of the glass surface (Figure 5A). By
reducing the laser spot size (Power:1712 kW cm™?) and
shortening the laser irradiation time to 20 ms, the
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FIGURE 5 Direct lithography of photochromic pattern with 3D optical information storage, encryption, and imaging. (A) Schematic of the
473 nm laser writing system for Eu-Bi glass. (B) The “KUST” alphabet is recorded into the transparent glass by a binary format. Photochromic,
visible, and near-infrared luminescence binary pattern. (C) Photochromic two-dimensional code pattern and corresponding NIR luminescent
two-dimensional code pattern upon 880 nm laser excitation. The information data are hidden into the photochromic or NIR luminescent two-
dimensional code pattern, and the information “KMUST” can be obtained by scanning the two-dimensional code pattern. (D) Writing and
recovering the photochromic, visible, and NIR luminescence patterns by alternating 473 nm laser (2 min) and thermal stimulation (7 min).

(E) The 3D optical information written in various layers of the glass. (F) The 3D photochromic and NIR luminescence structure inside the glass
from the front view and top view. (G) Schematic of the as-designed near-infrared luminescence optical system. (H) Photos of a sample
containing a spring in a capsule during the daylight or in the bright field and corresponding imaging photos of the capsule. (I) Photos of real
pigskins. (J) Corresponding imaging photos of the pigskins under a 880 nm laser excitation with different laser power.
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resolution of the photochromic patterns can be improved
to approximately 5 pm (Figure S26A,B). This enables the
encoding of binary dot arrays, such as the “KUST” alpha-
bet (Figure 5B), through photochromism-induced lumi-
nescence modification upon 465 nm excitation. The
binary data can be decrypted using NIR luminescence
generated by 473 nm laser irradiation.

More intricate photochromic two-dimensional code
(Figure 5C) and school badges (Figure S27) patterns were
recorded on the surface of the Eu-Bi glass using laser
direct-writing technology. The corresponding NIR
luminescence photo of the 2D code can be captured by a
near-infrared camera upon 880 nm laser excitation. The
optical information “KMUST” can be read out using a
smartphone to scan the photochromic or NIR lumines-
cence 2D codes (see Video S1). The photochromic, lumi-
nescent, and NIR luminescence patterns could be erased
by thermal stimulation, and the recoverability and revers-
ibility of the photochromic glass ensured Eu-Bi glass
reuse (Figure 5D). Measurements confirmed the high sta-
bility (more than 1 year) of the photochromic pattern
protected by the glass matrix (Figure S28). Additionally,
complex optical patterns were recorded in various layers
of-the Bi transparent glass media using laser direct-
writing technology (Figure 5E and Video S2). The entire
photochromic and NIR luminescent 3D pattern can be
processed in the glass interior using focused 473 nm laser
irradiation, realizing 3D optical information storage
(Figure 5F).

The controllable NIR luminescence of glass is
advantageous for night vision security and bioimaging,
especially when combined with transparent photochro-
mic glass for display applications. To demonstrate the
practicality of photochromic glass with a strong emis-
sion for NIR luminescence imaging, a simple NIR
imaging system was developed (Figure 5G). The Eu-Bi
glass was placed under the target, and the internal
structural information of the target was observed
through the NIR luminescence generated by laser exci-
tation. Under daylight or bright-field conditions with-
out 880 nm laser excitation, the spring inside the
opaque capsule cannot be observed (Figure 5H). How-
ever, the contours were clearly visible on NIR lumines-
cence imaging. Similarly, a clear phase contrast of the
biological tissue (pigskin tissue) was observed in the
NIR luminescence images (Figure 5I). By increasing
the excitation power of the 880 nm laser, the infrared
luminescence generated by the photochromic glass
gradually revealed the structure of the pigskin tissue,
demonstrating potential applications in the field of bio-
logical imaging.

3 | CONCLUSION

This study presents the direct laser patterning of photo-
chromism and NIR luminescence within transparent
glass, leveraging a cost-effective 473 nm semiconductor
laser. The dimensions and intensities of the constructed
regions were finely tuned by adjusting the laser parame-
ters. Notably, the developed photochromic glasses
exhibited exceptional reversibility, reproducibility, and
stability, while preserving the strength of the NIR lumi-
nescence. By capitalizing on the photochromic effect in
rare-earth-doped glass, we achieved the simultaneous
modulation of visible and NIR photoluminescence. This
breakthrough enabled the encoding and erasure of intri-
cate information patterns in glass, thereby facilitating
reversible 3D optical data storage. Through tailored adjust-
ments of the luminescence intensity, optical information
can be seamlessly retrieved, promising both high-density
storage and enhanced information security. Moreover, the
efficacy of 473 nm laser-induced NIR luminescence for
biological imaging under 880 nm laser excitation holds
substantial promise. This has opened new avenues in the
field of biological imaging. Therefore, our study introduced
an innovative approach for the concurrent modulation of
visible and NIR luminescence in photochromic glass,
underscoring its potential applications in 3D optical stor-
age, information encryption, and biological imaging.
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