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1. Introduction

Strategy for steganography and information
encryption—decryption using Fs laser-created
luminescence in organic solids

a

Ruyue Que, (22 Olivier Plantevin, {2 ® Matthieu Lancry and

Bertrand Poumellec (&) *?

Functional materials, especially luminescent ones, are attracting increasing attention in the field of
information security due to their potential in advanced steganography, information encryption—decryp-
tion, and anti-counterfeiting (IEDAC) technologies. However, current luminescence based IEDAC
methods face several challenges, including risks of information leakage, ease of duplication, and
sensitivity to environmental conditions, which limit their practical application. In this work, we
demonstrate an IEDAC approach utilizing photoluminescence (PL) emission patterns generated by
infrared femtosecond (fs) laser direct writing with their properties further tailored via post-exposure to
linearly polarized continuous-wave (CW) laser. This method enables hierarchical two-level information
storage: level-1 information is inscribed by creating PL in an organic substrate using fs laser direct
writing, while level-2 information is concealed and encrypted through polarization-dependent excitation
anisotropy in PL, which arises from polarization-selective bleaching of asymmetric luminophores
induced by linearly polarized CW laser exposure. This technique not only allows polarization-based
encoding, but also enhances security against brute-force attacks and reduces susceptibility to the
environment. Validated across three different organic materials, with detailed results presented for
Zeonex polymer, this method not only demonstrates its effectiveness but also suggests a versatile and
universal approach for advancing IEDAC technology in the field of information security.

A wide variety of luminescent systems have been explored, including
perovskite nanocrystals,” rare-earth nanoparticles,'>"* plasmonic

In the era of digital proliferation, the importance of information
security cannot be overstated. Information encryption-decryption
and anti-counterfeiting (IEDAC) technology plays a vital role in
protecting sensitive information in fields such as finance, health-
care, and government, preventing data breaches, theft, and other
cyber threats." Ongoing research efforts are focused on devel-
oping innovative and efficient IEDAC technologies, with particu-
lar emphasis on advanced functional materials.*® Typically,
designing functional materials for IEDAC involves three major
steps: (1) material selection, (2) fabrication of functional struc-
tures, and (3) integration of an encryption algorithm.

Material selection is driven by specific optical properties
suitable for secure information handling. Among these, lumi-
nescent materials stand out for their visual identifiability,
multicolour emissions, high throughput, and design simplicity.””
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materials,"”® quantum dots (QDs)'* and various polymer
matrices.”” These platforms support multiple luminescence

7916 phosphorescence,>*
17,18

modes such as photoluminescence,
mechano-luminescence,” and long-persistent luminescence,
offering versatile tools for IEDAC applications.

Research in this field has focused on enhancing luminescence
through doping,'®" surface modification,**>*' self-assembly,**
and host-matrix incorporation.” For example, doping allows
precise control over dye concentration and distribution to pro-
duce specific optical properties in the material with uniform
colour, while this method can be time-consuming and lack
spatial selectivity. Surface modification via lithography or deposi-
tion can achieved nano-level resolution but is typically limited to
2D surfaces. Moreover, methods like pre-designed masks® and
inkjet printing®* often leave writing traces, potentially exposing
the encryption pattern to adversaries."”

There are also practical challenges to the application of
IEDAC in different scenarios. For example, the photoemission
efficiency and stability in some optical functional materials
may diminish in the aggregated state.>® Simple optical
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encryption materials with single-color static photolumines-
cence (PL) patterns are easily duplicated using materials with
similar static PL properties,® underscoring the need for multi-
colour and multimode PL patterns to enhance security.'!
Another critical issue is the susceptibility to environmental
factors such as temperature, humidity, and pH changes, which
can lead to instability and data degradation.?”

In addition to material development, the final step in IEDAC
design involves integrating encryption algorithms. Typically, this
process employs laser engraving, holography, or the use of diffrac-
tive optical elements to create text, images, or patterns on various
materials.”®*° These materials usually possess unique properties,
such as temperature dependence, incident angular dependence,®*°
excitation wavelength dependence,’® upconversion,*° photo-
chromic,®* dynamic PL,'® circular dichroism,* polarization
dependence,®* among others. Particularly, a key feature is polar-
ization dependence, which allows information retrieval only under
correct polarization states. For example, nonlinear multilayer
metamaterial holograms exhibit distinct third-harmonic images
under orthogonal polarizations,*® and certain nanostructures
respond selectively to left- or right-circularly polarized light
enabling design of anti-counterfeiting®* and multidimensional
information encryption.*>

Therefore, to enhance information security, researchers are
continuously developing advanced encryption materials by
exploring a broad range of material types, fabrication techni-
ques, and algorithmic strategies. Beyond these core attributes,
effective encryption materials must also meet additional
requirements: including fast writing ability, large data storage
capacity, stability, reusability or erasability, compatibility of
materials, low energy consumption etc.*> Meeting all these
criteria simultaneously remains a significant challenge.

Ultrafast laser has emerged as a powerful tool in this context
due to its inherent advantages, such as a simple step, high peak
power, spatial selectivity (3D), and fine resolution. Ultrafast
laser-induced modifications in inorganic materials have
already been successfully implemented for high-density 3D
data storage.>® Moreover, the development of functional nanos-
tructures—such as nanogratings®” and nanocrystals®®*—has
further advanced the realization of multidimensional information
storage system.>® In the meantime, comparable resolutions can be
achieved in organic materials,*® which additionally offer function-
alities like PL, expanding the dimensions and channels of
information.**™* Importantly, whether the medium is organic or
inorganic, the laser-embedded functional regions are typically
robust, stable, and resistant to environmental degradation.**

Building on these advantages, recent advancements have
further pushed the boundaries of fs-laser structuring towards
the field of information security, ranging from biomimetic
multi-band encryption*> to metasurface-based structural
coloration.*® However, distinct from these structural modula-
tions, the development of rewritable and concealed informa-
tion storage based on molecular-level mechanisms in organic
solids remains a significant frontier to be explored.

In this work, we present a strategy to locally store, conceal
and encrypt information in 3D within organic solid substrate.
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This method leverages fs laser direct writing (FLDW) to inscribe
permanent modifications that exhibit PL—serving as Level-1
information. A subsequent exposure to linearly polarized CW
laser light (the post-exposure step) enables the generation and
control of excitation polarization anisotropy in the PL signal,
creating an additional layer of concealed information (level-2). This
level-2 information remains invisible without the correct probing
polarization orientation, effectively serving as a decryption key.
Both encryption and decryption process can be performed using
standard optical setups equipped with polarization control, mak-
ing the method accessible and practical. Furthermore, this aniso-
tropy orientation is shown to be rewritable and applicable to
various materials, with detailed demonstrations in Zeonex polymer
included in the main text. This approach not only expands the
functional capacity of PL-active organic materials but also offers a
versatile and secure platform for steganography, encryption, and
anti-counterfeiting applications.

2. Results

2.1. Luminescence creation by IR fs laser

Infrared (IR) femtosecond (fs) laser direct writing (FLDW) was
employed to locally induce permanent modifications with photo-
luminescence (PL) properties in a cyclic olefin polymer (Zeonex
R790), as displayed in Fig. 1(a) and (b). This kind of polymer is of
high interest due to its promising optical properties,”” including
transparency across a wide spectrum from UV to IR. The experi-
mental procedure for the FLDW process follows the methods
described in the previous work.*” The laser-induced PL includes
multiple excitation centers ranging from UV to green and emits
light from blue to orange accordingly.”” In this work, we focus on
a specific species that is excitable at 448 nm as highlighted in the
excitation spectra shown in Fig. 1(c). Fig. 1(c) also illustrates the
emission spectrum excited by 448 nm has a peak at 510 nm and
the emission spectrum excited by 468 nm is peaking at 520 nm.
Accordingly, the 510 nm emission under 448 nm excitation is
selected for analyzing excitation anisotropy. Using appropriate
laser parameters, fs laser writing can encode information into the
transparent polymer up to a few microns resolution,*?

520nm

Transmission microscope image
natural light

b)

Intensity (a.u.)

rom (em 520)
rum (ex: 468)

448)

T T T T T
Luminescent image: 200 300 400 500 600 700 800
Excited by 448nm Wavelength (nm)

Fig. 1 (a) Transmission optical image of an irradiated line under natural light
(the background color is due to the filter). fs laser parameters: repetition rate
(RR) = 1 MHz, E, = 30 nJ, scanning speed = 10 um s7%, polarization = 150°.
(b) Luminescent image of the same line in (a), excited by 448 nm.
(c) Excitation spectrum (black curve) of emission at 520 nm; emission spectra
under 447 nm excitation (blue curve) and 468 nm excitation (red curve).
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comparable to the studies in PDMS and PMMA substrates.*"*®
This encoded information, referred to as level-1 information, can
be read out through a conventional optical microscope as black-
white pattern under natural light and luminescent features under
suitable excitation light.

2.2. Excitation anisotropy creation for encryption and decryption

Beyond the photoluminescence (PL) generated by fs-laser writing
in this polymer, we further identified a polarization-sensitive
excitation behavior. This property enables the introduction—or
encryption—of angular excitation anisotropy, where the emis-
sion intensity becomes modulated according to the orientation
of the linearly polarized excitation light. The angular position of
maximum modulation depends on the polarization direction
used during encryption. This polarization-dependent PL beha-
vior serves as the basis for level-2 information, which can be both
written and read using the optical setup illustrated in Fig. 2. In
this setup, a 448 nm CW laser (with a 10 nm bandwidth) serves
as the excitation source for both encryption and decryption
processes. The laser spectrum is shown in the top-right corner
of Fig. 2. The excitation light is linearly polarized, with its
polarization orientation controlled via a control unit (high-
lighted by the orange dashed box in Fig. 2), which consists of
a linear polarizer and a half-wave plate. A polarization angle of 0°
(£2°) is defined with respect to the x-axis of the system platform.
A dichroic mirror (Thorlabs, DMLP490R) is used to reflect
excitation laser light to the sample and block it from the spectro-
meter. The CW laser power arriving on the sample was measured
to be around 1.78 mW cm > during encryption and 0.44 mW
em™? during decryption. Emission above 490 nm is collected
either by a camera positioned above the microscope or by a
spectrometer. To further suppress residual excitation light, a

Camera Laser spectrum
5x10° 448nm

Spectrometer

Transmission A>455nm < Filter > T

i 0 430 440 450 460 470
1 Wavelength (nm)
1

Dichroic mirror i H
Transmission A>490nm T 1 1 CW laser

|
<>

I

| (90°)y "
/sample x(0°)
z

Fig. 2 Schematic diagram of the encryption—decryption setup; the
orange dashed box displays the polarization control unit which consists
of a polarizer and a half-wave plate, allowing the excitation light to be
linearly polarized and oriented at any angle in the horizontal plane. The
yellow dashed box displays a zoom of the sample, showing the axes
reference of polarization direction that used in this paper; CW 448 nm
laser spectrum is shown from 430 nm to 460 nm.
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long-pass filter with a cutoff wavelength of 455 nm is placed in
the detection path. Note that the luminescence intensity at
510 nm, excited by light with various polarization angles, was
recorded using a spectrometer without emission polarization
selection. The probing (i.e., excitation) duration for each polar-
ization angle step was approximately 1 second. Spectra acquisi-
tion was performed with a step size of 1 nm and a spectral
resolution of 15 nm.

Since the optical setup incorporates multiple polarization-
sensitive components—including a half-wave plate, dichroic
mirror, focusing lens, and metallic mirror—the system’s intrinsic
anisotropy was analyzed and calibrated. Details of this calibration
procedure are provided in SI S1. Additionally, irreversible bleach-
ing was observed during measurements, as also detailed in SI S1.

After fs laser irradiation, the induced PL initially exhibits no
dependence on the excitation polarization. This is shown by the
black curve in Fig. 3(c), which has been corrected for both system
anisotropy and bleaching effects. The absence of polarization
dependence indicates that the initial PL is isotropic with respect
to excitation polarization. However, this isotropy can be broken
through post-exposure using linearly polarized CW light at
448 nm. We applied a 2-minute post-exposure to area 1 with a
polarization angle of 0°, while same exposure at 90° to area 2, as
illustrated in Fig. 3(a) and (b). The resulting excitation-dependent
emission, shown by the blue and red fitting curves in Fig. 3(c),
demonstrates a distinct anisotropic behavior: the emission inten-
sity reaches a minimum when the probing (excitation) polariza-
tion is aligned with the post-exposure direction, and a maximum
when it is perpendicular.

This directional dependence of emission on excitation
polarization is referred to as excitation anisotropy. Additional
polarization angles were tested and are presented in SI S2.
Therefore, while the fs laser-induced PL is inherently isotropic,
the subsequent exposure to linearly polarized CW light intro-
duces excitation anisotropy, enabling the concealment of addi-
tional directional information. This embedded information is
closely linked to the polarization direction used during post-
exposure, offering a mechanism for secure data encoding.

= no exposure (bleaching and system anisolropy corrected)

a sization O _| @ Areat exposed under polarization of 0°
) exposure polrizat 650000 | . area2 exposed under polarzation of 90*
- 600000 - |—— Fit of Area 1 signal
550000 ] Fit of Area 2 signal
Ve < 500000] "Egmputad,, TaURTEEELEn RN, annnn,,
W/ ] = 0 450000 4
s aset sams -
Frodored S 400000 ]
*Camera tilts. <
: 2 B0y Minimum at 90
b) e polarization 9 B 300000
Lics B 2 250000
\ = 1 o
\ aooo] 1] eatae Sata ettt
X 150000 4
=
e 5 100000 Minimum at 0
O e v St ) 50000
-270-210-150-90 -30 30 90 150 210 270 330 390 450
Polarization (°)
Fig. 3 (a) and (b) Schematic of post-exposure procedure with linearly

polarized CW light at 0° and 90° applied to 2 sample areas; (c) PL intensity
at 510 nm under 448 nm excitation, probed by excitation polarization from
—270° to 450°. The black dots correspond to intensity of the area without
post-exposure; the red and blue dots and fitting curves correspond to
areas post-exposed at 0° and 90°, respectively. Fitting parameters can be
found in SI S1. The fs laser irradiation conditions: £, = 50 nJ, RR = 1 MHz,

scanning speed:10 pm s71.
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2.3. Re-orientation of the excitation anisotropy

Fig. 4 presents the excitation polarization-dependent photo-
luminescence intensity of a fixed area 3 subjected to alternating
post-exposures with linear polarization at 0° and 90°, each
lasting 300 s. All curves have been corrected for system-
induced anisotropy (as detailed in SI S1), but not for bleaching
effects. Initially, the unexposed area shows negligible polarization
dependence (black curve). After the first post-exposure at 90°, the
PL intensity exhibits a modulation minimum at 90° (red curve). A
second post-exposure at 0° reverses this modulation (blue curve).
Subsequent exposures at 90° (3rd to 6th) progressively reintro-
duce and enhance the anisotropy (pink, green, dark blue curves),
demonstrating the ability to reorient the excitation anisotropy
within the same region. The overall luminescence intensity
gradually decreases due to cumulative bleaching. It is also
observed that inducing anisotropy in previously unexposed
regions is more efficient than rewriting anisotropy in already
modified areas. Nevertheless, the modulation amplitude after re-
orientation can reach values comparable to the initial exposure.
Similar excitation anisotropy behavior was observed in glycine
and sucrose crystals, as presented in SI S2.

2.4. Encryption-decryption algorithm

Fig. 5a illustrates the schematic diagram of the encryption-
decryption algorithm using our method. Level-1 information is
first inscribed and stored in a transparent organic substrate via
fs laser direct writing under well-defined parameters. The
micrometer-scale spatial resolution achieved in this process
enables high data density and storage capacity. Subsequently,
level-2 information is encoded and concealed by post-exposure
to linearly polarized CW laser light at selected polarization
angles. Irrelevant polarization angles can also be used to
introduce intentional noise. This post-exposure step can be
performed either pixel-by-pixel through scanning or in a single

—8— no exposure

—&— 1st exposure:90°
—A— 2nd exposure:0°
—w— 3rd exposure:90°

—4&— 4th exposure:90°
—<— 5th exposure:90°

Ay aaadtadg, aatt e, aiaay, s

PR

R e e e e e LB e e
-270-210-150 -90 -30 30 90 150 210 270 330 390 450
Polarization (°)

2.5x10° 4

2.0%10°

Intensity

1.5x10° o

1.0x10° T

Fig. 4 Photoluminescence intensity at 510 nm as a function of excitation
polarization angle for a fixed area (area 3) after successive CW laser post-
exposures. The black curve corresponds to the initial state. Red and blue
curves represent the responses after the 1st and 2nd post-exposures at
90° and 0°, respectively. Pink, green, and dark blue curves correspond to
the 3rd to 6th exposures at 90°. Each exposure duration is 300 s. All curves
are corrected for system anisotropy.
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Mixed / Decrypted Wrongly
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Fig. 5 (a) Schematic diagram of encryption—decryption algorithm. With a
proper design, information can only be read out using the appropriate
sequence of polarization states (p1, po and ps, green check). If probed with
incorrect polarization angles (e.g., p4, ps and pe), false information or noise
is retrieved instead (red cross). (b) Simulation of image multiplexing based
on the observed properties. The greyscale values are derived directly from
the unnormalized intensity data in Fig. 3, reflecting the realistic experi-
mental contrast.

step using structured light beams.*® Rewriting is achievable by
applying longer exposures. Once the information is encrypted,
the substrate is modified: level-1 information appears as black-
white patterns under an optical microscope and exhibits lumi-
nescent features under appropriate excitation light. To decrypt
level-2 information, the sample is probed with polarized excita-
tion light. Only when the correct combination of polarization
states, which serves as the decryption key, is used, the concealed
information becomes visible. Conversely, using an incorrect
polarization prevents the retrieval of the encrypted data. Fig. 5b
displays a proof-of-concept simulation demonstrating the appli-
cation of this property for image multiplexing or dual-channel
encryption. A checkerboard strategy was employed for spatial
multiplexing, where adjacent pixels in the overlapping regions
are assigned to different writing angles (e.g,, 0° and 90°) to
prevent crosstalk. The greyscale levels of the encrypted images
were simulated using the intensity data from Fig. 3 without
normalization, demonstrating a contrast consistent with the
actual experimental results. Notably, due to photobleaching
effects, the number of readout cycles is inherently limited, which
further protects the information against brute-force attacks.

3. Discussion

3.1. The origin of luminescence

During the fs-IR laser direct writing process, high-intensity ultra-
short laser pulses induce multiphoton absorption at the focal
volume inside the organic material. This results in significant
energy absorption by electrons, promoting them into delocalized
states and forming a transient electron plasma. The presence of

This journal is © the Owner Societies 2026
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this plasma rapidly increases the local electronic temperature,
which in turn drives non-equilibrium bond breaking and subse-
quent structural reorganization. Subsequently, as the excited
region cools down, new carbon-carbon frameworks form through
localized recombination of reactive fragments, ultimately leading
to the formation of polycyclic aromatic hydrocarbons or carbon
dots (CDs).**

3.2. The origin of excitation anisotropy

The luminescence intensity is described through a quasi-
chemical reaction scheme involving molecular excitation and
relaxation:

—hvy ka

A = A’ (1)
+hve ke

Here, A and A* denote the molecules in the ground and excited
states, respectively. The absorption (k,) and emission (k.) rates
depend on the electronic structure and photon energies (Av,,
hv.). The intensity of the luminescence is determined by eqn (2)
(see details in SI S3):

ka(hvy)ke(hve)

Tum (hvg, hve) o =

Ao ~ ka(hv)PQY (hve) Ay (2)

ke(h
where PQY (hv.) = e/i ve) is the partial quantum yield, k_,
1

represents the total relaxation rate including both radiative and
non-radiative channels. The absorption rate k, is governed by
the interaction between the molecule transition dipole d and
the excitation field E,, described by the dipolar interaction
operator: D, = Eaﬂ = Eaea-&, where E, is the amplitude and e,
is the polarization unit vector of the incoming field. By expres-
sing the field amplitude in terms of the probing light intensity

Iorob = neocE,/2, the absorption rate is then given by:

kay(hv,)

A 2 (3)
[Pmb"<lpexc‘ea : d|l//g>‘ ()(El//m. - El//g - hVa)

Therefore, the dependence on excitation polarization e,
arises from the transition matrix element (¥ x| ea-fi | ¥,), whose
value depends on the alignment between the polarization
direction and the molecular transition dipole, and is nonzero
only when the spatial symmetry of the initial and final states
allows the transition.*

Considering a luminophore with reference axes X, Y, Z, an
anisotropic response arises only if one axis (say, along angle ¢) has
a non-zero dipole transition moment. In the lab frame (x, y, z), with
excitation polarization angle 0, the dipole coupling gives:

(Pexe(@)€ad] ¥y) = d(hv,)cos(0 — @) 4)
and the absorption rate becomes:

ka(lproby hvay 97 (P) = Ipr0b~[da(hva)]2COSZ(0 - (/)) (5)

.04 . . e
Assuming —O(q)) the luminophore orientation distribution,
the total lumifidscence intensity is obtained by integration over
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all directions of luminophore for excitation polarization 6,
expressed as:

2n SA
Tium (Ipr0b> hvy, hve, 9) X Iprob PO Y(hVC)J R(hl/a, 0, (P)_O((p)d(p
0

1)
(6)

with term R(hv,,0, @) = [da(hva)]Pcos®(0 — o) is the response to
the light probe of the luminophore direction distribution.

If the luminophore orientation distribution is isotropic, i.e.,
64y
o
no excitation anisotropy is observed—as is the case in isotropic
media such as liquids or glasses.

In conclusion, anisotropy arises only when both the lumi-
nophores are asymmetric and their orientation distribution is
anisotropic, as described by Weigert’s law.”" If the lumino-
phore’s point group symmetry allows multiple non-zero dipole
directions, the angular dependence is more complex, but the
overall conclusion remains unchanged.

(p) = constant, the integral becomes independent on 6, and

3.3. Writing and rewriting by polarization dependent
bleaching

Bleaching is evident during our emission-spectrum measure-
ments, yet the spectral shape remains unchanged for all
excitation-polarization angles (SI S1), indicating that a single
luminophore species participates in the process. We suggest
that the anisotropy creation and reorientation phenomenon is
due to this irreversible polarization direction-sensitive bleach-
ing process, which is related to the destruction of the lumino-
phore by a post-exposure to the excitation light according to
linear polarization direction. This can be described for instance
as a supplementary reaction that transforms A* into a species B,
like in the process presented below:

—hvy ka kyp,thermal
A = A"2Z— (7)
+hve ke

By solving the boundary conditions of population of species A,
A* and B, the luminescence intensity is expressed as follows:

21
Ilum(/’”/euhl/e»& t) = probPQY(hVe) J R(hl/zhqu))
0
oA
X/‘(la Iprova(hl/éhe’(p)) 57('00(9”)(19”
(8)
Loob-R(hvy, 0, @)k .
here / (1, yov: R(hva, 0, 9)) =6Xp< poe A 7 bz) is the

bleaching function. Remember that 0 is the reading laser
polarization direction. On the other hand, at the beginning
just after creation of PL, the asymmetric luminophore is
randomly distributed in orientation ie., no excitation aniso-
oA . . -
tropy, so 6—0((0) = constant. Therefore, if the reading time is
¢
small enough, the bleaching function is close to one and
Lum(hvg, hv,, 0, t) is independent of 6.
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Fig. 6 Simulation results based on eqn (10), corresponding to the experi-
mental conditions in Fig. 4. Full parameter details are provided in SI S4.

However, in the encryption step, when post-exposure polar-
ization is at angle 0, and time ¢ long enough, we get the
minimum intensity at ;. The orientation distribution of the
asymmetric luminophore is thus modified by the transforma-
tion of the molecules that are aligned along the axis having the
largest absorption/excitation amplitude as denoted in the pro-
cess A to B. It is noted that there is only one species, A, that is
bleached for the wavelength we used, as we have detected no
spectral distortion in the emission spectrum under bleaching
(see SI S1). The exposure changes thus the population of
luminophores more along the post-exposure polarization direc-
tion. The angular modulation of the PL decreases thus more
along this direction and becomes therefore asymmetric. Here
the total luminescence can be expressed as below (SI S4):

Ilum(hyenhym 07 017 t, [1)
2n
X IprobJ R(hV'm 07 (P) 'f(tv [pr0b7 R(hyuv 67 (P)) (9)
0
. 0A
f (tl s Lexpos R(th 01, (/))) ' 5_4)0(1([)

For rewriting step, when a series post-exposures are performed,
the distribution is distorted and the response in the same plane
shows complex modulations accompanied with a decrease of
the overall intensity., as described by eqn (10):

Ilum(nv hV&h hl/e’ 07 017 ti7 t)

21
X IprobJ R(/’lUu76>(P)f(t7 Iprob, R(hVa,67 (P))
’ (10)
n 5A
X Hf(lhlexpo,R(hya, 0;, QD))T@Odq)

Fig. 6 shows the simulation results based on eqn (10),
modelling the results (Fig. 4) of the fs-laser induced PL in
Zeonex glass after a series of post-exposure steps at 0° and 90°
used as the writing and rewriting angles 0;. Details of the
parameters used in the simulation are provided in SI S4. The
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agreement between simulation and experiment supports the
proposed bleaching-based mechanism.

4. Conclusions and perspectives

We have demonstrated that fs-laser-induced PL, initially iso-
tropic with respect to excitation polarization, can become
anisotropic through post-exposure to linearly polarized light.
The anisotropy exhibits a minimum along the post-exposure
polarization direction and a maximum perpendicular to it. A
longer subsequent exposure allows reorientation of this aniso-
tropy, attributed to polarization-sensitive bleaching of non-
spherical luminophores. This writing-rewriting capability has
been successfully demonstrated across at least three different
types of organic materials.

This technique enables information encoding through con-
trolled anisotropy directions, which is potentially useful for
steganography, due to the indirect observability of the excita-
tion anisotropy. Additionally, this method meets several key
criteria for effective encryption, including rapid writing, large
3D data storage capacity, stable decryption, erasing capability,
broad-spectrum emission, material versatility and compatibil-
ity with standard optical systems. To further develop this
approach, several key directions are proposed for future study:

4.1. Excitation-wavelength dependence

Investigate whether excitation anisotropy persists under different
excitation wavelengths, considering the resonant and wavelength-
dependent nature of the absorption process involved in population
redistribution.

4.2. Diverse luminophores

Examining other luminophores, including those in Zeonex and
beyond, to assess generalizability

4.3. Materials scope

Apply the method to a broader range of organic materials with
varied chemical and structural properties.

While this method aligns well with IEDAC goals, further
improvement is needed in anisotropy contrast, readout durabil-
ity, and robustness against photobleaching. Nonetheless, this
method provides a versatile platform for secure and rewritable
optical data storage.
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