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ARTICLE INFO ABSTRACT

Keywords: Perovskite quantum dot (PQD)/polymer nanocomposites have garnered significant attention in the field of
Perovskite qt}antum dot/polymer advanced optical encryption due to their eminent photoluminescence (PL) properties and stability. Nonetheless,
nanocomposite the strategies introduced often necessitate sophisticated experimental setup, presenting challenges for the prac-
Silver epoxy paste . s e . . . . . .

Photoluminescence tical application. Herein, we have designed a time/environment-dependent optical encryption methodology
Surface defect passivation which leverages the PL enhancement of cesium lead bromide (CsPbBrs) PQD/polydimethylsiloxane (PDMS) film
Diffusion through the application of silver (Ag) epoxy paste (AEP). Following heat treatment under vacuum after AEP

application on the film surface, diffused Ag " ions efficiently passivated the surface defects of CsPbBrs PQDs,
leading to an enhanced quantum yield of 20.7 %. AEP treatment was further exploited as a multilevel encryption
technique by modulating the treatment and environmental conditions. Encrypted information was initially con-
cealed under daylight and masked by fictitious information under UV light. This information was decrypted over
time, exhibiting variances in PL intensity as quenching progresses. To prevent information leakage, the decrypted
information could be reverted to the fictitious information via a rapid quenching of the AEP-treated film in
aqueous environment. This research not only paves a new pathway toward an efficient defect passivation strategy
for PQDs but also advances a straightforward, yet sophisticated optical encryption strategy.

Optical encryption

1. Introduction

In an increasingly digital and interconnected environment, a sub-
stantial volume of information is conveyed and received across various
channels. In parallel with anticounterfeiting, the advancement of infor-
mation encryption emerges as a crucial mechanism for protecting data
integrity, privacy preservation, adherence to regulatory standards, and
safeguarding against a spectrum of security vulnerabilities in information
dissemination [1]. The growing requirement for sophisticated levels of
security in information encryption has propelled research into multilevel
optical encryption technologies utilizing functional materials [2,3].

Specifically, recent investigations have explored the potential of

optical encryption methodologies employing photoluminescent (PL)
materials by modulating their optical and physical characteristics (e.g.,
PL intensity, photon lifetime, and crystal structure) [4-6]. This included
the development of conjugated PL systems through the amalgamation of
fluorescent materials with anti-Stokes fluorescent and/or phosphores-
cent materials [7-11], and the application of multi-stimuli (e.g., thermal
and chemical reagents) responsive fluorescent materials [12,13].
Among the diverse array of fluorescent materials, cesium lead halide
(CsPbXs; X = Cl, Br, I) perovskite quantum dots (PQDs) stand out for their
excellent PL properties upon ultraviolet (UV) light irradiation character-
ized by high color purity, narrow emission band, defect tolerance and high
photoluminescence quantum yields (PLQY) [14-16]. Nonetheless, their
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susceptibility to an external conditions (e.g., thermal exposure, moisture,
and oxygen) often limits their application in optical encryption, as well as
in light emitting diodes (LEDs), solar cells, and photodetectors [17].

Incorporating CsPbXs PQDs within polymer matrices affords a degree
of isolation and protection from external environments, thereby
enhancing stability. The entangled structure of polymer shields PQDs
from external influences while allowing for controlled interactions (e.g.,
swelling-deswelling of polymer matrix [13] and ion migration through
the free volumes in polymer matrix [18]). Consequently, PQD/polymer
nanocomposites facilitate the creation of a stable,
external-stimuli-responsive optical encryption system. For instance,
Wang et al. [13] devised an encryption/decryption method predicated on
the PL quenching of CsPbBrs PQD/polyvinylidene fluoride (PVDF)
nanocomposite via a swelling-deswelling process in a mixed solvent of
water and N,N-dimethylformamide (DMF). Similarly, Wu et al. [19]
endowed CsPbXs3 PQDs encapsulated within magnesium silicate hollow
spheres (MSHSs) with hydrochromic properties through Cd** metal ion
doping, enabling a stable and reversible encryption/decryption processes
via humidification/dehumidification cycles.

While the aforementioned encryption strategies predominantly uti-
lized a binary PL ON/OFF approach, few studies have explored multilevel
optical encryption methods using PQD/polymer nanocomposites. Fu
et al. [5] patterned CsPbBrs PQD/polycarbonate (PC) nanocomposite
film by degrading PQDs with a laser at various power levels, enabling
decryption through the passivation of surface defects via water infiltra-
tion into the polymer matrix. Liu et al. [18] achieved spatiotemporally
tunable optical encryption with multiple levels by inducing gradient
color changes in PQD/PDMS composite via halide ion exchange during
solvent immersion process. Nevertheless, these advanced multilevel op-
tical encryption strategies often necessitate complex synthesis process,
sophisticated instrumentation, and toxic solvents such as hexane and
dimethylformamide (DMF), which limit their practical applicability.

Meanwhile, the optoelectrical and physical properties of PQDs can be
further enhanced through metal ion incorporation. This approach in-
cludes bandgap energy regulation by alloying perovskites with metal ions
or morphological adjustment of perovskites (e.g., grain size) by removing
metal ions during crystallization [20-22]. Also, doping with metal ions
(Ag", Mn?*, Zn?t, Cd?*, Co?") [23-26] as a mean to augment optical
efficiency via defect passivation has garnered significant attention for
PQDs, given that surface defects can act as traps for non-radiative
recombination centers, thereby lowering stability and PLQY [27].
Notably, post-synthesis doping methods have been explored for their
simplicity relative to in situ metal ion integration during synthesis
[28-30]. Nevertheless, these methods still face challenges, including
limited solution process and supplementary equipment requirements.

Herein, silver (Ag) epoxy paste (AEP) treatment is introduced as a
facile post-synthesis doping approach for passivating surface defects in
CsPbBrs PQD/poly(dimethylsiloxane) (PDMS) film, facilitated as a
straightforward, yet advanced multilevel optical encryption strategy.
AEP, an adhesive comprising silver particles and ions, is widely employed
in the electronics industry to foster electrical conductivity. In the AEP
treatment process, this paste was applied to the surface of the film, which
subsequently underwent thermal treatment under vacuum. Ag * ions
from the paste permeated the PDMS matrix via free volumes which
efficiently passivate surface vacancy defects on CsPbBrs PQDs, leading to
pronounced enhancements in PL properties (e.g., intensity, lifetime, and
PLQY). By precisely regulating the treatment and external environmental
conditions, AEP treatment was further utilized as a time-responsive
multilevel encryption method via disparities in the PL quenching rates
across each pattern, subjected to the specific conditions of AEP treat-
ment. Specifically, an encrypted information remained concealed under
daylight and was initially masked by a spurious pattern exhibiting green
emissive fluorescence under UV light. Moreover, the strategic introduc-
tion of a trace amount of water facilitated an inversion in the PL intensity
between the patterned and unpatterned regions of the film. Leveraging
these methodologies, a time- and environment-dependent multilevel
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optical encryption framework was designed. This approach facilitates a
gradual decryption of encrypted information under UV light, safe-
guarding the decrypted data by irreversibly reverting it to the original
fake pattern through subsequent immersion in water followed by full
decryption. This exposition underscores the potential of AEP treatment
for implementing a multilevel optical encryption strategy, offering a
pragmatic and economical solution.

2. Materials and Methods
2.1. Materials

PbBr; (>98 %), Cs2C03 (99.9 %), oleic acid (OA) (90 %), octadecene
(ODE) (90 %), and oleylamine (OAm) (70 %) were purchased from
Sigma-Aldrich. Acetone (99.5 %) and n-hexane (95 %) were sourced from
Samchun and Daejung, respectively. Sylgard 184 elastomer kit was
purchased from Dow Chemical, and Silver conductive epoxy adhesive
(AEP) composed of part A and B (8331S-15G 4hr) was purchased from
Mg Chemical.

2.2. Preparation of CsPbBrs PQDs

2.2.1. Synthesis of Cs-oleate

Cs2CO3 (0.814 g, 2.5 mmol) was dissolved in a mixture of OA (2.5
mL) and ODE (40 mL) in a 100 mL three-neck round bottom flask, fol-
lowed by degassing at 120 °C under vacuum for 1 h. Subsequently, the
reaction between OA and CsyCOg3 was progressed under N5 gas by heating
up to 150 °C and cooled down to room temperature (RT) after the re-
action. Cs-oleate was preheated to 140 °C before the injection.

2.2.2. Synthesis of CsPbBrs PQDs

PbBr; (0.69 g, 1.88 mmol) dissolved in a mixture of ODE, OAm, and
OA in a volume ratio of 50:8:8 (mL) was heated to 120 °C, evacuated, and
refilled with N, gas. Once the temperature reached 120 °C, the solution
was vigorously stirred for 1 h. Next, 5 mL of preheated Cs-oleate was
quickly injected and reacted with PbBr; precursor for 1 min. The mixture
was then rapidly quenched in an ice-water bath. Quenched solution
containing CsPbBr3 PQDs was centrifuged at 8000 rpm for 10 min, and
the supernatant was discarded followed by particle redispersion in n-
hexane for storage. Synthesized CsPbBrs PQDs were precipitated with
acetone to wash the excess ligands, and centrifugation was conducted for
10 min at 8000 rpm, followed by redispersion in n-hexane.

2.3. Synthesis of CsPbBrz PQD/PDMS film

Here, 1 g of PDMS was mixed with 0.1 g of curing agent under stir-
ring. Next, 1 mL of purified CsPbBrs PQDs dissolved in n-hexane was
added dropwise (1 droplet/5 s) under vigorous stirring (400 rpm to 500
rpm) and stirred for additional 10 min to 30 min CsPbBr; PQD/PDMS
prepolymer was vacuumed for 1 h to 2 h to remove n-hexane and poured
into a flat-bottomed plastic Petri dish to form CsPbBrs PQD/PDMS film,
followed by vacuum curing at 60 °C for 6 h using a vacuum oven.

2.4. Ag " ion doping into CsPbBrs PQD/PDMS film via AEP treatment

Parts A and B of AEP were mixed in a volume ratio of 1:1. The mixed
AEP was then applied to the surface of CsPbBr; PQD/PDMS film and
cured for several hours under vacuum at various temperatures. After the
heat treatment, AEP was removed by a repetitive peeling with a tape on
the film's surface.

2.5. Compositional characterization
The physical properties of the films were measured using an Fourier

transform infrared spectrometer (FT-IR spectrometer; Cary670, Agilent,
USA). The surface morphology was analyzed by water contact
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measurements with a tensiometer (OCA 15 EC, DataPhysics Instruments,
Germany) and atomic force microscope (AFM; NX-10, Park Systems,
Korea). Topographical imaging was obtained using AFM in tapping mode
with a frequency of 160-220 kHz and a spring constant of 27-71 N/m.
Thin film X-ray diffraction patterns were obtained via high resolution X-
ray diffraction system (HR-XRD; SmartLab, Rigaku, Japan) with Cu Ka
radiation. The chemical composition of AEP-treated CsPbBr3 PQD/PDMS
film was investigated using Inductively coupled plasma-mass spectrom-
eter (ICP-MS; 7900, Agilent, USA), X-ray fluorescence spectrometer
(XRF; ZSX Primus, Rigaku, Japan), and X-ray photoelectron spectrometer
(XPS; K-Alpha, Thermo Scientific, USA). For liquid phase ICP-MS anal-
ysis, sample solutions were prepared by immersing sliced film (10 x 5
mm?) in 2 mL of Ag etchant solution until they completely decomposed
into Cs, Pb, Br, and Ag. The surface morphology and elemental compo-
sition were obtained using focused ion beam field-emission scanning
electron microscope (FIB-FE-SEM; JIB-4601F, JEOL, Japan) with electron
energy dispersive spectroscopy (EDS) mapping and time-of-flight sec-
ondary ion mass spectrometer (TOF-SIMS; TOF SIMS 5, IONTOF, Ger-
many). Microscopic analyses on nanostructures of as-synthesized
CsPbBrs PQDs and CsPbBrg PQD/PDMS film were conducted using
transmission electron microscope (TEM; JEM-F200, JEOL, Japan).
CsPbBr3 PQDs dispersed in n-hexane were placed on a carbon coated Cu-
grid (01820, Ted Pella, USA) and dried in a desiccator overnight. CsPbBrs
PQD/PDMS film was prepared in a thickness of approximately 100 nm
using an ultramicrotome (MTX, RMC, USA).

2.6. Steady-state PL characterization

The absorption and PL emission spectra of the synthesized CsPbBrs
PQDs and CsPbBrs PQD/PDMS films were collected at RT using an
ultraviolet-visible (UV-Vis) spectrometer (Lambda 365, PerkinElmer,
USA), and a fluorescence (FL) spectrophotometer (FL-7100, Hitachi
High-Tech, Japan, respectively. An argon lamp with a 365 nm excitation
wavelength was irradiated. The PL emission within the sample was
collected with a photomultiplier tube (PMT) detector operated at 400 V
at a scan rate of 240 nm/min. When the PL intensity exceeded the
measurement limit (9999.9) of the FL spectrometer, a K&F variable
neutral density filter was applied. The PLQY was examined by a fluo-
rescence spectrometer equipped with an integrating sphere (FS-2, Scinco,
Korea).

2.7. Time-resolved PL characterization

The time-resolved PL (TRPL) decay was obtained by a custom-built
time-correlated single-photon counting (TCSPC) system. A mode-locked
Ti:sapphire laser (MaiTai BB, Spectra-Physics, USA) with an ultrashort
pulse FWHM of 80 fs at a central wavelength of 800 nm was utilized as an
excitation light source. The intrinsic repetition rate of 800 MHz was
reduced to 800 KMz by a custom-built pulse picker, and the frequency of
pulse-picked output was doubled using a 1 mm-thick beta barium borate
crystal (type I, 6 = 29.2°, EKSMA Optics, Lithuania) to generate 400 nm
excitation wavelength from 800 nm. The PL decays of the films were
measured with multiple laser powers modulated by a neutral density
filter. The PL emission of excited film was collected with microchannel
plate photomultiplier (R3809U-51, Hamamatsu, Japan). The response
function of the overall system has an FWHM of approximately 25 ps?

2.8. Cross-sectional PL mapping with confocal laser scanning microscope
system

The sample was prepared by slicing film with a razor blade at a
thickness under 500 pm just before analysis to minimize the exposure of
the sliced sample to the external environment. Imaging was performed on
a confocal laser scanning microscope system (CLSM; LSM 880, Carl Zeiss,
Germany) at RT using a 405 nm laser with a 10 x objective. The FL of
sample was collected with a detector in the range of 410 nm to 575 nm.
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3. Results and discussions

3.1. Synthesis and optical analysis of AEP-treated CsPbBrs PQD/PDMS
film

3.1.1. Synthesis of AEP-treated CsPbBrs PQD/PDMS film

The synthesis scheme of free-standing and flexible CsPbBr; PQD/
PDMS film is depicted in Fig. 1a, wherein the comprehensive procedure
is detailed in the ‘Material and Methods’. Initially, CsPbBrs PQDs were
prepared by employing conventional hot injection method, utilizing a
ligand pair comprising OAm and OA. TEM analysis confirmed the
average particle diameter of synthesized CsPbBr; PQDs to be 12.56 nm +
2.95 nm (Fig. S1). The measured lattice interplanar spacing, 5.5 A,
matches the (100) crystallographic spacing of the cubic a-phase CsPbBrs.
UV-Vis absorption and PL emission spectra of CsPbBr3 PQDs dispersed in
n-hexane are shown in Fig. S2. CsPbBrs PQDs exhibited a strong green
emission at 516.8 nm upon the excitation with 365 nm UV light,
corroborating previously reported results [31]. To augment the PL dif-
ference between pre- and post-AEP treatment for efficient optical
encryption, the surface defects on CsPbBr3 PQDs were further induced via
additional ligand purification step. This process resulted in the removal
of ammonium cation ligands occupying Cs site from the PQDs' surface,
generating numerous surface vacancies at Cs site (V) (Fig. 1b) [27,32].
Fig. S3 shows the cross-sectional image of synthesized CsPbBrs
PQD/PDMS film obtained by SEM. EDS mapping for cesium (Cs), lead
(Pb), and bromide (Br) on an enlarged image of CsPbBrs PQDs embedded
within the PDMS matrix ( x 16 000) verified the inclusion of CsPbBr3
PQDs in the PDMS matrix. Notably, the X-ray signal for Cs was barely
detectable, implying that the predominant surface defects are Vg
generated during the film's synthesis process. The film thickness was
formed at around 200 pm, as validated by optical microscope (OM)
image, covering the AEP treatment's penetration depth (Fig. S4).

3.1.2. Optical property of CsPbBrs PQD/PDMS film upon AEP treatment

The optical properties of CsPbBrs PQD/PDMS film were examined
throughout the synthesis process including AEP treatment, supporting
the effective passivation of V¢ by diffusion of Ag * ions from AEP into the
PDMS matrix as illustrated in Fig. 1b and ¢, with further confirmation
provided at the following section 3.2. After AEP treatment, the color of
CsPbBr3 PQD/PDMS film transitioned into a brighter yellow (Fig. 1d) and
displayed enhanced green emission under 365 nm UV light (Fig. 1e). To
evaluate the optical properties throughout the synthesis process, UV-Vis
absorption and PL emission spectra of CsPbBrs PQD/PDMS composite
were measured at each synthesis step (Fig. 1f). As-synthesized CsPbBr;
PQDs were spin-coated on a wafer measuring 5 x 10 mm? with the same
amount (30 pL) across a comparable area of CsPbBrs PQD/PDMS film for
analysis. The spin-coated CsPbBr3 PQD film exhibited a peak at 507 nm in
the absorption spectra and a peak at 520 nm in the PL spectra. When the
purified CsPbBrs PQDs were mixed with PDMS prepolymer, the intensity
of the emission peak significantly attenuated to less than half compared
to that of the spin-coated CsPbBr3 PQD film. A subsequent cross-linking
process resulted further reduction in the PL intensity of the synthesized
CsPbBr3 PQD/PDMS film to 6.2 % of the spin-coated CsPbBr3 PQD film,
equating to a PLQY of 1.4 %. Notably, some of key factors known to
degrade CsPbBrs PQDs upon cross-linking process are 1) the formation of
surface vacancies following the desorption of ligand molecules [27,32]
and 2) the aggregation of PQDs due to the discrepancy in polarity be-
tween PQDs and polymer during the film fabrication [33-36]. The ag-
gregation of PQDs is corroborated by red-shift in the emission peak from
519 nm to 527 nm after the cross-linking process (Fig. 1f) [37-39].
AEP-treated CsPbBrs3 PQDs/PDMS film (henceforth denoted as
AEP-treated film) demonstrated a green emission at 522 nm, with a
significantly elevated PL intensity (9-fold enhancement compared to
CsPbBr3 PQD/PDMS film (denoted as pristine film)). Consequently, this
improvement led to an elevation in PLQY from 1.4 % up to an average of
20 % (maximum 20.7 %).
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Fig. 1. Synthesis and optical analysis of AEP-treated CsPbBr; PQD/PDMS film. (a) Synthesis process of CsPbBrs PQD/PDMS film and AEP treatment process. (b)
Schematic illustration of CsPbBr; PQD's surface with ligands, highlighting the defect passivation by Ag™ ions from AEP treatment. (c) Schematic interface depiction
between AEP and CsPbBrs PQD/PDMS film. Comparative optical photographs of CsPbBr; PQD/PDMS film before (top) and after (bottom) AEP treatment under (d)
daylight and (e) UV light at 365 nm. (f) Comparative absorption (dashed line) and PL emission (solid line) spectra for spin-coated CsPbBrs PQD film, CsPbBrs PQD/
PDMS prepolymer, CsPbBrs PQD/PDMS film, and AEP-treated CsPbBr; PQD/PDMS film (normalized to the peak emission intensity of the CsPbBrs PQD film).

3.2. Characterization of the AEP-treated CsPbBrs PQD/PDMS film

3.2.1. Morphological and compositional characterization of AEP-treated
film

FT-IR spectroscopy was conducted to analyze the chemical structure
changes in the PDMS polymer matrix subsequent to AEP treatment
(Fig. 2a). The characteristic absorption peaks located at 796 cm ™', 1 018
em %, 1074cem™Y, 1259 cm ™Y, and 2 962 em ™! can be assigned to CHg
rocking in S-CHs, Si-O-Si stretching, CH3 deformation in Si-CHgs, and CHs
rocking in S-CH3 of PDMS, respectively [40,41]. Remarkably, the FT-IR
spectrum of CsPbBrs PQD/PDMS film closely resembled that of the
pure PDMS film even after AEP treatment without any shifts in the
characteristic peaks (Fig. S5). This similarity substantiates negligible
chemical interactions between AEP and PDMS polymer chain, confirming
the preservation of the nanocomposite's chemical structure throughout
the treatment [42].

The surface property of CsPbBrg PQD/PDMS film upon AEP treatment
was further investigated using water contact angle measurements
(Fig. 2b, top). In this method, a 10 pL water droplet was placed on the
film's surface and the contact angles were averaged from 5 measurements
across the different regions in the film. The pristine film exhibited a
contact angle of 98.86° + 0.68° attributable to the hydrophobic nature of
PDMS matrix. Following AEP treatment, the contact angle exhibited a
minimal change (97.42° + 0.86°), indicating a negligible change in the
hydrophobicity of the film's surface after the detachment of AEP. AFM
imaging of the film's surface morphology also supported that AEP

treatment did not induce significant morphological deformations
(Fig. 2b, bottom). The RMS surface roughness (Rg) of the film before and
after AEP treatment was measured to be 0.001 7 pm and 0.002 8 pm,
respectively, demonstrating a negligible variation in the surface
roughness.

3.2.2. Ag " ion doping in CsPbBrs PQD/PDMS film via AEP treatment

Further compositional analysis was performed to examine the surface
defect passivation by Ag* ions through AEP treatment. However, the low
concentration of CsPbBrs PQD within the PDMS matrix limited the
analysis on a macro scale. Table S1 displays the elemental concentration
of diffused Ag " ions within the AEP-treated film, as analyzed by XRF.
The AEP-treated film contained a trace amount of Ag (0.000 5 %),
whereas no Ag was detected in the pristine film. The result of TOF-SIMS
analysis indicated the absence of Ag within a depth of 1 nm from the
surface after removing AEP, supporting that the trace amount of Ag
identified by XRF, with detection depth of tens of pm, is not the residual
AEP on the surface (Fig. S6). Also, ICP-MS analysis showed that the
concentration of Ag in the sample solution increased from 82.28 ng/mL
to 2 291.98 ng/mL after AEP treatment, indicating the existence of
diffused Ag™ ions within the AEP-treated film (Fig. 2c).

The doping of diffused Ag * ions into CsPbBrs PQDs was further
explored via XRD analysis. The crystal structures of CsPbBrs PQDs in both
pristine and AEP-treated films were examined by XRD diffraction pat-
terns (Fig. 2d). To clarify the characteristic peaks of CsPbBrs PQDs in the
diffraction patterns, the XRD peak attributable to PDMS (11.8°) was
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Fig. 2. Characterization of the AEP-treated CsPbBrz PQD/PDMS film. (a) Molecular structure of PDMS, with characteristic chemical groups highlighted by dashed red
circles, alongside with FT-IR spectra comparison among pure PDMS, pristine, and AEP-treated films. (b) Water contact angles (top) and AFM images (bottom) for the
pristine and AEP-treated films, including the root-mean-square (RMS) surface roughness (Rq). (c) ICP-MS analysis of CsPbBrs PQD/PDMS films before and after AEP
treatment (inset: sliced CsPbBrz PQD/PDMS films soaked in Ag etchant solution (NH4OH:H30,:EtOH = 1:1:4 (mL)), 1 — pristine film, 2 — AEP-treated film). (d) XRD
patterns of the pristine and AEP-treated films, focusing on the magnified XRD patterns to the right, highlighted in a gray colored box on the left spectrum. (e) TEM
images of CsPbBr; PQDs within the AEP-treated film, accompanied by elemental mapping for Ag, Cs, Pb, and Br, where black and white circles highlight CsPbBr3

PQDs-enriched and Ag-enriched regions, respectively.

subtracted from the original diffraction patterns of CsPbBrs PQD/PDMS
film (Fig. S7). The existence of cubic CsPbBr; PQDs in the pristine film
was characterized by observed peaks at 15°, 21.4°, 30.4°, 34.4°, 37.6°,
43.8°, and 49.2°, corresponding to the reflections from the (100), (110),
(200), (210), (211), (220), and (310) planes, respectively. In addition,
the incorporation of metal ions into perovskite crystals is typically
revealed through alterations in the peaks of XRD, where the variations in
XRD peaks exhibit distinct patterns contingent upon the ionic radius of
the doped metal ion. In detail, when the ionic radius of the metal ion is
larger than that of ions within the doping site, the characteristic XRD
peaks are observed to shift towards higher angles with asymmetric peaks
[28,43]. This alteration may be interpreted as a lattice shrinkage and
lattice distortion (octahedral tilting) in the perovskite crystal. With an

increase in doping concentration, the asymmetric peaks tend to divide
into multiple peaks, eventually attenuated and indiscernible with
excessive doping [43,44]. Conversely, in cases where the ionic radius of
the doped metal ion matches or closely resembles that of the original ions
at the doping site, little or no alteration in XRD pattern are apparent,
indicating the absent of changes in crystal lattice [23,45,46]. As
demonstrated in Fig. 2d, the characteristic peaks of CsPbBrs, corre-
sponding to (211) and (220) plane, exhibited a shift towards higher
angles upon AEP treatment, with values changing from 37.6° to 38.2°,
and from 43.8° to 44.4°, respectively [47]. Additionally, the reduction in
the collective X-ray signal, coupled with an asymmetric shape, revealed
the octahedral tilting in CsPbBrs PQDs as a result of Ag * ion doping
(Fig. S7). Hence, it can be deduced that Ag™ ions with an ionic radius of
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1.26 A are incorporated into the vacancies in the Cs site (V) with a
larger ionic radius (1.81 10\), rather than the Pb site, which has a com-
parable ionic radius (1.19 1°\) to the Ag™ ions [28,44].

This claim can be augmented through the calculation of the Gold-
schmidt tolerance factor (tg), which indicates the degree of lattice
distortion in perovskite crystals. The Goldschmidt tolerance factor is
calculated using Eq (1), in which Ra, Rg, and Rx represent the ionic radii
of cations A, B, and anions X comprising the perovskite crystal (ABX3). A
tolerance factor ranging from 0.8 to 1 leads to the formation of an or-
dered cubic structure with limited distortion, while a tolerance factor
below 0.8 triggers octahedral tilting, resulting in a distorted crystal
structure with reduced symmetry. The calculated tolerance factor of
pristine CsPbBrg PQD was 0.85, implying a stable lattice structure with
limited distortion. If we assume Ag" ions completely replace Cs" ions in
the Cs site, the tolerance factor becomes 0.72 indicating significant lat-
tice distortion. In contrast, doping in the Pb site results in a tolerance
factor of 0.83, maintaining a stable lattice structure. As a result, the
lattice distortion in CsPbBrs PQDs, as observed in XRD patterns, aligns
with the calculated tolerance factor exclusively when Ag * ions are
introduced as dopants in V.

Although XPS was conducted to further confirm the Ag * ion doping
in Vs, the electron signals corresponding to Cs, Pb, Br, and Ag were
barely detectable due to the low concentration of CsPbBrg PQDs in the
PDMS matrix, as mentioned above (Fig. S8). Therefore, alternative XPS
analysis was conducted on a CsPbBr3 PQD single layer film treated with
modified AEP treatment using CsPbBrs PQD/PDMS bilayer structure. In
detail, the bilayer PQD/PDMS film was prepared by sequentially spin-
coating CsPbBrg PQDs and PDMS onto a silicon wafer, followed by
curing in vacuum oven. Subsequently, AEP treatment was conducted on
the top of PDMS layer. During this procedure, Ag * ions infiltrate PDMS
layer and are doped in CsPbBrs PQD layer, as evidenced by the
enhancement in PL intensity (Fig. S9). After AEP treatment, the PDMS
layer was detached, leaving behind only Ag * ion doped CsPbBrs PQD
single layer on the Si wafer. The XPS peaks of multiple elements
including Cs, Pb, Br, C, and O were observed and calibrated using the C 1s
peak (Fig. S10), while Ag was not detected either in the pristine or AEP-
treated CsPbBr3 PQD single layer film owing to its low concentration.
Through XPS peak-differentiation-imitating analysis, the high-resolution
spectra of Cs 3d, Pb 4f, and Br 3d were analyzed (Fig. S11). As shown in
Fig. S11a, the Cs 3d3/2 and 3ds/5 peaks, located at 738.0 eV and 724.0 eV,
respectively, showed negligible shifts after AEP treatment, implying no
significant interaction between doped Ag and Cs. The Pb 4f spectrum
displayed two distinct peaks corresponding to Pb2* 4f, specifically Pb2*
4fs/o at 143.0 eV and pb3* 4f; 5 at 138.2 eV, alongside shoulder peaks
indicative of metallic Pb® 4f at 141.8 eV and 137.2 eV (Fig. S11b). Upon
AEP treatment, all Pb 4f peaks exhibited a shift of approximately 0.2 eV
towards lower binding energies, with a slight suppression of the Pb°
peaks. The reduction in binding energy was also evident in the Br 3d
spectrum, where the Br 3d3/5 and Br 3ds/, peaks shifted from 69.4 eV to
69.1 eV and from 68.2 eV to 68.0 eV, respectively (Fig. S11c). In sum-
mary, the shifts to lower binding energies of Pb and Br - in contrast to the
stable Cs peaks — suggest a decrease in the strength of Pb-Br interactions
following AEP treatment [48], resulting in a decrease in the overlap of
metal-halide orbital in perovskite crystal, predominantly triggered by
octahedral tilting [43]. Accordingly, it is inferred that Ag * jons are
doped in V¢ of CsPbBrg PQDs embedded within PDMS matrix upon AEP
treatment, inducing lattice distortion in CsPbBrs PQDs.

 Ra+Rx
¢ V2R + Rx)

To further validate the diffusion and doping of Ag * ions into the
CsPbBrs; PQDs within the PDMS matrix, TEM images of the AEP-treated
film were also obtained. Fig. 2e shows the cross-sectional TEM images
of aggregated CsPbBrs PQDs (~100 nm) in the PDMS matrix and EDS
mapping for compositional characterization. The elemental mapping of

@
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Ag confirms the presence of Ag" ion in the polymer matrix, with a con-
tent of 2.42 %. The Ag-enriched region in the EDS map (indicated by a
white circle) was correlated with the aggregated CsPbBrs PQDs
(demonstrated as a black circle in the TEM image), indicating the
incorporation of Ag ™ ions into CsPbBrs; PQDs.

3.3. Photophysical properties of CsPbBrs PQD/PDMS film after AEP
treatment upon various durations and temperatures

AEP treatment durations (t) and temperatures (T) were examined to
optimize AEP treatment process. Fig. 3a shows optical images of the AEP-
treated films subjected to treatment at T = 25 °C (RT), 60 °C, 80 °C, and
100 °C with varied treatment durations (¢t =1 h, 2 h, 4 h, 8 h, and 24 h).
Along with the optical images, qualitatively measured PL intensities were
presented as relative values, expressed as a ratio of AEP-treated film
(Iveated) to pristine film (Ipistne) on average of 5 trials (Fig. 3b).
Compared to the pristine film, the AEP-treated films exhibited a notable
enhancement in PL intensity upon the treatment, an indicative of effi-
cient passivation of surface defects on CsPbBrs PQDs through Ag T ion
doping during AEP treatment [28,49]. Notably, maximum enhancements
in PL intensity were realized more rapidly at elevated temperatures: 24 h
for RT, 4 h for T=60°C, 2 h for T=80 °C, and 1 h for T = 100 °C. This
accelerated enhancement at higher temperatures might be attributed to
the increased diffusion rate of Ag ¥ ions into CsPbBr; PQD/PDMS film,
facilitating the defect passivation in a reduced timeframe, which will be
discussed further in the ‘Diffusion analysis’ section [30]. The film sub-
jected to AEP treatment at 80 °C for 2 h exhibited the highest PL intensity
enhancement ratio of 8.75 + 0.49, achieving a maximum PLQY of 20.7
%.

Meanwhile, the effect of thermal degradation of CsPbBrs PQDs
became noticeable under prolonged treatment durations at temperatures
exceeding RT [50]. At T = 60 °C, the PL intensity enhancement persisted
up to 4 h of treatment (6.85 + 0.54), beyond which saturation occurred at
extended treatment durations. At higher temperature (T = 80 °C and 100
°C), the effect of thermal degradation became more apparent, leading to a
subsequent decline and eventual saturation of the films’ PL intensity.
This reduction in PL intensity intensified and accelerated with increasing
treatment temperature. After 24 h of treatment, the relative PL intensities
decreased from 8.75 + 0.49 to 6.57 & 1.53 (24.92 %) at T = 80 °C, and
from 5.52 + 0.28 to 4.37 + 0.42 (20.83 %) at T = 100 °C. To note, the
film treated at T = 100 °C exhibited the low enhancement ratio of 5.52
after 1 h of AEP treatment compared to those of T = 80 °C and 60 °C,
implying that the thermal degradation of PQDs becomes significant at
higher temperature.

The interplay between thermal degradation and defect passivation
was further evidenced by an auxiliary experiment (Fig. S12). Specifically,
two films were subjected to the heat treatment at 100 °C for 8 h, with AEP
removed after 1 h for one film (dash-dot line) and retained for another
film (solid line). In the absence of continued defect passivation, the
former exhibited a more pronounced decrement in the PL intensity,
attributable to the enhanced thermal degradation of CsPbBrs PQDs.

In the AEP-treated films, blue shifts in the PL peak from 527 nm to
(521~523) nm were observed within 1 h of AEP treatment, regardless of
treatment temperatures (Fig. 3c). The shifts in PL emission peaks are
ascribable to the surface defect passivation by Ag T ions in Vg As
abovementioned, the discrepancy in ion radii between Cst(1.81 A) and
Ag" (1.26 A) provokes an octahedral tilting in the crystal lattice of
CsPbBr3 PQDs, leading to the reduction in the degree of Pb-Br orbital
overlap. Since the bandgap energy of perovskite is inversely proportional
to the strength of metal-halide orbital overlap, approximately 0.03 eV
increase in the bandgap energy of CsPbBrs PQD was observed, resulting
in a blue-shifted emission of AEP-treated films [51]. This is consistent
with the peak attenuation observed in the XRD and XPS analysis, stem-
ming from the octahedral tilting in CsPbBrsz PQDs upon AEP treatment.

Surface defect passivation via AEP treatment was further analyzed by
examining the exciton dynamics in the AEP-treated film (80 °C, 2 h)
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Fig. 3. Variations in the photophysical behavior of CsPbBr; PQD/PDMS film following AEP treatment across different treatment durations and temperatures. (a)
Optical images of the AEP-treated film under UV light at various treatment durations and temperatures (scale bar of 2.5 mm). (b) Changes in relative PL intensity and
(c) shifts in the PL emission peak for the AEP-treated film under various treatment durations (¢t =1 h, 2 h, 4 h, 8 h, and 24 h) and temperatures (T = 25 °C (RT), 60 °C,
80 °C, and 100 °C). (d) Comparative TRPL decay profiles for the pristine film and AEP-treated film. (¢) Pump-fluence dependent PL decay dynamics and (f) subtracted
biexciton component decay of the AEP-treated film (top) and pristine film (bottom).

through TRPL measurements (Fig. 3d). The PL decay profiles of both
pristine and AEP-treated films were modeled using a tri-exponential
function, with specific component values detailed in Table S2. Post-
AEP treatment, the PL decay detained compared to the pristine film,
with an average PL lifetime (7,vg) increased from 9.39 ns to 18.297 ns?
Notably, this observation underscores that AEP treatment effectively
diminished defect sites, thereby reducing the probability of non-radiative
recombination and elongating exciton lifetime.

To further elucidate the multi-exciton recombination dynamics
following AEP treatment, exciton dynamics under varying excitation
fluences were measured within a shorter time window of 100 ns?
Generally, Auger recombination process is governed by the annihilation
of excitons via exciton-exciton Coulomb interactions. Consequently, the
probability of biexciton Auger recombination heightens with an increase
in the initial exciton density and excitation fluence, leading to a reduced
exciton lifetime [52]. These measurements employed 4 pW and 40 pW to
establish low and high excitation fluence conditions, respectively
(Fig. 3e). The low excitation fluence was determined when the detector
could barely discern the PL signal from the pristine film. As the excitation
fluence intensified, the PL decay of AEP-treated film accelerated,
attributed to a higher probability of biexciton Auger recombination due

to enhanced exciton densities. In contrast, the PL decay rate of the pris-
tine film remained consistent across varying excitation fluence, indi-
cating that exciton recombination within the pristine film was initially
dominated by non-radiative Auger recombination. The biexciton decay
components were obtained by subtracting the tail-normalized low flu-
ence decay from high fluence decay (Fig. 3f) [53]. The mean biexciton
lifetime in the AEP-treated film was determined to be 5.712 ns, notably
shorter than that of the pristine film (9.463 ns). This discrepancy might
be attributed to an accelerated exciton annihilation mediated by Auger
recombination, resulting from higher initial charge carrier densities. The
AEP-treated film exhibited a higher initial charge carrier density
compared to the pristine film under equivalent photon fluence, demon-
strating an enhancement in the PLQY of CsPbBrs PQDs embedded within
the PDMS matrix upon AEP treatment.

3.4. Analysis of Ag " ion diffusion and PL intensity dynamics of AEP-
treated film

3.4.1. Analysis of Ag * ion diffusion upon AEP treatment via CLSM
The CLSM imaging system is widely utilized for measuring non-steady
state molecular diffusion dynamics of fluorescent molecules (e.g.,
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fluorescently labeled proteins, fluorescent dyes) within various sub-
stances [54-56]. In our study, CLSM was employed to elucidate the
diffusion dynamics underlying AEP treatment. The mechanism of defect
passivation through AEP treatment involves the diffusion of Ag" ions into
the PDMS matrix and their subsequent doping onto the surface of PQDs.
Assuming a uniform doping of Ag" ions and no thermal degradation of
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PQDs, the PL intensity can be depicted as a linear function of Ag™ ion
concentration. Under this assumption, a diffusion model was formulated
by modifying the analytic solution to Fick's second law, drawing on in-
sights from the prior studies on diffusion in PDMS [54,55]. Based on
Fick's second law in semi-infinite medium, the PL intensity at depth x
from the surface after AEP treatment for a duration t is given by:
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Fig. 4. Analysis of Ag * ion diffusion and PL intensity dynamics of AEP-treated film. (a) Time dependency of diffusion coefficients for films treated at T = 25 °C,
alongside the PL intensity profiles for films treated for 1 h at T = 25 °C (inset), fitted according to Eq (2). (b) CLSM images of films treated at T = 25 °C, illustrating
variations in treatment duration (depth of AEP treatment (DOA) is denoted by the gap between the white dashed lines). (c) Measured diffusion coefficients across
various treatment temperatures for a consistent AEP treatment duration of 1 h (purple) and 24 h (blue) with Arrhenius plot displaying the infinite diffusion coefficient
and the activation energy of films treated for 1 h. (d) Schematic degradation process of the AEP-treated film. (e) Long-term PL intensity dynamics of the pristine and
AFEP-treated films in ambient condition. (f) AEP treatment temperature- and duration-dependent long-term PL intensity dynamics organized in a clockwise manner. (g)
CLSM images of films treated at T = 100 °C for 1 h (left) and T = 25 °C for 24 h (right) with DOAs.
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where Iy and I; denote the infinite background intensity and surface in-
tensity, respectively; D denotes the diffusion coefficient, and erf repre-
sents the error function. Iy was experimentally determined to be the
average PL intensity value at which the gradient 6,./8x is less than 10~*.
Is was identified as the maximal intensity value proximal to the AEP-
treated film surface. The depth of AEP treatment (DOA) was deter-
mined as (Dt)!/2, the equation for calculating the diffusion length. Uti-
lizing MATLAB software, the PL intensity profile across the entire field of
view was computed. Intensity values along each line parallel to the film
surface were averaged and normalized against I; to mitigate errors
stemming from non-continuous PL signals. Ensuring the semi-infinite
nature of the medium, the analysis was performed on the films
exceeding 1 mm in thickness, substantially surpassing the characteristic
diffusion depth.

Since diffusion kinetic of AEP treatment is most dominant at T = 25
°C (thermal degradation becomes significant as temperature increases),
experimentally measured PL intensity profiles of films treated at T = 25
°C were fitted to the modified solution in Eq (2) for various treatment
durations (t =1 h, 2 h, 4 h, 8 h, 12 h, and 24 h) utilizing least-squares
approximation with variation in the diffusion coefficient D (Fig. 4a).
The inferred values of diffusion coefficient and DOA are presented in
Table S3. An increase in treatment duration from 1 h to 24 h corre-
sponded with a decrease in the diffusion coefficient from 2.32 + 0.28 x
10712 m?/s to 3.69 + 0.58 x 10~ '3 m?/s. Concurrently, DOA exhibited a
rise from 91.20 + 5.44 pm to 178.16 + 14.04 pm, showing a linear de-
pendency to t'/2, which is generally accepted (Fig. 4b) [57]. The
empirically derived D values were validated through temperature
dependence analysis of the diffusion coefficient, employing the Arrhe-
nius equation in Eq (3), where R denotes the molar gas constant, Dy and
E, are the infinite diffusion coefficient and the activation energy,
respectively. Following 1 h of AEP treatments at T = 25 °C, 60 °C, 80 °C,
and 100 °C, diffusion coefficients were measured (Table S3). Then, Dy
and E, were calculated by substituting six pairs of derived {(Ty, D7), (Ta,
D)} in Eq (4) and averaged. The plotted Arrhenius relationship for Ag ™
ion diffusion in PDMS with averaged Dy and E, exhibited consistency
with the experimentally measured diffusion coefficients, substantiating
the diffusion analysis of the films treated for 1 h via CLSM (Fig. 4c).

D=Dy*e 3)
R*In2
2ok, @
nTn

In contrast, with the prolongation of AEP treatment duration to 24 h, the
experimentally measured diffusion coefficients exhibited a weak corre-
lation with treatment temperature and could not be effectively explained
by Arrhenius equation. This might be attributed to the limited efficacy of
Ag" ion doping upon the prolongation of treatment duration at a higher
temperature due to the thermal degradation of PQDs. This observation
implies that the fluorescence-based diffusion analysis might not
comprehensively depict the actual diffusion behavior of Ag™ ions when
the effect of thermal degradation exerts a significant influence.

The long-term PL dynamics of the AEP-treated films were examined
using CLSM. As widely known, halide perovskite is vulnerable to long-
term exposure to water and oxygen, resulting in the decomposition and
dissolution of the perovskite crystal. In detail, the formation energy of
halide defects decreases upon accumulation of water molecules, leading
to the decomposition of the crystal [58]. Additionally, oxygen molecule
generates a reactive superoxide 0%~ which can react with the acidic A
site cation under light irradiation, resulting in the decomposition of
crystal [59]. In both processes, it is crucial to control the density of de-
fects at which water or oxygen molecules can adsorb and initiate
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degradation process. Generally, the stability of PQDs towards water and
oxygen is enhanced when PQDs are isolated from the external environ-
ment by encapsulation within a polymer matrix. Nevertheless, upon
exposure to ambient conditions over several days, the AEP-treated film
exhibited a region of quenched PL near the surface by interacting with
diffused oxygen and water molecules within the PDMS matrix (Fig. S13).
The structural instability of Ag * ion doped CsPbBrs PQDs in PDMS
matrix, resulting from lattice shrinkage and distortion, results in accel-
erated degradation of PQDs upon exposure to oxygen and water mole-
cules diffusing in the PDMS matrix.

In addition, as abovementioned, the calculated Goldschmidt toler-
ance factor (tg) of Ag ™ ion doped CsPbBrs PQDs is 0.72, which is close to
the range of significant lattice distortion in perovskite crystal (tg < 0.7).
This substantial lattice distortion results in the reductions in both ionic
migration energy and halide defect formation energy, increasing the
susceptibility of Ag * ion doped CsPbBr3 PQDs to halide defects [60]. Asa
result, the inclusion of Ag * ions in CsPbBrs PQDs leads to accelerated
degradation even with the trace amount of diffused water and oxygen,
since the defects act as a channel for water and oxygen molecules to
adsorb and initiate degradation process within the perovskite crystal [58,
59,61]. This interaction caused an expansion of the quenched PL region
from the surface (Fig. 4d) [62].

Furthermore, the PL intensities of AEP-treated film were monitored
for 30 d after AEP treatment (Fig. 4e). Initially, the AEP-treated films
exhibited a relative PL intensity of 7.5 + 0.43 for the first 1 d to 2 d;
however, a rapid quenching to 3.26 + 0.57 was observed after 17 d. After
17 d, the quenching of PL intensity exponentially diminished and even-
tually saturated, likely due to the protection of Ag™ ion-doped PQDs with
PDMS matrix beneath the diffusion depth of water and oxygen molecules.
Hence, PL intensity is expected to saturate at higher intensity with an
increment of DOA. Conversely, the pristine film maintained its initial PL
intensity for 30 d under ambient conditions, attributed to the protective
role of the PDMS matrix in shielding structurally stable PQDs (tg = 0.85)
from environmental factors.

3.4.2. Time- and temperature-dependent long-term PL intensity of AEP-
treated film

The long-term PL intensity dynamics of the AEP-treated films with
various treatment conditions were monitored over a period of 30 days.
The long-term dynamics of PL intensities in the AEP-treated films were
presented until 17 d in Fig. 4f, as they exhibited minimal changes in PL
intensities and saturated thereafter on average.

As demonstrated in Figs. 3b and 4f, the AEP-treated films exhibited
dependency in their PL intensity with treatment duration immediately
after the treatment (0 d) at fixed treatment temperature. In detail, a
proportional relationship was observed at T = 25 °C, whereas an inverse
proportional relationship was evident at T = 80 °C and 100 °C. Notably,
all films exhibited a consistent quenching and saturation to similar in-
tensity levels after 17 d despite the initial discrepancies in the PL in-
tensities; films treated at T = 25 °C reached a saturated PL intensity of
0.9 & 0.1, while those of films treated at T = 60 °C, 80 °C, and 100 °C
achieved intensity level of 2.5 + 0.1, 2.8 4+ 0.3, and 2.3 + 0.6 on average,
respectively.

These observations suggest that the saturation level of quenched PL
intensity is primarily determined by treatment temperature rather than
duration. Particularly, the films treated at T = 25 °C for 24 h and T = 100
°C for 1 h displayed initial PL intensities of 5.1 £+ 0.7 and 4.8 + 0.1,
respectively. Despite their similar initial PL intensities, the film treated at
T =100 °C for 1 h exhibited a higher saturated PL intensity of 3 + 0.1
compared to the film treated at T = 25 °C for 24 h (1 + 0.1), which
exhibited DOAs of 339.5 ym and 251.5 pm, respectively (Fig. 4g). These
results align with our assumption that saturated PL intensity enhances as
DOA increases, which is also supported by the Arrhenius equation (Eq
(3)) demonstrating the exponential relationship between diffusion coef-
ficient and temperature.
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3.5. Optical encryption and decryption strategies

Utilizing this unique PL intensity dynamics of the AEP-treated films
with different treatment conditions, AEP treatment on CsPbBrs PQD/
PDMS films emerges as a powerful encryption/decryption method
(Fig. 5a). Initially, simple optical encryption was performed by
patterning CsPbBrs PQD/PDMS film with AEP treatment, where
decryption is facilitated under 365 nm UV light. Furthermore, by
adjusting the conditions of the AEP treatment, a more sophisticated and
secure form of time-dependent optical encryption can be realized.

The patterns were applied using stamps featuring various designs
(Fig. S14). In the simple optical encryption patterning process, a ‘Y’
symbol was precisely imprinted onto the film using AEP, followed by a
thermal treatment for 1 h at T = 100 °C. For the advanced time-
dependent optical encryption, the surrounding region of the ‘Y’ symbol
was coated with AEP and treated for an additional 24 h at T = 25 °C. After
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the patterning process, the AEP was removed. The basis for the temporal
modulation of encryption and decryption lies in the difference of long-
term PL intensity quenching rates, a consequence of varying treatment
conditions, as depicted in Fig. 5b. Both sets of films treated at T =100 °C
for 1 h and at T = 25 °C for 24 h exhibited comparable PL intensities
initially, rendering them indistinguishable by visual observation. How-
ever, the discrepancy in intensities between 100 °C/1 h-treated film and
25 °C/24 h-treated film increased significantly within 2 d, persisting for
more than 15 d.

Optical images illustrating the decryption process of simple and time-
dependent optical encryption/decryption are presented in Fig. 5c. Spe-
cifically, the ‘Y" symbol from the simple optical encryption method
remained invisible under daylight condition but was revealed with green
fluorescence upon irradiation of 365 nm UV light. For the time-
dependent optical encryption strategy, the encrypted pattern remained
concealed under daylight and UV light irradiation for the initial hours

365 nm UV light

b 4
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Fig. 5. Optical encryption and decryption strategies. (a) Schematic illustration of time-dependent optical encryption/decryption processes via AEP treatment. (b)
Long-term PL intensities of 25 °C/24 h-treated film (black line) and 100 °C/1 h-treated film (red line) under ambient condition with yellow subtracted areas of the PL
intensities. (c) Optical images of the ‘Y’ symbol obtained by both simple and time-dependent optical encryption/decryption processes under daylight and UV light
(scale bar of 1 cm). (d) Long-term PL intensities of the pristine and AEP-treated films in water. (e) Schematic illustration of intensity inversion via Rubin's vase (top)
and the optical images of water induced intensity inversion processes under daylight and UV light (bottom; scale bar of 1 cm).
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following the treatment. As the PL intensity quenching accelerated in the
25 °C/24 h-treated background compared to the 100 °C/1 h-treated ‘Y’
symbol region, the emission in the ‘Y’ symbol became relatively stronger,
being apparent under UV light after 1 d. The ‘Y’ symbol was observed
after 10 d.

Furthermore, the AEP-treated film exhibited a significantly rapid
quenching in PL intensity upon immersion in water (Fig. 5d). This phe-
nomenon may be attributed to the attenuation in defect formation energy
of CsPbBrs PQDs after AEP treatment as mentioned above, being more
susceptible to the decomposition in aqueous environments. In contrast,
the pristine film exhibited heightened stability in water over 30 d,
alongside a slight increase in PL intensity. Although PQDs are inherently
susceptible to water, their encapsulation within a polymer matrix offers
protection and further passivation through the infiltration of water into
the polymer matrix. Specifically, the entangled polymer chains facilitate
the infiltration of a trace amount of water, which acts to passivate the
surface defects in CsPbBrz PQDs by dissociating water into HsO" and
OH™ ions [5,63]. Consequently, the PL intensity of the pristine film
increased while that of the AEP-treated film diminished upon immersion
in water. During this process, an intensity inversion occurred as the PL
intensity of the pristine film surpassed that of the AEP-treated film within
a day.

Hence, the encrypted pattern demonstrated an intensity inversion
reliant on environmental conditions (e.g, air and water). This intensity
inversion is effectively demonstrated by patterning a reversible figure,
which induces ambiguity by exploiting multiple interpretations among
multiple image forms (Fig. 5e). A classic example of such a reversible
figure is ‘Rubin's vase’, interpretable either as a vase ([V]) or two people
facing at each other ([TP]), contingent upon the observer's perspective.
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The [TP] region of ‘Rubin's vase’ was imprinted by AEP treatment, where
the figure was initially perceived as [TP] due to the brighter green
fluorescence under UV light. The intensity inversion occurred when the
patterned film was immersed in water, with the figure transitioning to
being recognized as [V] instead due to a reduction in the PL intensity of
the [TP] region. Notably, the yellowish [TP] region gradually whitened,
fully transitioning to white after 4 d under daylight, implying the
decomposition of CsPbBrg PQDs within the [TP] region. Correspond-
ingly, the green emission of the [TP] region diminished over time,
whereas a slight increase in PL intensity was observed in the [V] region,
attributable to the water-induced defect passivation. Accordingly, a
distinct vase image emerged under both daylight and UV light within 4
d after immersion in water.

3.6. Time-/environment-dependent optical encryption and decryption of
CsPbBr3 PQD/PDMS film

Integrating the time-dependent optical encryption with the intensity
inversion through water immersion, a multilevel advanced optical
encryption was performed using AEP treatment on CsPbBrs PQD/PDMS
film. As depicted in Fig. 6a, an array comprising four digits was fabri-
cated by sculpting CsPbBrs PQD/PDMS film into the configuration of
‘8888’. These four independent digits were subsequently segmented into
seven sections, each sequentially numbered in a counterclockwise
orientation. Subsequent patterning with AEP was executed on each
segment of digits corresponding to the pattern ‘0819’, varying treatment
conditions among the segments. In detail, the segments common to both
‘0819’ and ‘1014’ underwent treatment at T = 100 °C for 1 h, while the
remaining segments were treated at T = 25 °C for 24 h. For instance,

\_EB\_ B\ B\ _/ °
four-digit array of CsPbBr, PQD/PDMS Segments of digit . ‘ . ‘ . ‘ . ‘ m= 25°C/24h
PR a» aa @ @, == 100°'C/1h
P | ]
LT ' == Untreated
- ! —— g
. W"'\ﬁii}'J/ :I @ @ ® /
O Ve _VE 0.V ! < . Daylight ON UV light ON
' ) ' = . 1 N TN —
- = = (=== @ ® . ‘.-‘ '.-‘
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Time

Removing Ag epoxy paste — ‘.-‘ " ‘
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3 party
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Fig. 6. Time-/environment-dependent optical encryption and decryption on CsPbBrz PQD/PDMS film. (a) Schematic illustration of the patterning process for a four-
digit array on CsPbBr; PQD/PDMS film using AEP treatment, highlighting seven segments in a digit, numbered in a counterclockwise manner. (b) Original pattern
design marked with different colors depending on the treatment conditions, alongside the pattern's decryption sequence. (c) Diagram of encryption/decryption process
where a sender encrypts the message ‘1014’ within ‘0819’ and (d) sequential optical images displaying the evolution of the four-digit array over time (scale bar of

0.5 cm).
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converting the digit ‘9’ into ‘4’ involved AEP treatment on segments 2, 5,
6,and 4 at T=100 °C for 1 h, whereas segments 1 and 4 were treated at T
= 25 °C for 24 h. Consequently, the red-colored regions were treated at T
=100 °C for 1 h, and the purple-colored regions were treated at T =25 °C
for 24 h, with no treatment conducted on the blue-colored regions
(Fig. 6b).

Following the removal of AEP, the array under daylight visually
represented the sequence ‘8888’. Upon exposure to UV light (365 nm),
the array initially showed the sequence ‘0819’ and gradually decrypted
into ‘1014’ under ambient air due to variations in the PL intensity
quenching rates. The fully decrypted array was then immersed in water,
permanently reverting to ‘0819’ through intensity inversion between the
treated and untreated regions, as schematically illustrated in Fig. 6b.

In a practical message transmission, a sender embedded the message
‘1014’ within a decoy message ‘0819’ on the digit array (Fig. 6¢). By
modulating AEP treatment conditions, the timeframe requisite for com-
plete decryption became adjustable, thus serving as an encryption key.
This encryption key was delineated as a pair of two distinct treatment
conditions employed during the encryption process. In the presented
case, the shared encryption key between the sender and receiver was
defined as {(100 °C/1 h), (25 °C/24 h)}, indicating the utilization of AEP
treatment at T = 100 °C for 1 h and at T = 25 °C for 24 h, with the
corresponding decryption timeframe of 3 d. As demonstrated in Fig. 6d,
while the message was in transit to the intended receiver (for 2
d following the encryption), the encrypted information within the array
was safeguarded from third-party discovery, disguised with the fake in-
formation ‘8888’ and ‘0819 under daylight and UV light, respectively.
After 3 d, the intended receiver with the encryption key confirmed the
decrypted message ‘1014’ and subsequently immersed the array in water
to obviate any post-transmission leakage of the decrypted information.

Our optical encryption strategy is compared with previous techniques
using perovskite composite materials listed in Table S4, classified in
several categories. While other optical encryption techniques involve
complex processes (e.g., 3D printing, hydrothermal or micro emulsion for
material synthesis, multi-power laser engraving, and halide ion concen-
tration control), our method using AEP treatment on CsPbBrs PQD/PDMS
nanocomposite film has advantages of simple material preparation step
and encryption procedure offering a multilevel encryption system.
Furthermore, the decryption process necessitating only water and UV
light bolsters user simplicity and security, and the cost associated with
synthesis and patterning 1 cm? of CsPbBrs PQD/PDMS film using AEP
was about 6.1 x 1072 USD (Table S5). We also believe our optical
encryption method could be augmented by employing Pb-free perovskite
(e.g., CsSbBr3, CsGeBrs) for environmental compatibility or by control-
ling the encryption/decryption operation time for desired application
through regulation of environmental conditions such as humidity and
temperature. Ultimately, the AEP treatment-based encryption technique
presented in this work has the potential to further enrich the diversity of
perovskite/polymer nanocomposites within advanced optical encryption
frameworks.

4. Conclusions

In summary, a high-security multilevel optical encryption strategy
attributed from the PL intensity enhancement via AEP treatment on
CsPbBr3 PQD/PDMS film was proposed. The introduction of Ag " ions by
thermal treatment upon the application of AEP on the film effectively
passivated surface vacancy defects within CsPbBrg PQDs, diminishing
non-radiative exciton recombination. The AEP-treated film exhibited
significantly enhanced PL properties, as evidenced through both steady-
state PL and TRPL analyses, resulting in a 15-fold enhancement in PLQY
(20.7 %) compared to the pristine film (1.4 %). Furthermore, CLSM
analysis into the diffusion dynamics of Ag" ions furnished an in-depth
insight into AEP treatment mechanism and long-term PL dynamics of
the AEP-treated film. By harnessing the long-term PL dynamics via stra-
tegic AEP treatment condition adjustments, our methodology was
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employed as a time-dependent encryption method with disparities in the
PL intensity quenching rates. Additionally, introducing a trace amount of
water into CsPbBr; PQD/PDMS film patterned with AEP treatment
facilitated an inversion in the PL intensities between the treated and
untreated regions of the film. Integrating two strategies, a multilevel
optical encryption was demonstrated on CsPbBrs PQD/PDMS film. The
encrypted information remained secure from unauthorized entities under
both daylight and UV light, utilizing fake information until a pre-
determined time, after which the information leakage was furthered
avoided with water immersion. Importantly, our encryption method
necessitates only a UV light source and a trace amount of water for the
entire decryption process. Given its cost-effectiveness and procedural
simplicity, this investigation not only suggests the novel application of
AFP as a straightforward and cost-effective surface defect passivation
method for perovskite/polymer composites but also paves new avenues
for these composites in the field of advanced information security.
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