
communicationsmaterials Article

https://doi.org/10.1038/s43246-025-00746-x

Electrically chargeable inorganic
persistent luminescence in an alternating
current driven electroluminescent device

Check for updates

Cunjian Lin1,2,7, Rujun Yang3,7, ZishuangWu4, Yajing Wang3, Chenhan Zhan3, Hirohisa Miyata1,
Xiankan Zeng2, Yuantian Zheng3, Shihai You 2 , Ying Lv 5 , Yixi Zhuang 3, Rong-Jun Xie 3,6 &
Jumpei Ueda 1

Persistent luminescence (PersL) in inorganic materials, lasting from seconds to even days, has
attracted considerable attention. Despite the promise of electric power-driven PersL for lighting and
display device applications due to its convenience and manageability, studies on electrically driven
inorganic PersL are lacking. Here, we report an inorganic PersL in electroluminescent devices, which
shows an energy storage effect that persists beyond 24 h after charging with an alternating current
electric field at 250 K. The spin-coatingmethod-preparedemission layer composites consist of a small
bandgap copper-doped zinc sulfide core, a high dielectric constant alumina shell and a chemically
passivated dielectric polydimethylsiloxane medium (ZnS:Cu@AlOx@PDMS), and these composites
exhibit well-distributed electric fields and excellent operational stability. Thermoluminescence
characterization reveal that PersL with an ~ 0.3 eV trap depth in electroluminescent devices mainly
arises from the charge separation via hot-electron impact excitation and charge trapping within trap
states in the emission layer. This study on electrically chargeable PersL in alternating current-driven
electroluminescent devices can enhance our understanding of luminescence mechanisms in
inorganic semiconductors.

Persistent luminescence (PersL) materials are capable of storing photon
energy in trap states and delaying light emission for several seconds tohours
after excitation and have motivated ongoing explorations of their better
performance in many advanced applications, such as information storage,
alternating-current driven light-emitting diodes (AC-LEDs), bioimaging
and sensing1–6. Through the continuous effort of researchers, a variety of
PersL materials with appealing properties have been successfully created in
both inorganic and organic systems7–10. Generally, PersL can be described as
an electron trapping-detrapping process, as shown in Fig. 1a, b11. This
process begins with band-to-band excitation, where electrons are directly
excited from the valence band (VB) to the conduction band (CB) of host
materials and then partially captured by traps. After ceasing excitation, the
trapped charge carriers can escape from the traps under external stimuli
such as thermal activation or near-infrared stimulation and return to CB;

finally, these charge carriers recombine with holes in the luminescence
centers to produce PersL. However, most reported PersL materials, espe-
cially inorganic phosphors, can only be subjected to photoexcitation.
Therefore, their application is limited in lighting and display devices, and
this deficiency motivated our research for the attainment electro-excited
PersL12,13. For instance, electrically excitable PersL not only addressesflicker
problems but also facilitates device miniaturization and integration by
eliminating the need for an additional inorganic phosphor layer in AC-
LEDs14,15. In this context, developing PersLmaterials that can be electrically
excited is highly important for extending their applications inoptoelectronic
devices.

This motivation has resulted in great efforts in exploring electrically
excitable PersL materials, and significant advances have been achieved in
organic PersL compounds. For example, a series of organic light-emitting
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diodes (OLEDs) have been successfully assembled by incorporating
organic room-temperature phosphorescence (RTP) emitters, thermally
activated delayed fluorescence (TADF) dimmers, or long-persistence
luminescence (LPL) compounds as electroluminescent layers to achieve
intriguing electro-excited PersL performance16–19. Despite these
impressive breakthroughs, the practical applications of these organic
materials are still significantly limited by their relatively short lifetime
(i.e., several seconds) and their sensitivity to environmental moisture and
oxygen, necessitating the use of encapsulation techniques or an inert gas
atmosphere20,21. In addition, these OLEDs are driven by direct current
(DC), which causes serious charge accumulation problems as well as
significant energy loss when connected to generally available AC power
sources (i.e., 110/220 V, 50/60Hz)22. Compared with their organic
counterparts, inorganic PersL phosphors usually have a longer duration
and superior environmental stability; thus, they are highly promising
candidates for electroluminescent devices (ELDs) to attain outstanding
PersL. However, no studies have been reported on electrically driven
PersL in inorganic phosphors. Therefore, attaining an electrically exci-
table PersL in inorganic phosphors and understanding its corresponding
underlying electron behaviors are crucial for their future application in
optoelectronic devices.

Herein, we report the fabrication of an electro-excited PersL in an
inorganic zinc sulfide (ZnS) phosphor within an AC-driven ELD structure
(Fig. 1c). AC-driven ELDs, with frequent reversal of the electric field,
effectively prevent charge accumulation and improve power efficiency22.
A metal-doped ZnS PersL phosphor (ZnS:Cu) with a small bandgap was
coated with high dielectric constant aluminum oxide (AlOx), increasing
the probability of hot-electron impact band-to-band excitation, thereby
promoting efficient carrier separation, and electron and hole capture by
crystalline defects and Cu+, respectively (Fig. 1d)23,24. The phosphor@po-
lydimethylsiloxane (PDMS) ultrathin dielectric layer (~100 μm), fabricated
through a spin coating method, enables precise electric field distribution
around particles and effectively inhibits direct current injection and

electrochemical reactions. The thermoluminescence (TL) measurements
were conducted on ZnS@AlOx@PDMS-based ELDs after electrical char-
ging to assess the generated traps and trap depth, which were found to be
comparable to those of the same EML materials after light irradiation. The
fabricated ELDs exhibit minute-level PersL, temperature-dependent decay
characteristics, and hour-level energy storage effects within the EML, thus
facilitating applications such as medical identification labels.

Results and discussion
Photophysical properties of ZnS:Cu@AlOx phosphor
To validate our hypothesis, we selected the ZnS:Cu@AlOx PersL complex as
a typical example, among which ZnS:Cu and AlOx served as a PersL core
and a high dielectric constant shell, respectively25. The X-ray diffraction
(XRD) patterns show that the ZnS:Cu powders contain both cubic and
hexagonal phases, and the substitution of Cu+ and coating with AlOx have
no impact on the phase purity (Fig. 2a). Energy dispersive X-ray (EDX)
spectroscopy mappings reveal a uniform distribution of Al and O on the
particles (Fig. 2b). The average particle size is determined to be approxi-
mately 22.5 μm by randomly collecting 161 particles (Fig. 2c). The smaller
particle size facilitated the formation of a dense and smooth doped thin
ZnS:Cu@AlOx@PDMS film (Fig. 2d i). The thin film thickness is influenced
by the spin coating rate, demonstrating a thinning trend at higher rotational
speeds (Supplementary Fig. 1). Nevertheless, doping more semiconductor
powders in the thinnest possible layer was advantageous for enhancing the
EL and PersL brightness of the device. An optimized speed of 500 rpm was
used to achieve a film thickness of approximately 124.2 μmaccording to the
alternating current (AC) charging PersL decay duration (Fig. 2d ii and
Supplementary Fig. 2).

To evaluate the optical properties of the complex in AC electro-
luminescent devices (ELDs), we subsequently conducted high-resolution
vacuum ultraviolet (VUV) spectroscopy (150–400 nm) on the
ZnS:Cu@AlOx phosphor. (Fig. 2e). The host excitation energy at 10 K was
estimated to be 3.82 eV (at ~325 nm); this was further adjusted by
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Fig. 1 | Schematic diagram of the PersL under light irradiation and AC charging.
a Diagram of PersL powder under optical excitation. b PersL mechanism with light
excitation on and off. Under optical excitation, the radiative transition of electrons
results in PL. Partial holes and electrons are captured by the luminescent center and
trap, respectively. The trapped charge carriers escape and subsequently recombine at
the luminescent center to obtain the PersL. c Structure ofAC-ELD. dProposed PersL
mechanismwith electrical charging on and off. Under AC excitation, the electrons in

the VB are excited by the AC-generated hot electrons, resulting in EL. Similar to
optically excited PersL, some carriers are separated and trapped in the trap state.
PersL appears after the combination of holes and electrons in the luminescent center.
Abbreviations and labels: light excitation (purple line), hot electron and related
excitation (red balls and line), luminescent centers: interstitial Cui (blue-Cu) and
substitutional CuZn (green-Cu), excited state (ES, cyan dotted line), trap state
(orange line), electron (gray ball), and hole (white ball).
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multiplying it by 1.08 to incorporate the electron-hole binding energy, and a
final value of 4.12 eV was obtained (Fig. 2e ii)26. AC charging readily gen-
erates hot electrons with energy equal to or exceeding the ZnS band gap23.
Numerous studies have reported blue and green emissions from copper-
activated ZnS phosphors, yet the nature of the key emission process is
debatable27–32. We ascribe the luminescent centers of the two typical pho-
toluminescence (PL) peaks at approximately 450 and 515 nm to interstitial
Cui and substitutional CuZn, respectively (Fig. 2e iii)33,34. The associated
excited state scenario is highly complex, involving factors such asCB, sulfide
vacancy (Vs), and substitutional AlZn; therefore, we refrain from providing
clear deductions here. Compared to blue light, green light exhibits a longer
lifetime of 0.56ms at 0.17ms under UV excitation (Fig. 2f).

Electrically driven PersL properties of ELD
Subsequently, we determined the PersL duration of ELDs under various
electrical field excitation conditions. First, varying stimulation times did
not result in significant differences; here, we selected a stimulation period
of 1 to 3 min (Supplementary Fig. 3). As illustrated in Fig. 3a, the
attenuation duration significantly increased as the atmospheric tem-
perature decreased, likely due to the greater retention of the shallow trap
electrons at lower temperatures than at higher temperatures. Remark-
ably, the ELD decay time exceeded 600 s at temperatures below 300 K. In
consideration of practical applications in low-temperature storage, we
employed a storage temperature of 250 K for subsequent characterization
of the targeted ELDs. Moreover, the performance of the PersL duration
improved with increasing driving AC voltage and tended to saturate at
400 V (Fig. 3b). Notably, while PDMS facilitates powder dispersion and
prevents short-circuiting, its effective insulating properties contribute to
a PersL turn-on voltage exceeding 100 V. In parallel, elevated frequencies
produce a surplus of hot electrons, amplifying the accumulation of
electrons within trap states and thereby enhancing the PersL intensity.
Nevertheless, the finite nature of the trap density needs to be highlighted

since charging saturation was achieved at frequencies greater than 1 kHz
(Fig. 3c). Simultaneously, elevated voltage and frequency potentially
induce an increase in device temperature, accelerating the release of the
charge carriers from traps and consequently minimizing the duration.
The total AC waveforms used in Fig. 3b, c have been included in Sup-
plementary Fig. 4. Hence, the AC voltage and frequency were set to 400 V
and 1 kHz, respectively, in subsequent experiments. As depicted in
Fig. 3d and SupplementaryMovie 1, the PersL can be reliably reproduced
under the recommended conditions (voltage = 400 V, frequency = 1 kHz,
temperature = 250 K) even after undergoing multiple cycles of electrical
charging. After charging at 250 K for 300 s, certain charge carriers per-
sisted within the emission layer. Notably, they could be released at a
heating rate of 150 Kmin−1 when the temperature is elevated (Fig. 3e and
Supplementary Movie 2). These distinct TL signals provided supple-
mentary evidence for the existence of traps with continuous depth dis-
tributions. The properties of electrical energy storage and photon release
at 250 K are shown in Fig. 3f.

Luminescent center and trap profiles
To gain deeper insights into the luminescent center characteristics, we
initially conducted EL spectroscopy at different voltage excitations
(Supplementary Fig. 5). The EL intensity was obtained when the voltage
exceeded 100 V, with the emission spectrum remaining consistent in the
ELD (Fig. 3b and Supplementary Fig. 5). Interestingly, varying fre-
quencies solely impact the color of EL light without exerting any impact
on the color of PersL after the AC excitation is ceased (Fig. 3f and
Fig. 4a). As documented in numerous studies, the color variation of EL
is contingent upon the lifetime of the radiative transitions within the
ZnS:Cu phosphor. At elevated frequencies, the EL predominantly
consisted of short-lived blue light, whereas at lower frequencies, it
primarily comprised long-lived green light (Fig. 2f)35. The consistent
emission of the AC-charging PersL can be attributed to electrons
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returning from the trap to the luminescent center, resulting in simul-
taneous dual emissions from the interstitial Cui and substitutional CuZn,
wherein the dominant emission is green light emitted by the latter. We
further discovered a temperature-dependent PL spectrum excited at
254 nm that resembled the PersL spectrum following electrical excita-
tion; this featured bimodal emission with predominantly green light
peaking at 515 nm (Fig. 4b). This could be attributed to the emission
processes originating from the CB or adjacent excited states to the
ground state of the luminescent center. Furthermore, TL glow contour
mapping at a heating rate of 50 Kmin−1 was obtained after AC charging
(Fig. 4c). As the temperature increased from 100 to 450 K, the TL
spectra gradually exhibited bimodal emission, characterized by fluctu-
ating intensity while maintaining nearly unshifted peak positions. This
pattern also mirrored that of the PL excited by 254 nm UV light,
indicating efficient band-to-band separation by hot excitons and charge
recombination under thermal stimulation. The short-lived blue light
was prone to nonradiative transitions at elevated temperatures, conse-
quently resulting in the material primarily emitting green light at high
temperatures.

In a subsequent series of experiments, the TL glow curves were
collected at various heating rates (βh) to compare the trap state
characteristics of different kinds of samples under different charging
methods. We estimated the trap depth by utilizing the heating

rate plot derived from the Randall-Wilkins model36,37,

βh � ε
kB � T2

m

¼ s � exp �ε

kB � Tm

� �
ð1Þ

where kB is the Boltzmann constant, Tm (K) is the peak temperature
obtained from the TL glow curves, and s (s−1) is the frequency factor. Under
254 nm excitation, the estimated deepest trap depths (ε) decreased with
increasing temperature from 285 to 335 K, reaching 0.46 ± 0.01 eV for the
ZnS:Cu phosphor, 0.35 ± 0.01 eV for the ZnS:Cu@AlOx phosphor, and
0.31 ± 0.01 eV for the ZnS:Cu@AlOx@PDMS ELD (Fig. 4d, e and Supple-
mentary Figs. 6-S8). The shallower trap depths likely resulted from the
passivation of surface defects, which was particularly evident after coating
with the AlOx shell. A significant shift (> 50 K decrease in Tm) was also
observed for the TL peaks at lower temperatures when the TL performance
was compared between the pure ZnS:Cu andZnS:Cu@AlOx powders under
UV excitation (Supplementary Figs 6 and 7). Additionally, further valida-
tion confirmed that the traps induced by the PDMS coating became shal-
lower (~10 K) in both the cubic phase and hexagonal phase of the ZnS:Cu
powders, as well as in the related phosphor doped into the PDMS films
(Supplementary Fig. 9).However,AlOx andPDMScoatings are essential for
enhancing the performance of AC charging PersL and preventing short
circuits in devices, respectively. Importantly, depths of approximately
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0.32 ± 0.01 eVwere consistently obtained for the ELDs underUVexcitation
andAC(Fig. 4d iii and iv, SupplementaryFig. 8, andSupplementaryFig. 10).
These results indicated that electrical excitation could serve as an effective
means of charging trap states. Notably, the initial attenuation observed in
the TL curve during temperature elevation (100-150 K) was not attributed
to the phosphorescence of the PDMS binder (Supplementary Fig. 11).
Rather, this could be ascribed to the coverage of intrinsic defects in the
powder, further shifting the main peak temperature of the TL glow curves
toward unobservable lower temperatures (Supplementary Fig. 12). Building
upon the above results, we propose a mechanism for the electrically driven
PersL in ELDs. In the proposed mechanism, during AC charging, electrons
in the VB are excited by hot electrons, and the separated charge carriers are
subsequently captured by the trap state.During this process, the Cu+ ions at
the luminescent center lose electrons, forming Cu2+ ions. The trapped
electron will be released with external stimulation. And then the released
electron recombine with hole at the luminescent center under Coulomb
interaction38, resulting in Cu+ ions supported PersL emission with distinct
thermal activation characteristics. Notably, the trapped electrons can be
stimulated not only by thermal energy but also through electrical energy39.
The discovery of electrical excitation and stimulation have opened a path-
way for the device integration of inorganic PersL materials.

Furthermore, to assess the universality of the proposed approach for
AC charging of PersL in inorganic materials, the ZnS:Cu,Al and ZnS:Mn
phosphors coated with AlOx, with particle sizes of approximately 3.7 μm
and 6.0 μm, respectively, were selected (Supplementary Figs. 13a, b and
Supplementary Figs. 14a, b). Compared to ZnS:Mn@AlOx phosphors,
ZnS:Cu@AlOx- and ZnS:Cu,Al@AlOx-based ELDs demonstrate a deeper
trap depth (Tm > 300 K with a heating rate of 50 Kmin−1) after electrical
excitation, leading to a longer decay duration and high TL intensity

(Supplementary Figs. 13c and Fig. 14c). Notably, the luminescence of this
system can be easily regulated by doping different luminescent centers. As
depicted in Supplementary Figs. 13d and 14d, the colors of theAC-charging
PersL were controllably extended to cyan and orange, with peak wave-
lengths at 515 nm and 450 nm for ZnS:Cu, Al@AlOx, and 585 nm for
ZnS:Mn@AlOx, respectively.

Electrical energy storage applications
The time-temperature indicator (TTI) can transform the time-temperature
history into easily accessible information, facilitating the monitoring of
perishable foods, pharmaceuticals, or specialty chemicals throughout the
entire transport-storageprocess40. The liberationof trappedcarriers inPersL
systems is a kinetic process dependent on thermal activation, and this
process exhibits a temperature-time relationship similar to the loss of active
ingredients in transporting objects. We developed PersL-type TTI tech-
nologies for both inorganic and organic systems using UV light excitation;
however, serious concerns remain regarding their photobiological toxicity,
photothermal effect, and operational convenience9,41. Herein, we first
achieved AC charging of PersL TTIs in inorganic systems (Fig. 5a). As
shown in Fig. 5b–d, after lowering the atmospheric temperature to 100 K,
the film underwent a 3min AC charging process. Subsequently, the tem-
perature was increased to specific values, and the film was maintained for
3minutes to replicate the indicator conditions. Finally, the stored electrical
energy was released through TL measurements. Notably, the stored energy
in the label rapidly dissipates when exposed to temperatures exceeding
300 K (I>300K < 50%I100K). As shown in Fig. 5e, to generate the simulated
standard curve for the label maintained at 250 K over various storage times,
we initially lowered the atmospheric temperature to 250 K and charged the
label at 400 V and 1 kHz for 3min. Subsequently, the label was maintained
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the ZnS:Cu@AlOx@PDMS film excited with 254 nm UV light. c. TL glow contour
map of the ZnS:Cu@AlOx@PDMS-based ELDwith a heating rate of 50 Kmin−1 after
AC charging (V = 400 V, F = 1 kHz, T = 100 K, and tex = 1 min). d TL glow curves of
the ZnS:Cu phosphor (i), ZnS:Cu@PDMS film (ii), and ZnS:Cu@PDMS-based ELD

under 254 nm excitation (iii, T = 100 K, and tex = 1 min) and the ZnS:Cu@PDMS-
based ELD under AC charging (iv, V = 400 V, F = 1 kHz, T = 100 K, and tex = 1 min)
with different heating rates (5, 10, 20, 30, and 50 Kmin−1). e Estimation of the trap
depths of the ZnS:Cu phosphor (i), ZnS:Cu@PDMS film (ii), and ZnS:Cu@PDMS-
based ELD under 254 nm excitation (iii) and ZnS:Cu@PDMS-based ELD under AC
charging (iv, V = 400 V, F = 1 kHz, T = 100 K, and tex = 1 min) by using the Randall-
Wilkins model.
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at 250 K for durationsof 1, 3, 6, 12, and24 h.The stored electrical energywas
quantified via theTLmeasurements, and the standard curvewas established
by exponentially fitting the integral intensity of the TL spectra. This curve
was used to assess the duration and safety of transporting medical items.
(Fig. 5f, g).

Conclusions
In conclusion, we propose a versatile methodology to achieve electrically
chargeable inorganic PersL with tunable emission wavelengths and trap
depths, leveraging conventional AC-driven device architectures. Coat-
ing inorganic PersL phosphors with AlOx and embedding them in
PDMS leads to shallower trap depths, while the high dielectric constant
of AlOx and the ultrathin thickness of the EML ensure a uniform electric
field distribution during electrical excitation; this facilitates the efficient
charge separation at the luminescent center and electron capture at the
trap. The trap depths remain consistent at approximately 0.32 ± 0.01 eV
after AC charging and light irradiation is ceased; this result indicates
that the electric field can function as an alternative excitation source.
This work has potential to advance the understanding of inorganic
PersL charged with different excitation sources and can extend the
applications of inorganic semiconductors in multifunctional photo-
electric devices.

Methods
Chemicals and materials
All reagents and chemicals utilized were of reagent grade and commercially
available and were used without additional purification. ZnS:Cu (GBF-2F)
phosphor was procured from Japan Nemoto & Co., Ltd. ZnS:Cu@AlOx
(D502CT), ZnS:Cu,Al (D417S), and ZnS:Mn (D611S) phosphors were

sourced from Shanghai Keyan Phosphor Technology Co.,Ltd. Poly-
dimethylsiloxane (PDMS, Dowsil 184) was obtained from Dow Corning.
ZnS (99.99%) and NaCl (99%) were purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd and CuCl2·2H2O (AR) was sourced from
Xilong Scientific Co., Ltd.

Preparation of ZnS:Cu phosphors
The ZnS and CuCl2·2H2O were mixed in a molar ratio of 99.99% to 0.01%
and placed into amortar, followed by the addition of anhydrous ethanol for
grinding for 45min. Subsequently, the mixed powder was transferred to an
alumina crucible, and a mass of NaCl equal to 1.5 times the mass of the
mixed powder was added. The crucible was then placed in a muffle furnace
and sintered at 900 °C (cubic phase)/1050 °C (hexagonal phase) for 3 h.
After cooling, the sampleswerewashed and dried to obtain the pure ZnS:Cu
powder.

Preparation of ELD
The PersL phosphors were blended with PDMS to form the emission layer
of the ELD. The weight ratios of the PersL phosphors to the PDMS pre-
cursors (including curing agents) were maintained at 1:1. The ratios of the
precursors to the corresponding curing agents for PDMS were 10:1 by
weight. After vigorous stirring, the mixtures were vacuumed in an oven for
10min to eliminate air bubbles. Subsequently, the bubble-free mixture was
coated into a thin film using the spin coating method (with speeds ranging
from500 to 6000 rpm). The spin-coatedfilmwas then dried at 80 °C for 2 h.
Following this, a conductive silver paste was applied onto the emission layer
using a scraping method and dried at 80 °C for 30min. To facilitate testing,
copper foil or carbon cloth was attached to the upper layer of the silver
electrode.
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storage properties for TTI applications. a Schematic of PersL TTIs used for elec-
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trical energy could be stored in the indicator at 250 K after theAC charging is ceased.
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heating the label and is then compared to a standard curve to determine whether the
medical chemicals have been mutated. b Actual temperature profile for different
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Characterizations of photophysical properties
The XRD patterns of the phosphors were captured utilizing a Bruker D8
Advance X-ray diffractometer, employing Cu Kα radiation
(λ = 0.15406 nm) at 40 kV and 40mA. Surface morphology and elemental
mapping were conducted using a field emission scanning electron micro-
scopy (SU70, Hitachi) instrument, which was equipped with EDX spec-
troscopy. VUV spectroscopy in ZnS:Cu@AlOx at 10 Kwas conductedusing
the beamline BL3B at the UVSOR facility (Institute for Molecular Science,
Okazaki, 24IMS6020). Transient decay curvewas collected in afluorescence
spectrometer (Acton SP 2300i, Princeton Instruments). Temperature-
dependent PL spectra were obtained using customized measurement
equipment. The sample was excited with a 254 nm optical parametric
oscillator laser (NT342B-20-SH/SF, Ekspla) and initially cooled to 100 K
before being heated to 450 K at a predefined rate of 2 Kmin−1, with the
emission intensity recorded in real-time a CCD detector (Roper Scientific,
LN/CCD-100EB-GI). Photographs and videos of the samples were taken
with a digital camera (α7SIII, SONY).

Characterizations of PersL and TL
The PersL decay curve and TL glow curve spectra were recorded using a
custom-built measurement system. Initially, samples were positioned on
a cooling-heating stage (THMS600E, Linkam Scientific Instruments)
capable of maintaining temperatures from 100 to 600 K. The sample
chamber was purged with dry nitrogen gas, and a quartz glass cover was
fitted on top. For excitation, samples were either subjected to a specific
voltage (for ELDs) using waveform generators (DG821, RIGOL) and
high voltage amplifier (HA-820, PINTECH) or exposed to ultraviolet
light through the quartz glass (for films) at an excitation power density of
approximately 5 mW cm−2 for 1 min. Monitoring of PersL intensity (or
PersL decay profiles and TL emission) after excitation cessation was
accomplished using a filter-attached photomultiplier tube (PMT, R928P,
Hamamatsu photonics), a multimeter (2400, KEITHLEY), and a high-
voltage power supply (HVC1800, ZOLIX). Simultaneously, PersL spectra
were captured using a multichannel spectrometer (QE-Pro, Ocean
Photonics) during TL measurements. In a typical TL measurement, the
sample was initially cooled to 100 K and stimulated by the excitation
sources for 1 min. After a 20 s delay following excitation cessation, the
sample was heated to 450 K at a predefined heating rate (5, 10, 20, 30, or
50 Kmin−1), and emission intensity was recorded in real-time. The entire
measurement system was controlled by LabVIEW-based computer
programs. And a TL glow curve starting from 10 K was measured using a
custom-built setup, which included a cryostat (VPF-800, Janis), an
excitation source consisting of a Xe lamp with a cold mirror (LAX-101,
Asahi spectra), and a detector composed of a PMT covered by a longpass
filter (FELH0450, Thorlabs).

Preparation of TTI label
We customized patterned ITO glass (P-E-R-S-L) and spin-coated the
ZnS@AlOx@PDMS emission layer and cathode materials onto the pat-
terned ITO, enabling the patterning of the TTI labels.

Data availability
Sourcedata areprovidedwith this paper. The remainingdata supporting the
findings of this study are available within the paper and its Supplementary
Information files, and are available from the corresponding author upon
reasonable request. The data of Figs. 2–5 have been deposited as a dataset in
the Figshare (https://doi.org/10.6084/m9.figshare.28190303).
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