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Abstract

Photochromic materials exhibiting luminescence modulation behavior are regarded as
promising for high-density optical information storage media. During the luminescence
readout process however, many of these materials are subject to coloration or bleaching , which
inevitably destroys the information encoded in the photochromic materials and hence inhibits
their use in practical applications. Herein, we report a novel nondestructive luminescence
readout in CaxSnO4:Eu photochromic ceramics by selecting deep UV as the readout
wavelength. The obtained Ca;SnO4:Eu ceramics show a reversible brown-gray color change
together with a large reflectivity difference of 35 % upon alternating 280 nm and 585 nm
illumination. Based on the photochromic behavior, a high luminescence modulation of 40.5 %
with excellent cycling resistance was achieved upon 240 nm excitation without loss of data
during the luminescence readout process. Wavelength- and power-dependent coloration and
de-coloration processes were studied to obtain a deeper insight into the photochromic behavior.
Furthermore, our proof-of-concept experiment demonstrates that CaSnO4:Eu ceramics are
promising candidates for optical information storage and anti-counterfeiting applications. It is
believed that these results will provide a good standard for designing other photochromic

materials with nondestructive luminescence readout behavior.
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1. Introduction

Photochromism is the photo-induced reversible transformation of a chemical species between
two states whose absorption spectra are distinguishably different. Since the first report by J.
Fritzsche in 1867, photochromic materials have been continually studied because of their
promising applications ranging from optical information storage, over smart windows to anti-
counterfeiting.!”” Up to now, the intensively studied photochromic materials can be divided
into three categories: organic materials, inorganic materials and hybrid materials.®'?> Although
most reported photochromic materials are organic compounds by far, inorganic photochromic
materials possess some inherent advantages over the organic-based materials in the aspects of
thermal stability, chemical resistance and fatigue properties, and hence have attracted more
attention in recent years.!3-!

Currently, the research on inorganic photochromic materials mainly focuses on transition
metal oxides (WOs, MoOs, TiO2, Nb2Os and V20s),2>?7 ferroelectrics (NagsBiasTisO1s,
Nag sBi2sNbO9, BisTi3012, KSr2NbsO;s, StBiaNb2Og and Ko sNag sNbO3), 10 11 18,20.21,28-37 ap g
other robust oxides (BaMgSiOa, Sr2SnOs and (Ca,Sr,Ba)s(PO4)3F).** For these materials,
light-induced changes in physical properties such as refractive index, electron conductivity,
magnetic properties, refractive index or absorption spectrum can be regarded as the digital code
of “0” and “1”, respectively.>* ** Correspondingly, the recorded information can be read out
via measuring the change of those physical parameters such as luminescence intensity,
refractive index and electrical conductivity.

Among these readout modes, detecting the change of luminescence intensity is regarded
as the most promising method for practical applications because of its high resolution, large
contrast and fast response speed. The luminescence readout mode in photochromic materials
for optical memory mainly includes three processes, namely, “writing”, “reading” and
“erasing”.'® Normally, the writing and erasing processes are achieved using light corresponding
to the coloring and bleaching bands of the photochromic process, respectively, while the
reading process makes use of the typical excitation wavelengths of the luminescent ions. To
verify this concept, a series of inorganic photochromic materials accompanied with
luminescence modulation behavior have been developed in recent years such as BaMgSiO4: M

(M=Eu*" or Bi*"), KosNagsNbOs3: M (M=Sm**, Tb**, Dy**, Ho** or Eu**) and Sr»SnO4: M



(M=Sm**, Eu*" )!6 2% 32 4552 For these photochromic materials with down-shifting
luminescence properties, the recorded information can be read out through detecting the
luminescence intensity, but new coloring also occurs due to the overlap between the
luminescence excitation wavelength and the photochromic coloring band, and hence the
written information is altered during the readout process, which is not desired in actual
applications. For example, the information can be encoded in BaMgSiO4: Eu?" ceramics using
light between 250 nm and 500 nm, while the luminescence readout process needs to be carried
out upon 367 nm excitation, which damages the recorded information during the reading
process.*® To overcome this drawback, researchers proposed the strategy of a two-photon
absorption process and developed various photochromic materials with up-conversion
luminescence characteristic like BaMgSiOs: Yb*', Tb*", WO;:Yb*" Er’*, PbWO4:Yb*",Er*,
NaosBi2sNb20g: Yb**, Er**, Nag sBiz sNb2Oo: Er’*, Bag7Sr03Nb20s: Er't, KosNagsNbOs: Er’”,
Ko.sNag sNbO3: Nd*" and Sr2SnQy: Er’* 11 18:27.28.35.42.43 B these materials, near-infrared light
is selected as the excitation wavelength, which is separated from the coloring band, but it
usually introduces new bleaching behavior, especially upon long illumination durations
because of the overlap between the excitation wavelength and the bleaching band.'®
Consequently, although various inorganic photochromic materials exhibiting luminescence
modulation behavior have been reported, achieving nondestructive luminescence readout,
namely, without inducing any photochromic effects during the luminescence readout process,
is still a challenging task.

As discussed above, the destructive luminescence readout of photochromic materials is
mainly caused by the overlap between the luminescence excitation wavelength and the coloring
band/bleaching band. Considering this, a suitable excitation wavelength, deviating from both
the coloring and bleaching bands is required to avoid inducing photochromic effects during the
readout process. For inorganic photochromic materials, the coloring wavelength is usually
located between 250 nm to 500 nm, while the bleaching wavelength is usually longer than 450
nm in spite of slight differences in the coloring and bleaching bands for different materials.'®
36,42, 45,46, 499 Based on this, selecting the deep ultraviolet (< 250 nm) for the reading process
would be a good choice to achieve a nondestructive luminescence readout for photochromic

materials if it can act as the excitation wavelength.



In this work, we report a Ca>SnO4:Eu ceramic as a new photochromic material, whose
photoluminescence excitation spectrum possesses a broad peak from 235 nm to 330 nm due to
the existence of a host charge transfer state.>*>> Through systematic investigation of the
wavelength-dependent coloration and de-coloration processes, it was found that CaxSnO4:Eu
ceramics can be colored and bleached by light in the range 250 - 360 nm and 585 - 810 nm,
respectively, while 240 nm light has no effect on either the colored state or the uncolored state.
Accordingly, 280 nm and 585 nm light were selected for the “writing” and “erasing” processes,
respectively, while 240 nm light was used as the excitation wavelength to achieve a
nondestructive luminescence readout. Upon alternate 280 nm and 585 nm illumination, a
reversible brown-gray color change was observed in Ca;SnO4:Eu ceramics accompanied with
an obvious change of reflectivity. More importantly, a nondestructive luminescence readout
with a large luminescence contrast of 40.5 % and excellent cycling resistance was realized upon
240 nm excitation. These results confirm that selecting deep UV as the excitation wavelength
can be an effective strategy to achieve nondestructive luminescence readout, which would give
a guideline to design other high-performance photochromic materials with luminescence

modulation behavior.

2. Experimental Section

2.1. Sample Preparation

Cai1.995Eu0.00sSn04 (Ca2SnO4:Eu) ceramics were prepared by a conventional solid state method.
Powders of CaCOs (Alfa Aesar, 99.95%), SnO: (Sigma Aldrich, 99.9%) and Eu2O3 (Alfa Aesar,
99.99%) were selected as the raw materials and weighed according to the chemical formula.
7.5 mol% of H3BO3 was added as the sintering aid. The raw materials were ball-milled with
ethanol for 5 h at 300 rpm/min. After drying in an oven at 60 °C, the powders were first mixed
with poly(vinyl alcohol) solution (5 wt %) and then pressed into pellets with a diameter of 13
mm and a thickness of ~1.2 mm. Finally, the green pellets were sintered at 1450 °C in air for 5
h to obtain dense ceramics.

2.2. Sample Characterization

Phase structures of the prepared ceramics were confirmed by powder X-ray diffraction (XRD)

using a Siemens D5000 diffractometer (40 kV, 40 mA) with Cu Ka1 radiation (1 = 0.154 nm).



Scanning Electron Microscope (SEM) images and Energy-dispersive X-ray spectroscopy (EDS)
were measured using a Hitachi S-3400N microscope, connected to a Thermo Scientific Noran
7 EDX analysis system, under a pressure of 25 Pa and an accelerating voltage of 20 kV. The
reflectivity was measured using a PerkinElmer Lambdal050 UV-vis-NIR spectrophotometer
equipped with a Spectralon-coated integrating sphere with PMT (photomultiplier) and InGaAs
detectors. Steady state photoluminescence emission (PL) and photoluminescence excitation
(PLE) spectra were measured using an Edinburgh FS920 (Edinburgh Instruments Ltd.,
Livingston, UK) fluorescence spectrometer equipped with a monochromated 450 W Xe-arc
lamp as the excitation source. For the photochromic behavior, a NT340 series pulsed tunable
laser (EKSPLA, Lithuania) and light emitting diodes (centered at 475 nm, 525 nm, 590 nm,

605 nm, 620 nm, 710 nm and 770 nm) were used as light sources.

3. Results and discussion

3.1 Structural properties

Figure 1a shows the XRD patterns of CaxSnO4:Eu ceramics. All the diffraction peaks in the
patterns well match the orthorhombic Ca;SnOg structure with a space group of Pbam except
for a small secondary phase of CaSnOs, which usually formed during sintering of Ca>SnO4
ceramics.’® 37 In addition, the absence of Eu-related impurity phase and the shift of the
diffraction peaks to larger angles (see the insert of Figure 1a) indicate that the Eu*" ions are
well incorporated into the Ca>SnOj4 lattice. Based on the ionic radius of Ca** (CN=7, R=1.06
A), Sn** (CN=6, R=0.69 A) and Eu*" (CN=6, R=0.947 A or CN=7, R=1.01 A),>® it can be
assumed that the Eu*" ions tend to occupy the Ca?" sites in the host lattice. Recent experiments
and theoretical calculations have, however, shown that the doped Eu** ions can occupy either
Ca®" or Sn*" sites, while the substitution of Eu®" for the Ca*" site dominates.’* >° Figure 1b
displays the SEM image of Ca>SnO4:Eu ceramics. The surface morphology shows some large
grains interspersed with a large number of small grains. The elements Ca, Sn and Eu are
uniformly distributed in the samples, as confirmed by the EDS elemental mappings (see

Figurelc-1le).
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Figure 1. (a) XRD patterns of CaxSnO4:Eu ceramics. (b) SEM images of Ca>xSnO4:Eu ceramics.

(c)-(e) Elemental mappings (Ca, Sn and Eu) of Ca;SnO4:Eu ceramics.

3.2 Photochromic properties

As the insert in Figure 2a shows, an obvious color change from brown to gray is observed in
the Ca;SnO4: Eu ceramics after 280 nm illumination. Accompanied with the photochromic
transition, an apparent decrease of reflectivity is obtained in Ca2SnO4:Eu ceramics (see Figure
2a), resulting in a large absorption band from 250 nm to ~1000 nm. Also, the sample’s color
and reflectivity can return to its original states upon 580 nm illumination, demonstrating a
reversible photochromic behavior. For practical applications, the fatigue performance is an
important parameter. Here, we selected 280 nm and 580 nm as the coloring and bleaching
wavelength, respectively, and the corresponding reflectivity spectra of Ca2SnO4:Eu ceramics
after different cycling times are shown in Figure S1. The reflectance at 664 nm is almost
unchanged even after 15 cycles, as displayed in Figure 2b, demonstrating a good fatigue
characteristic.

To determine the optimal wavelength to induce the photochromic process, the
wavelength-dependency of the coloring process was studied and the results are shown in Figure
2c. Before each wavelength illumination, the sample was bleached to its original state, and a
sufficiently long illumination time was applied for each wavelength to ensure that the sample
reached the maximum colored state. The detailed reflectance spectra are provided in Figure
S2a. Here, we adopted the reflectivity difference (AR) to evaluate the effectiveness of different
wavelengths for the coloring process, which can be calculated by the following equation:

AR =R, — R, (1)



where Ro and R; represent the reflection intensity of the sample before and after illumination,
respectively. As Figure S2b shows, the shape of the resulting absorption band is independent
of the wavelength used to induce it, with the maximum position located at 664 nm. Figure 2¢
presents the reflectivity difference at 664 nm as a function of illumination wavelength. The
sample can be colored by light with a wavelength between 250 nm and 360 nm, while no
coloration behavior is observed upon 240 nm illumination. This phenomenon is caused by the
absorption characteristics of the involved defects which mainly absorb light between 250 nm
and 360 nm. The largest reflectivity difference was achieved upon 280 nm illumination with a
value of 38.4 %, indicating that 280 nm is more effective than other wavelengths for the
coloration process of Ca>SnO4: Eu ceramics. Correspondingly, a darker reflectance color is
achieved in Ca;SnO4:Eu ceramics upon 280 nm illumination in comparison with that upon
other wavelengths illumination, as shown in Figure 2e. For ferroelectric ceramics and robust
oxides, the coloration process is associated with the trapping of vacancy-related traps.*® 6% 61
In CaxSnO4:Eu some defects are present which can act as traps for electrons or holes. The
photochromic effect is due to an optically induced trapping of these charges under illumination
with UV light.

Figure 2d displays the wavelength-dependent bleaching behavior of Ca2SnO4:Eu ceramics.
Similar to the wavelength-dependent coloring processes, a sufficiently long illumination
duration was applied for each wavelength to ensure that the sample reached a maximum
possible bleached state. Prior to every measurement, the sample was switched to the colored
state by illumination with 280 nm light. Here, we again selected the reflectivity change at 664
nm to see the wavelength-dependent bleaching processes. As shown in Figure 2d, the bleaching
degree gradually enhances with illumination wavelength increasing from 425 nm to 525 nm.
When the irradiation wavelength is greater than 585 nm, the reflectivity completely returns to
the original state (see Figure S3) and the reflectivity difference at 664 nm is almost unchanged
(see Figure 2d), indicating a complete bleaching is achieved. However, for wavelengths
between 425 nm and 585 nm, two physical processes, namely, bleaching and coloring, coexist
and a dynamic equilibrium will set in provided that the sample is illuminated for a sufficiently
long time. This is evident from the overlap of the two curves shown in Fig. 2c and Fig. 2d. The

trapping process gradually becomes weaker when the illumination wavelength increases,



resulting in a gradually enhanced bleaching degree. When the illumination wavelength is above
585 nm, only the de-trapping process remains and thereby the sample can be totally bleached.

While the results in Fig. 2d seem to suggest that all wavelengths above 585 nm can be
used to completely bleach the samples if the sample is illuminated sufficiently long, it can be
expected that some wavelengths will be more efficient or faster, than others. Therefore, the
bleaching behavior of Ca;SnO4:Eu ceramics was investigated upon different illumination
wavelengths (475 nm, 525 nm, 590 nm, 605 nm, 710 nm and 770nm) with the same power
density (0.002 W cm). Considering the low power density of the light source, it took a long
time (> 30 min) to achieve a completely bleached state, so we only measured the initial
bleaching process. As shown in Figure S4, a gradual increase of reflectivity is observed upon
illumination at different wavelengths with increasing illumination time, while the reflectivity
increase rate upon different wavelengths illumination is different. To compare the bleaching
process upon different illumination wavelengths, Figure 2d presents the reflectivity difference
at 664 nm as a function of bleaching wavelengths under the same illumination time (20 s and
60 s) and intensity. In general, under the same illumination time and the same power density,
the bleaching upon shorter wavelength illumination is more effective than that upon longer
wavelength illumination, while an exception is the bleaching behavior upon 525 nm and 590
nm illumination. As shown in Figure 2d, the bleaching effect under 590 nm illumination is
better than that under 525 nm illumination in the initial bleaching stage (20 s), while the
bleaching effect of 525 nm becomes stronger when the illumination time increases to 60 s.
Under the same power-density illumination, the light of shorter wavelengths possesses less
photons, while it exhibits a better bleaching effect. This indicates that under the same number
of incident photons, more photons of shorter wavelength are absorbed by the sample to
participate in the bleaching process. This phenomenon can be mainly ascribed to the larger
absorbance of the sample in the shorter wavelength range in comparison with that of longer
wavelengths. Figure S5 presents the absorbance of Ca>SnO4:Eu ceramics after 590 nm
bleaching for different durations. In the initial stage, the absorbance at 590 nm is larger than
that at 525 nm, resulting in a better bleaching effect upon 590 nm illumination in the initial
stage (see Figure 2d blue line). When the illumination time increases, the absorbance at 525

nm becomes larger than that at 590 nm, leading to a better bleaching effect upon 525 nm



illumination (see Figure 2d red line). These results indicate that the bleaching effect of different

wavelengths depends on the absorption characteristics of the material and the filled traps.
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Figure 2. (a) Reflectivity of Ca2SnO4:Eu ceramics before and after 280 nm illumination. The
insert displays the photograph of CaxSnO4:Eu ceramics before and after 280 nm illumination.
(b) Reflectivity of CaxSnO4:Eu ceramics at 664 nm upon alternating 280 nm and 585 nm
illumination as a function of cycling times. (c) Reflectivity difference at 664 nm as a function
of the illumination wavelength. (d) Reflectivity difference of CaxSnO4: Eu ceramics at 664 nm
after reaching maximum bleaching as a function of bleaching wavelength, and after different
wavelengths bleaching with the same power density and the same bleaching time. (e)

Photographs of Ca2SnO4:Eu ceramics before and after illumination at different wavelengths.

To further illustrate the influence of illumination power density on the kinetics of



bleaching, the bleaching process of Ca;SnO4:Eu ceramics under 620 nm illumination with
different power density was studied. A complete bleaching was achieved for all tested power-
densities (see Figure S6a-S6c), since the chosen wavelength was larger than the 585 nm
threshold. But, as expected, the time required to attain complete bleaching upon a low power-
density illumination was relatively long. Figure 3a presents the reflectivity difference at 664
nm as a function of illumination time. The reflectivity difference at 664 nm increased
approximately linearly in the initial illumination stage and then the increase rate gradually
slowed down with increasing illumination time. Meanwhile, the increase rate of the reflectivity
difference under a high power-density illumination was larger than that under a low power-
density illumination. Figure 3b shows the change of absorbance difference at 664 nm in the
initial illumination stage. Here, we selected the initial linear region to compare the bleaching
process upon different power-density illumination, as indicated by the dashed lines in Figure
3b. As the illumination power density increased, the time required to reach the same absorbance
difference decreased approximately proportionally. For example, the time required to reach a
difference in absorbance of 0.15 upon 0.06 W cm?, 0.013 W cm? and 0.021 W cm
illumination was 8.8 s, 4.27 s and 3.06 s, respectively. The detailed data are provided in Table
S1. These results indicate that the bleaching process of Ca2SnO4:Eu ceramics is power density-

dependent and a faster bleaching can be expected upon higher power-density illumination.
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3.3 Photochromism-induced luminescence modulation

Figure 4a displays the normalized PLE (Aew=618 nm) and PL (A&x=240 nm) spectra of
CaxSnO4:Eu ceramics at room temperature. Monitored at 618 nm, the PLE spectrum consists
of a broad band in the range from 235 nm to 330 nm and five sharp lines in the range from 350
nm to 470 nm, which correspond to the host charge transfer state (Eu** - O?) and the f-f
transitions of Eu* ions ("Fo — °D4 at 362 nm, 'Fo — °L7 at 382 nm, 'Fo — L at 395 nm, 'Fo
— D3 at 415 nm, 'Fop — °D; at 466 nm), respectively. Under 240 nm excitation, several
emission peaks are observed, which originate from the *Do — "F; (581, 586, 592 and 600 nm),
Do — 'F2 (618 nm) and *Dg — "F3 (656 nm) transitions of Eu®* ions. During the photochromic
processes, apart from the obvious color change, a large luminescence modulation can also be
expected in some rare earth doped compounds due to the overlap between the emission band
and the absorption band. However, although a reversible luminescence modulation has been
achieved in many photochromic materials, a prominent problem for these materials is that the
information will be erased during the luminescence readout process, which limits their
applications in optical information storage. Such a phenomenon is also observed in
Ca;Sn0O4:Eu ceramics by using 280 nm or 466 nm as the excitation wavelength during the
luminescence readout process. For example, the coloring wavelength and the excitation
wavelength of Ca>xSnO4:Eu samples are at the same wavelength when using 280 nm as the
excitation wavelength. This phenomenon indicates that the sample will be colored during the
luminescence readout process, causing the information encoded in the sample to be damaged.
Similarly, the colored sample will be bleached during the luminescence readout process by
adopting 466 nm as the excitation wavelength due to the overlap between the excitation band
and the bleaching band, resulting in an enhanced luminescence intensity and a bleaching of the
information written in the sample, as shown in Figure 4b. In addition, although some
photochromic materials with up-conversion luminescence characteristic have been designed to
achieve a nondestructive luminescence readout by selecting the near-infrared light as the
excitation wavelength, the colored sample will also be bleached after a long duration of
illumination. To solve this problem, a suitable excitation wavelength, deviating from both the
coloring band and the bleaching band, is required for the luminescence readout process. Figure

4c shows the effect of 240 nm illumination on both the colored and bleached states of



CaxSnO4:Eu ceramics. The reflectivity spectra for both the colored and bleached state are
unchanged after 240 nm illumination, indicating that 240 nm has no effect on the photochromic
behavior of CaSnO4:Eu ceramics. As a result, 240 nm would be a suitable excitation
wavelength for Ca;SnO4:Eu ceramics to achieve a nondestructive luminescence readout. To
confirm this, we investigated the effect of 240 nm illumination on the luminescence behavior
of Ca2SnO4:Eu ceramics. For both the colored and the bleached states, the PL spectra were first
measured without 240 nm illumination and then measured again after 240 nm illumination.
Also, the PL spectra measured before and after 240 nm illumination were measured under the
same conditions by using 240 nm as the excitation wavelength. As shown in Figure S7, the
luminescence intensity for both the colored and bleached state is unchanged after long
illumination durations of 240 nm, indicating that a nondestructive luminescence readout can
be realized in Ca;SnO4:Eu ceramics by selecting 240 nm as the excitation wavelength.

Figure 4d presents the PL spectra of Ca;SnO4:Eu ceramics before and after 280 nm
illumination under 240 nm excitation. An apparent luminescence quenching behavior is
observed in Ca;SnO4:Eu ceramics after photochromic behavior. The luminescence modulation
degree (Al}) can be defined by the following equation:

Al = (Io — 1) /1o (2)
where I and /i are the luminescence intensity before and after photochromism, respectively.
Based on equation (2), the Al; at 618 nm achieved in CaxSnO4:Eu ceramics upon 240 nm
excitation is 40.5 %. Also, the quenched luminescence intensity can return to its original
intensity after 585 nm illumination (see Figure 4d), showing a reversible luminescence
modulation behavior. The photochromism-induced luminescence modulation is ascribed to the
energy transfer from the luminescent centers to the color centers. Before photochromism,
CaSn0O4:Eu ceramics exhibit several emission bands with certain luminescence intensities
under a specific wavelength excitation. After photochromism, color centers are formed in
CaxSnO4:Eu ceramics, generating a broad absorption band from 250 nm to 1000 nm. Due to
the overlap between the emission band and the absorption band, part of the energy from the
luminescent centers will be transferred to the color centers to release the electrons captured by
the defects via nonradiative relaxation processes, leading to a luminescence quenching

behavior.!> #6263 n addition, the emission intensity detected at 618 nm for both the colored



and the bleached state is stable after four cycles, indicating that the luminescence modulation
behavior achieved in Ca>xSnO4:Eu ceramics possesses good fatigue properties. Also, compared
with other photochromic materials (Nao sBi2.sNb2Oo, Nag sBiosTiOs and Ko sNagsNbO3),? 3%
35. 63 the all optical-induced photochromic behavior makes Ca>SnOas:Eu ceramics exhibit
obvious advantages in the aspects of easy accessibility and convenient control for practical
applications.

As a proof a concept, the applications of Ca2SnO4:Eu ceramics in anti-counterfeiting and
optical information storage were demonstrated. The sample was first covered with a mask
exhibiting some “circular” holes and then illuminated by UV light. Due to the photochromic
behavior, the “circular” patterns were encoded on the surface of the sample after 302 nm
illumination, as shown in Figure 4e. This encoded information can also be read out in dark field
upon 302 nm excitation. However, the encoded information can only be read out once in dark
field upon 302 nm excitation, because the sample is colored during the luminescence readout
process. As Figure 4e shows, the encoded information is damaged after using 302 nm as the
excitation wavelength for the readout process. Differently, the encoded information can be read
out several times by using 240 nm as the excitation wavelength since it has no effect on the
photochromic behavior. As shown in Figure 4f, the encoded information remains on the sample
after the luminescence readout process by using 240 nm as the excitation wavelength and it
can be read out again. Using the difference in the readout behavior under different excitation
wavelengths, Ca2SnO4:Eu ceramics can be used in anti-counterfeiting applications. In addition,
the encoded information can be bleached upon 585 nm illumination and then the sample can
be used to record information again. Together with the nondestructive luminescence readout
behavior achieved upon 240 nm excitation, Ca;SnO4:Eu ceramic is a promising material for

high-density information storage applications.
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Figure 4. (a) Normalized PLE (Aem=648 nm) and PL (Aex=240 nm) spectra of Ca>SnO4:Eu
ceramics at room temperature. (b) PL (Aex=466 nm) spectra of Ca,SnO4:Eu ceramics at room
temperature before 280 nm illumination, after 280 nm illumination and after 466 nm
illumination in sequence with a illumination time of 2 min. (c) Reflectivity of Ca>xSnO4:Eu
ceramics before illumination, after 280 nm illumination, after 240 nm illumination on bleached

samples and after 240 nm illumination on colored samples with a illumination time of 2 min.



(d) PL (Aex = 240 nm) spectra of Ca;SnO4:Eu ceramics after alternative 280 nm and 585 nm
illumination as a function of the number of cycles, and the illumination time for 280 nm and
585 nm is 2 min and 5 min, respectively. (e) Optical information encoded in Ca;SnO4:Eu
ceramics upon 302 nm illumination and the photographs after luminescence readout upon 302
nm excitation in daylight or 302 nm. (f) Optical information encoded in Ca>SnO4:Eu ceramics
upon 302 nm illumination and the photographs after luminescence readout upon 240 nm

excitation in daylight.

4. Conclusions

A new strategy of selecting deep UV as the excitation wavelength to achieve nondestructive
luminescence readout in inorganic photochromic materials was proposed in this work. The
obtained Ca;SnO4:Eu ceramics exhibit a reversible brown-gray color change upon alternate
280 nm and 585 nm illumination. Through systematically investigating the wavelength- and
power-dependent coloration and de-coloration behavior of Ca2SnO4:Eu ceramics, it was found
that the sample can be colored and bleached by the light in the range of 250-360 nm and 585-
810 nm, respectively, while the deep UV of 240 nm has no effect on both the colored and the
bleached state. Based on these behaviors, a nondestructive luminescence readout with a large
luminescence contrast of 40.5 % and excellent fatigue properties is realized in Ca>SnO4:Eu
ceramics by selecting 240 nm as the excitation wavelength. These interesting characteristics
found in Ca;SnO4:Eu ceramics are superior to those of previously reported photochromic
materials, endowing Ca;SnO4:Eu ceramics with great potential in optical information storage
and anti-counterfeiting applications, and a prototype was presented to demonstrate the
corresponding purposes. More importantly, this work provides an effective and feasible
strategy to design other photochromic materials with a nondestructive luminescence readout
behavior, which would promote the application of photochromic materials in various optical

devices.
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Graphical abstract

Ca,Sn0O,:Eu
ceramic

Through selecting deep ultraviolet as the excitation wavelength, a nondestructive luminescence
readout together with a large luminescence modulation degree is achieved in Ca>SnOs:Eu

photochromic ceramics, demonstrating great promise in optical information storage.



