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ABSTRACT: A good control over the valence state of dopants in luminescent materials or
phosphors is important for the development highly efficient phosphors for white LEDs. Detailed
spectroscopic studies allow to reveal optically induced charge transfer processes and elucidate
the underlying mechanisms in phosphors with additional functionalities such as photochromism
or persistent luminescence. However, the spectroscopic study of the valence switching of

europium has scarcely been reported. Here we report on the Sr3SiOs:Eu phosphor, in which



photo-reduction (Eu*" — Eu?") and photo- or thermal-oxidation (Eu** — Eu’") reactions are
demonstrated. Variation of the illumination wavelength influences both the efficiency of the
photo-reduction/oxidation and the accompanying dynamic process, especially when the two
opposite reactions simultaneously occur. Temperature-dependent annealing indicates a large trap
depth for the electron trapped by Eu®*. The good stability of Eu** obtained by photo-reduction
and the repeatability of the Eu?"/Eu®" valence switching are confirmed as well. Furthermore, the
application of optical information storage is demonstrated based on this phosphor. The results in
this work may not only improve the understanding of Eu?"/Eu’" valence change during

illumination, but also allow the development of new functional luminescent materials.

1. INTRODUCTION

The introduction of lanthanide activators in inorganic host materials laid the foundation for many
modern optical applications such as lasers, telecommunication, solid-state lighting and
displays.'> Most of these widely-used luminescent lanthanide elements are most stable in the
trivalent oxidation state, but some of them can also be incorporated in a divalent or tetravalent
state with different optical behavior.* This multivalent nature of lanthanide ions enables charge
transfer processes between two non-equivalent lanthanide ions or a lanthanide ion and a trapping
defect, leading to versatile functional behaviors. For example, metastable charge transfer states
involving a lanthanide and another defect can give rise to persistent luminescence, optically
stimulated luminescence (OSL), spectral hole-burning and photochromism.®!! In addition, the
unstable charge transfer state may result in energy transfer, so-called anomalous emission, or
exotic metal-to-metal charge transfer (MMCT) luminescence, which merits special consideration

for developing new phosphors.!>14



In some cases, however, it is found that charge transfer processes bring about unfavorable
luminescence quenching, which has been proven to occur not only in co-doped systems such as
those containing Ce**-Eu®" or Pr’*-Eu®*, but also in Eu?**-doped phosphors with even a small
fraction of Eu®".">!7 The presence of both Eu?>" and Eu®* is almost inevitably present in most
Eu**-doped phosphors even if they are prepared under reducing conditions.!” Electron transfer
can occur between Eu?" and Eu’’, and this process is then classified as intervalence charge
transfer (IVCT) in which two metal sites differ only in oxidation state. The corresponding IVCT
state provides a new nonradiative decay channel towards the relaxed mixed-valence ground state,
thus leading to the Eu** emission being partially or even totally quenched.!”!® Even though
undesired Eu®" may show weak or even non-detectable emission, this fraction can still have a
considerable quenching effect on the Eu®" emission, possibly through such an IVCT process,
thereby lowering the quantum efficiency of the phosphor.!*2? It should also be mentioned that
besides incomplete reduction of Eu*" during synthesis, Eu** can also be formed by prolonged or
strong excitation as encountered in the case of high-power white LEDs or laser-driven solid-state
lighting, which is still a big issue for these applications.?!*> Sometimes, however, the opposite
process is undesired and suppression of the formation of divalent lanthanides is needed. For
example, a process referred to as photodarkening occurs in Yb**-doped optical fibers with
simultaneous generation of undesired Yb?" ions and hole centers under illumination, which
induces optical losses and consequently degrades the fiber’s performance for high-power laser in
long-term operations.”*? All these phenomena highlight the importance of being able to
deliberately control and stabilize the valence state of lanthanide activators for targeted optical

applications.



When considering the divalent lanthanide ions, Eu**, Yb*, Sm?" are the most common ones
due to their relatively low Ln**/Ln?" reduction potentials.* The oxidation state of these lanthanide
activators can thus be tuned between the divalent and the trivalent state. Usually, for Ln**
activators, sufficiently oxidizing conditions are achieved by performing the synthesis in air.?¢
While for Ln*' activators, they can typically be obtained by employing reducing conditions
offered by reducing atmosphere (e.g., H2, CO) or agents (e.g., CaHa, NaH, LiH).!>*’ Intrinsic
reduction of Ln**, i.e., preferential stabilization of Ln?* without reducing conditions, has also
been reported in some hosts. SrB4O7 is the most prominent representative owing to the
appropriate rigid crystal structure and underlying charge-compensating defects.?®?’ Chemical
substitution, electron beam annealing, and electrochemical reduction can also be utilized to
regulate the valence state of lanthanide ions.’* Besides, post-treatment with photo-irradiation
can result in stable Ln?" following photo-reduction from Ln*" to Ln**. For higher photon energies
or densities, irradiation with X-ray, y-ray or femtosecond laser pulses at a nonresonant energy
level create free electrons which can then be captured by Ln** to form Ln**.3*% UV or resonant
stepwise multiphoton absorption may also induce photo-reduction processes, presumably with
the participation of a photochemically active charge transfer state.>%3% The Ln*" obtained by
photo-reduction can be oxidized again by thermal stimulation, photo-stimulation, or both

combined.®3437:39

The significantly different photoluminescence between Eu?" and Eu®" suggests that the
reversible valence switching can be exploited for technical applications like radiation dosimetry
and optical information storage by monitoring the variation of Eu**/Eu** emissions.***! Indeed,
Eu’" shows sharp line emissions, mainly in the red region of the spectrum, while Eu*" usually

exhibits a tunable and broadband emission ranging from UV to NIR depending on the local



environment.> Therefore, understanding the influence of the illumination source on Eu, or

another lanthanide featuring multiple valence states, is a fundamental issue.

Eu®* or Ce*" doped Cs3CoCls-type phosphors have been widely studied in the past 20 years for
the application in white LEDs due to their excitation band matching well with the NUV or blue
emission of the chips, a high luminescence efficiency, and an especially tunable broadband
emission owing to the flexible crystallographic environment of their cations.*” Among them,
Sr3SiOs:Eu®" has drawn extra attention since it was reported to exhibit persistent luminescence,
OSL and so-called zero-thermal quenching behavior, all of which have been related to the
electron transfer between Eu and trapping defects (or co-dopants).** In this work, the
phenomena of photo-reduction (Eu** — Eu?") and the following reverse process of photo- or
thermally-induced oxidation (Eu** — Eu’") are demonstrated in Sr3SiOs:Eu®*. The influence of
the illumination wavelength, the illumination duration and the annealing temperature on the Eu
valence state is investigated in detail through photoluminescence and reflectance spectroscopy.
Both the stability of the Eu?* obtained by photo-reduction and the repeatability of alternating
photo-reduction and oxidation are confirmed here. We also demonstrate the potential application

for optical information storage based on these properties.

2. METHODS

PREPARATION

Sr3Si0s:Eu*" was synthesized by a high temperature solid state reaction, using high purity SrCO3
(Alfa Aesar, 99.9%), SiO; (Alfa Aesar, 99.5%), and Eu2O3 (Alfa Aesar, 99.95 %) as precursors,
and 3 mol% of BaF, was added as the flux.*® In order to obtain Sr299Eu0,01SiOs, stoichiometric
mixtures of the precursors were weighed and ground, and subsequently ball-milled for 6 h with

alcohol at a rotating speed of 300 rpm, followed by drying at 70 °C. After that, the obtained



powder was pre-calcined at 800 °C for 5 h and finally sintered at 1400 °C for 6 h in air. Then the
sample was allowed to cool to room temperature naturally, and the final product was re-ground
for further characterizations. Pressed pellets were also made from the final powder for specific
optical measurements. Sr3SiOs:Eu®" and undoped Sr3;SiOs were prepared by the same procedure
except for the use of a reducing atmosphere composed of 10% H>z and 90% N> and the omission

of precursor EuyOs, respectively.

CHARACTERIZATIONS

The phase structure was determined by X-ray diffraction (XRD) using a Siemens D5000
diffractometer (40 kV, 40 mA) with Cu Kq radiation (A = 0.154 nm). The microstructure was
measured by using a Hitachi S-3400N scanning electron microscope (SEM), connected to a
Thermo Scientific Noran 7 EDX analysis system. Photoluminescence (PL) emission and
excitation (PLE) spectra of the pressed pellet were collected at room temperature using an
Edinburgh Instrument FS920 spectrometer equipped with a monochromated 450 W Xe-arc lamp
as the excitation source. All spectra were automatically corrected for detector response. The
reflectance spectra of the pellet were measured at room temperature using a Perkin Elmer
Lambda 1050 UV-vis-NIR spectrophotometer. Germicidal Hg lamp (254 nm emission line, 3 W)
and 420 nm LED (full width at half maximum 20 nm, 5 V, 250 mA) were used for photo-
reduction and oxidation, respectively. lIonizing radiation (X-ray) from a Siemens D5000
diffractometer (Cu anode, 40 kV and 40 mA) was used for photo-reduction as well. To
investigate the wavelength-dependent photo-reduction/oxidation in Sr3SiOs:Eu**, we made an
experimental setup schematically depicted in Figure 3a, having a wavelength tunable OPO laser
(Ekspla NT340), shutters and a fiber based detection (QE65000 spectrometer, Ocean Optics) of

the emission spectra under 420 nm LED excitation. As for the photo-oxidation experiments, the



pellet was pre-illuminated with 220 nm laser pulses for 10 min to ensure the formation of Eu**
ions at the same level of saturation. Similarly, for the photo-reduction experiments, the pre-
illumination was done with 420 nm laser pulses for 10 min to oxidize the Eu?" ions formed
during previous photo-reduction experiments. Then the pellet was illuminated with laser pulses
of different wavelengths from the OPO (repetition rate of 1 Hz, pulse duration of 4 ns) for the
photo-reduction/oxidation process. Two shutters were controlled by a LabVIEW program to
alternately open and block the laser pulse and the probe light from a 420 nm LED. A pyroelectric
energy sensor (ES220C, Thorlabs) was used to measure the energy of the laser pulse for each
excitation wavelength. In combination with the number of pulses being recorded by LabVIEW,
the wavelength dependent photo-reduction and oxidation experiments could be expressed in
terms of the number of incident photons. Thermal oxidation experiments were performed by
annealing the pre-illuminated (220 nm laser pulse for 10 min) pellet at different temperatures (50
to 600 °C) for 5 min in air. Photographs for the demonstration of optical information storage
were taken with a Nikon D3200 camera in raw format. For illumination a 365 nm lamp (Hand-

held UV lamp, Analytik Jena, 1.66 pW/mm?) or daylight was used.

3. RESULTS AND DISCUSSION

Figure 1a provides the XRD patterns of Sr3SiOs:Eu®*, un-doped Sr3SiOs (both prepared in air)
and Sr3SiOs:Eu*" (prepared under reducing atmosphere), which match well with the standard
diffraction pattern of Sr3Si0s (JCPDS 26-0984). The crystal structure of Sr3SiOs (space group

P4/ncc) is depicted in Figure 1b, which is composed of alternating layers of [Sr(2)O¢] octahedra



versus [Sr(1)Os] octahedra and [SiOa4] tetrahedra along the c-axis.** The representative
morphology of the obtained Sr3SiOs:Eu** powder was examined by SEM (Figure 1c), and the
corresponding EDX spectrum confirmed the presence and homogeneous distribution of Sr, Si

and Eu.
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Figure 1. (a) XRD patterns of Sr3SiOs:Eu*", un-doped Sr3SiOs and Sr3SiOs:Eu?*, and reference
pattern of Sr3SiOs (JCPDS 26-0984). (b) Crystal structure of Sr3SiOs and its building blocks
[Sr(1)Os], [Sr(2)Os], [SiO4] polyhedra drawn by VESTA software.*’ (c)-(f) SEM image and

elemental mappings of Sr3SiOs:Eu’** powder by EDX.

The PL and PLE spectra for the Sr3SiOs:Eu*" prepared in air are given in Figure 2a. The
emission spectrum consists of several line-emission peaks originating from 4f°-4f° transitions in
Eu’". The relatively high intensity ratio of the Eu** emission transitions for >Do — ’F» compared
to Dy — Fi is consistent with the distortion of the [SrO¢] octahedra, given that Eu** ions are

expected to occupy the Sr** sites.*>* For the excitation spectrum, the strong broad band centered



at 330 nm is ascribed to the Eu®"-O? charge transfer state, while the weaker lines in the range
from 375 to 470 nm correspond to the internal 4f°-4f° transitions of Eu**.** After illumination
with a 254 nm lamp for 50 min, broad bands in the range of 380~550 nm (PLE spectrum) and
510~560 nm (PL spectrum) emerge when recording at the same excitation and emission
wavelength as before (Figure 2a). The exact shapes of these new bands can be observed in
Figure 2b by changing the excitation wavelength and monitoring wavelength. The emission band
centered at 584 nm in Figure 2b can be attributed to a new type of luminescent center, and it
exactly resembles the emission from the parity-allowed 4f°5d'-4f” transition of Eu** in Sr3SiOs
obtained by synthesizing under reducing atmosphere (Figure 2¢). In addition, the PLE spectra for
Eu®" in these two cases also look similar. It should be mentioned that the PLE spectrum of 254
nm illuminated Sr3SiOs:Eu®" was measured by monitoring the emission at 554 nm rather than at
the emission peak wavelength of 584 nm to avoid the contribution from Eu**. From these results,
we can thus unambiguously assign this emission band to newly formed Eu?" by photo-

reduction.®

The photo-reduction of Eu®" also induces changes in the reflectance of the material. To
quantify this, the reflectance of the material before and after illumination with 254 nm light was
recorded and the spectra are shown in Figure 2d. To emphasize the differences in reflectance, the
ratio of both spectra is also included. In addition to the absorption by the newly formed Eu**,
also a stronger absorption centered around 380 nm can be observed. This band is also visible in
the reflectance spectra of un-doped Sr3SiOs and to a lesser extent in Sr3SiOs:Eu?* (Figure 2e).
The defect responsible for this absorption will be denoted as DY, and in the case of Sr3SiOs:Eu’*
(prepared under air), this defect likely traps an electron (forming D!) in order to balance the

charge due to the substitution of Sr** by Eu**. Consequently, in Sr3SiOs:Eu’* the characteristic



absorption of D€ at 380 nm is missing (red curve in Figure 2d). Interestingly, once an electron is
transferred to the Eu®" under 254 nm illumination, the absorption band at 380 nm originating
from D¢ shows up again (orange and green curves in Figure 2d), indicating that the following
electron transfer process might be responsible for the observed valence changes:

D! + Eu** — D9 + Eu** (1)

The dip in the Eu?>" PLE spectra around 380 nm might be a consequence of this defect

absorption.
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Figure 2. (a) Normalized PL and PLE spectra of Sr3SiOs:Eu" (prepared in air) for Eu** emission
before and after 254 nm illumination for 50 min. Normalized PL and PLE spectra of (b) 254 nm
illuminated Sr3SiOs:Eu’" and (c) Sr3SiOs:Eu** prepared in reducing atmosphere for Eu®*
emissions. (d) Reflectance spectra of Sr3SiOs:Eu’" before and after 254 nm light illumination and

their ratio spectrum. (e) Reflectance spectra of non-doped Sr3SiOs and Sr3SiOs:Eu’" prepared in
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air, and Sr3SiOs:Eu®* prepared in reducing atmosphere. (f) Wavelength-dependent efficiency for

photo-reduction/oxidation of Sr3SiOs:Eu®*

During the photo-reduction process described by Equation (1), the Eu** ions act as electron
traps, and form metastable Eu?" after trapping. The captured electron can also be detrapped (Eu**
— Eu®" + ¢) with external optical and/or thermal stimulations. Wavelength-dependent photo-
reduction/oxidation experiments may give us more underlying information about this process.
Hence, a set-up with a tunable OPO pulsed laser was used (Figure 3a). The time dependent
photo-reduction/oxidation under illumination is recorded by monitoring Eu?* emission intensity.
The results for photo-reduction/oxidation under illumination with 240 nm/460 nm laser pulse in
this set-up are shown in Figure 3b and Figure 3c, respectively. Note that for these experiments,
the sample was pre-illuminated by 420 nm or 220 nm laser pulses to minimize or maximize the

Eu?" luminescence prior to photo-reduction/oxidation, respectively.
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Figure 3. (a) Schematic diagram of the experimental setup for measurements of wavelength-
dependent photo-reduction/oxidation in Sr3;SiOs:Eu’*. Eu** emission intensities as a function of
incident photon counts of (b) 240 nm pulses for photo-reduction (pre-illuminated by 420 nm) and

(c) 460 nm pulses for photo-oxidation (pre-illuminated by 220 nm)

The wavelength-dependent efficiency of the two processes was determined by comparing the
Eu®" luminescence intensity after exposure to a fixed amount of light, as presented in Figure 2f.
A first observation is that the efficiency corresponding to photo-reduction decreases with
increasing wavelength within the range of 220~350 nm. For longer wavelengths, the photo-
reduction effect can hardly be observed. The creation of electron-hole pairs and the subsequent
capture of an electron by Eu** cannot be responsible for such photo-reduction behavior since the
energy of light used here (maximum 5.64 eV for 220 nm) is lower than the energy required for

band-to-band transition in Sr3SiOs (optical bandgap 5.98 eV).*

There are then two possible
explanations for the observed phenomena and they mostly differ in the assumed path that the
transferred charge takes during the charge transfer process. The first possibility assumes the
involvement of the Eu**-O? charge transfer (CT) state.’® Excitation of this CT results in the
formation of metastable Eu®" and a hole being trapped by the defect D! (forming D?).*® Similar
explanations of the participation of the CT state have been proposed to interpret photo-reduction
in Y20,S:Eu’", CaSO4Eu®*", Yb*"-doped aluminosilicate optical fibers, and MeOH/EtOH
solution with Eu**/Yb**/Sm*" and CI.2536-3830-33 In our case, however, the photo-reduction
efficiency curve (Figure 2f) does not match the Eu**-O% CT excitation band (Figure 2a).
Nevertheless, this possibility cannot be dismissed because the CT excitation band is unusually

broad and it cannot be excluded that it consists of several contributions that might originate from

inequivalent defects in the material.
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Alternatively, a direct charge transfer between a Eu**-D¢! pair also belongs to the
possibilities. Taking into account the characteristics of the photo-reduction spectrum, it is either
possible that DY is excited, after which an electron is transferred to Eu®" or that the charge
transfer takes place after direct excitation into a Eu®*- D! charge transfer level. This can explain
why the photo-reduction spectrum does not overlap with the Eu*"-O% charge transfer excitation
band. Furthermore, if a charge transfer only takes place between Eu**-D?! pairs that are in
sufficiently close proximity to each other, this might also explain why only a small fraction of
the Eu*" can be reduced. In any case, it is clear that the oxidized defect D strongly absorbs light
at around 380 nm. Note that photo-reduction of a trivalent lanthanide following excitation of a
defect that is subsequently oxidized, has already been verified convincingly in several
lanthanide-codoped phosphors where the reduction of Ln(1)*" is initiated by excitation of the
Ln(2)**, where the Ln(2)*" plays the same role as the unknown defect (D) in our case, offering

the electron for Eu®*.67

The efficiency curve for wavelength-dependent photo-oxidation in Figure 2f shares common
features with the PLE spectra for Eu*" (Figure 2b,c), especially the strikingly similar threshold
energy at around 2.18 eV (570 nm). It’s safe to conclude that the photo-oxidation process is
initiated by the excitation of Eu**. This is also consistent with the above-mentioned electron
transfer process in lanthanides co-doped systems which occurs through excitation of divalent
lanthanides (Eu** + Ln*" — Eu®" + Ln*"). However, the profile of this curve is not fully the same
as the PLE spectra for Eu?*. This might partly be due to the way the efficiency for the photo-
oxidation was determined. In addition, for the wavelength range (270~350 nm) that shows both
the photo-reduction and oxidation, the curve represents a dynamic equilibrium between the two

competing photo-reduction and -oxidation processes, leading to the difference between this curve

14



and the PLE spectra for Eu?" as well. The net effect of these two competing processes depends
on the absorption abilities for the two different species that initiate the two opposite processes,
which effectively limits the final concentration of Eu?" that can be obtained by photo-reduction
with a certain illumination wavelength. This is similar to what has been observed in persistent (or
OSL) phosphors with the competition between trapping and detrapping, or photochromic
materials with the competition between coloring and decoloring.’>>” It is important to mention
that in this region of overlap, the same equilibrium is obtained independent of whether the

phosphor is initially in a maximally reduced or maximally oxidized state.

Not surprisingly there are also some similarities between the efficiency curve for photo-
oxidation and the reflection spectrum of Sr3SiOs:Eu?" prepared in reducing atmosphere (black
curve in Figure 2e) where the maximum absorption of Sr3SiOs:Eu®" is due to Eu?**. As was
already mentioned, this is not surprising as the following process is most likely responsible for
the photo-oxidation: under illumination by 350~570 nm, Eu?" is excited to the manifold of its
excited 4{°5d' states. Then it quickly relaxes and decays radiatively, or alternatively just transfers

its electron to an unknown defect D¢ leaving the Eu** ion as Eu*".
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Figure 4. (a) PL spectra of 254 nm pre-illuminated (50 min) Sr3SiOs:Eu®" with different
illumination time (420 nm LED) for photo-oxidation, and (b) the corresponding reflectance
spectra. (c) Average reflectance values at 380~384 nm (where the strongest reflectance changes
occur during illumination) for cycling test by alternating photo-reduction and photo-oxidation.

(d) Dependence of the Eu** emission intensity (Aex = 420 nm) on annealing temperature in 220

nm pre-illuminated Sr3SiOs:Eu’*.

The photo-oxidation (detrapping) in 254 nm pre-illuminated Sr3SiOs:Eu** can also be

achieved by illumination with a 420 nm LED. As is shown in Figure 4a, Eu?>" emission decreases

substantially within the first 15 min, while illumination for longer than 75 min has only a limited
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effect on further suppressing the remaining Eu** emission. This process is also illustrated by the
variation of emission spectra (Figure S1) comprising a superposition of Eu?" and Eu®" emissions
under 380 nm excitation, which was chosen in order to excite both the Eu’* and the Eu**
ions. The corresponding reflectance spectra are given in Figure 4b, further pointing out the
negligible reflectance change with prolonged time after 75 min illumination. The difficulty to
obtain complete photo-oxidation here is also observed in BaFCl:Sm** with pre-illumination for
photo-reduction.>® Similar phenomena are more common in OSL materials, and high temperature
annealing may be required to address this issue.” For example, in OSL dosimeter phosphor
MgB407:Ce*",Li*, optical bleaching is not able to empty all trapping centers which can affect the
OSL sensitivity.®*®! Consequently, residual signals due to incompletely bleached trapping
centers appear in the following measurement. It is also interesting to check the stability of the
photo-reduced Eu ions Sr3SiOsover time. As is shown in Figure S2, both the reflectance spectra
and PL intensity (Aex = 420 nm) of the 254 nm illuminated sample level off after 2 hours, and
about 90 % of the initial emission from Eu?" is still preserved, suggesting good stability of Eu**
obtained by photo-reduction. The cycle of this reversible valence switching can be performed
many times as indicated by the change of reflectance spectra in Figure S3. Figure 4c gives a
closer look at the average reflectance value at 380~384 nm where the strongest change occurs
during illumination. For the 420 nm illuminated state, the reflectance values at this region
fluctuate within the range of 81.0 % to 82.1 %, while for the 254 nm illuminated state, the values
are in the range from 70.6 % to 71.0 %. Therefore, good repeatability for alternating illumination

with 254 nm UV light and 420 nm violet light is also guaranteed.

As stated previously, besides photo-oxidation, thermal stimulation also allows to effectively

re-oxidize the Ln*" obtained by photo-reduction back to Ln*", as in the reported case of

17



LuPO4:Eu*" or Sr2SiO4:Eu*.3**7 To find out the thermal effect on the illuminated Sr3SiOs:Eu’”,
the 220 nm pre-illuminated sample was annealed at different temperatures in air for 5 min,
followed by measuring the emission spectra at room temperature. It was observed that the
intensity of Eu®" orange-yellow emission starts to decrease after annealing at around 150 °C
(Figure 4d), and complete thermal oxidation of Eu** occurs at around 400 °C, indicating that the
thermal stability of the trapped charges is much larger than that encountered in a typical
persistent phosphor such as SrAlOs:Eu®*,Dy**, where a considerable detrapping is already found
at room temperature.” This observation is also in line with the good stability of the 254 nm

illuminated sample at room temperature as mentioned before (Figure S2).
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Figure 5. (a) Schematic diagram for the application of optical information storage. (b)

Photographs of a pellet under 365 nm lamp illumination with/without latent images. Photograph

of the same pellet without any additional illumination under daylight is also given here.

Given the stability of Eu** obtained by photo-reduction, the repeatability of Eu?**/Eu’** valence

switching and different emission of Eu?"/Eu®" as we have shown above, Sr3SiOs:Eu*" can be a
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good candidate for the application of optical information storage. The schematic diagram for this
application is shown in Figure 5a. During the “write” process, the phosphor is illuminated by a
254 nm lamp with a photomask for several minutes. The photo-reduction of Eu** — Eu?" only
occurs in the area that has been illuminated. Then based on different distribution and emission
color of Eu?" and Eu®*, the latent image can be well visualized when illuminated with 365 nm
“read” process). More importantly, the information can be readily erased by 420 nm light, thus
the materials can be reused again. Figure 5b demonstrates the photographs (under 365 nm lamp
illumination) of the same pellet with different latent images and subsequent removal of the
information, and the 254 nm-illuminated area was demonstrated with orange—yellow emission
color. It is worth noting that the emission ratio of Eu?"/Eu’* instead of the absolute emission
intensity of Eu?" can be used to determine the area that has been illuminated by 254 nm light,
therefore this material may serve as the medium for self-calibrated optical information storage or
for UV-C dosimetry. In addition, X-ray-induced photo-reduction of Eu** was also observed

(Figure S4), indicating its potential application in X-ray imaging or X-ray dosimetry.**

Actually, the conversion ratio of Eu*" to Eu** is not high under 254 nm lamp illumination,
otherwise the excitation spectrum (Fig. 2a, Aem = 625 nm) after illumination would be dominated
by Eu?*. The conversion ratio may be on the same order of magnitude as the ratio of Eu*" to Eu*"
in the typical persistent phosphor SrAl:04:Eu*",Dy*" during charging.®> However, from the point
of application, the problem of a low conversion ratio can be circumvented by choosing the
excitation wavelengths that favor Eu?* emission rather than Eu** emission. Moreover, the high
absorption cross section and emission efficiency of Eu?" result in an intense emission when
compared to Eu*’. It should be mentioned that the results of wavelength-dependent photo-

reduction/oxidation in Figure 2f give us good guidance to selectively choose the appropriate
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wavelengths for the write, read and erase steps in the optical information storage process.
Especially for the reading step, even though photo-oxidation of Eu** occurs to some extent
during reading, this effect can be alleviated by using light in the spectral range where photo-
oxidation is less efficient, thus the optical information can be kept even after reading multiple

times.

4. CONCLUSION

Reversible valence switching between Eu?* and Eu®" in Sr3;SiOs:Eu®" prepared in air was
achieved here by optical and thermal stimulations. The photo-reduction of Eu* is observed
under illumination of 220~350 nm light, and shorter wavelengths result in more efficient electron
transfer from non-oxidized defects D! to Eu®". Simultaneously with the photo-reduction an
absorption band appears at around 380 nm which is tentatively ascribed to the oxidized electron
donor D?. Photo-oxidation occurs within the whole range of the Eu®" excitation/absorption
spectrum (270~570 nm), and thus the process can be safely ascribed to the excitation of Eu®",
followed by an electron transfer from Eu?" to the oxidized defect DC. The wavelength-dependent
competition between photo-reduction and photo-oxidation limits the number of Eu®* ions that
can be photo-reduced, which is evidenced by the by the spectral region where both effects occur
simultaneously (270~350 nm). Reflectance spectra at different fading times and annealing
temperature-dependent photoluminescence measurements show good stability for the Eu®" ions
obtained by photo-reduction. Cycle measurements for valence switching confirm the
repeatability of this photo-oxidation and reduction behavior. The application of these phosphors
for optical information storage based on these above-mentioned good performances was

demonstrated. This work provides new insights into the valence change process of Eu**/Eu’" in
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the Sr3SiOs:Eu’" phosphor, and a transferable experimental approach to disentangle the
wavelength dependency of photo-oxidation and photo-reduction for other lanthanide-activated
luminescent materials has been demonstrated. However, a dedicated study of the effect of the

dopant concentration on the amount of Eu that can be photo-reduced is still required.
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