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Abstract: Persistent luminescent materials containing deep-level traps have attracted extensive 

research interest in the field of optical information storage due to their unique features of long-

lasting emission, energy storage and controllable photon release upon external stimulations. 

However, the lack of suitable luminescent materials with deep-level traps is still the bottleneck 

of such an optical storage application. Herein, we report a series of persistent luminescent 

materials with reddish-orange emissions and controllable photon release upon thermal 



 

 

stimulation. Through substitution of Sn by Si, more and deeper trap levels are achieved in 

Sr2SnO4:Sm3+,Si4+ phosphors. Moreover, both ultraviolet light and high-energy X-ray 

irradiations can induce reddish-orange emitting persistent luminescence from the as-

synthesized samples. Rewritable optical information storage and readout based on photon 

trapping and de-trapping processes are demonstrated. Optical information can be handily 

encoded using a commercially available 365 nm light emitting diode, and decoded upon thermal 

stimulation. The Sr2SnO4:Sm3+,Si4+ phosphors as presented in this work show a great promise 

for rewritable optical data storage and information encryption.  

 

 

1. Introduction 

Information storage has played an indispensable role in the evolution of human’s history. With 

the development of Internet of Things, an extremely large amount of digital data is being 

produced by computers, smartphones, sensors and automobiles. It has been proposed that the 

volume of digital data doubles every two years, and the big data era requires large storage 

resources and suitable processing media[1, 2, 3]. Compared to many other information storage 

technologies, optical information storage, as an emerging technology, exhibits the merits of 

ultra-high capacity, ultra-long lifetime, ultra-low power consumption, re-writability and 

erasability[4]. More impressively, multiplexing optical information storage provides an 

exceptional approach to greatly improve the storage capacity by expanding the two-dimensional 

space towards multidimensional spaces, such as multiplexing of wavelength, intensity and time 

gate[5, 6, 7, 8, 9]. However, the lack of suitable optical storage media is still the bottleneck of such 

optical storage technologies, hindering their practical application. Therefore, the development 

of novel advanced optical materials combining several luminescence features is urgently 

needed to handle these challenges. 

 



 

 

Persistent luminescent materials, as one specific member in the family of advanced optical 

materials, have been widely applied in the fields of glow-in-the-dark paints, night-vision 

surveillance, in vivo bio-imaging, alternating current light emitting diodes, emergency signage, 

information security and optical data storage[10, 11, 12, 13, 14, 15]. The high energy-storage capacity 

and long-lasting emission lifetime provide persistent luminescent materials with remarkable 

advantages in the above-mentioned fields. In regard to the practical applications of optical 

information storage, the Mn2+ or Cr3+ doped LiGa5O8 persistent phosphors have been proposed 

as excellent optical storage media due to their intensity or wavelength multiplexing[16, 17]. 

Recently, NaLuF4:Tb3+@NaYF4 nano-scintillators have been reported as high-resolution 3D 

X-ray extension imaging storage media that can trap high-energy X-rays for weeks[18]. Zhuang 

et al. have developed a series of (Sr1-xBax)Si2O2N2:Eu/Yb,Dy persistent luminescent materials 

with deep-lying traps and demonstrated their feasibility as optical data storage media and 

information security system[7]. Despite these progresses, only a handful of candidates have been 

reported as optical data media among the large number of persistent luminescent materials so 

far. To date, the exploration of materials for information storage is usually based on a trial-and-

error approach. It is quite essential to develop new optical materials combining both persistent 

luminescence and high energy-storage capacity in a designed way.  

 

Co-doping or chemical substitution, including chemical unit co-substitution, neighboring-

cation substitution and cation-size-mismatch, have been regarded as effective and facile 

strategies in luminescent materials for solid-state lighting[19, 20]. By co-doping specific ions, the 

regulation of the surrounding environment of emitting centers or the formation of new trap 

levels plays an important role in tailoring the optical properties of solid-state lighting phosphors 

or persistent luminescent materials[21, 22, 23, 24, 25]. For instance, co-doping LiGa5O8:Cr3+ with 

Si4+ or Ge4+ ions has been investigated by Poelman et al., and it was reported that the persistent 

luminescence was significantly improved and the number of deep-lying traps was increased[26]. 



 

 

Upon defect engineering and reducing the Si content, single-component white-light 

NaLi3Si1−xO4:Eu2+ materials with broad-band defect-induced charge-transfer emission were 

designed[24]. By selecting different lanthanide co-dopants, Xie and co-workers developed a 

series of deep-trap persistent luminescent materials in the SrSi2O2N2:Ln2+,Ln3+ system[6]. 

Furthermore, an improvement of the persistent luminescence of near-infrared emitting 

ZnGa2O4:Cr3+ phosphor has been made by employing various co-dopants, such as Ge, Sn or Bi 

ions[10, 27, 28]. Recently, Liu et al. successfully tailored multi-dimensional triple traps through 

co-doping Tb3+ ions into Pr3+-activated Y2GeO5 phosphors for binary optical data storage[29]. It 

is clear that the introduction of trap energy levels (i.e., both the position and the amount of trap 

energy levels), especially the formation of more deep-trap levels, is of great significance in the 

design of optical information storage materials. To obtain deep-lying traps for the design of 

new storage phosphors, band-gap engineering or trap-level engineering is often employed by 

appropriately screening co-dopants. 

 

In this work, for the first time, deep-trap reddish-orange emitting persistent luminescent 

Sr2SnO4:Sm3+,Si4+ phosphors were successfully developed through a chemical substitution 

approach. Both ultraviolet (UV) light and high-energy X-ray irradiation can induce persistent 

luminescence from the as-synthesized phosphors. Moreover, these materials exhibit reversible 

photochromism upon alternating illumination (365 nm) and thermal stimulus (300 °C). By Si 

ions substitution, formation of deep-level traps is achieved in Sr2SnO4:Sm3+,Si4+ phosphors, 

which shows promise for rewritable optical information storage. Based on photon trapping and 

de-trapping processes, rewritable optical data storage and readout was demonstrated. Patterned 

information is handily encoded by a commercially available 365 nm light emitting diode, and 

the recorded optical data is decoded by means of thermal stimulus. The deep-level trap 

persistent luminescent phosphor as presented in this work not only shows a great promise for 



 

 

rewritable optical information storage and data encryption, but also provides guidance to design 

other deep-trap-containing optical materials. 

 

2. Material and Methods  

 

2.1. Materials Preparation 

The Sr2-xSn1-yO4:xSm3+,ySi4+ phosphors were prepared using a high-temperature solid-state 

reaction method. Dopants Sm3+ and Si4+ were added as Sm2O3 and SiO2, respectively. The 

stoichiometric number x was chosen from 0.005 to 0.04, and y was chosen from 0.025 to 0.25. 

The appropriate stoichiometric amounts of SrCO3 (Aladdin, 99.995%), SnO2 (Innochem, 

99.99%), SiO2 (Aladdin, 99.99%), Sm2O3 (Aladdin, 99.99%) were weighed. Precursors were 

mixed with ethanol and ground thoroughly in an agate mortar. To make a homogeneous mixture, 

repeated grinding was performed for 1 hour. The mixtures were dried in an oven at 50 °C and 

added with a 5 wt% polyvinyl alcohol (PVA) binder solution, then pressed into pellets with a 

thickness of about 1.5 mm by applying a uniaxial pressure of 200 MPa. Subsequently, these 

pellets were sintered at 700 °C for 6 h in air to remove the PVA residues and then kept at 

1300 °C for 8 h. The employed heating rate for all samples were 300 °C/h using a tube furnace 

(KTL1700-80, Nanjing Laibu Tech.), and the prepared samples were allowed to cool down 

naturally overnight. The samples were well ground again manually for further characterization. 

The chemical composition of Sr2-xSn1-yO4:xSm3+,ySi4+ (x= 0.01, y= 0.05) was chosen as an 

example discussed in this work.  

 

2.2. Structure and Morphology Characterization 

X-Ray powder diffraction (XRD) were recorded on an X-ray powder diffractometer (D8, 

Bruker AXS, Germany) using Cu Kα (1.5406 Å) radiation at room temperature. The XRD data 

were collected with a 0.02° step size and 1.5 s integration step time in the range 2θ from 10° to 



 

 

80°. The measured XRD patterns were compared with the standard data (PDF No.74-1348) 

from the structure of the corresponding Sr2SnO4 host matrix. The morphology and elemental 

distribution mappings of samples were characterized via a thermal field emission scanning 

electron microscope (Verios G4 UC) equipped with an EDS analysis system (Thermo Scientific, 

U.S.A.). 

 

2.3. Luminescence Characterization 

Photoluminescence excitation, emission spectra, persistent luminescence decay curves were 

obtained by a fluorescence spectrometer (FS5, Edinburgh, UK) equipped with a 450 W xenon 

arc lamp at room temperature. All spectra were automatically corrected for detector response. 

Persistent luminescence excitation spectrum was collected upon monitoring afterglow emission 

at 646 nm. After charging for 2 minutes, the integrated persistent luminescence intensity was 

plotted as a function of the charging wavelength by integrating the decay profiles during the 

first minute of afterglow. Monochromatic light ranging from 280 to 560 nm from a 450 W 

xenon arc lamp was used as excitation source. Temperature-dependent photoluminescence 

spectra were collected in the temperature range of 30-150 °C by a portable spectrometer (Ocean 

Optics). Diffuse reflection spectra were measured by using a UV-VIS-NIR spectrophotometer 

(SHIMADZU UV-3600 Plus) with a step size of 0.5 nm in scanning range from 200 nm to 1000 

nm. For photochromism measurements, diffuse reflection spectra were collected after 30-

second thermal treatment at various temperatures from 50 °C up to 300 °C. Reversible 

photochromism tests were performed upon alternating illumination (365 nm) and thermal 

stimulus (300 °C). Radioluminescence and temperature dependent emission were collected by 

an optical fiber connected to a spectrometer (Ocean Optics). A commercial 254 nm UV lamp, 

365 nm light emitting diode or software-controlled X-ray tube (70 kV, 1.5 mA) was used as 

irradiation source. TL measurement was performed by a FJ-427A1 thermo-luminescence 

dosimeter (Beijing Nuclear Instrument) with a constant heating rate of 1 °C/s.  



 

 

 

2.4. Applications in Optical Data Storage  

The samples of Sr2SnO4:Sm3+,Si4+ were ground manually for 30 minutes. Subsequently, 25 mL 

commercial printing ink was mixed with 0.5 g fine powder of Sr2SnO4:Sm3+,Si4+. The mixture 

was well mixed by 20-minute ultrasonic treatment and 30-minute mechanical stirring, and the 

as-obtained homogeneously dispersing suspension was used as luminescent ink for screen-

printing. Text information of Chinese ideographs was printed on a piece of A4 paper using the 

luminescent ink. Commercial flat printing screen and brush were used, and the printed paper 

was fully dried overnight at room temperature. The temperature-controlled heating platform 

(maximum at 300 °C) or a domestic electric hair drier (using the maximal heating mode) was 

applied as heating source. Photographs of the printed text patterns were taken using a mobile 

phone (Huawei). 

 

3. Results and Discussion  

 

3. 1. Crystalline Phase and Photoluminescence Property  

A series of Sr2-xSn1-yO4:xSm3+,ySi4+ (0.005 ≤ x ≤ 0.04, 0.025 ≤ y ≤ 0.25) phosphors were 

prepared and the chemical compositions of Sr2-xSnO4:xSm3+ (x= 0.01) and Sr2-xSn1-

yO4:xSm3+,ySi4+ (x= 0.01, y= 0.05) were selected for a detailed analysis and discussion as 

examples (see Experimental Section). X-ray diffraction (XRD) and scanning electron 

microscopy (SEM) measurements were employed to investigate the crystal structure and 

morphology of Sr2SnO4:Sm3+ and co-doped Sr2SnO4:Sm3+,Si4+ samples. XRD patterns of 

Sr2SnO4:Sm3+ and Sr2SnO4:Sm3+,Si4+ are shown in Figure 1(a). Both patterns are fully 

consistent with the standard pattern of the Sr2SnO4 host matrix (PDF card No.74-1348). A small 

amount of Sm3+ ions doping or Sm3+-Si4+ co-doping does not induce any noticeable changes in 

the XRD patterns. There were no obvious impurity or secondary phases observed in XRD 



 

 

patterns and the main diffraction peaks were sharp and intense, indicating high crystallinity and 

feasible incorporation of Sm3+ and Si4+ dopants into the host. The schematic crystal structure 

diagram of the Sr2SnO4 host is given in Figure S1. Sr2SnO4 with space group I4/mmm (139) 

shows a tetragonal symmetry with a K2NiF4-type structure[30]. It is reported that tailoring trap 

defects is uncomplicated in the case of the quasi-two-dimensional Sr2SnO4 structure, and this 

quasi-two-dimensional structure is composed of corner-shared SnO6 octahedral units[30]. 

Trivalent samarium (Sm3+) and tetravalent silicon (Si4+) ions are supposed to substitute divalent 

strontium (Sr2+) and tetravalent tin (Sn4+) sites, respectively, due to their similar coordination 

environment, ionic radius and valence states. Figure 1(b) and Figure S2 show the SEM images 

of Sr2SnO4:Sm3+,Si4+ sample, in which the particle size is in the micrometer range (around 5 

μm) with high crystallinity. Moreover, to confirm the composition uniformity of 

Sr2SnO4:Sm3+,Si4+ sample, energy dispersive X-ray spectroscopy (EDS) elemental mapping 

analysis was performed in a selected area (see Figure 1(b) for the selected EDS elemental 

mapping area). Elements Sr, Sn, O, Sm and Si are homogeneously distributed within the 

measured particles from these elemental mapping images in Figure 1(c)-(g). Also, SEM images 

with EDS elemental mappings of Sr2SnO4:Sm3+, are shown in Figure S3 and S4. All these SEM-

EDS results support the high purity of the Sr2SnO4 crystalline phase in accordance with the 

XRD data. 

 



 

 

 

Figure 1. (a) XRD patterns of Sr2SnO4:Sm3+, Sr2SnO4:Sm3+,Si4+ sample and standard reference 

of Sr2SnO4 host (No.74-1348); (b) SEM image of Sr2SnO4:Sm3+,Si4+ particles and the selected 

EDS elemental mapping area; (c)-(g) EDS elemental mapping images of Sr, Sn, O, Sm and Si 

for the selected Sr2SnO4:Sm3+,Si4+ particle. All the scale bars are 2.5 μm in the elemental 

mapping images (c-g). 

 

 



 

 

 

Figure 2. (a) Photoluminescence excitation spectrum of Sr2SnO4:Sm3+,Si4+ (λem= 646 nm) ; (b) 

Photoluminescence spectrum of Sr2SnO4:Sm3+,Si4+ (λex= 406 nm); (c) Excitation wavelength 

dependent CIE chromaticity diagram of Sr2SnO4:Sm3+,Si4+, and the inset is the enlarged area 

of the target chromaticity diagram; (d) Comparison of chromatic coordinates under 254, 302, 

365 and 406 nm excitation. 

 

The photoluminescence excitation (PLE) and photoluminescence (PL) spectra of 

Sr2SnO4:Sm3+,Si4+ are shown in Figure 2(a) and (b), respectively. The PLE spectrum, 

monitored at 646 nm (λem= 646 nm), exhibits numerous peaks ranging from 250 nm to 450 nm, 

indicating that the as-prepared sample can be excited by UV to blue light. The intense broad 

bands together with several band shoulders located at shorter wavelength range (250- 340 nm) 

can be assigned to the overlap of the Sr2SnO4 host absorption and the charge transfer transition 

between O2- and Sm3+. The narrow peaks can be attributed to intra-configurational 4f-4f 



 

 

transition of Sm3+, consistent with previous literatures[30, 31]. The maximum of the excitation 

spectrum due to the overlap between the fundamental host absorption and the charge transfer 

band has been reported to be around 247 nm, out of the wavelength range of the measured PLE 

spectrum due to experimental limitations[30]. Furthermore, there are many narrow excitation 

peaks in the wavelength range from 340 nm to 500 nm, as illustrated in Figure 2(a). The main 

excitation peaks are centered at 347.5 nm, 366 nm, 378.5 nm, 406 nm, 419.5 nm, 448.5 nm, 

464 nm, and 477 nm. These sharp peaks observed in Figure 2(a) can be attributed to the 4f-4f 

electronic transitions of Sm3+, that is, from ground state 6H5/2 to the excited state 4H9/2, 
4D3/2, 

4D1/2, 
4F7/2, 

6P5/2, 
4G9/2, 

4I13/2, 
4I11/2, respectively[32, 33]. The features of the PLE bands are similar 

to those from reports by Luo et al. in Sr2SnO4:Sm3+ ceramics, with slight variations of 

wavelength values[33]. As shown in Figure 2(a), the strongest excitation band is located at 406 

nm, from the 6H5/2 → 4F7/2 transition of Sm3+. It is worth mentioning this excitation band 

matches well with the light output from commonly available near-UV chips in solid-state 

lighting industry, suggesting Sr2SnO4:Sm3+,Si4+ investigated in the present work may find its 

application in phosphor-converted white light emitting devices. Upon excitation at 406 nm (λex= 

406 nm), the PL spectrum of Sr2SnO4:Sm3+,Si4+ in Figure 2(b) shows the typical emission 

transitions of Sm3+, which are due to the intra-4f transitions from the excited energy level (4G5/2) 

to lower levels (6HJ, J= 5/2, 7/2, 9/2, 11/2). The four main emission peaks are centered at 563 

nm (4G5/2 → 6H5/2), 600.5 nm (4G5/2 → 6H7/2), 646 nm (4G5/2 → 6H9/2) and 711 nm (4G5/2 → 

6H11/2), respectively. As a comparison, excitation-wavelength dependent emission spectra are 

presented in Figure S5. When excited at shorter wavelengths, the energy level splitting effect 

is found more clearly. The relative intensity and position of PL bands are also changing with 

varying the excitation wavelengths, which indicates the dominant intra-4f transitions are 

excitation-wavelength dependent. It can be seen that all these sharp emission lines together 

make the phosphor reddish-orange, and the Commission Internationale de L’Eclairage (CIE) 

diagram of Sr2SnO4:Sm3+,Si4+ is presented in Figure 2(c). Upon excitation at different 



 

 

wavelengths, a tiny difference of the CIE chromaticity diagram and corresponding chromaticity 

coordinates is observed in Figure 2(c) and (d), respectively. As a result, the combined emission 

color shifts slightly within the reddish-orange region. The chromatic coordinates displayed in 

Figure 2(d) also show approximately a linear change with varying excitation wavelengths from 

254 nm to 406 nm. This means the sample presents a small excitation-wavelength dependent 

color change. 

 

3.2. UV and X-rays Excited Persistent Luminescence 

Apart from the steady-state luminescence discussed above, Sr2SnO4:Sm3+,Si4+ also exhibits 

persistent luminescence. Photographs of the sample were taken under daylight, laboratory UV 

lamp (λex= 365 nm), and in a dark-box (after ceasing UV excitation for 5, 30, 60, and 90 

seconds). As shown in Figure 3(a), reddish-orange emission can be observed by the naked eyes 

for tens of seconds after switching off the 365 nm UV lamp. Moreover, a persistent 

luminescence decay profile was recorded at room temperature, shown in Figure 3(b). The 

logarithmic plot of the afterglow intensity as a function of time shows that the intensity is 

monotonically decreasing. The decay rate which corresponds to the slope of curve is related to 

the structure of traps and deeper electron traps may cause a slower de-trapping rate. The power 

law dependence of the decay curve on a log/log plot seen in Figure 3(b), indicates there are 

many individual traps with different trap depth controlling the persistent luminescence[34, 35]. 

The persistent luminescence excitation spectrum (PLES) of Sr2SnO4:Sm3+,Si4+ is recorded in 

Figure S6 upon monitoring afterglow emission at 646 nm. After charging for 2 minutes, the 

integrated persistent luminescence intensity was plotted as a function of the charging 

wavelength by integrating the decay profiles during the first minute of afterglow. From PLES, 

it can be seen that the charging wavelength at UV range is most effective for inducing persistent 

luminescence. A blue light emitting diode at a wavelength higher than 420 nm cannot induce 

persistent luminescence. The band gap of the Sr2SnO4 was measured to be 4.49 eV[36],  and 



 

 

there is a strong onset of absorption from around 400 nm. It should be noted that the host 

absorption spectrum closely matches the excitation spectrum for persistent luminescence seen 

in Figure S6. More impressively, reddish-orange persistent luminescence is detectable by the 

naked eyes in a dark-box after X-ray irradiation, which proves the ability to charge the persistent 

phosphor using high energy radiation and makes it possible to develop an X-ray responsive 

material. Persistent phosphors that can be charged by X-rays have been promising for deep-

tissue ultrasensitive imaging, photodynamic therapy, and information storage. The 

radioluminescence (RL) spectrum and emission spectrum after cessation of X-ray irradiation 

are displayed in Figure 3(c) and (d). Although different spectrophotometers were used, the main 

spectroscopic features of Sm3+ during and after X-ray irradiation are similar, and comparable 

to emissions at an excitation wavelength of 254 nm and 302 nm (Figure S5). Moreover, the CIE 

diagram of the sample upon X-ray irradiation is given in Figure S7. The chromaticity 

coordinates of RL are also located in the reddish-orange region, showing the same emitting 

centers (Sm3+ ions). The long-lasting emission after X-ray irradiation indicates electron-

trapping states are generated in the host lattice. Thus, trap filling by both UV light and high-

energy X-rays is possible. 

 



 

 

 

Figure 3. (a) Photographs of a Sr2SnO4:Sm3+,Si4+ sample under daylight, laboratory UV lamp 

excitation (λex= 365 nm), and in a dark-box after ceasing UV excitation (afterglow (AG) at 5 s, 

30 s, 60 s and 90 s); (b) Room temperature persistent luminescence decay curve as a function 

of time; (c) Radioluminescence (RL) spectrum (X-ray tube at 70 kV, 1.5 mA); (d) Emission 

spectrum after cessation of X-ray irradiation. 

 

 

3.3. Thermal Stability and Reversible Photochromism 

A key parameter evaluating the luminescence performance for practical applications is the 

thermal stability. The thermal stability (or thermal quenching behavior) of the 

Sr2SnO4:Sm3+,Si4+ is investigated in this part. Temperature-dependent PL spectra of 

Sr2SnO4:Sm3+,Si4+ are shown in Figure S8 over a temperature range from 30 °C to 150 °C. To 

clearly see the differences between the spectral shapes, the absolute PL spectra and their 



 

 

corresponding normalized spectra at 30 °C, 80 °C and 150 °C, are compared in Figure S8(b) 

and Figure S9, respectively. Here, only the main emission lines are considered, which are 

ascribed to the intra-4f transitions of Sm3+ from the excited energy level (4G5/2) to lower levels 

(6HJ, J= 5/2, 7/2, 9/2). Overall, the emission intensity decreases when increasing temperature, 

as expected, mainly due to the substantial increase in the non-radiative relaxation rate. It can be 

observed that the position and shape of emission peaks do not change, but the relative intensity 

of the different peaks varies with the increase of temperature. Thus, the temperature dependent 

behavior of each transition is clearly different. To further investigate the thermal quenching 

behavior, the relative intensities of temperature-dependent integrated PL spectra are presented 

in Figure S8(c). Interestingly, the integrated emission intensity of Sr2SnO4:Sm3+,Si4+ first 

increases in the initial temperature range from 30 °C to 80 °C, and then gradually drops to about 

half of the maximum at 150 °C. 

 

Furthermore, reversible photochromism was observed by alternating illumination (using a 

commonly available in-lab 365 nm lamp) and thermal stimulus (via heating treatment on a 

temperature-controlled platform or an oven), as illustrated in Figure 4(a). This reversible white-

grey color change (photochromism) can be connected to the emitting centers and defects from 

the Sr2SnO4 host lattices with layered perovskite-related structure units[37]. Photochromism has 

also been found in other Sr2SnO4 based systems doped by appropriate rare-earth ions (Er3+, 

Eu3+, Sm3+)[33, 37, 38, 39]. With the aid of the photochromic phenomenon, luminescence 

modulation was demonstrated. PL spectra were measured before and after 5-minute 365 nm 

illumination, as displayed in Figure 4(b). While there is no change in position and shape of the 

emission bands, the PL intensity decreases, in accordance with observations in previous 

literatures[33]. The ratio of emission intensity modulation before and after photochromism is 

66.8 % and 67.3 % at the wavelength of 600.5 nm and 646 nm, respectively. Diffuse reflection 

spectra were recorded before (Initial) and after 365 nm illumination for different durations in 



 

 

Figure 4(c). After illumination, the reflection intensity decreases in the visible wavelength range, 

which is the main reason for the greying of the sample. The gradual change of reflectance is not 

very large, resulting in a correspondingly mild luminescence modulation. Figure S10 gives the 

decrease of reflectivity (ΔR) as a function of wavelength after 300-second irradiation. There is 

an obvious narrow absorption peak at 406 nm, coming from the characteristic absorption of 

Sm3+ ions. The narrow peaks in the diffuse reflection spectra are consistent with those of the 

PLE spectrum in Figure 2(a). The photochromic phenomenon can be induced upon illumination 

for merely seconds, and further long-duration illumination does not contribute much to the color 

change as seen from Figure 4(c). For the de-coloration, diffuse reflection spectra of the colored 

phosphor (as colored grey state) after thermal treatment at different ambient temperatures (from 

50 °C up to 300 °C) are shown in Figure 4(d). Notably, simply prolonging the fading time at 

room temperature or employing mild thermal stimulus (thermal temperature below 80 °C) 

cannot switch the sample back to its initial white-appearance (see Figure S11 and S12). A 

complete de-coloration process (the color returns to its original white state) could be achieved 

upon more ambient thermal energy, for example, heating up to 300 °C. All these observations 

may be related to the deep-trap energy levels within the host lattice[40], which is discussed in 

detail below.  

 



 

 

 

Figure 4. (a) Reversible photochromism upon alternating illumination (365 nm) and thermal 

stimulus (300 °C); (b) Luminescence modulation via 365 nm illumination; (c) Diffuse reflection 

spectra before (Initial) and after 365 nm illumination for different durations (irradiation for 2 s, 

7 s, 90 s or 300 s); (d) Diffuse reflection spectra after 30-second thermal treatment at different 

temperatures (from 50 °C up to 300 °C). 

 

3.4. Deep-level Trap Formation upon Si Substitution  

To further evaluate the traps, thermoluminescence (TL) measurements were performed with the 

sample pre-irradiated by UV or X-rays. Figure 5(a) displays the obtained TL glow curves of 

Sr2SnO4:Sm3+ (Sm3+-curve) and Sr2SnO4:Sm3+,Si4+ (Sm3+,Si4+-curve) without fading between 

UV irradiation stage (10-minute irradiation) and heating stage. Also, the TL glow curve of 

Sr2SnO4:Sm3+ after 10-minute fading at 70 °C is given (Sm3+ fading at 70 °C-curve). Here, the 

TL fading at 70 °C acts as a fast-thermal-cleaning step to empty the relatively shallow traps. 

For a clear illustration, the temperature range was roughly divided into three regions, that is, 



 

 

Region-I (in green, from room temperature to 90 °C), Region-II (in orange, from 90 °C to 

175 °C), and Region-III (in red, from 125 °C to 240 °C). Broad TL intensity profiles were 

measured, and the strong TL signals at the start of the heating stage (Region-I) correspond to 

the persistent luminescence at room temperature, because no fading was employed between 

charging and heating stage. The energy of traps was distributed over a large range (covering 

Region I, Region II and Region III). These broad TL glow curves with shoulders and continuous 

signals at high temperatures and the wide distribution range of trap levels strongly suggest the 

presence of multiple, close-lying and deep trapping states in both Sr2SnO4:Sm3+ and 

Sr2SnO4:Sm3+,Si4+ phosphors. This result perfectly fits with the power law dependence of the 

decay curve seen in Figure 3b, as the latter also points at a wide distribution of traps controlling 

the persistent luminescence[35]. The trap parameters, such as trap depth and trap distribution, 

usually govern the shape of the TL glow curve, especially the position of the glow peak 

maximum, as given in the well-established Randall-Wilkins equation (Equation 1)[41, 42, 43].  

𝐼(𝑇) =  𝑛0
𝑠

𝛽
𝑒𝑥𝑝 (−

𝐸

𝑘𝑇
) 𝑒𝑥𝑝 [−

𝑠

𝛽
∫ exp (−

𝐸

𝑘𝑇′
)

𝑇

𝑇0
𝑑𝑇′]                                          (1)  

Where n0 represents the initial amount of trapped charge carriers, s is the frequency factor, β is 

the constant heating rate, and E represents trap depth. The symbol k is the Boltzmann constant 

and T is the absolute temperature. T0 indicates the starting temperature and 𝑇′ represents a 

temperature variable and T is raised as a linear function of time, 𝑇 = 𝑇0  + 𝛽𝑡. The specific 

values of trap depth can be fitted and calculated following Randall-Wilkins equation. As a 

simplification, the position of the TL peak maximum can be used to estimate the energy of trap 

depth (Etrap, in eV). If Tm represents the temperature for which the glow curve reaches a 

maximum, the related Etrap is approximately evaluated by using Etrap (eV) = Tm/500 (K). The 

estimated trap depth of Sr2SnO4:Sm3+, Si4+ pre-irradiated by X-rays is estimated to be 0.92 eV. 

It is worth mentioning that in order to obtain and compare Etrap for each persistent phosphor, 

the heating rate should be well considered. Upon Si substitution, the TL glow peak maximum 

was shifting to higher temperature and more deep-trap levels were formed in Sr2SnO4:Sm3+,Si4+ 



 

 

sample, as observed in TL glow curves of Sr2SnO4:Sm3+ (Sm3+-curve) and Sr2SnO4:Sm3+,Si4+ 

(Sm3+,Si4+-curve). As a side note, all TL glow curves displayed in this work were not corrected 

with the thermal quenching profile (as discussed above in Figure S8). Therefore, in fact, there 

are more traps distributed in deep-lying energy levels and more electrons may populate traps of 

different trap depths. Also, the TL glow curve of Sr2SnO4:Sm3+ was compared with that after 

10-minute fading at 70 °C, when most traps within Region-I were emptied (in Region I, the 

traps are relatively shallow, and are easily emptied during a long time fading at elevated 

temperature), and only traps with higher energy levels remained (Region-II and Region-III). 

Moreover, it could be observed that more traps with deeper-lying energy levels (Region-III) 

were present in the Sr2SnO4:Sm3+,Si4+ sample. These deep-lying trap distributions also 

contributed to the reddish-orange emitting persistent luminescence at higher temperatures (as 

shown in Figure S13). Furthermore, TL glow curves after X-ray irradiation for different 

durations were measured (Figure S14) and comparison of TL glow curves was made between 

Sr2SnO4:Sm3+ and Sr2SnO4:Sm3+,Si4+ phosphors in Figure 5(b). TL measurements started with 

a 10-minute fading after stopping the X-ray irradiation. Compared with UV charging, a stronger 

TL intensity was found after X-ray charging, suggesting more traps were charged by X-rays 

presumably due to a stronger absorption cross section in the case of high-energy X-ray 

charging[44]. Similar to that from UV charging, X-ray irradiation excited more deeper-lying 

traps in Sr2SnO4:Sm3+,Si4+. Thus, the formation of deep-level traps in Sr2SnO4:Sm3+,Si4+ 

phosphor was experimentally confirmed. By chemical substitution strategy in this work, 

Sr2SnO4:Sm3+,Si4+ phosphor with deep-lying traps is excited  by using UV and X-ray irradiation. 

All the energy from the deep-level traps can only be released upon thermal stimulation rather 

than ambient energy at room temperature[45].  

 



 

 

 

Figure 5. TL glow curves of Sr2SnO4:Sm3+ and Sr2SnO4:Sm3+,Si4+ after UV (a) and X-ray 

irradiation (70 kV, 1.5 mA) (b). For a clear illustration, three temperature regions (I-green, II-

orange, III-red) were selected, and the TL glow curve of Sr2SnO4:Sm3+ after fading at 70 °C 

was also shown in (a) for comparison.  

 



 

 

 

Figure 6. Proposed mechanism of persistent luminescence. (a) Charging step upon X-ray or 

UV excitation; (b) Persistent luminescence at room temperature; (c) Room-temperature trap 

cleaning after emptying shallow traps; (d) Thermally stimulated luminescence by external 

heating. Illustrations of trap information between Sr2SnO4:Sm3+ and Sr2SnO4:Sm3+,Si4+ 

samples during (e) X-ray or UV irradiation, (f) room temperature persistent luminescence, (g) 

the end of persistent luminescence, and (h) thermally stimulated luminescence upon external 

thermal stimulation. 

 



 

 

Based on the results observed above, a possible mechanism of persistent luminescence is 

proposed and discussed in Figure 6. When excited by X-rays or UV light in the charging step, 

a large number of electrons are excited from the valence band (VB) to the conduction band 

(CB), resulting in the formation of electron-hole pairs. Upon X-ray irradiation, the high incident 

photon energy is dissipated by the creation of a whole cascade of high energy electrons, which 

ultimately leads to the creation of a large number of electron-hole pairs. Upon UV irradiation, 

single electron-hole pair are formed, as evident from the accordance between the host 

absorption spectrum[36] and the excitation spectrum (Figure S6). These excited electrons and 

holes can lead to steady state luminescence showing the typical emission lines from Sm3+ ions, 

as given in Figure 6(a). In parallel, the excited electrons (or holes) can be captured by traps with 

different energy levels within the host lattice. Considering the broad trap distributions observed 

from the TL measurements, the major traps responsible for persistent luminescence at room 

temperature are mostly located in Region-I (see Figure 5). Most of energy from the shallow 

traps (in Region-I) is released at room temperature, showing persistent luminescence in Figure 

6(b). It should be mentioned that the shallow or deep traps are relatively speaking in the case 

of this work, and there is no strict definition. When it comes to Figure 6(c), no persistent 

luminescence is observed after a long-time de-trapping process. However, the absence of 

persistent luminescence does not mean there are no traps distributed in the host. In fact, most 

traps are still captured in deep-lying levels and they cannot be released at ambient temperature, 

when the thermal activation energy is insufficient. Alternatively, these deep-trapped electrons 

could be subsequently released at higher temperatures upon thermal stimulation, as illustrated 

in Figure 6(d). Comparison of trap information between Sr2SnO4:Sm3+ and Sr2SnO4:Sm3+,Si4+ 

samples was also made in Figure 6(e) to (h) during charging, persistent luminescence, the end 

of persistent luminescence and thermally stimulated luminescence upon external thermal 

stimulation, respectively. By Si substitution, the formation of deep-level traps contributed to 



 

 

the improvement of the stored energy, thus more energy could be released upon external 

thermal stimulation.  

   

3.5. Rewritable Optical Data Storage and Information Encryption Applications 

The Sr2SnO4:Sm3+,Si4+ phosphors exhibit both persistent luminescence and deep-trap storage 

capacity, which suggests a great promise in optical information storage and information 

encryption applications. Photographs of the emergency exit sign and “JNU” letters pieced 

together by Sr2SnO4:Sm3+,Si4+ phosphors were shown (Figure S15) during UV irradiation, after 

turning off the UV source with delay times of 5 s, 10 s, 60 s, and 600 s. After a long-time delay, 

the images became “invisible”. After thermal stimulation (up to 200 °C on a temperature-

controlled heating platform), the hidden images were read out again. Furthermore, luminescent 

inks containing Sr2SnO4:Sm3+,Si4+ were used for practical optical data storage and readout 

application purpose. Text information of Chinese ideographs was printed on a piece of A4 paper 

by using screen-printing technique (see details in Experimental Section). In Figure 7, the printed 

information was hardly recognizable under daylight (a), but readable by naked eyes under 365 

nm UV light (b). After ceasing the UV light, the printed information made of persistent 

phosphors can be recognized for a few minutes in the dark at room temperature, as shown in 

Figure 7(c-d) and Figure S16. With a long-time delay of 1 hour, the information was “invisible” 

on the paper (Figure 7(e)), which suggests optical information was stored (encryption). 

Subsequently, the paper was moved onto a heating platform preset at 150 °C, and the stored 

Chinese ideographs were reproduced and could be recorded easily by a cellphone camera 

(information readout, Figure 7(f)). More importantly, the encrypted optical information could 

also be decrypted by simply using a domestic electric hair drier (Figure S16). The initially 

hidden information was decrypted and clearly read out when heating the paper by the hair drier 

as illustrated in Figure 7(g) and (h). In contrast, only information of the heated area could show 



 

 

up (decryption), as observed in Figure 7(h) and Figure S16 with information decryption in right 

and left areas, respectively.  

 

Based on photon trapping and de-trapping processes, optical information was easily rewritable 

and erasable on the paper by a commercially available 365 nm light emitting diode (information 

storage/encryption), and an electric hair drier (information readout/decryption). Figure 8 

demonstrated the re-writability and erasability of the paper printed with luminescent inks. The 

encoded A4 paper could be bent or folded, but the information was covert among papers in 

ambient room-temperature condition under daylight or in darkness. The encoded optical 

information (Chinese ideographs or an emergency exit sign) was readable upon thermal 

stimulation as shown in Figure 8(a), Figure S17 (a) and (b). Notably, optical information could 

be repeatedly erased and written on the paper. Figure 8 (c) and Figure S17 (c) demonstrated the 

rewritable Chinese ideographs and emergency exit sign, respectively, on the paper with 

repeated information decryption. The encoded information was read out via either an electric 

hair drier or on a heating platform. The emission intensities upon read-out stage and after 

thermal cleaning were recorded as a function of cycle numbers (in Figure S18). The maximum 

read-out intensity kept relatively constant during different cycles. From the above results, the 

paper printed with luminescent inks exhibited excellent information re-writability and 

reusability, offering a great promise for rewritable optical information storage applications. 

 



 

 

 

Figure 7. Applications for optical information storage and information decryption. Photographs 

of the paper printed with text information (Chinese ideographs) upon (a) daylight, or (b) UV 

light. After cessation of the irradiation, photographs of the emitting Chinese ideographs with a 



 

 

delay time of 5 seconds (c), 60 seconds (d), 60 minutes (e), or under thermal stimulation (f). 

Information encryption on a paper (g), and the initially printed information was “invisible” after 

a long fading period. Optical information was read out (decryption) by an electric hair drier (h). 

 

 

Figure 8. Rewritable information storage on the paper with repeated information encryption 

and decryption. (a) The encoded A4 paper was bent and the optical information was readable 

upon thermal stimulation. (b) and (c) Optical information was repeatedly erased and written on 

the paper. The information was read out via an electric hair drier (b) or on a heating platform 

(c) in three cycles, respectively. 

 

4. Conclusions 

 

In this work, deep-trap persistent luminescent materials with reddish-orange emissions and 

controllable photon release upon external stimulation were reported. Through substitution by 

Si, more and deeper trap levels were achieved in Sr2SnO4:Sm3+,Si4+ phosphors. Both ultraviolet 



 

 

light and high-energy X-ray irradiations could excite its reddish-orange emitting persistent 

luminescence. More importantly, rewritable optical data storage and readout based on photon 

trapping and de-trapping processes was demonstrated. Optical information could be repeatedly 

encoded by a commercially available 365 nm light emitting diode, and decoded handily upon 

thermal stimulation. The as-developed Sr2SnO4:Sm3+,Si4+ phosphors in this work not only show 

a great promise for rewritable optical information storage and data encryption, but also provide 

a good guidance to design other deep-trap-containing optical materials. 
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Graphical abstract 

 

Through substitution by Si, persistent luminescent materials with reddish-orange emissions and 

deep-level traps are achieved in Sr2SnO4:Sm3+,Si4+ phosphors. Based on photon trapping and 

de-trapping processes, information can be encoded by UV light/X-ray and decoded upon 

thermal stimulation. The as-developed material in this work shows a great promise for 

rewritable optical information storage and data encryption. 

 

 
 

 

 


