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Abstract:

Photo-stimulated luminescent materials are one of the most attractive alternatives
for next-generation optical information storage technologies. However, there are still
some challenges in regulating appropriate energy levels in luminescent materials for
optical information storage. Herein, a green emission nanophosphor Zn»SiOs4: Cr’*,
Mn?* with the trap depth of 1.05 eV, fulfilling the requirements for optical information
storage, was fabricated for the first time through the solution combustion method and
subsequent heat treatment at 1000°C for 2h. The crystal structure, micromorphology,
photoluminescence (PL), photoluminescence excitation (PLE), and afterglow
properties of Zn2SiO4: xCr**, yMn?" were studied systematically. By applying the
strategy of trap depth engineering, high trap density with proper trap depth was
observed when Cr** ions were introduced into Zn>SiOs: Mn?*. Thermoluminescence
(TL) glow-curve analysis through the initial rise (IR) method was conducted to gain
some insight into the information of traps. As proof of application, information
storage was experimentally achieved by choosing 275 nm illumination for
“information writing” and 980 nm NIR excitation for “information reading”. The
results indicate that Zn,SiOs: Cr**, Mn?" phosphor holds promise for potential

applications in the field of optical information storage.



1. Introduction

Information storage safety plays a key role in modern life where so many
message steal events may happen every day when the era of big data comes.
Therefore, developing secure and more convenient storage media is of great
importance to meet the urgent demand [1]. Persistent luminescence materials have
been widely investigated in recent years due to the unique excitation-emission process
and promising multidimensional anti-counterfeiting recognition such as light
wavelength, emission intensity duration time, and so on [2, 3]. Generally speaking,
this type of material can be stimulated by light of various wavelengths spanning from
X-ray to the visible spectrum. After the light source ceases, electrons stored in traps
will be slowly released to the conduction band or some excitation energy levels of the
luminescent center under room temperature conditions. Then electrons will transit
back to the ground state to emit the sustaining light and finally be exhausted in the
trap [2]. Furthermore, deep trap materials are similar to the former, but their traps are
deeper (about more than 0.7 eV, but preferably not exceeding 1.2 eV). In the absence
of higher-energy light excitation or increased thermal stimulation, electrons will be
trapped within these traps and remain preserved at room temperature [4, 5]. According
to this principle, optical information storage can be achieved by utilizing these
materials [1, 6-8].

Since the persistent luminescent materials SrAl,O4: Dy**, Eu?* came out, which
emits greatly intense green luminescent with the tens of hour afterglow, persistent
luminescent materials research has appeared explosive growth [9]. Usually, there
exists a competitive relationship between luminescent and afterglow. The host
material, doping cation species, intrinsic defects, and even the synthesis environment
can significantly affect the luminescence intensity and trap energy levels. These
factors could also either hinder or enhance electronic storage capabilities [10, 11].
However, generally, irrespective of the modulation technique used to improve long-
lasting luminescence abilities, the key is to adjust the depth of the trap and its

corresponding concentration [12]. For example, dopants are a typical tuning method



for forming or optimizing traps. J. Du et al explore the SrSn>O4: Sm**, Si*" with the
orange afterglow by doping the Si*" ions to substitute the Sn** site. The addition of
Si*" induces a thermoluminescent peak appears at 170°C, in contrast to the absence of
peaks in the undoped matrix [13], endowing the rewriting and reading ability for the
system. In addition, Lin et al synthesized the SrAli2019: 0.5%Mn?", 5%Gd** using
solid state reaction method by co-doping Mn?" and Gd**. The materials feature deep
traps with multiple energy levels ranging from 0.6 eV to 0.9 eV, rending it responsive
to the stimulation of 980 nm, 1064 nm and 1550 nm after illuminating cessation.
Notably, the information saved in the materials is innovatively written onto the optical
coating disc, depending on the disc’s rotational speed and the written-in areas,
information can be easily retrieved [14].

Moreover, traps can be modulated by controlling the matrix material itself.
Taking Y3AlGa3O12: 0.015Ce*", 0.002V3* as the example [8], the V3" in this system
acts as the trap center while the Ce*" behaves as the emission center. Through the
adjustment of the matrix, the energy gap based on the ratio of the AI** to Ga** can be
enlarged or shortened, resulting in the controlled trap depth from 1.2 eV to 1.6 eV.
Another optimizing method is defect control. In ZnGa>O4. Cr** or Bi** system [15],
there are plenty of anti-site defects of Zn?" and Ga**, which can offer the defect
energy level for electron storage. Likewise, according to some existing reports, some
nitrides also possess similar defect energy levels. For example, Mgo2CaogAISiN3:
0.2at% Eu?* whose orange afterglow can last for thousands of seconds [12]. When the
afterglow disappears, electrons can be excited from the deep trap energy levels
formed by intrinsic defects using a 980 nm near infrared light source.

Herein, employing a doping ion strategy, we reported the deep trap materials
Zn>Si04: Cr3*, Mn?* phosphor (hereafter abbreviated as ZSO: Cr**, Mn?*), capable of
emitting 521 nm green light. Silicate, known as the stable and multi-doped matrix, is
often synthesized via solid state reaction at about 1300°C [16-20]. On the contrary, by
utilizing the solution combustion synthesis route, the sample experiences lower

temperatures (1000°C for 2 hours), allowing for the fabrication of non-agglomerated



nano ZSO: xCr**, yMn?* (x=0-0.04, y=0-0.06) materials with high crystallinity. SEM
and TEM images show the grain distribution between 30 nm to 150 nm. The XPS
pattern confirmed the nearly unchanged valence rise of Mn?>* during the heat
treatment process. In this system, Mn?* serves as the emission center and Cr**
introduces the deep trap center. Our research focuses on trap distribution and
concentration adjustment. In terms of the precise initial rise method, the trap depth
can reach the highest 1.05 eV. The application example of ZSO: Cr**, Mn?* exhibited
the potential optical information storage capacity with the bright luminescent intensity.
2. Experiment sections

2.1. Synthesis

The ZnySiOs: Cr**, Mn?" phosphors were pre-prepared through the solution
combustion method at the low temperature of 500°C [21]. The raw materials include
combustion adjuvant fuel urea (99.999%, Aladdin), Zn(NO3)2xH20 (99.9%, merck),
Cr(NO3)3 - 9H20 (99.9%, Aladdin) and Mn(NOs3): - 4H>O (>98%, Damas-Beta). The
nanoscale SiOz (99.5%, Picasso) and Tetraethyl orthosilicate (TEOS, 38%~43% SiO,
Aladdin) were also selected as the raw material to explore the effects of silicon
sources on the optical properties of samples.

Firstly, all metal nitrates and fuels were weighed according to the stoichiometric
ratio, then the mixtures were thoroughly dissolved and sonicated in the deionized
water. Subsequently, the solution was stirred at 70°C and 300 rpm for 15 min until the
solution turned into a dark grey gel, which was then transferred into a crucible and
ignited in a furnace at 500°C [22-24]. After the solution combustion was quickly
completed, the porous products were collected and ground into powder [25]. Finally,
the phosphors were obtained after the heat treatment at 1000°C for 2 h. The complete

synthetic reaction equation for Zn»SiO4: Cr**, Mn** is given below.

2/n(NOs )2+ SiO2+mCHsN 20 +n02 —
Zn2SiOs+(2+m)2N2(NO/NO: )+ 2mH 20 + mCO:

In addition, the Zn»SiO4: Cr**, Mn?" phosphors were also synthesized by solid

state reaction with raw materials of ZnO (99.9%, Aladdin), SiO2 (99.99%, Aladdin),
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Cr203 (99.95%, Aladdin) and MnO (99.5%, Aladdin) for comparison. The raw
materials were thoroughly mixed with the added alcohol. Afterwards, the fried
mixtures were calcined in a muffle furnace at 1350°C for 4 h to obtain the final
products. Relevant measurement results synthesized by solid-state reaction method
were given in Fig. S2.
2.2. Characterization

The phase and crystal structure of the ZSO: Cr**, Mn?" phosphors were measured
by X-ray diffraction (XRD) with a Bruker D8 Advance X-ray diffractometer (Bruker,
Germany) whose radiation source comes from Cu Ka (A=1.5406 A) at 40 mA and 40
kV and the diffraction angles were ranging from 10° to 80° with the scan speed of
0.5°/s. The morphology was measured by Scanning electron microscope (SEM, S-
4800, Hitachi, Japan). The particle element distribution was performed using an
Energy dispersive Spectroscope equipped on the High resolution transmission
electron microscope (Tecnai G2 F20, FEI, America). The photoluminescence (PL),
photoluminescence excitation (PLE) spectra and persistent luminescence were
measured by fluorescence spectrophotometer (F-7000, Hitachi, Japan) at the speed of
240 nm/second with the 500W Xe-lamp and an external 980 nm laser source. The
thermoluminescence (TL) spectra were performed with the thermoluminescence
dosimeter (FJ-427A, China Nuclear Control System Engineering, China), every
sample would be excited for 1 minute under 275 nm light before the beginning of test.
X-ray photoelectron spectroscope analysis was carried out by (Thermo escalab 250X,
America). Photos of the appearance and afterglow luminescence of the prepared
materials taken by a smartphone camera (iphonel2, USA).
3. Result and discussion

The space group of Zn2SiO4 is 3 and belongs to the rhombohedral crystal
system. It can be clearly seen in Fig. 1 that the Si*" ions show tetrahedral coordination
surrounded by four O* ions, and Zn?>" ions exhibit the same ligand coordination as
Si**. Considering the factor of ionic radius that Si*" (=0.2 A) has smaller ionic radius

than that of Zn?" (=0.74 A), Cr** (»=0.615 A) and Mn?** (+=0.66 A) dopant ions



prefer to occupy the Zn?* sites in Zn,SiO4 [26, 27]. The calculated lattice parameters
based on the results of Rietveld refinement for Zn,SiO4: 0.005Cr**, 0.003Mn*" (Fig.
S1) are a=13.9455 A, b=13.9455 A, ¢=9.3128 A, 0=90°, p=90°, and y=120°.

Fig. 1. Crystal structure of Zn,SiO4 (black spheres represent Si*" ions, blue spheres for Zn?*ions and

red spheres for O ions).

The XRD patterns of ZSO: 0.003Cr**, 0.005Mn?*" sample synthesized via
solution combustion method using nanoscale SiO> and TEOS as the silicon sources
are depicted in Fig. 2(a). It's evident that samples using nanoscale SiO; as the silicon
source demonstrate a pure phase, which consistent well with Zn>SiO4 (JCPDS #79-
2005), demonstrating that the little doped Cr** and Mn?* ions will not change crystal
structure. However, there is obvious impurity phase observed in the samples using
TEOS as the silicon source, which is consistent with ZnO (JCPDS #75-0576).
Therefore, all the samples discussed in this paper were synthesized using nanoscale
Si0;.

Fig. 2(b) shows the morphology of ZSO: 0.003Cr**, 0.005Mn?** synthesized by
solution combustion method, representing a typical sample heat-treated at 1000°C for
2 h. It reveals the uniform grain shape in particle size ranging distinctly from 30 nm to
150 nm around. Fig. 2(c) exhibits the same stochiometric ZSO: 0.003Cr**, 0.005Mn?**
synthesized by solid state reaction. It can be observed that the prepared particles
exhibit an equiaxed shape with a diameter of ~ 5 um.

The crystal structures of the samples were confirmed by using selected area



electron diffraction (SAED) patterns based on the high-resolution transmission
electron microscopy (HR-TEM). The well dispersive nano materials of Zn2SiO4: Cr’*,
Mn?* synthesized by solution combustion method are characterized by TEM image as
exhibited in Fig. 3(a). According to the standard unit cell parameters provided by the
standard card (JCPDS#79-2005), Fig. 3(b) shows the (3 0 0) crystal plane of the
Zn3Si04 unit cell, and its inter-plane spacing is 0.3930 nm. In order to confirm the
incorporation of Mn?* and Cr** ions into the host, the EDS mapping was carried out in
the selected area in Fig. 3(c). As shown in Fig. 3(d) to Fig. 3(h), Zn, Si, O, Cr and Mn

elements are uniformly distributed in the selected area.
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Fig. 2. (a) XRD patterns of Zn»SiO4: Cr¥*, Mn?" fabricated with different raw materials at 1000°C; the
SEM photograph of the typical Zn>SiO4: 0.003Cr*", 0.005Mn?* synthesized by solution combustion (b)
and solid state reaction (c).
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Fig. 3. (a) TEM image of Zn»SiO4: Cr", Mn?* and the square is the selected diffraction fringe area
in Fig. 3(b). (b) HR-TEM image and the inset is obtained by Fourier transform. (c) to (h)
Elemental distribution mapping of ZSO: Cr**, Mn?" which is equipped on HRTEM.

In general, the materials synthesized by doping with Mn?* ions usually show a
shift in valence of Mn element from divalent to trivalent or even tetravalent [28, 29],
which may be related to the synthesis conditions when doping with manganese ions.
Herein, this work includes a heat treatment at 1000°C, which may lead to lead to an
increase in the valence state of Mn?" ions. Therefore, the valence of Mn elements of
the sample were studied by X-ray photoelectron spectroscopy (XPS) analysis.

First of all, it is worth mentioning that the binding energy signal of the Mn?* ion
in the Zn»Si04 system will be interfered by the Auger electron signal of the Zn?* ions,
which is approximately around 652 eV of the 2p orbital of the Mn. Therefore, the
uninterrupted energy spectrum signal before 650 eV is used to fit and analyze the
valence state components. In Fig. 4, The fitted curves can be roughly divided into 11,
of which 6 blue curves correspond to the peak positions of Mn?* ions, and 5 orange

curves correspond to the peak positions of Mn** ions [30]. Blue peaks located at 640
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eV, 641.22 eV, 642.23 eV, 642.98 eV, 647.51 eV and 644.84 eV occupied the main
peak area with the proportion of 83.53%. Among those, the shake-up peak located at
647.51eV was the characteristic peak distinguishing Mn?* from Mn*" and Mn*".
Returning to the curve of Mn*" ions, the peak positions of Mn** ions can be fitted at
641.24 eV, 641.94 eV, 642.76 eV, 643.7 eV and 645.08 eV, and their area only
accounts for about 16.47%. The ratio of Mn?* to Mn** ions is approximately 5:1, thus

explaining the almost unchanged valence state during synthesis and heat treatment.

Intensity (a.u.)
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Fig. 4. XPS spectra and the fitting curves of Mn2p3/, orbit based on ZSO: Cr**, Mn?*,

Fig. 5(a) shows the photoluminescence spectra (PL) and photoluminescence
excitation spectra (PLE) of the ZSO: 0.01Cr**, xMn**, (x=0.01-0.06) phosphors. By
monitoring the emission at 521 nm, all the phosphors show two intense absorption
peaks in the range from 200 nm to 300 nm. The peak centered at 251 nm is ascribed
to the electron transition from °A; (°S) to T (*G) in the Mn?* energy level. The other
peak centered at 212 nm can be regarded as the intrinsic absorption of the Zn,SiO4
host, in which the electrons transition from the valence band to the conduction band.
It is also reported in the literatures that the host absorption peak ranges from
approximately 205 nm and 225 nm, which is in high agreement with the present
results [31-33]. With the doping concentration of Mn?* increasing from 0.01 to 0.06,
the absorption peak located near 251 nm gradually shifts from 243 nm to 251 nm, and
its luminescent intensity firstly increases and then decreases with the concentration

quenching value of x=0.05. However, the other absorption peak located near 212 nm
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shows the opposite blue shift, and its luminescent intensity tends to decrease. The
emission spectra of ZSO: 0.01Cr**, xMn?* (x=0-0.06) phosphors under 251 nm
excitation are shown in Fig. 5(a). The only symmetrical emission peak is located near
521 nm, which is ascribed to the *“Ti(*G) —°A1(®S) electronic transition of the Mn?*
ions on the substituted Zn*>* position. As the doping concentration of Mn** ions
increases, the emission peaks are red-shifted due to the relatively sensitive crystal
field effect of Mn?* ions. Since the inherently high spin state of Mn?* tends to shorten
its electronic transition energy level located between the ground state and the excited
state, thus results in a shift of the peak position towards longer wavelengths [34].

The persistent luminescent decay curves of the ZSO: 0.01Cr**, xMn?* (x=0.01,
0.04, 0.06) phosphors after 251 nm irradiation for 5 min are exhibited in Fig. 5(b).
After the irradiation, the afterglow intensity of all the samples decreases rapidly with
time. And with the increasing doping concentration of Mn?*, the initial afterglow
intensity gradually decreases, the decay is faster as well as the persistent
luminescence performance becomes worse.

As is known to all, the optical materials with best persistent luminescence
require appropriate trap distribution. Commonly, thermoluminescence (TL) intensity
can be considered as the thermoluminescence of charge electrons released from the
trap energy levels. Before the TL test, all the samples were irradiated for 1 min under
275 nm UV source. To investigate the influence of Mn?* and Cr*" ions doping on the
depth and concentration of trap of ZSO: 0.01Cr**, xMn?*, a series of TL spectra of
ZS0: Cr**, xMn?" were tested to investigate the optimum doping concentration for the
7ZSO: Cr**, xMn?*.

The TL glow curves of the ZSO: ZSO: 0.01Cr**, xMn?* (x=0.01-0.06) phosphors
were depicted in Fig. 5(c). All the samples exhibit a narrow peak] ranging from 50C
to 120°C with relative high intensity whose trap depth is around 0.729 eV in terms of
the empirical formula E=T/500 where T, represents the peak temperature. Another
wide peak? is ranging from 150°C to 275°C with the much lower intensity than peakl.

With the Mn?" ion doping concentration increasing from 0.01 to 0.06, the position of
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peakl gradually moves monotonically from 91°C to 87°C. In addition, the TL glow
intensity of both peakl and peak2 decreases monotonously with the Mn?*
concentration increasing. The difference between these two peaks is that the decrease
in peak?2 is faster. When x=0.02, the intensity of TL peak2 almost disappears, while
the intensity of TL peak1 descends at a relatively slow rate. Therefore, it is reasonable
to speculate that the high concentration of Mn?* ions will not only suppress the trap
concentration, but also lead to a shift of the trap depth towards the low-temperature
part.

Similarly, the TL glow spectra of ZSO: yCr**, 0.01Mn?*" (y=0-0.04) are showed
in Fig. 5(d) and the PL and PLE spectra were showed in Fig. S3. In Fig. 5(d), the TL
glow curves of ZSO: yCr**, 0.01Mn?" (y=0-0.04) show two peak positions which is
identical with the Fig. 5(c). Differently, with the concentration of Cr** ions increasing,
the TL peakl moves from 91°C to 98°C. The intensity of peakl rises slowly until
y=0.005 and then to decrease sharply, which means that the trap concentration also
begins to decrease when y exceeds 0.007. As for peak?2, the trap depth of TL peak?2 is
approximately 0.946 eV (200°C). When y=0.001, the intensity of TL peak?2 is greatly
suppressed. With a further increase in the concentration of Cr** ions, the intensity of
TL peak?2 is almost is so weak to be almost unobservable. Therefore, considering that
Cr** ions will weaken the luminescent intensity of the material and the luminescent
ability is also an important factor for deep trap materials, so the value of y=0.003 is
regarded as the optimal doping concentration of Cr*,

Based on the above results analysis, it can be concluded that the change process
of trap distribution after doping with Mn?" and Cr** ions in Zn,SiOs. In this system,
Mn?* ions doping will provide two kinds of traps for electrons storage, which
correspond to peakl and peak? mentioned above. However, when the doping
concentration of Mn?* exceeds 0.01, the concentration of trapl will decrease gradually
while the trap2 will directly disappear. Meanwhile, trapl will move toward low
temperature slowly with the increasing concentrations of Mn?*. Differently, Cr** ions

only provide one trap. With the concentration of Cr** ions increasing, the
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concentration of trapl will rise rapidly and then decrease, while trap2 will disappear
directly. Contrary to the influence of Mn?*, the peakl position moves towards high
temperature part with the concentration of Cr** ions increasing. To clearly analyze the
regulation of TL curves, the TL glow curve of undoped Zn2SiOs is also showed in Fig.
S4 for comparison, Cr** behaves more efficiently on the concentration of trapl than
Mn?" on that. What’s more, Cr*" usually acts as the main trap center in plenty of
materials matrix such as the classical system Y3Al:GazOi: Ce**, Cr’* [35, 36].

Therefore, the trapl is dominated by Cr** while Mn?* make contribution to the trap1l

and trap?2.
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Fig. 5. (a) Photoluminescent excitation (PLE) and photoluminescent (PL) spectra of ZSO:
0.01Cr**, xMn?* (x=0.01~0.06); (b) Afterglow decay curves of ZSO: 0.01Cr*", xMn?" (x=0.01,
0.04, 0.06) monitored at 521 nm emission under 251 nm excitation; (¢) Thermoluminescence (TL)
glow spectra of ZSO: 0.01Cr*", xMn?" (x=0.01-0.06); (d) TL glow spectra of ZSO: yCr¥",
0.01Mn?* (y=0-0.04).

Based on the optimum concentration of Cr** (0.003), a series of ZSO phosphors
doped with various content of Mn?* were systematically studied. The TL glow curves

of the ZSO: 0.003Cr**, xMn?* (x=0.001-0.01) are exhibited in Fig. 6. When the Mn?*
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ion doping is 0.005, the TL intensity of peakl reaches the maximum. It is worth
mentioning that the movement of peakl towards the low temperature region is not
obvious, which ensures relatively deep traps for storing electrons. When x exceeds
0.005, the TL intensity of peakl commences descending. During the whole increasing
process of the content of Mn?*, the intensity of peakl falls to show the matched
contribution on the concentration of trapl compared with the counterpart of Cr** in
Fig. 5(d). Furthermore, with the concentration of Mn?* ions increasing, the TL
intensity of peak2 can always be observed. Utilizing trap2, more electrons will be less
likely to be excited at room temperature, so that these electrons can be stored in trap2
for a long time. In addition, the inset in Fig. 6 illustrates the monotonous rise of PL
intensity with the concentration of Mn?" increasing and the corresponding PL spectra
are displayed in Fig. S5. ZSO: 0.003Cr**, 0.005Mn*" phosphor ensures excellent
luminescent intensity and it is exactly at the turning point of the slope. As the Mn?*

concentration exceeds 0.005, the slope growth slows down.
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Fig. 6. Thermoluminescence spectra curves of ZSO: 0.003Cr**, xMn?" (x=0.001~0.01) (inset is the
photoluminescent intensity monitored at 521nm under 251nm excitation source with varying Mn?*

concentrations).

Overall, the phosphor ZSO: 0.003Cr**, 0.005Mn?" with the optimum persistent
luminescence was selected to explore the accurate trap distribution with the Tm-Tstop
method [37]. First of all, the phosphor was excited by 275 nm UV source for 1 min at

room temperature, which ensures the fully occupied trap states by electrons. Secondly,
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the excited phosphor was heated to the setting temperature Tswop With the heating speed
of 1 K/s, then the heated phosphor was naturally cooled down to room temperature.
Notably, the second process including heating and cooling was kept for the same time.
Finally, the phosphor was reheated with the TL spectra recorded.

Herein, the TL glow spectra of the ZSO: 0.003Cr**, 0.005Mn?* with different
Tstop temperatures ranging from 298 K to 388 K are depicted in Fig.7(a). As the Tsop
increases, the asymmetric TL curves gradually shifts towards the high temperature
side and the intensity decreases. These processes of change illustrate that the
dynamics of trap and de-trap process in ZSO: 0.003Cr**, 0.005Mn?* belongs to neither
the first order nor the second order, since the indistinct overlapping peaks also shift to
higher temperature. Therefore, suitable analysis methods are needed to exclude the
effects of dynamic order and overlapping peaks.

Conventionally, there are many methods to analyze the trap distribution of long
persistent phosphors such as the peak shape method [38, 39], computer fitting method
[40], peak position method etc., among which, the initial rise analysis method
possesses the merits of practical physical significance in results, non-empirical
calculation process. Importantly, it is irrelevant with the dynamic order and
overlapped peaks during the rising process at low temperature. Therefore, the method
is suitable for analyzing the trap distribution of ZSO: 0.003Cr**, 0.005Mn?>*.

The TL glow curves in the initial rise part can be semi-quantitatively described
by formula I(T)= Cexp(-E/kT), where I is the TL glow intensity function with
temperature varying, C refers to a constant representing frequency index, k means the
Boltzmann’s constant and T is the temperature. By this formula, the trap depth E is
related to the fitting slope in the initial rising temperature stage [41], and the trap
concentration is decided by integral area difference of two adjacent curves [8].

According to the formula, the TL glow curves in Fig. 7(a) is plotted as the
function of In(I) against 1000/T in Fig. 7(b). Then the trap depth (E) and the trap
concentration can be calculated in terms of the initial rise method. In the low

temperature region, the fitting slope of the curve is supposed to be linear. Based on
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the theory, the trap depth (E) was calculated from that part, and the distribution of trap
depth (E) with Tsop increasing was depicted in Fig. 7(d). At the same time, the
normalized distribution of the trap density is depicted in Fig. 7(c), which exhibits the
relatively precise estimated results according to the integral area difference mentioned
above.

As shown in Fig. 7(c), it can be clearly distinguished that there are two kinds of
trap distribution. The one is mainly distributed in the range from 0.8 eV to 0.95 eV
while the other one is distributed in the range from 0.95 eV to 1.05 eV. For first trap
distribution, it appears relative less normalized density, which can be explained to be
the influence of Mn?* because of the shift of TL peak toward low temperature in Fig.
5(c). In addition, the afterglow monitored at 521 nm in Fig. 5(b) can also be ascribed
to be derived from this part considering the low trap density between 0.8 eV and 0.95
eV. For the other one, which accounts for dominating density ranging from 0.95 eV to
1.05 eV, it can be attributed to the influence of Cr**, for the reason that Cr*" do more
influence on TL intensity than Mn?* and the TL peak moves towards high temperature
in Fig. 6(d).

The fitting slope distribution as a function of trap depth against Tstp is showed in
Fig. 7(d). It can be apparently divided into two straight lines with different slopes,
which conveys that there exist at least two kinds of traps in ZSO: 0.003Cr*,
0.005Mn?*. Considering Mn?" and Cr’** have the capacity to influence the trap
concentration, the relative deep trap is attributed to the Cr** while the shallower trap is
assigned to the Mn?".

Generally, the trap depth of 0.7 eV to 1.2 eV is suitable for electron storage
which is not readily escaped from the traps in room temperature. Deeper trap depth
may cause the dilemma of electron escape from traps while shallower trap depth is the
reason of persistent luminescence whose trap depth is around 0.4 eV to 0.7 eV [42].
To further investigate the luminescent mechanism and propose the application of
optical information storage for this materials, a mask model was used to explore the

feasibility.
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Fig. 7. (a) TL glow spectra of ZSO: 0.003Cr**, 0.005Mn?" at different temperature from 298K to
388K, both the preliminary excitation under 275nm light source and the preheating process time
are controlled for the same time towards each sample, and the inset in the image is the relationship
between preheating temperature (Tswop) and the respective peak position for each curve. (b) The
fitting curves of ZSO: 0.003Cr**, 0.005Mn?" based on the initial rise analysis (c) the normalized
trap distribution of ZSO: 0.003Cr**, 0.005Mn?" according to the integral area. (d) The calculated
results of trap depth which change with the preheating temperature (Tstop).

Based on the analysis of trap distribution for the application of optical
information storage, the relevant measurements of afterglow were conducted to verify
that. As showed in Fig. 8(a), when using an excitation light source of 251 nm, the
phosphor ZSO: 0.003Cr**, 0.005Mn?>" show the stable luminescent intensity within
the first 70 s. However, when the light source was removed, the luminescent intensity
drops rapidly to 0, which is because the traps of the ZSO: 0.003Cr**, 0.005Mn>" are
relatively concentrated, only a small number of electrons will escape through
afterglow. Therefore, such an afterglow decay curve confirms that the phosphors

provide long-term stable electron storage capabilities for optical information storage,
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that is, without a large number of electrons spontaneously escaping from the traps at
room temperature. At the same time, the written information will not be displayed due
to the afterglow, and the security of information storage is also ensured.

The repeatable writing and reading application can be realized by irradiation of
980 nm near-infrared laser. The impulse shape decay curves of ZSO: 0.003Cr*",
0.005Mn?* are depicted in Fig. 8(b). The phosphor was excited for 300 s under 251
nm irradiation firstly representing stepl in Fig. 8(b). After the cessation of 251 nm
stimulation, the shutter was closed for 60 s (step2). In the step2, the afterglow
intensity showed a decreasing trend at first and then became stable immediately, since
only a small number of electrons were excited under the thermal disturbance at RT,
and more electrons would be trapped in the deep traps. Subsequently, the 980 nm NIR
laser (0.5W) was used to release the electrons stored in the deep traps, corresponding
to the consumption of electrons in the deep traps between 60s and 120s in Fig. 8(b).
When the 980 nm NIR laser was turned off, the photo-stimulated persistent
luminescence disappeared, because there was not enough energy to release the
electrons from the deep traps, corresponding to the part from 120 s to 180 s. The
circulations were carried out for 10 times, and each period appeared the same shape of
luminescence intensity that excited parts decreased slowly while unexcited parts

behaved as a straight line with the time elapsing.
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Fig. 8. (a) The persistent luminescent decay curve of ZSO: 0.003Cr**, 0.005Mn?" sample
monitored at 521 nm. (b) The decay curves of ZSO: 0.003Cr3*, 0.005Mn?* monitored at 521 nm
with the 980 nm NIR laser periodic excitation, and samples were stimulated in the first for 300 s
with the 251 nm source.
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Application for repeated writing-read function has been realized based on the
potential electron storage capacity of ZSO: 0.003Cr**, 0.005Mn?*. A series of
illustration images were taken under the dark condition and showed in the following
pictures. From Fig. 9(a) to Fig. 9(d), the illustrations of afterglow decay were
exhibited while write-in and read-out processes were showed from Fig. 9(e) to Fig.
9(8)

First, the ZSO: 0.003Cr**, 0.005Mn?* was pressed into a pill (Fig. S6). Next,
with utilization of the stimulation of 275 nm for 1 min, the dazzling green emission is
showed in Fig. 9(a). After the removal of 275 nm, the afterglow intensity dropped
sharply within the first 1s, but there is still weak green emission, as showed in Fig.
9(b). When the time came to 3 s and 5 s, the emission disappeared. The images in Fig.
9(c) and Fig. 9(d) were the process of afterglow change caused by lower and
shallower trap concentration, which was strongly supported the decay curves of ZSO:
0.003Cr**, 0.005Mn?" in Fig. 8(a).

Information storage materials are often stimulated by 980 nm (1.265¢V) NIR
source. Therefore, the NIR source of 980 nm was selected to realize the application of
optical information storage. Firstly, the charged pill was excited by 980 nm NIR
source after the afterglow disappeared. As showed in Fig. 9(e), the visible brightness
was excited out, which confirmed that the electrons could be stimulated from the deep
trap (0.95 eV-1.05 eV). Secondly, the pill was thermally stimulated to release all the
electrons stored in the deep traps, as the Fig. 9(f) displayed. Thirdly, the pill was put
on a preliminarily written mask cover to embed the information (RUC pattern in Fig.
9(g)) into it. Then, the pill was illuminated by 275 nm UV source, corresponding to
the write-in process. After the removal of 275 nm UV excitation, the pill appeared
invisible brightness. Later, when the pill was excited by 980 nm NIR source, the
illuminated part was stimulated, and the symbol of RUC appeared, corresponding to
the read-out process (Fig. 9(h)). Such a write-in and read-out process was sufficiently

reflected by impulse-like decay curve exhibited in Fig. 8(b).
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Fig. 9. (a) The image of ZSO: 0.003Cr*", 0.005Mn?" under the 275 nm source illumination. (b) to
(d) The schematic diagrams for the afterglow of the ZSO: 0.003Cr?*, 0.005Mn>" at 1s, 3s, 5s
without 275 nm excitation. (e¢) The image of the sample under the excitation of 980 nm NIR

source. (f) The schematic diagram of the thermal stimulation process to exhaust all the trapped
electrons. (g) The schematic diagram of the write-in process. (h) The images for read-out process
of sample with the 980 nm NIR source excitation. All the pictures were taken by smartphone
camera with the parameter of ISO6400/ £1.6/ 1/15s shutter time.

Electron storage capacity, especially trap depth, is a critical factor in writing and
reading materials. The electrons stored in the traps are susceptible to environmental
influences. The schematic diagram of luminescent mechanism of ZSO: Cr**, Mn*" is
depicted in Fig. 10, which shows the process including external excitation and internal
electrons transfer based on the PL, PerL, TL analysis and experiment phenomenon.

(1) With the excitation source involving 251 nm and 212 nm UV light
irradiation, electrons in the valence band are excited to the conduction band directly,
and electrons on the Mn?* ground state °A(S) transfer to excited state “E(G) of Mn?".
(2) Soon after, a small number of activated electrons in the conduction band return to
the excited state energy level *E(G). Then they relax to “T2(G) and *T1(G) through the
nonradiative transition, and transition to Mn?* ground state with the 521 nm emission.
Notably, electrons in this process include two kinds of origination, namely electrons
transfer from conduction band and electrons transfer from °A;(S). However, most
electrons will jump into Cr’* traps. (3) Therefore, after the UV light source is removed

for a long time, using the excitation of the 980 nm NIR light source, the electrons
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staying at the Cr** energy level will be released from the traps to the Mn?* excited
state energy level, and then relax briefly, with the radiation of photons, causing the

appearance of 521 nm green light emission.
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Fig. 10. The proposed energy level diagram of ZSO: Cr3*, Mn?" phosphor for luminescence and

trap-detrap process.

4. Conclusion.

In summary, a series of nano phosphors Zn,SiOs: yCr’*, xMn?** (x=0~0.6,
y=0~0.4) were successfully synthesized by efficient solution combustion method with
the deepest trap depth of 1.05 eV around to achieve the optical information storage.
The phosphors exhibit bright green light peaking at 521 nm around under the 251 nm
UV stimulation. In this system, Mn?" acts as emission center with the 521 nm
emission attributed to “Ti(G)—°A(S) transition under the 251 nm UV radiation while
Cr** behaves as the main trap center. The SEM and TEM has ensured the micro nano
structure between 30 nm to 150 nm and the confirmed rhombohedral crystal system.
The EDS scanning illustrates the incorporation of Mn?** and Cr** into the host.
Meanwhile, considering the possibility of valence rise, XPS was used to demonstrate
the high proportion of Mn?*. Through the thermoluminescent analysis, both Cr** and
Mn?* can influence the trap distribution. Through the initial rise method, the accurate
traps distribution of the material is between 0.8 eV and 1.05 eV. Among all samples,

ZS0: 0.003Cr**, 0.005Mn?* with the optimum electron storage capacity and hardly
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seen afterglow was selected to display the desirable application. We do believe it is of

great promising to promote the as-synthesized materials to further.
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