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Abstract

So far, a large number of rare earth (RE) and non-RE doped emission-tunable crystals based on
controllable energy transfer have become available, but numerous mechanistic issues, particularly
for those that involve temperature-dependent energy transfer interaction between the well-shielded
41 RE ions, lack comprehensive theoretical and experimental investigation, which limit greatly the
development of their new applications. Here, we design and report a type of Tb**, Eu*" doped
Sr3Al,05Cl, phosphors capable of multi emissions upon excitation at 376 nm, through using the
orthorhombic Sr3;Al,OsCl, crystal as host lattice while the well-shielded 4/ Tb*" and Eu®" ions as
dual luminescent centers. Our results reveal that the energy transfer from Tb** to Eu®" ions, which
is happened via an electric dipole-quadrupole (d-g) interaction, can be controlled by the doping
ratio of Tb®" and Eu’", leading to precisely tunable emissions from green (0.3159, 0.5572) to red
(0.6579, 0.3046). 1t is found from time-resolved photoluminescence (PL) spectra that such energy
transfer begins at t = 5 ps and gradually ends at ¢ > 200 ps. Moreover, from temperature-dependent
PL results, we reveal for the first time that the Eu’* emission features an anomalous intensity
enhancement at the earlier heating state. With the density functional theory (DFT) calculations, we
have screened all the possibilities of site occupancy preference and revealed that Eu®" and Tb**
tend to substitute Sr*" and AI’*, respectively. By jointly taking into account the XRD Rietveld
refinement, DFT findings, PL and thermoluminescence (TL) spectra, a mechanistic profile is
proposed for illustrating the observed color tuning and temperature-triggered anomalous Eu**
emission enhancement. In particular, our discussions reveal that the latter is due to the interplay of
the temperature-induced accelerated energy transfer and defect-trapped electrons that are released
upon thermal stimulation. Unlike most of reported phosphor materials that are always suggested
for wLEDs, we also demonstrate new possibilities for Tb**, Eu*" doped Sr;Al,0sCl, phosphors for

temperature-controlled fluorescence sensor, anti-counterfeiting, data storage and security devices.
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1. INTRODUCTION

Due to the plentiful spectral properties, the phosphor materials have been intensively suggested for
wide-ranging applications, such as phosphor-converted white light-emitting diodes (pc-wLEDs)
[1-2], photocatalysts [3-5], agricultural promotion for plant growth [6-7], biomedical imaging and
illumination [8-9]. In general, desired emission properties are mainly achieved through mixing
multiple phosphors of different colors. However, such approach frequently suffers from visible
re-absorption, complicated device design, color imbalance and instability resulted from different
responses of multiple phosphors to enviromental factors, e.g., temperature of the LED chip. In
comparison, single-phased tunable phosphors enable desirable wavelength conveniently without
worrying about the above problems, attracting tremendous research interest which leads to a
variety of tuning strategies through modulation of excitation wavelength [11-13], energy transfer
[11, 14-17], crystal field [14, 18-19], electronic band-gap [20], site occupation preference [21-22],
cation nanosegregation [23], chemical unit cosubstitution [24], and temperature [25-27]. Among
them, the most common method is the energy transfer control between different activators, which
has been demonstrated to exhibit plentiful emissions across a broad range of visible spectra in
different systems, such as, Cas(PO4);Cl:Ce*"/Eu®’,Tb**/Mn*" (blue — green — white) [21],
S13Y2(Si300)2:Ce**, Th**/Mn?"/Eu*" (blue — green — green) [28], (Gd-Y-Bi-Eu)VOys (green — red)
[29], CayMg(PO4)sF2:Eu®",Mn** (blue — yellow) [30]. Nevertheless, the study of above strategies
always involves similar and routine PL characterizations such as the XRD, static and dynamic PL
spectra as well as a feasible energy transfer profile, being limited to experimental PL observations
and mechanistic discussions. And thus, it lacks but remains a big room for in-depth understanding
of the energy transfer mechanism. Moreover, it should be pointed out that the RE and non-RE ions
commonly used in the energy transfer that possess f-d (e.g., Dy*", Eu**, and Ce*") and S-P (e.g.,
Bi**, Bi?") transitions are hypersensitive to the local environment and their locations in the host
lattice, leading to broad excitation and emission bands and thus often severe visible re-absorption
and instable emission position and shape during heating treatment. Hence, such RE and non-RE
ions actually are undesirable for studying the energy transfer mechnism and the PL properties at
high temperature. By contrast, the trivalent RE ions (e.g., Sm**, Pr**, Tb**, Eu*", Tm*", Yb*", and
Er*"), featuring the well-shielded 4f electrons configuration and typically f-f transition, display
much higher stability of spectral positions and shape due to their insensitive to external stimulus
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(e.g., temperature change) and the host lattice, which, however, poses a challenge for unveiling
their PL mechanism typically when crystals with multi available sites are involved.

Besides, several questions that involve the energy transfer interaction between the well-shielded 4f
ions still remain not answered, when this energy transfer interaction starts, weakens and ends; how
this interaction behaves with the increase of delay time; how the temperature affects respectively
the thermally-induced luminescence quenching of different 4f ions and their interactions; how to
understand the unexpected temperature-induced anomalous PL properties and how to utilize their
properties to explore new applications rather than the traditional wLED applications. In this case,
it would be extremely desirable and also of scientific importance to design a type of phosphor
material system that can answer all the above-mentioned issues in the lighting field.

In this study, the Sr3Al,0s5Cl,, as one member of orthorhombic-typed family [31-36], is selected
and found for the first time to be the desired material system for in-depth understanding of all the
above-mentioned questions on the energy transfer interaction between the well-shielded 4f RE
ions. Notably, the crystalline Sr3Al,OsCl; [31-36] has been reported to exhibit the UV-converted
afterglow luminescence with trivalent RE ions, such as Tb*" [31-32], Ce*" [33-36], and Pr** [36].
Tunable emissions have been also realized by doping Sr3;ALOsCl, with Dy**/Eu*" [33] and
Ce*"/Eu*" [35] as a result of the energy transfer from Ce** to Eu** ion and Dy** to Eu®" ion. Other
dual-ions doped Sr;Al,OsCl,, however, is rarely studied. On the other hand, due to the sensitivity
of the f-d transition to its local environment, Dy**, Eu?** and Ce*" doped Sr;Al,OsCl, phosphors
exhibit broad excitation and emission bands [33], resulting in the PL quenching, instable spectral
positions upon thermal treatment, again confirming the f~d RE activators is not desirable for
studying the energy transfer interaction behavior. As a result, we seek for alternative activators
that feature controllable energy transfer and stable PL positions. It is well-known that when Tb**
and Eu®" ions are simultaneously incorporated into a crystal host (e.g., NaLa(PO3)4 [37], Y2SiOs
[38], f-NaGdF4 [39], and Ga,0s [40]), by adjusting the ratio of Tb** and Eu*", the energy transfer
from Tb** to Eu®" ions and sometimes simultaneous emissions of Tb*" and Eu** upon excitation at
the wavelength of Tb** can be achieved. Enlightened by this fact, Sr;A1LOsCly: Tb**,Eu*" phosphor
is designed for realization of tunable emissions from green to red. Furthermore, the previously
reported Sr3Al,OsCl, systems were generally investigated at ambient temperature, with no special
attention paid to the temperature-dependent PL. mechanism. Moreover, the other reason for us to
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choose this crystal is based on the consideration that each Sr atom (Figure 1(a)) is coordinated
with 5 oxygen and 4 chlorine atoms, which can group into three types of Sr*" sites (i.e., Srl, Sr2,
and Sr3) based on the different Sr-O and Sr-Cl bond lengths (Table 1). All the AI** ions are
coordinated with 4 oxygen atoms, forming the [AlO4] tetrahedrons. Both SrOsCls and [AlO4]
structures are connected by the oxygen atoms, without involving the chlorine atoms. Clearly, the
unit cell of Sr3AlLOsCl, has multiple sites for the 4/ RE doping, making it an promising host for
studying the energy transfer interaction, preferential site substitution, and temperature-dependent
PL properties, while capable of triggering some unexpected PL properties and eventually enabling
new applications. Specifically, Tb**, Eu*" doped Sr;Al,OsCl, phosphors, with the Sr;A1L,OsCl, for
hosting the well-shielded 4/ Tb*" and Eu®* as respective green and red emitting components, are
synthesized by the high temperature solid state reactions, and further investigated, particularly for
their temperature-dependent PL behaviors. As a consequence, we achieve the tunable colors from
green (0.3159, 0.5572) to red (0.6579, 0.3046) by tuning the content ratio of Tb*>" and Eu’*.
Furthermore, it is found that the energy transfer from Tb** to Eu®" ions, which happened through
an electric dipole-quadrupole (d-¢) interaction, begins at ¢ = 5 ps and gradually vanishes after ¢ >
200 ps. Interestingly, the Sr;Al,OsCl:Tb*" Eu®* phosphor exhibit unexpected anomalous
Eu’’-related photoemission enhancement at the earlier heating state. The DFT modeling indicates
that the Eu** and Tb®" ions tend to substitute for the Sr*" and A" sites, respectively. Discussions
further reveal that the Eu**-related photoemission enhancement is due to the interplay of the
temperature-triggered accelerated energy transfer and the release of defect-trapped electrons upon
thermal stimulation. Demo applications indicates that the Sr;A1,OsCl:Tb**,Eu*" phosphor could
be suggested for temperature-dependent fluorescence sensor, anti-counterfeiting, data storage and
security devices such as emergency signs.

2. EXPERIMENTAL AND THEORETICAL DETAILS

2.1 Synthesis of samples

Considering the possibility of the future large scale production, the high temperature solid-state
reaction method, which has been accepted as one of the most frequently-used methods in
commercial production, was used to prepare the phosphors, i.e., Sr3xALOsCl:xTb*" (x = 0, 0.25%,
0.5%, 0.75%, 1.0%, 1.25%, 1.5%, 1.75%, 2.0%, 2.25%, 2.5%, 3.0%), Sr3yALOsClL:yEu*" (y =
0.25%, 0.5%, 1.0%, 1.5%, 2.0%, 2.5%, 3.0%), and Sr3x.,AlLOsCl:xTb*" zEu** (x =1.5%, z =
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0.25%, 0.5%, 0.75%, 1.0%, 1.25%, 1.5%, 1.75%, 2.0%). Specifically, according to the nominal
chemical compositions, the as-purchased reagents, SrCl,-6H,O (A. R., A. R. denotes analytical
reagent), ALO;3 (A. R.), Eux03 (99.99%), and Tb203 (99.99%), were weighed and mixed for 0.5 h
in an agate mortar. Then, the powders were transferred to a corundum crucible and pre-sintered at
800 °C for 1 h in air. After grinding the pre-sintered powders for 15 min and sintering at 1200 °C
for 4 h in air again, the targeted samples in form of faint yellow were obtained. Previous works
indicated that the temperature of 1200 °C was the optimal temperature for accessing the desirable

phase-purity of Sr3Al,05Cls crystal [31, 36] and, thus, was also employed in this work.

Table 1 Bond length d (A) of Sr2.96sA1,05Cl, compound, data are from ICSD standard card

Bond type Bond length d /A Bond type Bond length d /A

Sr1-0O 2.5446 Sr1-Cl 3.0728
2.5229 3.1297
2.4331 3.1944
2.8333 3.3464
3.3982 ---

Sr2-0 2.5269 Sr2-Cl 3.1039
2.4605 3.1134
2.4368 3.3820
3.0476 3.1521
3.1814 ---

Sr3-0 2.4592 Sr3-Cl 3.2786
2.5197 3.0998
2.4007 3.0979
3.1199 3.2547
3.1107 -

2.2 Characterization Details

Phase purity of all samples were identified by an X-ray diffractometer (Beijing PGENERAL),
which worked with Cu Ka radiation (A = 0.15406 nm) and operated at 36 kV tube voltage and 20
mA tube current, respectively. Static and dynamic PL spectra at the temperature range of 25-300
°C were recorded on an Edinburgh PLS 920 fluorescence spectrometer. A 450 W Xenon lamp was
used as the excitation source. The excitation photons for the decay curves were provided by a 60
W F900 flash lamp. The Xe lamp power, working voltage, scanning step, excitation and emission

slits were set up to 150 W, 400 V, 1 nm, and 1.5 nm, respectively. All PL curves were corrected



over the lamp intensity with a silicon photodiode and further normalized by the PMT spectral
response. The TL glow curves were recorded by a FJ427A1 TL dosimeter (CNNC Beijing Nuclear
Instrument Factory), with a 50 °C-min™ heating rate. Prior to the TL measurement, the as-selected
sample was irradiated by a 365 nm UV mercury vapor lamp for 1 min.

2.3 Theoretical Details

We used the CASTEP code to perform our DFT + U calculations with PBE functional [44-45].
The geometry optimization used the Broyden-Fletcher-Goldfarb-Shannon (BFGS) algorithm
throughout all calculations. The unit cell for the Sr3Al,OsCl, compound was built with 48 atoms
inside. The kinetic cutoff energy was set to 750 eV with the valence electron states expressed in a
plane-wave basis set. The ensemble DFT (EDFT) method of Marzari et al [46] was used for
convergence. The supercell of the model was chosen to 2 x 2 x 2. The reciprocal space integration
was performed using the Gamma special k-point with Balderischi offset [47]. With these special
k-points, the total energy was converged to less 5.0 x 10”7 eV per atom. The Hellmann-Feynman
forces on the atom were converged to less than 0.001 eV/A.

As for the pseudopotentials, the non-linear core corrected norm-conserving pseudopotential could
provide a better response in the DFT + U calculations, especially for the calculations of RE doping
[48]. This could help us to reflect all-electron behavior of the valence electrons, especially for the
subtle effect of the 4//5d electrons and outer 6s electrons of RE dopants (Tb, Eu). The Tb and Eu
norm-conserving pseudopotentials were generated by using the OPIUM code in the
Kleinman-Bylander projector form [49]. The non-linear partial core correction [50] and a scalar
relativistic averaging scheme [51] were used to treat the spin-orbital coupling effect. For this
treatment, the non-linear core correction technique was chose for correcting the valence-core
charge density overlapping in such heavy fermions elements. In particular, the (5s, 5p, 5d, 4f, 6s,
6p) states were treated as the valence states of both Tb and Eu atoms. The RRKJ method was
chosen for the optimization of the pseudopotentials [48, 52-53].

3. RESULTS AND DISCUSSION

3.1 Analysis on phase-purity and elemental homogeneity of Th’" and Eu®* doped samples

The X-ray powder diffraction (XRD) profiles of four as-prepared samples, i.e., bulk Sr;Al,0sCly,
S12.97A1,05Cl5:3.0%Tb**, Sr2.97A1,05Cl5:3.0%Eu*", and Sr2.965A1,05Cl:1.5%Tb*",2.0%Eu’", have
been depicted in Figure 1(c). Obviously, the Eu*" and Tb®" contents are the maximum nominal
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content we experimentally designed in the Sr3Al,OsCl, crystal host. After comparing the XRD
peaks of these samples to those derived from the ICSD file No. 68365, we can easily concude the
as-prepared samples belong to an orthorhombic structure with the space group P21212;.

When compared to the nanoparticle achieved by the synthetic routines such as hydrothermal (e.g.,
KZnF3:Mn?" [54]) and solvent-thermal method (e.g., NaYFs-based [55-56], and NaGdFs-based
core-shell nanocrystals [57]), the solid-state reaction method easily leads to the irregularly-shaped
particles at the micrometer size level (e.g., KixNaxSr0995P04:0.005Eu** (0 < x < 0.6) [14], and
Y3Als012:Re* (Re=Ce, Sm, Tb) [58]). As a result, the inhomogeneity induced by the elemental
aggregation may appear and influence the luminescent properties of phosphors accordingly. In this
case, we have randomly selected one particle of Sr2.065A1,05Cl2:1.5%Tb**,2.0%Eu’" to record the
elemental mapping pattern (Figure 1(d)). Clearly, the particle consists of six elements (i.e., Sr, Al,
O, Cl, Tb and Eu), and all of them are homogeneously distributed, without any detectable element
aggregation and phase separation. Hence, although multi sites are available for the Tb*" and Eu*"

substitution, they do not induce the elemental aggregation.
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Figure 1 (a) Double lattice cell of Sr3Al,05Cl, and the Sr and Al coordination environments,
which are draw on the basis of ICSD card file No. 68365; (b) Orbital contour plots of VBM and
CBM states, as well as gap states (Sr: green, Al: pink, Cl: light green, O: red, VBM: transparent

blue, CBM: transparent green, and the intrinsic lattice induced gap states: transparent brown); (¢)
XRD patterns of bulk Sr3A1,05Cla, Sr2.965A1,05Cl:1.5%Tb*",2.0%Eu*", Sr297A1,05C12:3.0%Tb**,
and Sr2.97A1,05C:3.0%Eu*" samples; (d) Elemental mapping distribution of one representative
particle randomly selected from the sample of Sry.96sA10sCly:1.5%Tb*",2.0%Eu’".



3.2 Static and dynamic PL analysis

Since bulk Sr3A1,05Cl, sample cannot emit the light upon excitation at any wavelengths, we had
only measured the PL spectra of Sr3Alb,OsCly:Tb*", Sr3Al,OsCly:Eu** and Sr;Al,OsCl:Tb** Eu*
phosphors. Figure 2 shows the emission and excitation spectra of three typical samples, namely,
S12.985A1,05Clo:1.5%Tb**, Sr299A1,05Cl1:1.0%Eu*" and Sr2725A1,05Cl:1.5%Tb**,1.25%Eu’". It is
obvious that the emission lines of the Sr2.055A1,05Cl2:1.5%Tb** sample upon excitation at 376 nm
locate at 414 nm, 437 nm, 489 nm, 544 nm, 584 nm, and 623 nm (Figure 2(a)), corresponding to
the D3 — Fs, °D3 — "Fy4, D4 — "Fe, °Dy — 'Fs, °Dy —F4 and D4 — 'F; transitions of Tb>" ions,
respectively. The dominated Tb** emission lines at 489 nm and 544 nm can allow the Tb*" doped
Sr3ALL05Cl, samples to exhibit the green color. Upon monitoring at 544 nm, the Tb*" emission
intensity as the Tb®" doping content increases experiences an initial increase and a subsequent
decrease, showing the optimal Tb*" content that corresponds to the maximum emission intensity is
1.5% (the inset of Figure 2(a)). Similar to the Sr3Al,OsCl:Tb*" samples, Eu*" doped Sr3;Al,05Cl,
sample also features several sharp emission lines (Figure 2(b)). Exciting at 393 nm enables two
dominated Eu’" lines at 616 and 592 nm, which corresponds to the electric dipole Dy — ’F, and
magnetic dipole Dy — ’F; transitions of Eu®*, respectively. This indicates the Sr3;Al,0sCly:Eu®*
phosphors can serve as the red-emitting component. Upon monitoring at the emission intensity at
616 nm (inset of Figure 2(b)), the optimal Eu®" content can be determined to be 1.0%.

The excitation spectra of Sr29ssA1L0sCl:1.5%Tb*" and Sr2.990A1,05Clo:1.0%Eu** samples, which
are monitored respectively at the wavelengths of 544 nm and 616 nm, are depicted in Figure 2(c).
The Sr2.955A1,05Cl:1.5%Tb** sample exhibits a series of excitation lines within the spectral range
of 250-500 nm, i.e., 286 nm ("Fs— °Hp), 317 nm ("Fs— °Hy), 340 nm ("Fs — °G,), 352 nm ('Fs
— °Dy), 359 nm ("F6 — °Gs), 368 nm ("Fg— °Gg), 376 nm ('Fs — °Ds), and 486 nm ("Fs — 5Dq).
The Sr299A1,05Cl:1.0%Eu®" sample also shows several sharp excitation lines, i.e., 322 nm ('Fp —
SHs), 362 nm ('Fo — >Da), 381 nm ("Fo — °Gy), 393 nm ("Fo — °Ls), 415 nm ('Fo — °Ds), 464 nm
("Fo — 3Dy), and 534 nm ("Fo — °Dy). On basis of the Tb*>* emission spectra (Figure 2(a)) and the
Eu’" excitation spectra (Figure 2(c)(curve 2)), we can observe a significant spectral overlapping
between the Eu’'-related excitation line (i.e., 534 nm) and Tb*"-related emission lines (e.g., 544
nm), which, together with the excitation spectral overlapping between the Eu*" and Tb*" ions
within the of 370-390 nm (Figure 2(c¢)), indicates the existence of the energy transfer from Tb*" to
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Eu’* ions. To verify it, we measured the emission spectra of Sr2.9s5.,Al,05Cl:1.5%Tb*" ,zEu*" (z =
0.25%, 0.5%, 0.75%, 1.0%, 1.25%, 1.5%, 1.75%, 2.0%) samples. As expected, upon excitation at
376 nm results in simultaneous emissions of Tb** and Eu®* ions (Figure 2(d)). The Eu*" emission
intensity as the Eu*" content increases shows an initial increase and a subsequent decease, which
indicates the Eu®" content corresponding to the maximum emission intensity is 1.25% (the inset of
Figure 2(d)). Unlike Eu®", the Tb®" as the Eu®* content increases shows a continuous decrease in
its emission intensity. Such emission intensity change upon excitation at 376 nm is a vivid spectral
proof for the energy transfer from Tb*" to Eu**. More importantly, due to the intrinsic behavior of
the well-shielded 4f electrons configuration, both Tb** and Eu** emissions can keep the same PL
position and sharp, without being affected by the Tb*" and Eu** doping content, allowing the Tb**

and Eu®" ions to remain their respective green and red color purity.
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Figure 2 Emission spectra of Sr2.0ssA1,05Cl:1.5%Tb*" and Sr299A1LO0sCly:1.0%Eu*" samples
upon excitation at 376 nm (a) and 393 nm (b), the doping content dependent emission intensity
(Inset); (c) Excitation spectra of St2.955sA1,05Cl:1.5%Tb*" and Sr299A1,05Cl:1.0%Eu®" samples
upon monitoring at the wavelengths of 544 nm and 616 nm; (d) Emission spectra of the typical
S12.9725sA1,05Cl2:1.5%Tb*",1.25%FEu*" sample upon excitation at 376 nm, and the Eu®" content

dependent Tb*" and Eu’* emission intensity (Inset).



To further reveal the underlying energy transfer mechanism, we have measured the decay curves
of Sr2.985.,A1,05Clr:1.5%Tb*" zEu*" (z = 0.25%, 0.5%, 0.75%, 1.0%, 1.25%, 1.5%, 1.75%, 2.0%)
samples by using respectively 376 nm and 544 nm as the excitation and monitoring wavelengths
(Figure 3(a)). All the decay curves can be fitted well by a double-exponential decay equation
described as I(f) = Ajexp(-t/t1) + Azexp(-/12) (11 and 1, are short- and long-decay components,
respectively, parameters A; and A, are the fitting constants) [14, 19, 41]. With the equation, i.e., T
= (A1T2 + Avr?)/(Arti + Aoy, the average Tb*'-related lifetimes, which correspond to the Eu**
content of z = 0, 0.25%, 0.5%, 0.75%, 1.0%, 1.25%, 1.5%, 1.75% and 2.0%, respectively, can be
determined to be 3.195 ms, 2.603 ms, 1.968 ms, 1.425 ms, 1.221 ms, 0.951 ms, 0.673 ms, 0.633
ms, and 0.598 ms. Obviously, the rapid decrease of Tb*" lifetimes with increasing the Eu*" content

reveals the existence of the energy transfer from Tb** to Eu*" ions (Figure 3(b)(curve 1)).
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Figure 3 (a) Decay curves (Aex = 376 nm, Aem = 544 nm) of St2.085.,A1L0sClo:1.5%Tb*,zEu** (z =
0, 0.25%, 0.5%, 0.75%, 1.0%, 1.25%, 1.5%, 1.75%, 2.0%); (b) Dependence of Tb*" lifetimes
(curve 1) and energy transfer efficiencies (1) (curve 2) on the Eu®" content; (¢) Dependence of
Io/I-C™> in the Sr2.085,A1,05Clo:1.5%Tb** zEu** samples, n = 6 (i), 8 (ii), and 10 (iii), respectively.

According to the as-obtained Tb*" lifetimes, we can further calculate the energy transfer efficiency

(n7) by using the expression [30, 38, 58-59]: nr =1 - ¢/zp (yr is the calculated energy transfer
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efficiency, parameters 7y and 7 are the lifetimes of Tb®" in the absence and presence of Eu’,
respectively). As a result, a series of 57 values, i.e., 18.53%, 38.40%, 55.40%, 61.78%, 70.23%,
78.94%, 80.19%, and 81.28%, which correspond to z = 0.25%, 0.5%, 0.75%, 1.0%, 1.25%, 1.5%,
1.75% and 2.0%, respectively, can be achieved. Clearly, increasing the Eu®* content leads to the
increase of the energy transfer efficiency (Figure 3(b)(curve 2), but such efficiency, typically at a
low Eu®" doping content, is not very efficiency. For example, the 57 values at the Eu®" contents of
0.25% and 0.5% are only 18.53% and 38.40%, respectively, indicating not all the energy absorbed
by Tb*" can be re-absorbed by Eu** ions. The #r value even at the Eu®*" doping content of 2.0%
still cannot reach 100% (it is about only 81.28%). It would not be desirable if one wants to
enhance the Eu®* emission intensity by co-doping Tb®" ions, but the inefficiency energy transfer is

important for simultaneous achievement of Tb*" and Eu*" emissions.

(@)

S1, 972:AL0:Cl,:1.5%Th*,1.25% Eu®
(%.e=376mm)

(b)

81, 97:AL0:CL:1.5%Th*,1.25% Eu’
(hec=376nm)

Fd rd Al

———— ]| ———— ]
450 500 550 600 650 450 500 550 600
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Figure 4 Time-resolved PL spectra of St2.9725A1,05ChL:1.5%Tb**,1.25%Eu’" sample upon
excitation at 376 nm. The decay time is collected spanning from 0 to 4 ms.

According to the Dexter’s energy transfer expression of multi-polar interaction and Reisfeld’s

approximation, the below equation can be used to evaluate the energy transfer mechanism [60-61]:

@OCCH/S (1)
n

where parameters 7y and 5 denote the luminescence quantum efficiencies of Tb*" in the absence
and presence of Eu**, respectively; C is the Eu*" doping content; n = 6, 8, and 10 correspond to the
dipole-dipole (d-d), dipole-quadrupole (d-g), and quadrupole-quadrupole (g-¢g) interactions,
respectively. Normally, the #y/n ratio can be approximately estimated by their luminescence
intensity (Ip/7). Hence, a relationship between p/7 and C”* can be draw (Figure 3(c)) and, on the
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basis of the correlation coefficiencies, allows us to know that the energy transfer from Tb>" to Eu>*
ions is happened via the d-q interaction rather than the d-d and ¢g-¢ interactions.

3.3 Time-resolved PL analysis

For the Sr2.0875A1,05C12:1.25%FEu*" and Sr2.955A1,05Cl:1.5%Tb*" samples, upon excitation at the
wavelength of 376 nm can only allow them to exhibit the Eu*" and Eu®" emissions. With the
above-proved energy transfer, we selected the Sr29725A1,05Cl:1.5%Tb*",1.25%Eu®" as the typical
sample to measure the dynamic time-resolved PL spectra (Figure 4) and study the energy transfer
from Tb>" to Eu®" ions. The reason why we selected the Sr29725A1,05CL:1.5%Tb*",1.25%Eu’" is
because the maximum Eu®* emission intensity is at doping content of 1.25%, but the energy
transfer efficiency (i.e., 70.23%) is not neither the maximum nor the lowest value, which covers
all PL possibilities we want to discuss. Considering the excitation wavelength and the Eu®" and
Tb* lifetimes (the Eu’* lifetime in the Sr;Al,OsCl, crystal lattice is about 756.12 ps but not shown
here), the 376 nm and 0 - 4 ms are selected as the excitation wavelength and the collected delay
time range, respectively. In Figure 4, with increasing the delay time (¢) from 0 to 4 ms, the Tb*"
exhibits an initial increase and a subsequent decrease in its emission intensity. The delay time that
corresponds to the maximum Tb** emission intensity is 100 ps. As for Eu**, we can only detect its
emission until the delay time (¢) is greater than 5 ps. After that, the Eu*" emission intensity as the
delay time (7) increases will increase continuously and then decrease, the tendency of which is
very similar to that of Tb®". When the delay time (¢) is 300 ps, the Eu®" emission reaches the
maximum intensity. Both Tb®" and Eu®" emissions after exceeding their respective maximum
intensity will decrease continuously until their intensity disappear.

After comparing the lifetime of 756.12 ps (for Sr2.0875A1,05CL:1.25%Eu’") with that of 3.85 ms
(for Sr2.085A1,05Clo:1.5%Tb*"), we can easily notice that the Eu®" lifetime is much greater than the
Tb>* lifetime. In this case, the time-resolved PL results can be used to discuss the dynamic energy
transfer interaction between Tb** and Eu’’ ions. Although both Tb*" and Eu’" ions exist in the
Sr3AL,0sCl,, exciting at the wavelength of Tb*" (i.e., 376 nm) can only pump the Tb*" emission.
Prior to release of the absorbed energy, Tb*" ions need some time to absorb the energy. And thus, it
is reasonable that we cannot detect the Tb*>" emission when the delay time (¢) is less than 2 ps
(Figure 4(a)). As the delay time (f) proceeds, however, the energy absorbed by Tb** ions enables
transferring to the adjacent Eu®" ions and then pumping the Eu*" emission. Of course, because the
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energy absorbed by the Tb** ions cannot immediately transfer to the Eu*" ions, it also needs time
to irradiate this process. As a result, the Eu** emission cannot be detectable until the delay time (f)
is greater than or equal to 5 ps. Since the lifetime of Tb*" in the Sr;Al,OsCl, host crystal is longer
than that of Eu®*, the Tb*"-absorbed energy can continuously transfer to Eu** (even the delay time
(¢) exceeds the Eu’" lifetime). For example, at the 1500 ps (which is greater than the Eu’" lifetime
of 756.12 ps), the time-resolved PL spectra still can exhibit the Eu®* emission, thereby exhibiting
the delay time of Eu®" greater than the Eu®" lifetime itself (Figure 4(b)). Since the energy transfer
from Eu** to Tb>" ions after proceeding a certain delay time (£) is impossible to proceed infinitely,
both Eu** and Tb*" emissions will disappear eventually. Because the energy absorbed by the Tb>"
ions enables immediately transferring to the Eu** ions when the decay time (£) exceeds 200 us, the
decay times (7) that correspond to the disappearance time of Eu®>" and Tb** emissions are 1200 ps
and 200 ps, respectively. This disappearance of Tb** decay time (#) shows much less than that of
Eu’", exhibiting the disappearance of Tb*" decay time (£) is much less than itself lifetime. Hence,
the time-resolved PL results indicate that the Tb** and Eu’* present a completely different decay
times (¢) as compared to their respective lifetimes.

Although some previously-reported works have involved the time-resolved PL spectra to study the
energy transfer interactions, all of them are based on either the energy transfer from the host that
features a shorter lifetime to a single dopant that features a longer lifetime (e.g., ScVO4:Bi** [41],
CaWO4:Eu*" and CaWO4:Tb* [42], LuVO4:Bi** [43], and ScVO4:Eu** [62]) or from one center to
another luminescent center in a given crystal host (e.g., Sr2P,07:Bi** [63]). In addition, the related
works are still very limited after considering more than tens of thousands of rare earth (RE) and
non-RE related photonic materials have been discovered in the past years. Unlike these works, we,
for the first time, directly show the existence of the energy transfer from one dopant with a longer
lifetime to another dopant with a shorter lifetime based on the time-resolved PL spectra. Since
both Eu*" and Tb>" ions are featured with the well-shielded 4f electrons configuration, our work
enables providing some new directive ideas for researchers to use the time-resolved PL spectra to
study the energy transfer interactions in other well-shielded 4f electron RE (e.g., Eu**, Er’* etc)
and non-RE ions (e.g., Mn*", Cr** etc) doped systems that cover the visible and infrared region.
3.4 Temperature-dependent PL analysis

In general, the PL properties of one phosphor at high temperature sometimes are different from
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what we observe at room temperature, typically for those RE (e.g., Eu**, Ce*") and non-RE (e.g.,
Bi**, Mn?") phosphor materials with broad excitation and emission bands. For example, with the
increase of temperature, the BaAl,Si>Os:Eu®" phosphor shows a blue-shift of Eu?" position [64],
the Sr»SisNg:Eu?* exhibits simultaneous blue-shifting and red-shifting of Eu?" emission [65], the

ScVO4:Bi** [25] and KZnF;3:Mn?* [54] feature an initial enhancement of emission intensity.

Ef‘ S5k Sr; 1AL 0:CL:1.5%Th**1.25%Eu® S,b)z sk S1397sALOLCL:1.5%Th*",1.25%Eu®
= 3.0 = 15 |
= e hey=376nm Inset = Q hex=393nm Inset
g 20F = e ) ~ @ Rawdata gg_o - <00 2 @ Rawdata
A - Fitted curve : Fitted .
0.0 itted curve
© 1€ o $ [El O
E15F =150 E=0311 6V B[S | E=0284ev @
w = W =
- -_3.0F
g -0 Tb** intensity [+ g Eu** intensity
R < Lof
- -45 T T — 5 T T T T
@ 20 24 1'8 32 36 @ - 20 24 23 a2
‘E osk 1T E 0.5k 1/kT
= =
W L5
~ 0.0 - ~ 0.0 T T ¥ T T T v
400 450 500 550 600 650 500 525 550 575 600 625 650
Wavelength /nm Wavelength /nm
C T d T
( )1.0 [ @ e=376mm 1 (¢ )1 r=393mm
~ } -
= =
= 0.8} 4 =Zosk
e S
g T g T
Z06F 1 Gosk
g L é_-: L
I
o 0.4 : : - = 0.4F
E=T | E=T
=02 | ! 4 =Szt
U I Anomalous PL I <
Fﬁ : < Enhancement > : m -
0.0 'I L) M 1 v I 'I I v 1 v L) 0.0 L M | ' 1 v 1 v 1 v L)
25 50 100 150 200 250 300 25 50 100 150 200 250 300
Temperature /°C Temperature /°C

Figure 5 Temperature-dependent emission spectra of the Sr2970sA1,05Cly:1.5%Tb**,1.25%Eu’"
sample upon excitation at 376 nm (a) and 393 nm (b), and the excitation wavelengths and the
related linear fitting of the emission intensity at 544 nm and 616 nm have been also depicted in the
inset; (¢) and (d) are dependence of the emission intensity at 544 nm (i.e., for Tb*") and 616 nm

(i.e., for Eu*") on the temperature upon excitation at 376 nm and 393 nm, respectively.

In order to check whether there are some hitherto unnoticed PL properties of the well-shielded 4f
Eu* and Tb*' ions in the Sr3;ALOsCly crystal host, here we have selected the typical sample of
S12.9725sA1,05Cl2:1.5%Tb*",1.25%Eu*" to record the temperature-dependent emission spectra upon
excitation at 376 nm (a) and 393 nm (b) (Figure 5). In the figure, increasing the temperature can
simultaneously pump both Tb** and Eu** emissions, but their relative emission intensity upon the
same heating process experiences a completely different process. The Tb*"-related emission shows
a continuous decrease in the intensity, while the Eu**-related emission intensity features an initial
enhancement and a subsequent decrease (Figure 5(c)). Exciting at 393 nm, however, can only
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pump the Eu*" emission and its continuously-decreasing intensity (Figure 5(b) and Figure 5(d)).
With these spectral information, we used the Arrhenius equation [43, 62], i.e., I(T) = Iy/(1 +
Aexp(-Eo/kT)) (where I is the initial emission intensity, /(7) is the intensity at a given temperature
T, A is a constant, E, is the required activation energy for thermal quenching, and x is the
Boltzmann’s constant (8.62 x 107 eV)), to evaluate the activation energy (E,) for Tb*" and Eu**
emissions. To better acquire the E, value, we need to transform this equation into the expression
described as In[({/o/I(T)) - 1] = InA4 - Eo/xT. Based on the relationship between In[(/y/]) - 1] and 1/kT
(inset of Figures 5(a-b)), two E; values, i.e., 0.311 and 0.284 eV, which correspond respectively to
the Tb*" and Eu*" emissions upon excitation at 376 nm and 393 nm, are achieved. Obviously, the
two values are comparable to and/or less than some previous Eu** doped phosphors, such as 0.41
eV in SrsGeO7F2:Eu’" [66], 0.408 eV in NaLaj[MoO3O;s]F:Eu*" [67], and 0.445 eV in
Y,Ti»07:Eu*" [68]. The thermal quenching temperatures, Tsov, defining as the temperature at half
of their initial emission intensity at room temperature, are determined to 150 °C and 190 °C,
respectively. The Eu*" emission intensity at 200 °C can remain ~76% of Ty = 25 °C, implying the
as-obtained phosphors hold excellent PL resistance against the thermal quenching.

3.5 Analysis on the site occupancy preference by Rietveld refinement and DFT modeling

As for the temperature-induced anomalous Eu** PL properties in the Tb>", Eu** doped Sr;A1L,0sCl,
phosphor, the underlying reason we first felt may result from the site occupancy preference. This
is because, on one hand, such PL phenomenon, typically upon excitation at the wavelength of
other doping ions, is still seldom noticed by previous works, and on the other hand, it involves
multi luminescent centers that feature the energy transfer process from one dopant with longer
lifetime (i.e., Tb>") to another dopant with shorter lifetime (i.e., Tb>"). To check the possibility, we
have used the FullProf Suite Program to refine the raw XRD data of Tb>", Eu** doped Sr;A1,OsCl,
samples. After considering the cationic radii of Sr** (Ren—9= 1.31 A, CN denotes the coordination
number), Tb** (Ren—o= 1.095 A) and Eu** (Ren—o= 1.12 A) ions, we first allowed Tb*" and Eu**
ions to substitute for Sr** sites. As a result, the finial reliability factors, i.e., profile factor R, =
8.36%, expected weighted profile factor Rexy= 5.79%, crystallographic factor Rp= 2.71%, Bragg
factor Rpragg = 3.65%, indicator of goodness of fit GOF = 2.03 and weighted profile factor Ry, =
7.03%, are achieved. The Rietveld refinement profile and cell parameters are given in Figure 6(a)
and Table 2. When compared to the cell parameters of a(b)(c) (i.e., 9.4220 A) and cell volume V'
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(i.e., 836.43 A%) derived from the standard ICSD card file No. 68365, the refined parameters (i.e.,
a(b)(c) = 9.3782 A, ¥ = 824.819 A%) show a slight shrinkage, indicating the possibility of the
substitution of larger Sr with smaller Tb*" and Eu**. However, what can make us surprising is the
Tb*" doped Sr;Al,0sCl, sample shows a completely different result as compared to that of Eu®*
doped Sr3;A1LOsCl, sample. The refined parameters (i.e., a(b)(c) = 9.5346 A, V = 899.778 A3) of
the former show a slight expansion, while the refined parameters (i.e., a(b)(c) = 9.4017 A, V =
831.035 A%) of the latter shows a slight shrinkage (Table 2). These indicate that Tb** singly doped
Sr3Al,05Cl> sample obeys the general chemical point of view where the exotic doping ions should
substitute the crystal ions that have the same or similar ionic radii as these exotic ions. However,
considering the same valences (i.e., +3) and the size differences (i.e., CN =9, 0.39 A for Al**ions,
<0.923 A for Tb>" ions), significant expansion of cell lattice, inducing by substitution of AI** with
Tb*" ions, appears, as reflected by the refined results of Tb** doped Sr3Al,OsCl, sample (Table 2).
To verify the possibility of substitution of smaller Al** with larger Tb*>" and larger Sr with smaller

Eu’", the DFT modeling is used here to further screen this type of substitution.

Table 2 Rietveld refinement results for Sr2 965A1L0sCl:1.5%Tb**,2.0%Eu*" (SACTE),
S12.97A1,05Cl5:3.0%Eu*" (SACE), and Sr297A1,05C11:3.0%Tb*" (SACT) samples, reference data
of Sr3AL1,O5Cl, (SAC) are from ICSD standard card are also included for reference.

Items SAC SACTE SACE SACT
ICSD file no. No. 68365 - - -
Crystal system Orthorhombic
Space group P2;2,2,
Z 4
Parameters (a,b,c) /A 9.4220 9.3782 9.4017 9.5346
Volume (V) /A3 836.43 824.819 831.035 899.778
Profile factor R, - 8.36% 11.28% 15.16%
Weighted profile factor R, - 7.03% 9.39% 13.92%
Expected weighted profile factor Rexp - 5.79% 8.31% 9.44%
Bragg factor Rpragg -—- 3.65% 5.67% 7.38%
Crystallographic factor Rp - 2.71% 4.65% 6.51%
GOF --- 2.03 2.57 3.34

From the theoretical point, we performed the simple DFT calculations to consider the energetics of
Eu and Tb substitution doping within the host lattice. We find the Eu prefers to substitute the

Sr-site instead of occupying the Al site, and the formation energy has been given in the inset of
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Figure 6(b). The contrast of the energy between the two sites is about 4 eV, and the host ion
randomized distribution induced energetic error has been considered. Further on the Tb doping, it
shows a different behavior when compared to the Eu doping. The Tb favors substituting the Al-site
more than the Sr-site within the host. Overall, the Tbs; doping gives the highest energetic cost to
form while the lowest energy of formation is the Tba;. Next, we move on to the thermodynamic
transition energy level to compare the 4f-charge transfer state with related to the Er for the (0/3+)
state (Figure 6(b)). We find both Euai and Eus, demonstrate a deep donor behavior closing to the
valence band (VB) edge, where the 0 eV denotes the VB top. However, the Tbais a relatively
shallow donor since the transition energy level is close to the conduction band CB edge. Note that
our estimated band gap is 3.0 eV, and may be underestimated without any orbital corrections. The
Tbsr shows a similar deep donor behavior to the Eu doping cases.
We further perform on the energetic behaviors of different substitution doping in the host matrix.
To illustrate the dependence of temperature on the free energy in the system, the thermodynamic
principles are imported to discuss the stability. Firstly, we model that the as-discussed solid system
can be seen as relatively ordered “solid-solution”. The related Gibbs free energy (G = H - TS) can
be provided, where the H is the standard formation enthalpy of the system at the temperature 7,
and the S is the system entropy. Under the constant pressure approximation, the change in free
energy (AG) of the doped solid system with related to the ideal host matrix is given as following
description:

AG=AE +AZPE - TAS 2)
where AE is the total energy change for the defect formation, directly obtaining from our
self-consistent DFT calculations, AZPE is the change in zero-point energies of the system
compared to the ideal structure at the 7= 0, T is the “solid-solution” ambient temperature and AS
is the change in entropy for the whole system with consideration of extrinsic doping formation
process. Introducing the important criterion, when the change in free energy of the system gets to:

AG<0 €)

This will have a spontaneous formation process for the specific defect, following the second
thermodynamic law of physical chemistry. Herein, we have carried out the related calculations on
the Tb and Eu doping respectively occur on the Al and Sr sites in the host system as shown in
Figure 6(c). The zero point energy of the Sr-Al-CI-O solid solution system is found to be 2.24 eV.
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When the extrinsic doping introduced, the local short-range disorder induced structural distortion

further varies the zero-point energy (ZPE) of the solid-solution systems.
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Figure 6 (a) Refined XRD pattern (—) of Sry.96sA1,0sCl:1.5%Tb*",2.0%Eu*" sample, Rietveld
refining results (%), Bragg reflections (]) and the profile difference between observed and
calculated values (—);(b) Thermodynamic transition energy for the transferring electrons from the
neutral to tri-positively charged ionic state of Eu and Tb doping and Formation energy of neutral
Eu and Tb substitution doping in the host matrix (inset); (¢) Thermodynamic free energy changing
trend for the Tb and Eu substitution doping in the host matrix; (d) The thermodynamic evolutions
of the different energetic preferences by the Tb and Eu substitution doping

Considering the ground state formation enthalpies, the Tb and Eu substitution doping on the Sr
and Al sites respectively can be updated with temperature dependence changing trends shown in
Figures 6(c-d). As we estimated based on this method, at the temperature lower than the 952 K,
the Euai doping shows more energetic favorable than the Tba; doping. This trend turns to be
conversed when the temperature increases to the 952 K. For the Sr substituted doping, the Tbs;
shows more stabilities than the Eus, doping below the 866 K, and the reversed trend occurs when
temperature is higher than 866 K. This indicates that, at the lower temperature in the synthesis, the

Tbsr and Euaj doping can be easily formed and the formation energy at the 0 K of the Tbs; doping
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shows even lower than Eua;. With using the Eq (2) as criterion, we noticed that the 910 K is the
temperature critical turning point that gives the [AG(Tbai) - AG(Eua1)] = [AG(Tbs;) - AG(Eus,)].
This implies the energetic contrast of Tb and Eu doping turns to be equivalent at that temperature
point. With determination of the three temperature critical point, the pink shaded area (Figure 6(d))
represents the evolution of an energetic difference arise from the contrast of chemical potentials
between Tb and Eu on different Sr and Al sites. Recalling the optimal synthesis temperature used
in our work (1200 °C, i.e., around 1500 K), both the Tbaj and Eus, doping show more dominant
effects in the host matrix. It is obvious that our calculated temperatures are in a good agreement
and consistency with the reported experimental data, indicating the current synthesis routes have
already easily introduced the extrinsic co-doing behaviors of choosing different substitution sites
(Sr or Al) by Eu and Tb and can be driven by the energetic preference in terms of change in free
energy. We also illustrate the HOMO and LUMO charge densities contour plots on the host matrix
system. As shown in Figure 1(b), we find the Al-O local sub-lattice clearly bounds the electrons
in order to form the valence band orbitals, while the Sr-Cl sub-lattice system contributes to the
antibonding orbitals denotes the charge density arrangement by the conduction band.

3.6 Discussion on Tunable PL Observations

Re-inspection into the spectral results of Figure 2 and Figures 4-5, increasing the Eu** content yet
fixing the Tb>" content enables controlling the energy transfer efficiency from Tb** to Eu**, and
such energy transfer typically at low Eu** doping content is inefficient (Figure 3(a-b)), leading to
simultaneous emissions of Tb**" and Eu®* and broad color tuning from green (0.3159, 0.5572) to
red (0.6579, 0.3046) (Figure 7(a-b)). As for the temperature-dependent decay curves of typical
S12.9725A1,05C12:1.5%Tb**,1.25%FEu’" sample, they also can be fitted by the double-exponential
decay equation of 1(f) = Aiexp(-t/11) + Azexp(-/12). A series of the average lifetimes of Tb*" ions,
as calculated from the equation of T = (A1112 + A122)/(A1T1 + AaTy), are determined to be 2.421 ms,
1.616 ms, 0.552 ms, 0.187 ms, 0.081 ms, and 0.036 ms, corresponding to 50 °C, 100 °C, 150 °C,
200 °C, 250°C, and 300 °C, respectively (Table 3). It indicates a gradual decrease of Tb*" lifetime
with increasing the temperature. On the basis of the #7 =1 - /7y equation, we can further evaluate
the temperature-dependent 77 from Tb>* to Eu®", and they are 24.23%, 49.42%, 82.72%, 94.15%,
97.46% and 98.87%, corresponding to 50 °C, 100 °C, 150 °C, 200 °C, 250 °C, and 300 °C,
respectively. Within < 150 °C, the #r gap as the temperature increases becomes larger and larger,
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such as, 24.23% between 25 °C and 50 °C, 25.19% between 50 °C and 100 °C, and 33.30%
between 100 °C and 150 °C. It implies that the energy transfer from Tb*" to Eu®* ions has been
accelerated with the help of the thermal stimulation. This accelerated energy transfer can be also
reflected by the temperature-dependent PL intensity. The decreased gap of the Tb*" intensity at the

earlier heating process (i.e., < 150 °C) also becomes larger and larger (Figure 5(c)).

Table 3 Temperature-dependent lifetime of Sr3(0.985-A1205Cl2:1.5%Tb**,1.25%Eu*" phosphors
(Aex =376 nm, Aem = 544 nm)

Temperature /°C 50 100 150 200 250 300
A 282.83 341.85 437.37 418.36 792.45 863.44

71 /ms 0.461 0.412 0.231 0.055 0.041 0.021
A> 679.44 612.01 542.29 575.88 227.85 140.91
 /ms 2.567 1.772 0.645 0.212 0.126 0.065

Tave / MS 2421 1.616 0.552 0.187 0.081 0.036

The Tb** doped Sr;Al,OsCl, phosphor upon excitation at the UV light can emit green afterglow
luminescence [31-32], allowing us to record the thermoluminescence (TL) glow spectrum for the
S12.9725sA1,05Cl2:1.5%Tb*",1.25%Eu*" sample (Figure 7(c)). Three overlapping yet distinguishable
TL bands, locating at 78 °C, 129 °C, and 256 °C, are observable. Except for the TL intensity, the
three PL positions are basically inconsistent with those (i.e., 62 °C, 142 °C, and 250 °C) reported
by Chen et al in Tb** doped Sr3;A1OsCl, phosphor [32], which is due to the addition of Eu®" ions
in Tb** doped Sr;Al,0sCl, phosphor. When taking into account the TL and temperature-induced
Eu’’-related photoemission curve (Figure 5(c)), however, we can find that the two curves share
with the same temperature range within 25-200 °C. As known, the TL properties usually are used
to reflect the afterglow luminescence properties that relate to the carriers trapped and de-trapped
by defects in the crystal lattices and thus, can reveal the traps status. Moreover, the defect-trapped
electrons upon thermal stimuli can return to the energy levels of the excited state [69-70], which,
as Kang et al and Meijerink et al show respectively in the LuVO4:Bi** phosphor [43] and colloidal
CdSe QDs [71-72], may contribute to enhancing the emission intensity during the heating process.
In consequence, the temperature-triggered anti-quenching of luminescence appears. However, our
current results after comparing to these reported works exhibit significant difference. The reported

works involve either the QDs in the colloidal status or the energy transfer from the LuVOy4 host to
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a single dopant (i.e., Bi*") (the LuVOy4 host itself can also show the luminescence). For this work,
it involves two exotic dopants in the solid state powder, and the Sr3Al,OsCl, host itself does not
have the luminescence. In this case, a mechanistic profile, which bases on jointly taking into
account the XRD Rietveld refinement, TL, PL. and DFT, is proposed here to illustrate the color
tuning and temperature-triggered Eu**-related emission enhancement (Figure 7(d)). Specifically,
with the aid of the ’F¢ — °D; transition, the Tb®" ions first absorb the UV photons (i.e., 376 nm)
and then lift the photons from the ground state of "Fs to a higher-energy excited state of *Ds.
Afterwards, some of the excited photons can directly transmit from the *D4 level to the ground
state of "Fg, leading to the emissions dominated at 414 and 437 nm. Other excited Tb** photons
relax to the lower-energy excited state of *D4 through non-radiative transition, leading to emissions
at 489 nm (°D4 — "F¢), 544 nm (°Ds — 'Fs), 584 nm (°Ds —’F4), and 623 nm (°D4 — ’F3). When
the Eu®" ions are co-doped into, the energy emitted from the Tb*" ions can be reabsorbed by Eu**
ions due to the spectral overlapping between the Tb** 544 nm (°Ds — ’Fs) emission and Eu** 534
nm ("Fy — D)) excitation. As a result, upon excitation at the excitation wavelength of Tb>" (i.e.,
376 nm) enables pumping the Eu** emissions. Due to the controllable energy transfer efficiency,
the Sr3ALOsCly:Tb** Eu*" samples upon excitation at 376 nm can simultaneously exhibit the Tb**
and Eu*" emissions with different intensity. As a result, the tunable emission colors, resulting from
the combination of green Tb>" and red Eu*" components, appear eventually.

As the Rietveld Refinement and DFT modeling reveal, the Tb** and Eu*" ions tend to substitute
the AI** and Sr?* sites, respectively, which can result in the negative Sr vacancies (i.e., Vs,”) that
can compensate the excess positive charge between Sr*" and Eu’". In consequence, the defect
complexes [Eu*'s; + Vs,”’], coming from the replacement type of Eu*" + Sr*" — Eu’'s;+ Vs,”, can
form. This is also the underlying reason why Tb*" and Eu*" doped Sr;A1,OsCl, phosphor can
exhibit the afterglow luminescence. Although the afterglow luminescence is not the key point of
this research subject, it, from the other side of view, reveals the possible existence of defects in the
Tb*", Eu®*" doped Sr;Al,0sCl, phosphor. Because of this, exciting at 376 nm can only lead to the
anomalous Eu®" enhancement at earlier heating state. This can be ascribed to the discharge of
electrons trapped in the defects, which is a little similar to the cases of LuVO4:Bi** phosphor [43]
and colloidal CdSe QDs [71-72]. No matter which the excitation wavelengths (i.e., 376 nm, and
393 nm) have been used (Figure 5(c-d)), however, such anomalous PL phenomenon cannot

21



appear in the Eu®* emission. The disappearance of Tb*" emission excited at 393 nm indicates there
is no energy transfer from Eu®" to Tb*". The energy transfer from Tb** to Eu’* is unidirectional.
The Tb>" luminescence at high temperature is dominated by the thermal quenching luminescence.
Hence, we can conclude that the interplay of the temperature-induced accelerated energy transfer
and release of electrons trapped by the crystal defects with trap depths of 78 °C and 129 °C is the
reason for this temperature-induced anomalous Eu®" related photoemission enhancement. Several
previous works have shown the temperature-induced energy transfer [41, 66, 73] but significantly
differ from the current PL observations that involve the temperature-dependent energy transfer

interaction from one dopant (i.e., Tb*") that features a longer lifetime to another dopant (i.e., Eu*")

that features a shorter lifetime.
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Figure 7 (a) CIE chromaticity coordinates of Sr29ssA1,05Cl:1.5%Tb*",zEu** (z= 0, 0.25%, 0.5%,
0.75%, 1.0%, 1.25%, 1.5%, 1.75%, 2.0%) as calculated from the emission spectra of Figure 2(d);
(b) The corresponding CIE values of the St2955A1,05Cl2:1.5%Tb** zEu>" samples; (¢) TL glow
curve of S12.9725A105Clh:1.5%Tb**,1.25%Eu’" sample; (d) Mechanistic profile for PL observation
in the Sr3A1205Cl,: Tb*",Eu**. Noted that the depth of electron traps is 402 K, paths (D-®) denote
the migration and recombination of the electron-hole pairs, and ET represents the energy transfer.
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Figure 8 A experimental setup consisted of the fluorescence spectrometer, heating instrument, and
digital detection camera for recording the emission color. Inset is digital photographs of phosphor
deposited glass taken under daylight and 365 nm excitation (i), and correlated typical CIE values

(ii) and digital photographs (iii) upon excitation at 374 nm after heating at different temperatures.

3.7 Applications of targeted phosphor

According to a large number of previously-reported research or review articles, demo applications
of luminescent phosphor materials in night-vision indicators, illumination (e.g., WLEDs), displays
and decorations efc have been reported extensively. In sharp contrast to these applications, on the
basis of the PL characteristics of Sr3Al,OsCl:Tb** Eu** phosphors, we would like to try some new
applications. As a proof of concept, we first deposited the Sr29725A1,05Clo:1.5%Tb**,1.25%Eu>"
powders on a piece of quartz glass (Figure 8(i)). Under the daylight, the faint yellow body of the
sample can be observed. As we warmed this phosphor-deposited glass to the temperatures of 50 °C,
75 °C, 100 °C, 150 °C, and 200 °C, a sight variation of colors upon excitation at 376 nm can be
observed. Since there is no heating device directly connected to the spectrometer, we first placed
the quartz glass in a heating oven and then transferred it to a 376 nm UV beam that comes from
the spectrometer. The five temperature points are the nominal temperatures that should be a bit

lower than the practical temperature we used for taking the digital photos, but the collected time is
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controlled to be less than 2 second. The simplified experimental setup for the emission color is
given in Figure 8. After switching off a 365 nm UV lamp, the Tb*-related greenish afterglow
luminescence, which can last for dozens of minutes, appears (Figure 8(i)). This is different from
the yellow color (Figure 7(b)). The temperature-induced anomalous Eu*'-related CIE values and
induced by temperature, the SrsALOsCly:Tb*",Eu’" phosphors upon with and without UV light
feature the PL information encryption and decryption behavior, thus exhibiting great promising for
anti-counterfeiting, temperature-controlled fluorescence sensor, and correlated data storage and
security purpose.

4. CONCLUSIONS AND OUTLOOK

In this work, we prepared and reported a type of Tb**, Eu*" doped Sr;Al,0sCl, phosphor, which
enabled generating the tunable colors from green (0.3159, 0.5572) to red (0.6579, 0.3046) by
controlling the doping ratios of Tb*" and Eu*" ions upon excitation at 376 nm. We confirmed the
existence of the energy transfer from Tb*" to Eu’* ions and revealed it was happened via an
electric dipole-quadrupole (d-g) interaction. On the basis of the time-resolved PL spectra, we
further found the energy transfer from Tb*" to Eu®" in the Sr29725A1L0sCl:1.5%Tb*",1.25%Eu’"
sample begun at ¢+ = 5 ps and gradually ended ¢ > 200 ps. More remarkable, we found the
Sr3AL0sCly: Tb** Eu** phosphor not only held excellent resistance against thermal quenching but
also featured the temperature-induced anomalous Eu**-related emission enhancement at the earlier
heating state. To unveil the reason, we employed the DFT calculations to screen all possibilities of
crystal sites that could be substituted by Tb*>" and Eu* ions, and the results of which, together with
the refined XRD information, allowed us to conclude the Eu®" and Tb*" tended to substitute for the
Sr** and A" sites, respectively. The TL glow curve revealed that the energy stored by the crystal
defects generated by substitution of Sr** with Eu** could be released upon the thermal stimulation.
Discussion on temperature-induced accelerated energy transfer and discharge of electrons trapped
in defects with trap depths of 78 °C and 129 °C indicated that the interplay of both cases were the
underlying reason for the temperature-induced Eu**-related photoemission enhancement. We also
presented the Sr3Al,0sCl:Tb*"Eu** phosphor featured the information encryption and decryption
behavior, showing great promising for anti-counterfeiting, temperature-controlled fluorescence
sensor, and correlated data storage and security purposes. Such applications are different from
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most of previously-reported phosphor materials which are always suggested for night-vision
indicators, illumination (e.g., wLEDs), displays and decorations etc.

In addition to the results mentioned above, we had also measured the quantum efficiency (QE) for
the Sr208sAL0sCly:1.5%Tb*", Sr290ALOsCi:1.0%Eu", and Sr2.72sALOsCl:1.5%Tb*",1.25%Eu’
samples, and they were 45%, 35% and 50%, respectively. Although these values were still not
high when compared to the commercial green and red phosphors being used in the illumination,
the point of this work, as we presented here, was not to focus on how to improve the luminescence
efficiency, but to employ the well-shielded 4f Tb*" and Eu’" ions as dual luminescent activators to
realize the multicolor tuning in the Sr;A1LOsCly:Tb*",Eu*" crystal host and reveal the dynamic
energy transfer interaction between the two 4fions as well as to explore some hitherto unnoticed
PL properties, typically at high temperature. Of course, in view of the temperature-triggered Eu’*
photoemission enhancement which is partly from the release of electrons trapped in the defects,
our results could give researchers some new insights, i.e., how to design new crystal materials and
improve their PL properties by using the crystal defects that are always considered to have a bad
impact on the PL properties. All in all, this work not only demonstrated the realization of tunable
emission in the Sr3AL,OsCl, host lattice by using the well-shielded 4/ Tb*" and Eu®" ions as dual
luminescent centers, but also could provide new understanding on the energy transfer interaction
between different dopants, paving some directive clues for researchers to study the energy transfer
behavior behind the well-shielded 4f ions and the substitution preferential problems in the crystal
host lattices that have multi available sites in the future. Moreover, we expect the design concept
can extend to discover more unnoticed PL properties in other crystal hosts that involve non-RE
(e.g., Cr*", Bi*", Mn*", Mn*', etc), other RE (e.g., Eu*’, Ce*", Sm*', Pr’", etc) ions or coupling
arrangement of these ions, not limited to the Sr;ALLOsClo: Tb**,Eu** phosphor system.
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