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Long afterglow phosphors play a significant role in practical applications. However, due to their complex
electronic structures, it is difficult to obtain tunable long afterglow phosphors. Herein, a novel long
afterglow phosphor, Gd1 5Y15GazALOL: Th3Y, was successfully synthesized. Its detailed structural
information was extracted via the Rietveld method, and its corresponding optical properties were further
systematically explored via photoluminescence (PL), phosphorescence and thermoluminescence (TL)
spectroscopy. Both the photoluminescence and long afterglow properties showed tunable behavior with
a variation in the concentration of Tb>". The investigation of the tunability of its photoluminescence and
long afterglow properties revealed that the cross-relaxation energy transfer mechanism contributes to its

tunable character. Meanwhile, long-lasting phosphorescence could be observed for a few hours by the
Received 3lst March 2020 ked eye in a dark envi t after discontinuing the UV irradiation. Due to the potential exist f
Accepted 30th June 2020 naked eye in a dark environment after discontinuing the irradiation. Due to the potential existence o
the photo-excited (Tb**)*, the [Tb%,-V;] defect clusters were proposed, with oxygen vacancies acting as

DOI: 10.1038/d0rad2942d electron trapping centers and (To3H)* attracting holes. Finally, an appropriate mechanism for the tunable
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1. Introduction

Long afterglow phosphors (LAPs), compared with the common
photoluminescence phosphors, have particular luminescent
characteristics, which can absorb either visible or ultraviolet
light initially, and subsequently release the stored energy in the
form of a persistent photon emission at ambient temperature
after the removal of the excitation source.'” Thus, based on
their inherent properties for energy storage, LAPs have been
widely employed in the fields of emergency lighting, displays
and alternating current white LEDs, and also show potential
applications in various fields, such as rewritable three-
dimensional optical memory and image storage, medical diag-
nostics and in vivo bio-imaging, high-energy irradiation
dosimeters, and persistent photocatalysis."*™°

Since the discovery of the green persistent phosphors
SrAl,0,:Eu**,Dy** by Matsuzawa et al in 1996,° extensive
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long afterglow emission was proposed.

research on different long afterglow phosphors has been con-
ducted with the purpose of tuning their emission colors,
extending their persistent luminescence lifetimes and ratio-
nalizing the mechanism of their persistent luminescence. In
general, the long afterglow properties rely on the defects in
phosphors, which can trap electrons or holes during the exci-
tation process, and then release them at emission centers under
thermal stimulation, resulting in phosphorescence emission.
Thus, producing appropriate defects in the host, and subse-
quently improving its capability of storing the incident energy
are mainly realized through inequivalent substitution, i.e.
doped ions as luminescence centers, especially lanthanide ions
or transition metal ions, which occupy the sites of the matrix
ions with a different valence. In addition, to further enhance the
optical intensity of LAPs, another type of ion is usually incor-
porated into the host as an assistant activator to modify its
defects and improve its afterglow properties. Thus, the colors of
LAPs are determined by the characteristics of their emission
centers, while the intensity and persistent time are regulated by
the defects created or improved by inequivalent doping. Thus,
based on this method, numerous LAPs such as Ca;;Mg,(SiO,)g:
Eu®,Dy*","* Sr,MgSi,0,: Eu®",Dy’",? CaoBi(PO,),: Eu**,Dy’*"®
Zn,P,0,; Tm> " Mn>'*  BasSig0,;: Eu”',Dy*",*® CaAl,Oy:
Eu®",Nd**,**” and SrAl,O,: Eu**,Dy’*,>*® have been successfully
designed and synthesized. The colors of their long afterglow
originate from the luminescent centers of the Eu** or Mn**
dopants, which strongly depend on the crystal-field effect of the
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host lattice, while the defects produced or improved by the
inequivalent doping serve as auxiliary centers to control the
afterglow intensity and the persistent time.

However, besides co-doping, a long persistent emission is
commonly observed in LAPs with only one activator such as
CdSiO;: Tb***° CdSiO;: Dy*",* CaMgSi,0g: Mn** > Zn;Ga,Ge, 0
Cr** ' Gd;AlLGas04,: Ce*',* KGaGeO,: Bi**,** Ca;Ti,0,: Pr’*,*> and
Ca,Sn0,: Tm**?® Zn, 4gLig 0,P.05: Yb**,>* and CaSnO,:Tb*".* In
the forbidden band of these phosphors, some discrete energy
levels exist, which are pertinent to the defects accounting for
their emission. The long phosphorescence is attributed to the
possible interpretation that trap carriers are generated at certain
defect sites during the excitation process and thermal excitation
promotes the occurrence of their de-trapping action at room
temperature, followed by energy transfer from the traps to the
emissive centers, resulting in an afterglow emission. In terms of
the functionality of doped ions, they not only act as activators,
but serve as charge traps. As is known, the special structures of
the energy levels of some lanthanide elements enable them to be
activators of LAPs,*® such as cerium, praseodymium, samarium,
europium, terbium, dysprosium, and ytterbium. Accordingly,
Tb>" ions have been widely used as promising green-emitting
activators because of their dominant emission at about
543 nm, which is derived from the *D, — ’Fs electron transi-
tion,'**” and Table 1 shows some of the Tb**-doped long after-
glow phosphors. However, to date, Tb**-doped LLPs with tunable
persistent emission have rarely been reported.

In terms of the possible reason why Tb**-doped color tunable
LAPs are rare, it is challenging to find a feasible host for Tb**
ions to actualize the emergence of long-lasting phosphores-
cence. Yttrium aluminum garnet, Y;Al;0;, (YAG),*> the most
typical representative of the garnet family, coupled with the
dopant Ce*", has been widely used as the host in the commer-
cial LED market due to its simple and low cost fabrication,

Table 1 Properties of some Tb>* single-doped long afterglow

phosphors

No. Host EX® (nm/—) EM” TP® (eV) Ref.
1 La,0,CO; 258 Green 0.848 28
2 Cs,NaYF; X-ray uv —a 29
3 Ca,Sn0O, 255 Green — 30
4 Na,CaSn,Ge;0,, 249 White — 31
5 Y;AlL,Ga;0;, uv White 0.8 32
6 Li,SrSiO, 290 Green — 33
7 SrLaGaO, 274 Green 0.62 34
8 Li,Cay 4Sry¢Si0, 284 Green 0.43 35
9 Sr;TaAl;Si,044 254 Green 0.7 36
10 Ca;TaAl;Si,044 254 Green 0.54 37
11 Li,CaGeO, 254 Blue — 38
12 CdSiO; uv Green 0.66 19
13 CaWwO, 254 Green 0.74 39
14 CazZnGe,0q 236 Green — 40
15 Y,0,S 254 Green/white  0.68 41

“EX is the excitation wavelength or excitation source. ” EM is the
emission color of the long afterglow. ¢ TP is the trap depth (eV). ¢ —
means not report or non-existent.
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stable chemical and physical properties, and color stability
during the operation period.*® To modify its luminescent
properties, such as light yield, luminescence lifetime, and
thermal stability, and to augment its ionizing radiation
absorption efficiency, the Y and Al cations are usually
substituted by larger and heavier ions, such as Gd and Ga,
respectively, to form multicomponent garnets.** A recent study
showed that the light yield of (Y, Gd);(Ga, Al)50,,:Ce** can
exceed 44 000 photon per MeV, which is almost twice that of
YAG:Ce®*.** However, despite the advantages of multicompo-
nent garnets, Y;s5Gd; sGazAl,0,-based long afterglow phos-
phors have been rarely reported to date. Herein, a novel LAP,
Y1.5Gd; sGazAlL0,,:Tb>", with a tunable afterglow emission was
successfully developed by employing the terbium ion as an
activator. Furthermore, the highlight of this work is the reali-
zation of a tunable long afterglow color from blue to yellow via
the change in the concentration of doped Tb*" ions. In addition,
the structure, photoluminescence, persistent luminescence and
thermoluminescence properties of the as-prepared samples
were investigated systematically. Finally, a feasible afterglow
mechanism driving this intriguing long afterglow behavior was
proposed and discussed in detail.

2. Experimental

2.1 Materials and synthesis

In this work, a series of Gd;s_,Y;5Ga3Al,0.,:xTb*"
(GYGA:xTb**, x = 0, 0.001, 0.005, 0.01, 0.02, 0.04, 0.06, and 0.08)
phosphors was synthesized using the conventional high-
temperature solid-state reaction. The starting materials were
Gd,0; (A. R.,), Y,0; (A. R.), Ga,0; (A. R.), AL,O; (A. R.) and Tb,0,
(A. R.), which were pretreated at 180 °C for 3 h to remove the
absorbed water. Subsequently, the raw materials were weighed
at a stoichiometric ratio, and then mixed and ground thor-
oughly in an agate mortar. Then the homogeneous mixtures
were transferred to a crucible, and finally sintered at 1550 °C for
5 h in an air atmosphere. After cooling to room temperature
(RT) naturally and grinding again, the obtained powders were
further calcined at 850 °C for 6 h in a CO-based reducing
atmosphere. Eventually, the re-sintered samples were ground
for further measurements after cooling into RT normally.

2.2 Characterization

Powder X-ray diffraction (XRD) profiles for phase identification
were collected using a D8 Focus diffractometer operating at 40 kV
and 40 mA with graphite-monochromated Cu Ka radiation (A =
0.15405 nm) at a scanning rate of 10° min~ " in the 26 range of 10°
to 120°. The Rietveld refinement analysis was performed using the
GSAS-II program.” The photoluminescence excitation (PLE) and
photoluminescence spectra (PL) of the phosphors were measured
using a Hitachi F-7000 spectrophotometer with the excitation
source of a 150 W xenon lamp and a 340 nanometer filter under
a working voltage of 700 V. Decay curves were also measured using
the same instrument after the samples were irradiated under
254 nm UV light for 1 min. Long afterglow emission spectra were
measured using an Ocean Optics fiber optic spectrometer QE65

This journal is © The Royal Society of Chemistry 2020
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Pro. The three-dimension thermo-luminescence (3D-TL) and
phosphorescence emission spectra at different temperatures were
measured with a homemade instrument mainly consisting of
a CCD detector and heating apparatus. The samples were placed
in a homemade sample holder and heated from room tempera-
ture to 573 K at a speed of 10 K per second, and the data for the
thermoluminescence (TL) curves was obtained from the 3D-TL
emission spectra with a data transferring technique using
computer software. All measurements were performed at room
temperature except that for the TL curves.

3. Results and discussion
3.1 Phase identification and crystal structure

Powder X-ray diffraction (pXRD) was conducted to verify the
phase purity of the as-prepared samples. Fig. 1 displays the
representative XRD patterns of the GYGA:xTb*" phosphors (x = 0,
0.005, 0.01, 0.04, and 0.08). Since Gd,sY;;GazAl,0;, and
Y;Ga3Al,0;, are isostructural,** herein, Y;GazAl,0,, (JCPDS card
no. 89-6660) was used as the reference data. It is conspicuous that
the XRD patterns of the samples could be precisely indexed to the
standard peaks of Y;GazAl,04,, suggesting that all the samples
were pure and that the Tb** ions were successfully incorporated
into the host lattice without introducing significant changes in
the crystal structure. In the case of site occupancy, based on the
effective ionic radii (r) of cations under different coordination
numbers (CN), as reported by Shannon,* it is suggested that the
Tb*" ions replaced the Gd** ions (CN = 8, r = 1.053 A) due to the
comparable radius of Th** (CN = 8, r = 1.04 A).

To obtain detailed structural information and further
compare the possible changes induced by the dopant, Rietveld
refinement was performed for the representative samples of
GYGA and GYGA:0.08Tb*", The refinement results of GYGA and

l x=0.08
= A A J_JL__,L |
= -
s l x = 0.01
b 2 | 1 A A A l l A |
‘@
c
2
=L
x=0
A k2] 1 A A A l 1 A Ak
JCPDS 89-6660
I I " " 1 l I 1 1
1 E 1 = 1 = I = 1 ® 1
20 30 40 50 60 70

2-Theta (degree)
Fig.1 Representative XRD patterns of the GYGA:xTb>* samples (x = 0,

0.005, 0.01, 0.04 and 0.08) and the reference data of YzGazALO1,
(JCPDS no. 89-6660).
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GYGA:0.08Tb*" are demonstrated in Fig. 2(a) and (b), respec-
tively, and the corresponding lattice parameters and the
refinement evaluation coefficients are listed in Table 2. The
goodness-of-fit refinement further verified the phase purity of
GYGA and GYGA:Tb*" crystallizing in the cubic structure with
the space group of 1a3d. Compared with that of GYGA, the slight
decrease in the lattice parameters of GYGA:0.08Tb*" further
supports the proposed occupancy of Tb*" in the Ga®" site.

3.2 Photoluminescence properties of GYGA:xTbh>*

Fig. 3 shows the PLE and PL spectra of the GYGA:0.01Tb**
sample monitored at 383 nm emission and under 270 nm

(a) < Observed
—— Calculated
—— Difference
Bragg reflections

Intensity (a.u)

f At o
b, Cm ¢ LEn o =
1 M 1 M 1 M 1 L 1 M 1
20 30 40 50 60 70
20(degree)
(b) x  Observed
—— Calculated
—— Difference

Bragg reflections

Intensity (a.u)

n

1 1 "
20 30 40 50 60 70
20(degree)

Fig. 2 Observed (crosses) and calculated (red solid line) XRD patterns
of the host GYGA (a) and sample GYGA:0.08Tb** (b). The cross
symbols are the observation data. The red solid lines are the calcula-
tion data. The short green vertical lines denote the Bragg reflections
and the blue solid line represents the difference between the observed
and calculated data.
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Table 2 Rietveld refinement and lattice parameters of the GYGA host
and as-prepared GYGA:0.08Tb>*

Formula GYGA GYGA:0.08Tb*"
Space group Ia3d Ia3d
a=hb=c(A) 12.21316(2) 12.20658(7)
a=8=v() 90 90

Units, Z 8 8

Volume (v, A%) 1821.659(0) 1818.528(6)
R(F%) (%) 8.34 11.95

R, (%) 2.68 3.03

Ryp (%) 3.53 3.90

Goodness of fit 1.53 1.48

excitation. The PLE spectrum (black part) in Fig. 3 illustrates
several excited peaks arising from different transitions. The first
broad band centered at around 231.2 nm is attributed to the
host absorption of Gd; 5Y; 5GazAl,0,, due to the intrinsic exis-
tence of an F' center.*” Generally, the 4f — 5d transition of Tb**
ions, such as ’F; — "E and 'Fs — °E, stems from either the
high-spin or low-spin splitting of the lowest 5d sublevel, leading
to different excitations.”® Here, the peak at 275.1 nm was
assigned to the “F¢ — ’E (spin-allowed) transition with a higher
intensity, while that centered at 268.2 nm originated from the
'F¢ — °E (spin-forbidden) transition with lower intensity. In
addition, the multiple peaks in the region of 299.3-319.6 nm are
attributed to the intra 4f — 4f transitions of the Th*" ions.
The PL spectrum (red one) in Fig. 3 demonstrates the char-
acteristic emission of Tb** due to the corresponding f-f tran-
sition under the excitation of 270 nm. The emission spectrum
displayed both UV-blue and green-yellow emission in the
regions of 350-478 nm and 478-650 nm, which are attributed to
the intra f-f transitions of Tb*": °D; — ’F; and °D, — ’F,
respectively. Specifically, the blue emission peaks located at
383.2, 419.0, 438.2, and 461.2 and 472.2 nm are ascribed to the

-———— Host absorption

Intenisty (a.u.)

1 1 ]
400 500 600

Wavelength (nm)

1
200 300 700

Fig.3 PLE (black) and PL (red) spectra of GYGA:0.01Tb** monitored at
383 nm and excited at 270 nm.
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°D; — 'F; (J = 6, 5, 4, 3, 2) transitions, while the green and
yellow emission peaks at 489.6, 547.9, 589.6 and 625.4 nm
resulted from the D, — ’F, (/ = 6, 5, 4, 3) transitions,
respectively.

It is well known that the PL emission is related with the
dopant concentration. Thus, to explore the impact of the
content of Th*", the PL spectra of the samples with varying Tb**
concentrations are depicted in Fig. 4. It is obvious that the
intensity of the UV and blue colour part increased with the
augmentation of the doped Tb*" and then decreased beyond the
critical concentration of 0.01, whereas the counterpart of the
green and yellow colour region increased monotonically with an
increase in the amount of Tb** up to 0.06, and then declined. In
addition, the corresponding photoluminescence CIE chroma-
ticity coordinates of GYGA:xTb** (x = 0.001-0.08) were obtained
and listed in Table S1.t Fig. 7(a) plots the CIE chromaticity
diagram with the obtained coordinates. It can be observed that
the emission color varied from bluish to yellow with an increase
in the concentration of the dopant Tb**. Furthermore, the cor-
responding photoluminescence photographs of GYGA:xTb**
exhibited in Fig. 7(c) further unambiguously demonstrated the
tunable PL emission.

To quantitatively demonstrate this concentration-dependent
emission property, the integral intensity of the UV and blue
colour part and the green yellow region were calculated and
delineated in Fig. 5 with as a function of the doped Tb**
concentration. It is evident that the integrated intensity of the
UV and blue colour part reached the maximum at the Tb**
concentration of 0.01, and then decreased gradually. In
contrast, the integral intensity of the green and yellow colour
region increased monotonically and reached the peak up to the
Tb*" content of 0.06 and then diminished. The quantified
variation in the PL intensity associated with the concentration
of Tb** is consistent with the above qualitative description. The
variation trend of the intensity indicates that the tunable colour

x=0
i x = 0.001
] x = 0.005
~ x=0.01
! | x = 0.02

Intensity (a.u.)

" 1 M 1 " 1 " 1 " " M 1 "
300 350 400 450 500 550 600 650 700
Wavelength (nm)

Fig. 4 Dependence of PL emission intensity on the concentration of
the dopant Tb** in GYGA:XTb>*.
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Fig. 5 Dependence of integrated PL intensity of UV and blue part (a)
and green and yellow region (b) on the doped Tb®* concentration in
GYGAXTb™".

could be realized by introducing different amount of dopants.
In addition, the evolution trend also uncovered the concentra-
tion quenching behaviour due to the cross-relaxation energy
transfer mechanism characteristic for Tb**-doped phosphors.*
The fact that the energy difference between °D; and °D,
matches that between “F, and "Fg leads to substantial energy
transfer via the cross relaxation mechanism as follows:

°Ds (Tb™) + "Fg (Tb*") — Dy (Tb™) + "F, (Tb*")

Meanwhile, the cross-relaxation process, which strongly
depends on the distance of two neighboring ions and is inversely
related with the dopant concentration, occurs between two
nearest adjacent ions. When the molar content of Tb>* was less
than 0.01, the main PL emission arose from the transition of °D;
— 7F, because of the low possibility of the occurrence of cross
relaxation behavior between Tb*" ions due to the large distance.
However, the transitions from the °D; level vanished due to the
increment rate of the concentration quenching with an increase
in the Tb** concentration beyond 0.01. Subsequently, the emis-
sion derived from the °D, level transitions dominated up to 0.06.
Finally, both emissions diminished because of the general
quenching scenario originating from the excess Tb*>* in the host.

3.3 Long afterglow properties of GYGA:xTb**

Fig. 6 demonstrates the long afterglow spectra of GYGA:xTb*>" (x =
0.001-0.08) after excitation for 1 min under a 254 nm UV light. It is
interesting that the long afterglow spectra of GYGA:xTb*" resem-
bled the PL spectra of GYGA:XTb*" in terms of the shape and
position, as shown in Fig. 4, revealing that the long afterglow of
GYGATb* is also attributable to the °D;/°D, — ’F, transitions of
Tb>". In addition, it is obvious that the long afterglow emission
evolved with Tb®" content. Specifically, the long afterglow emis-
sion originating from the D; — ’F, transition reached the
maximum at x = 0.01, and then was reduced beyond that. In
contrast, the intensity of the emission due to the °D, — "F;
transition was monotonically enhanced up to x = 0.06 and then
decreased. Analogous to the PL spectra, the long afterglow emis-
sion also exhibited a variation in behavior between the °D; — F,
transition and D, — ’F, transition related with Tb*" concentra-
tion. This phenomenon indicates that the long afterglow emission
was also affected by the concentration quenching caused by the

This journal is © The Royal Society of Chemistry 2020
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Fig.6 Long afterglow spectra of GYGAXTb>" (x = 0.001-0.08) collected
after the irradiation of the samples under a 254 nm UV light for 1 min.

cross-relaxation energy-transfer process. Based on the long after-
glow spectra, the corresponding CIE chromaticity coordinates of
the GYGA:xTb*" (x = 0.001-0.08) samples were calculated, as
tabulated in Table S1,T and labelled in CIE chromaticity diagram
in Fig. 7(b). It can be observed that the long afterglow color varied
from bluish to white to yellow by increasing the concentration of
the dopant Tb*". In addition, the corresponding long afterglow
photographs of GYGA:xTb®" shown in Fig. 7(d) further unambig-
uously demonstrate the tunable long afterglow emission.

3.4 Decay of long afterglow of GYGA:xTh**

To investigate the long afterglow decay process, the decay
property of the GYGA:xTb®>" samples was evaluated by
measuring the long afterglow decay curve under three different
monitored wavelengths (A = 386, 419, and 545 nm) under the
irradiated wavelength of 254 nm. Among the samples, that with
a Tb*" concentration of x = 0.01 displayed a white long after-
glow emission, which lasted for more than 1.5 h in the limit of
light perception of dark-adapted human eyes after the removal
of 254 nm irradiation. Therefore, the GYGA:0.01Tb*" sample
was chosen as the representative for the decay assessment.
Fig. 8 displays the decay curves of GYGA:0.01Tb>". Generally,
exponential functions are always used to fit the long afterglow
decay curves to obtain the phosphorescence decay time. Also,
second or third exponential functions were customarily
employed in previous reports. After comparison, a third-
exponential decay equation was found to better describe the
decay curves than the second one, as follows:**

I = Ay exp(—tlty) + Ay exp(—t/ty) + Az exp(—t/t3) (1)

where I is the phosphorescence intensity; A;, A, and A; repre-
sent constants; ¢ is time; and 74, 7, and 73 are the decay
constants of the exponential components, respectively. The

RSC Adv, 2020, 10, 28049-28058 | 28053
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Fig. 7 CIE chromaticity diagram of GYGAXTb** (x = 0.001-0.0.08)
for (a) photoluminescence emission excited under 270 nm and (b) long
afterglow emission irradiated for 1 min via the 254 nm UV light. (c)
Image of photoluminescence emission of YAGGXTb®" samples
excited at 254 nm UV light and (d) image of long afterglow emission of
YAGG:xTb** samples in the dark after irradiation by 254 nm UV light for
1 min.

decay time of the long afterglow emission was calculated and
shown in Table 3. It is remarkable from the decay curves that
the afterglow intensity declined dramatically in the first 1.5 min
and then remained constant for a long time, which is similar to
the afterglow decay process of other afterglow materials.***>°%%*
Furthermore, based on the fitted result, each decay curve con-
sisted of a rapid decay part followed by two long, slow ones with
the decay time 75 reaching hundreds of seconds, indicating that
the afterglow of the sample could last for a long time. However,
considering the short luminescence decay lifetime of the f-f
transitions of Tb®" ions, the long afterglow observed in the
sample could stem from the energy exchange processes between
traps and the doped Tb*" emission centers.

In addition, the function of the reciprocal afterglow intensity
(I ") versus time (¢) was also explored, as shown in the insets of
Fig. 8. The I 't curves during the whole time range can be well
fitted by straight lines (red lines). The linear relationship
between I ' and ¢ indicates the long afterglow emission of
YAGG:Tb*" probably occurs via a tunneling-related process,*
which will be discussed later.

3.5 Thermoluminescence properties of GYGA:xTb**

Generally, long persistent phosphorescence mainly originates
from the release of energy stored in traps such as defects. The
outstanding difference in the long afterglow emission from PL
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Fig. 8 Long afterglow decay curves (black cycles) and corresponding
fitting (red solid lines) of the GYGA:0.01Tb®" sample monitored at
386 nm (a), 419 nm (b) and 545 nm (c) after excitation with 254 nm UV
light for 1 min. The dependence of the reciprocal persistent lumines-
cence intensity (/=%) on time (1) is depicted in the corresponding insets.

reveals a different pathway in the energy transition, indicating
that the traps play a significant role in long afterglow emission.
Thus, considering this significance, it is pivotal to explore the
traps to understand the long-lasting phosphorescence. Gener-
ally, thermoluminescence (TL) spectroscopy has been widely
employed to investigate the defects and traps produced in
insulators or semiconductors by UV light and used for energy
storage in LAPs. Hence, the TL spectra of the GYGA:xTb®*
phosphors were measured with a 3D-TL spectrometer under the
same conditions as that for the long afterglow spectra. Fig. S1
depicts the representative 3D-TL spectrum of the
GYGA:0.01Tb*" sample, in which the TL intensity is plotted

This journal is © The Royal Society of Chemistry 2020
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Table 3 Decay times (1) of the

GYGA:0.01Tb>*

long afterglow emission of

Sample GYGA:0.01Tb*"

Aem

(nm) Ay 74 (8) A, 75 () A 3 ()
386 2350.2 3.5 2379.3 18.8 794.2 126.7
419 2468.3 4.2 2164.7 21.4 709.6 128.0
545 2206.5 4.2 1344.1 22.4 432.4 128.9

against the temperature and wavelength. The spectrum illus-
trates the TL emission at diverse temperatures and TL curves at
different wavelengths. The shape and position instead of the
intensity from the TL spectrum at disparate temperatures for
the GYGA:0.01Tb*" phosphor are analogous to the corre-
sponding ones in the long afterglow emission spectra shown in
Fig. 6, which corroborates that the TL emission of the sample is
due to the f-f transitions of the Tb®>" dopant. Likewise, the
shapes of the TL curves at different wavelengths are congruous.
For further analysis, the TL curves as a function of temperature
were generated and discussed in the following section.

Fig. 9 demonstrates the TL curve of the representative
GYGA:0.01Tb*" phosphor. As can be observed, the two broad TL
bands ranging from 300 K to 570 K indicate that the trap levels
accounting for the phosphorescence spanned a wide range of
energies, leading to the potential generation of traps with
various depths.” To comprehensively investigate the TL prop-
erty and further obtain the trap depth, the TL curve was first
deconvoluted based on the Gaussian function by the curve-
fitting technique, and finally was found to be composed of
two broad bands at 351 K (P1) and 511 K (P2), respectively,
indicating the existence of two trap centers accounting for the
long afterglow emission. In general, the trap centers can be
deduced by the TL peaks, which can be used to evaluate the
depth of the trap level via the temperature position. Usually, the

@ Observation
~——— Fitting curve 1
—— Fitting curve 2
Overall fitting curve

TL Intensity (a.u.)

P R 1 1
400 450 500 550

Temperature (K)

1 1
300 350 600
Fig. 9 TL curve (black dots) of the GYGA:0.01Tb>* sample associated
with the overall fitting curve (red) and fitting curves 1 (blue) and 2
(green).
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depth of the trap level is proportional to the temperature of the
TL peak, i.e. the higher the temperature of the TL peak, the
deeper the corresponding trap level. Therefore, based on the
deconvolution curves, it can be deduced that there were two
types of charge-trapping defects with different trap depths in
this long afterglow phosphor. As is well known, an appropriate
trap depth is critical for potential long afterglow materials. If
the depth of the trap is too shallow, the trapped charges are
easily released, resulting in a short persistence time and fast
decay of the long afterglow emission. On the other hand, if it is
too deep for the captured charges to escape at room tempera-
ture, no long afterglow will be observed by the naked eye. It is
generally acknowledged that TL bands from 320 to 400 K signify
the appropriate depth of traps for the occurrence of long,
persistent emission. Moreover, TL peaks close to (or slightly
above) room temperature are generally expected to favor the
long afterglow emission.* Therefore, the 351 K TL band is
proposed to play a dominant role in the long afterglow emis-
sion. In addition, the traps of a phosphor considered as
a storage material should be relatively deep to restrain the
thermally stimulated release of trapped carriers, whereas that of
an afterglow phosphor should be shallower.>® Considering this,
it is possible that the GYGA:Tb*" phosphor can be potentially
used as both a light-stimulated (storage) and long afterglow
phosphor.

Despite the deduced depth of the trap centers from the TL
curve, the details of trap centers were still absent. This issue can
be overcome by implementing the fitting process for the TL
curve based on the previous proposed general order function
given by the following equations:**

I(T) =sny exp<f£)

X [1 + ((l;ﬂl)> X J; exp(—%)df} (2)

where I is the thermoluminescence intensity of the glow peak; s
is the frequency factor; n, is the concentration of trapped
charges at time ¢ = 0, which significantly influences the lumi-
nescence intensity greatly; E is the activation energy represent-
ing the trap depth, k is the Boltzmann constant (1.38 x 10 ]
K™'); [ is the order of kinetics, and g is the heating rate. Here,
B = 3 K s~ '. The calculated parameters of the TL spectrum of
GYGA:0.01Tb*" are listed in Table 4. It is reported that the depth
of the trap within the approximate range of 0.4-0.8 eV well
fulfills the requirement of excellent long-lasting phosphores-
cence behavior.”® Thus, based on the estimated values of E, the
commensurate trap depths were congruous with the observed
long afterglow phenomenon.

Table 4 Estimated parameters of TL spectrum for GYGA:0.01Tb®*

Peak Tm (K) S(s™ E (eV) 1o (em™?) l
P1 351 6.1 x 10’ 0.60 2.23 x 10° 2.00
P2 511 1.2 x 107 0.81 1.89 x 108 1.26
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As is known, the trap centers, which are essential for the long
afterglow emission, are usually introduced by dopants. Thus, to
explore the relationship between the dopant concentration and
the traps, the TL curves with varying Tb** contents were measured,
as shown in Fig. 10. It is evident that the two similar peaks in the
TL curves for all the GYGA:xTb?" samples imply nearly the same
defects for all the samples. For peak 1, its intensity increased with
an increase in the Tb** concentration and reached apex at x = 0.02
and then non-monotonically decreased with a further increment
in Tb®*. Concurrently, the peak position shifted to a lower
temperature region induced by the augmented amount of Tb**
dopant. In terms of peak 2, its intensity exhibited a the similar
trend as peak 1 with an increase in the amount of Tb*". Contrary
with the evolution of the position of peak 1, the position of peak 2
first underwent a higher temperature shift up to x = 0.02, and then
shifted back with a further enhancement in the content of doped
Tb>"; however, with the final position almost recovering to the
original state. The different evolution in the position of peak 1 and
peak 2 indicates the role of the doping concentration in contrib-
uting to the formation of two trap centers. The lower temperature-
shift behavior of peak 1 also implies the predominant role of peak
1 in the long afterglow emission, in agreement with the generic
rule that traps with a feasible depth of less than 373 K promote the
occurrence of the long afterglow emission. Fig. S21 shows the
integrated area of the TL spectra of GYGA:xTb®" as a function of
doped Tb*" concentration. It is obvious that the integrated
intensity increased gradually up to x = 0.02, and then decreased.
Generally, the integrated area covered under each TL curve
denotes the gross number of charge carriers in the corresponding
trap.” Specifically, the amount of stored energy should to some
extent correspond to the integral intensity of the TL curves. Thus,
based on the above discussed long afterglow emission with the
maximum intensity at approximately x = 0.06, the evolution of the
long afterglow emission is inconsistent with that of TL curves. This
phenomenon is possibly because the long-lasting persistent

e x = 0.001
x =0.005

TL Intensity (a.u.)

" 1 L 1 " L L

350 400 450
Temperature (K)

"

1 1 1
300 500 550

Fig. 10 Thermoluminescence spectra of GYGA:xTb** (x = 0.001-
0.08).
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phosphorescent behavior is non-linearly related with the amount
of charge carriers, where the stored energy may experience non-
radiative decay.

3.6 Mechanism of long afterglow emission of GYGA:xTb**

In terms of the mechanism of the long-lasting persistent
phosphorous emission, generally, the energy of the incident
light is partly stored by the carrier charges (holes or electrons)
during the excitation period and then some of the stored energy
is released under thermal activation, resulting in the charac-
teristic long afterglow emission. In addition, the long duration
of the release of captured electrons and holes enables the long
afterglow emission. Dopant substituting ions that have similar
radii give rise to defects. These deficiencies serve as hole or
electron traps to capture holes or electrons in the excitation
process. Hence, it is worth noting that traps play a crucial role in
the long afterglow emission.

As discussed in the experimental part, the high temperature
reducing-atmosphere preparation of the long afterglow phos-
phor GYGA:Tb** could introduce intrinsic defects of oxygen
vacancies (V) with positive charges, which could act as elec-
tron trapping centers to form an F' center or an F center by
attracting one electron or two, similar to the previous
reports.>>*® Since the depth of the trapping potential for the
electrons in the F' centers in oxides is deeper than that in F
centers due to one positive charge in the former,* this can be
interpreted by the two peaks with different trapping depths
from the thermoluminescence curve. Besides oxygen vacancies,
metal vacancies (Vy) such as Vg,, Vg, Vy and V, displaying
negative charges would also be introduced by the high-
temperature synthesis. These defects allow the charges to be
balanced and maintain electronic neutrality since the substi-
tution of Tb®" with Gd** introduces no net charge deficit or
surplus because they have the same formal charge. In addition,
the high temperature could escalate the migration of various
species present in the material, promoting the occurrence of the
aggregation of defects, and subsequently contributing to the
formation of defect clusters, as reported previously.*® Based on
the previous study on the stabilization of point defects and their
agglomeration using ionization potential (IP) by Clabau et al.,
the capability of a dopant cation to delocalize its electron
density to stabilize an empty anion vacancy increases with the
reduction of its IP.*>* Thus, a dopant cation with a lower IP with
respect to that of the host cation it replaces should have
a stronger tendency to attract an anion vacancy, and, hence
stabilize the energy of the associated trapped electron. The
comparison of IP shows that the IP of Tb** is lower than that of
Gd*** indicating the proximity of the dopant Tb*" to the anion
vacancy Vg for the stabilization. On the other hand, the
proposed existence of the excited state of Tb*" upon excitation
of Tb*" (4f* — 4f’5d") under UV reflects that the electrons
promoted to the 5d orbitals under excitation could be trapped
by oxygen vacancies.” Meanwhile, the contraction of the 4f
orbitals of Tb®" indicates the impossibility of direct electron-
hole recombination and requires oxygen vacancies, as an
energy-transfer bridge, close to the emission centers.”

This journal is © The Royal Society of Chemistry 2020
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Therefore, it is reasonable to speculate that the inevitable point
defects would agglomerate spatially during the high-
temperature calcination, forming [Tbg,-Vg] defect clusters
with Tb** in the close vicinity of V, similar to the previous
reports,® which act as electron trapping centers with Tb** as the
emission center. Meanwhile, the formation of clustered defects
further favors the occurrence of the tunneling process, which
relies on the distance between the involved centers.*>*

Thus, based on the aforementioned discussion, a possible
and reasonable mechanism contributing to the afterglow of
GYGA:Tb*" is proposed, as schematically illustrated in Fig. 11.
Under ultraviolet light (254 nm) excitation, the electrons located
in the ground state of the Tb*" ions are excited from the occu-
pied 4f orbitals to the empty 5d states with the formation of
photo-excited (Tb**)" ions (the photo-excited Tb*" is termed
(Tb**)" to discriminate from Tb*" derived from the thermal
processes), which is similar to the previous report® (process 1).
Some electrons in the 5d states of the photo-excited (Tb**)" ion
relax to the °Dj level, leading to the characteristic PL emission
of Tb** (process 2). The residual electrons can then be trapped
by the oxygen vacancies V via the tunneling process, forming
F'/F centers with different trapping potential depths (process 3).
The thermal energy due to the ambient temperature after the
UV irradiation is switched off leads to the detrapping process,
promoting the first tunneling of the stored electrons in the
oxygen vacancies V; to the *Dj level of the photo-excited (Tb**)"
ion (process 4). The variation in the trapping potential enables
the detrapping process at different temperatures, as stated
above. These electrons then undergo a series of characteristic f-
f transitions with the concurrent afterglow emission and the
reduction of (Tb**)" to Tb*'. During this process, the electron
transition between °D; and °D, is significantly affected by the
cross-relaxation, which relies on the concentration of the Tb*"
dopant. With an increase in the Tb>" content, a tunable long-
lasting phosphorescence from bluish to white to yellow can be
obtained owing to the enlarged cross-relaxation process.

CB rs ] 5d band
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Fig. 11 Schematic diagram of the afterglow mechanism for
GYGA:Tb®*. Note: VB = valence band, and CB = conduction band.
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4. Conclusions

A series of novel long afterglow phosphors Gd,; 5Y; 5sGazAl,-
01,:Tb*" was successfully synthesized via a high-temperature
solid-state reaction. The structural analysis demonstrated the
complete incorporation of the Tb** dopants into the host
without generating impurities. Under the irradiation of ultra-
violet light, both the photoluminescence and long afterglow
spectra displayed the characteristic emission of Tb** ions due to
the °D; (J = 3, 4) — 'F; (J = 4, 5, 6) transitions with tunable
emission color due to the cross-relaxation energy transfer trig-
gered by the concentration change in Th*". In addition, the long
lasting phosphorescence could be observed for a few hours by
the naked eyes in the dark environment after discontinuing
exposure to ultraviolet light. The TL peaks located at 351 K and
551 K were employed to analyze the depths of the traps, which
are 0.6 eV and 0.81 eV, designated as the F and F' center,
respectively, with the former being the dominant in the after-
glow emission. The formation of [Tbg,-Vg] defect clusters with
the existence of photo-excited (Tb**)" and electron-trapping
anion vacancies contributes to the emergence of the long
afterglow emission, whereby a tunable long-lasting phospho-
rescence from bluish to white to yellow can be obtained through
the electron transition between *D; and °D, modified by the
cross-relaxation related with the concentration of Tb**.
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