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Jorma Hölsä a,c,**, Maria Luisa Saladino b, Dariusz Hreniak a 

a Institute of Low Temperature and Structure Research, Polish Academy of Sciences, Okólna 2, PL-50-422, Wrocław, Poland 
b Department of Biological, Chemical and Pharmaceutical Sciences and Technologies (STEBICEF), University of Palermo, Viale delle Scienze, Bld.17, I-90128, Palermo, 
Italy 
c Department of Physics, University of the Free State, PO Box 339, Bloemfontein, ZA-9300, South Africa   

A R T I C L E  I N F O   

Keywords: 
Annealing temperature 
Persistent luminescence 
Energy transfer 
Garnet 
Chromium 
Cerium 

A B S T R A C T   

Y3(Al,Ga)5O12 (YAGG) materials doped with Ce3+, Cr3+ and Pr3+ were synthesized by using a modified Pechini 
method and subsequently annealed in air at selected temperatures between 900 and 1500 ◦C. According to X-ray 
powder diffraction (XRPD) and transmission electron microscopy (TEM) analyses, the particles and size distri-
butions become large and broad, respectively, due to sintering and agglomeration at high annealing tempera-
tures. Based on infrared (FTIR) spectra and calculation of multi-phonon de-excitation probabilities, the high 
energy O–H vibrations are not causing significant multi-phonon de-excitation of the emitting 5d level of Ce3+ if 
the annealing temperature is above 900 ◦C. The analysis of the photoluminescence excitation (PLE), photo-
luminescence (PL) and persistent luminescence (PersL) spectra as well as the luminescence decay curves revealed 
that both the energy transfer efficiency and luminescence intensity increase with increasing annealing temper-
atures. The charge carrier trapping-detrapping model was applied to explain the PersL mechanism of the YAGG 
materials studied.   

1. Introduction 

Persistent phosphors have continued to arouse great interest since 
the discovery of the green-emitting SrAl2O4:Eu2+,Dy3+ ceramic persis-
tent phosphor more than twenty years ago [1]. These phosphors play 
ever more important role as the subject of thorough spectroscopic 
studies [2–8] to reveal the PersL phenomenon in general. As a special 
genre of luminescence materials, the persistent phosphors can yield 
delayed emission for a long time, even up to hours or days, after the 
removal of the excitation source. They are widely applied in many fields, 
such as decoration [7], security displays [8], clinical medicine [9] and 
bio-imaging [10] just to mention a few representative examples. The 
emission range of persistent phosphors has been extended with a proper 
choice of dopants and host materials from the original visible to 
near-infrared (NIR) making these materials suitable for potential ap-
plications in bio-imaging of e.g. small animals [5,11–13]. Emission in 
NIR is of interest because biological tissues have rather weak scattering 
and low absorption in this spectral range [14]. At present, the research 

on PersL materials has two main objectives; the first one is the devel-
opment of new NIR emitting materials using excitation with blue-light 
emitting diodes [8,10,15–19]. As an example of such systems, the NIR 
emitting persistent phosphors Eu2+,Dy3+,Mn2+ doped Ca0.2Zn0.9Mg0.9-

Si2O6 [20] were developed and demonstrated useful as biomarkers for in 
vivo tests. The second objective is the investigation of the PersL mech-
anisms [15,17,21] which, even after 20+ years of intense work are far 
from clear. 

Although garnets are considered chemically stable materials, the 
neat lanthanum or cerium (or praseodymium) aluminum (gallium) 
aluminates with garnet structure don’t exist [22] which fact is a major 
disadvantage restricting not only a high Ce3+ doping concentration 
(needed as a sensitizer) but hampering also doping with other trivalent 
lanthanides (as activators) up at least to Sm3+. The garnet matrices can 
though be easily doped with small trivalent lanthanides in the R3+ series 
in the vicinity of Y3+. In contrast to these dopant problems, all cations of 
garnets are trivalent and there is thus no problem of charge mismatch 
though the garnet structure remains always strained. As a plausible 
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remedy to the low miscibility of the important but too large R3+ dopants, 
introduction of Ga3+ with size larger than Al3+, may have been believed 
to cause less compact garnet structure. More Ce3+ could then be doped 
into the new garnet matrix which modification should increase the ab-
sorption of the exciting radiation and enhance the energy transfer from 
Ce3+ to the emitting center (such as e.g. Cr3+ or Pr3+) as well. Accord-
ingly, the PersL phosphors based on YAGG have been studied [6,23–29]. 
For example, the YAGG doped with Ce3+ and Cr3+ have been synthe-
sized and the influence of the Ga/Al ratio on the electron transfer has 
been explored [26]. Those results indicated that the band gap energy 
decreasing with the gallium content has a significant impact on the PersL 
intensity of Cr3+, which was the most intense at room temperature for 
the Y3Al2Ga3O12 stoichiometry. 

The luminescence and especially the PersL properties of phosphors 
can also be strongly affected by the different conditions of synthesis 
[30–37]. The effect of annealing temperature on the luminescence 
properties of the YAGG phosphors is still inadequately studied, mainly 
because of the problems with synthesis of well-defined particles with 
narrow particle size distribution. In this work, the YAGG phosphors 
doped with Ce3+, Cr3+ and Pr3+ were synthesized using a modified 
Pechini method, and characterized with selected methods such as FTIR 
spectroscopy and XRPD for phase purity and structure, TEM for micro-
structure, thermoluminescence (TL) for trap structure as well as con-
ventional PL/PLE spectroscopies; also with transient decay for energy 
transfer efficiency, and, eventually, PersL spectroscopy for PersL prop-
erties. Ultimately, an updated PersL mechanism is presented that the 
authors believe is more realistic and comprehensible than those 
considered so far. 

2. Experimental 

2.1. Materials preparation 

The YAGG:Ce3+,Cr3+,Pr3+ and YAGG:Ce3+ (nominally with 0.2/ 
0.625/0.25 mol-% of Ce/Cr/Pr and 0.2 mol-% of Ce, respectively) PersL 
materials were synthesized by using a modified Pechini method 
described previously in more detail [38,39]. The gel was subsequently 
annealed at selected temperatures from 900 to 1500 ◦C for 16 h in static 
air for further investigations. 

2.2. Materials characterization 

XRPD patterns of all materials were measured with a PANalytical 
X’Pert pro powder diffractometer in the 2θ range from 10 to 80◦ (2θ step: 
0.035◦) using nickel-filtered Cu Kα1 radiation. Patterns were analyzed 
with the commercial software Match (v3.6.1.115, March 2018) devel-
oped by CRYSTAL IMPACT. The crystallite size (DXRPD) of the PersL 
materials was calculated by using the well-known Scherrer method [40, 
41] analysing the (402) reflection at 2θ angle of 32.8◦. 

FTIR spectra of phosphors were measured with a Thermo Fisher 
Scientific Nicolet iS50 FTIR Spectrometer using standard KBr disc 
technique in the range from 400 to 4000 cm− 1 with 2 cm− 1 resolution; 
collecting and averaging 64 scans. Prior to measurements, materials 
were dried at 90 ◦C for 4 h in a drying box. 

N2 absorption-desorption isotherms were registered at 77 K using a 
Quantachrome Nova 2200 Multi-Station high speed gas sorption ana-
lyser. The specific surface areas (SBET) were determined based on the 
standard BET method in the relative absorption pressure (p/p0) range 
from 0.045 to 0.250. Materials were outgassed for 2 h at 200 ◦C in the 
degas station prior to the analyses. The average particle size (DBET) of 
the materials was calculated based on the specific surface area [38,42]. 

TEM images were obtained with a JEOL JEM-2100 electron micro-
scope (capable of up to 0.19 nm resolution) working with 200 kV 
accelerating voltage. The materials were homogeneously dispersed in 
isopropanol by sonication, then a small drop of the dispersion was set on 
a lacey-carbon grid of 300 mesh. When the solvent had evaporated 

completely, the grid was placed in the TEM chamber for analysis. The 
particle size distribution of the materials was determined by linear 
intercept method based on the TEM images [41,42]. 

Excitation (250–680 nm) and emission (500–850 nm) spectra were 
measured by using an Edinburgh Instruments FLS980 single grating 
0.300 m fluorescence spectrometer equipped with a 450 W Xe lamp as 
the excitation source and Hamamatsu R928 photomultiplier as the de-
tector. Both the excitation and emission monochromators were in the 
Czerny-Turner configuration (1800 grooves/mm holographic grating 
blazed at 500 nm, 0.1 nm resolution). 

Luminescence decay curves were measured by using a Coherent 
Libra femtosecond laser emitting 100 fs pulses (at 800 nm) with a 
repetition rate up to 1 kHz, coupled to an optical parametric amplifier 
(Light Conversion Module OPerA) for tuning the laser wavelength be-
tween 230 and 2800 nm (radiation at 350 nm was used to excite the 
materials). The decay curves were recorded with a Princeton Acton 
2500i 0.5 m grating spectrograph coupled with a Hamamatsu C5680 
streak camera operating in the 200–1100 nm spectral region with a 
temporal resolution of 20 ps. The lifetimes were obtained from single 
exponential fits to the decay curves using the variance weighting scheme 
by the Origin software (v9.5 2018). In this manner the artefacts due to 
the measuring system could be eliminated and inconsiderate processes 
(usually due to use of multiexponential fitting functions) with no 
physical meaning were excluded. Energy transfer efficiencies [43,44] 
were calculated based on the luminescence lifetimes. 

Measurement of PersL of YAGG:Ce3+,Cr3+,Pr3+ was carried out after 
irradiation (for 3 min) by a Changchun New Industries Optoelectronics 
Technology MDL-III-405 blue laser diode @ 405 nm (3.065±0.017 eV at 
FWHM; beam intensity: 300 mWcm− 2). A delay of 10 s between the 
irradiation and measurement was used. The PersL spectra were recorded 
with an Ocean Optics USB2000+ Si CCD spectrometer in the range from 
340 to 1040 nm with 0.374 nm resolution. 

TL glow curves were measured with a Freiberg Instr. Lexsyg Research 
TL/OSL Reader. Laser diode radiation @ 445 nm was used as the irra-
diation source for 5 min (beam intensity: 100 mWcm− 2). The global TL 
emission between 185 and 980 nm was collected with a Hamamatsu 
R13456 photomultiplier. All modules were controlled by the LexStudio 
2 (v2.8.4, Jan 2020) and data processed with the Origin softwares 
(v9.6.0.172, 2019). 

3. Results and discussion 

3.1. Crystal structure and phase purity 

The XRPD patterns of the YAGG materials doped with Ce3+, Cr3+ and 
Pr3+ (Fig. 1) and single-doped with Ce3+ (Suppl. Fig. 1) annealed at 
temperatures from 900 to 1500 ◦C, are in good agreement with the 
XRPD pattern of YAGG (PDF #75–0555). The phase pure cubic YAGG 
with the space group Ia3d (Z: 8, a: 12.15520 Å) [45] was already ob-
tained after annealing at 900 ◦C for 16 h, and no impurity phases were 
observed with increasing annealing temperature. 

The influence of dopants on the structure of the materials cannot be 
observed with the XRPD setup used due to the low concentration of 
dopants. The patterns of the YAGG:Ce3+,Cr3+,Pr3+ and YAGG:Ce3+

materials annealed at temperatures below 900 ◦C demonstrated broad 
reflections with low intensity due to the low crystallinity and small 
crystallite size of the materials. The reflections become more intense and 
sharper with increasing annealing temperature, which indicates higher 
crystallinity and more organized crystal structure of the materials. 

3.2. Crystallite and particle size 

The YAGG:Ce3+,Cr3+,Pr3+ materials annealed at 900 ◦C are 
composed of small particles with the size mainly well below 100 nm, and 
relatively narrow particle size distribution (Figs. 2 and 3). DXRPD is ca 35, 
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DTEM ca 50 and DBET ca 60 nm (Table) which values suggest aggregation 
and/or sintering. As evidenced by the TEM studies, too, as a result of 
annealing even at this low temperature (900 ◦C) crystallites have 
commenced to aggregate and sinter. The individual and isolated crys-
tallites cannot readily be found in the powders but can be seen on the 
TEM images as parts of larger grains, thus explaining the low DXRPD 
value. The crystallite aggregates tend to form quasi-linear chains not to 
be expected due to the isotropic cubic crystal structure of YAGG with no 
evident growth directions. 

With increasing annealing temperature from 900 to 1300 ◦C, yet 
larger particles and broader particle size distributions were obtained. 
The average particle size DTEM increased now more sharply, from ca 50 
to ca 290 nm. At the same time, the DBET also increased from ca 60 to ca 
790 nm. The particle size and size distribution of the phosphors 
annealed at 1500 ◦C could not be determined, due to too large particle 
size and severe agglomeration. The larger particle sizes and broader 
distributions are caused by severe sintering and agglomeration occur-
ring at high annealing temperatures. However, the impurities - as OH 
groups – conceivably responsible for partial quenching of luminescence 
(see the following sections) can be driven away only by applying high 
annealing temperatures which leads to a difficult trade-off with 
increasing crystallite size. 

3.3. Multi-phonon de-excitation 

The FTIR spectra of the YAGG:Ce3+,Cr3+,Pr3+ materials (Fig. 4) 
exhibit several bands between 400 and 800 cm− 1. These bands are due 
to the metal-oxygen (Y–O, Ga–O and Al–O in increasing energy order) 
vibrations [46,47]. As for the high energy O–H vibrations centered at ca. 
3450 cm− 1 (FWHM: at least 310 cm− 1), the FTIR spectra indicate the 
number of O–H groups to decrease with increasing annealing tempera-
ture. The strong O–H absorption band of the material annealed at 900 ◦C 
implies that a significant number of O–H groups remain at this tem-
perature, presumably on the particle surfaces or in the pores [48,49]. 
The phosphors with large particle size have low surface area, and thus 
less surface defects [50] at higher annealing temperatures. 

The elimination of O–H groups is very important to decrease the 
multi-phonon (MP) de-excitation of luminescence [51]. The tempera-
ture dependent probability W of the multi-phonon de-excitation can be 
calculated by using Eq. (1) [52,53]: 

W=W(0)
(
1 − e− hω/kT)− ΔE/hω (1)  

Where W(0) is the spontaneous multi-phonon emission probability, ΔE 
the energy gap between the initial and final levels, and hω the phonon 
energy. The other symbols have their usual meanings. 

For the transitions between 4f levels, Eq. (1) can be reduced at 
constant temperature to a simple energy gap law where W is propor-
tional to e− ΔE/hω. In addition, the 4f wavefunctions show also weak 
electron-phonon coupling. When fitting this model to the experimental 
data (transition intensities and/or lifetimes), the simplification creates 
unfortunate problems producing more frequently than not non-integer 
number of phonons (i.e. the ΔE/hω value). To fix this problem, the 
artificial “effective” phonon energies are frequently used which energies 
may (or may not) be close to the phonon energies actually measured. 

Fig. 1. XRPD patterns of YAGG:Ce3+,Cr3+,Pr3+ for different annealing tem-
peratures (16 h in static air). 

Fig. 2. TEM images of YAGG:Ce3+,Cr3+,Pr3+ for different annealing tempera-
tures (16 h in static air). 

Z. Dai et al.                                                                                                                                                                                                                                      



Optical Materials 111 (2021) 110522

4

Other phonons in the phonon spectrum may then be used as well but 
then the simplicity of the treatment is lost. 

It may be assumed that in materials annealed at high temperatures 

the OH groups locate spatially on the particle surfaces and hence far 
away from the majority of the R3+ ions well within the crystallites. The 
OH vibrations are thus not expected to couple well with the 4f wave-
functions. Though, that said, there seems to exist somewhat conflicting 
opinions [50,54] about the impact of the OH vibrations. The MP 
de-excitation of the 4f → 4f transitions is thus carried out by the low 
energy phonons (related to the R–O bonds) below 400 cm− 1 in YAGG. 
The MP de-excitation works then rather well and can be approximated 
with the simple energy gap law for the medium range of the energy gaps 
(more exactly from 1200 to 5000 cm− 1 [55]), but less well for the low 
and high energy gap ranges. These midrange energy gaps can be found 
for the many useful R3+ ions (i.e. Pr3+, Nd3+, Dy3+, Ho3+, Er3+, and 
Tm3+) though the 400 cm− 1 phonons have not high enough energy to 
quench the emission of the essential R3+ ones such as Eu3+ or Tb3+. So 
far so good one could say, anyhow. 

To return to the 5d → 4f transitions (especially for Ce3+), the number 
of low energy phonons required to bridge the ΔE(5d,4f) energy gap is 
high resulting in very low MP rates and thus inefficient quenching of the 
5d → 4f transitions. All this despite the strong electron-phonon coupling 
typical to the 5d wavefunctions. The situation is hence, if not 
completely, at least partially reversed for the high energy 5d → 4f 
transitions, including the 5d,4f energy gap ΔE of Ce3+ (up to 16,000 
cm− 1). The simple energy gap law is not either valid anymore and one 
must return to the original one (Eq. (1)). This is also bad news for the 5d1 

→ 4f1 UV emission since the MP de-excitation of the higher 5d levels, 
using high energy OH phonons quench those emissions right away. All 
this despite the total splitting of the 5d electron configuration is usually 
more than 20,000 cm− 1 (for oxidic materials). In general, high MP 
relaxation rates and hence efficient MP relaxation able to span over large 
energy gaps can take place if high energy phonons and 5d levels are 
involved. 

In this part of the work, the two models, for both the weak and strong 
electron-coupling cases, are tentatively applied to the 5d1 → 4f1 emis-
sion of Ce3+ quenched by either the high energy OH phonons or the low 
energy R–O phonons. The results will then be compared with those 
obtained from the lifetime measurements of the 5d1 → 4f1 emission of 
Ce3+ (see section 3.5). However, the comparison may be rendered 

Fig. 3. Particle size distributions of YAGG:Ce3+,Cr3+,Pr3+ for different annealing temperatures (16 h in static air).  

Table 
Average crystallite size (DXRPD), particle size (DTEM) and specific surface area 
(SBET) of YAGG:Ce3+,Cr3+,Pr3+ with their esd values for different annealing 
temperatures (16 h in static air).  

T / ◦C 900 1100 1300 1500 

DXRPD / nm 35 59 >200 >200 
DTEM / nm 51±13 109±26 290±80 >1000 
DBET / nm 62±3 147±7 792±0 >1000 
SBET / m2g− 1 18 8 1.4 0.4  

Fig. 4. FTIR spectra of YAGG:Ce3+,Cr3+,Pr3+ for different annealing tempera-
tures (16 h in static air). 
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problematic due to the possible overlap of the Ce3+ 5d level phonon 
structure with the 4f2 and 3d3 energy levels of Pr3+ and Cr3+, respec-
tively. The energy may easily be transferred in such systems [56] – 
provided that the distance between Ce3+ and Pr3+/Cr3+ is short enough, 
of course. 

Finding the energy gap ΔE to be bridged by the MP de-excitation 
proved to be challenging despite omitting the 2F levels’ crystal field 
splitting. In principle, this gap should be the energy of the 2F7/2 → 5d1 

zero-phonon line transition. Since the energy gap between the 2F5/2 and 
2F7/2 levels is ca 2000 cm− 1, 2F7/2 level is not thermally populated at RT 
and hence no excitation from this level takes place. Moreover, not a 
trace of a distinct 5d1 → 2F7/2 emission band could be observed at RT; 
therefore, the approximate value of 2000 cm− 1 was used for the 2F7/2 
level energy. A value of 16,000 cm− 1 was used for the ΔE(5d,4f) energy 
gap. The reasons for the absence of a 5d1 → 2F7/2 emission band are 
usually not very well-known though observed uncommonly and the 
particular YAGG case will be described in detail in the forthcoming 
reports. 

As more or less anticipated, the simple MP de-excitation energy gap 
model gave unrealistic values when the R–O (or Ga/Al–O) phonon en-
ergies were used. In contrast, the more elaborate model (Eq. (1)) using 
the OH phonon energies implies that the MP de-excitation probability by 
OH phonons differs only insignificantly from the spontaneous multi- 
phonon emission probability. It can hence be concluded that the 
possible changes in the Ce3+ emission decay times (and emission prob-
abilities) should rather be due to the Ce3+→Pr3+/Cr3+ energy transfer 
than to the MP de-excitation processes. 

3.4. Emission and excitation 

The PL spectra of YAGG:Ce3+,Cr3+,Pr3+ (Fig. 5) were measured 
under the excitation at 405 nm and the PLE spectra (Fig. 6 and Sup-
plementary Fig. 2) monitoring transitions centered at 520 nm (Ce3+), 
606 nm (Pr3+) and 690 nm (Cr3+ emission). The intensities in the PL and 
PLE spectra increase with increasing annealing temperature from 900 to 
1300 ◦C, due to the elimination of the O–H groups and more organized 
crystal structure. However, with a further increase in the annealing 
temperature to 1500 ◦C, no significant enhancement of the PL and PLE 
intensities can be observed. This may be due to the oxidation of Ce3+

and/or Cr3+ at 1500 ◦C. In the PL spectra, the transitions of the Ce3+: 5d1 

→ 4f1 (band centered at 520), Pr3+: 1D2 → 3H4 (lines at 606 and 635), 
Cr3+: 4T2g → 4A2g (band centered at 709) and 2Eg,2T1g → 4A2g (R-lines at 

ca 690 nm), were detected in visible. 
In the PLE spectra monitoring the Cr3+ emission at 690 nm, a wide 

band (in the range from 380 to 510 nm) combining the excitation bands 
of all dopants (Ce3+, Cr3+ and Pr3+), shows a slight blue shift from 450 to 
430 nm with increase in the annealing temperature. This shift may be 
caused by the splitting of the 3d3 configuration and expansion of the 3d 
electron cloud of Cr3+ in the garnet matrix. This behavior was found to 
be in agreement with the Tanabe–Sugano diagram [57]. Similar phe-
nomenon has also been observed for the YAG:Cr nanocrystalline pow-
ders [58] and was attributed to an increase in the crystal field strength. 
The presence of the Ce3+ bands detected in the excitation spectra of 
Pr3+, as well as the bands of Ce3+ and Pr3+ transitions detected in the 
excitation spectra of Cr3+ indicates energy transfer from Ce3+ to Pr3+

and from Ce3+ and Pr3+ to Cr3+, respectively. The Ce3+ excitation 
spectrum monitoring emission at 520 nm is composed of not only Ce3+

bands, but also a Pr3+ band (4f2 → 4f15d1 transition, centered at 280 
nm), suggesting energy transfer from Pr3+ to Ce3+. However, energy 
transfer from Cr3+ to Pr3+ cannot be confirmed by the excitation spectra 
of Pr3+. 

3.5. Luminescence lifetimes and energy transfer 

In order to understand in more detail the luminescence processes in 
YAGG:Ce3+,Cr3+,Pr3+ (and YAGG:Ce3+), the energy transfer efficiency 
from Ce3+ to Cr3+ and Pr3+ should be calculated. The luminescence 
decay curves of the Ce3+ emission (centered at 520 nm) in YAGG:Ce3+, 
Cr3+,Pr3+ and YAGG:Ce3+ (Fig. 7) were recorded with a femtosecond 
laser excitation at 350 nm. Previous efforts using the very approximate 
effective/average lifetime approach [43] overlook, among other short-
comings, completely any quality control (i.e. visual inspection, R and R2, 
χ and model parameters’ esd values) between the calculated and 
experimental decay curves. This approach was thus considered inade-
quate, and the standard nonlinear fitting of the experimental decay 
curves to a single exponential model with variance weighting was now 
employed instead. 

All the fittings of the decay curves of YAGG:Ce3+(,Cr3+,Pr3+) 
annealed at from 900 to 1500 ◦C gave at least good results (Fig. 7). 
However, for materials where it could be envisioned that additional real 
physical processes, e.g. multi-phonon de-excitation, energy transfer and/ 
or persistent luminescence could occur, the fittings were slightly less 
good. Despite good visual examination results, the R values are not 
excellent (even below 90 %) because of the high random noise at the 

Fig. 5. PL spectra of YAGG:Ce3+,Cr3+,Pr3+ for different annealing tempera-
tures (16 h in static air). 

Fig. 6. PLE spectra of YAGG:Ce3+,Cr3+,Pr3+ for different annealing tempera-
tures (16 h in static air), monitoring the emission at 690 nm. 
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long time range owing to the closeness of the detection limit of the 
experimental set-up. After all, the intensity scale spans up to four orders 
of magnitude. In general, there exists a quasi-perennial deviation be-
tween the fitted and experimental curves in the initial part of the curves. 
The reasons to this deviation are probably related to the multi-phonon 
de-excitation caused by O–H groups, existing mainly in the phosphors 
annealed at 900 ◦C, and the energy transfer from Ce3+ to Cr3+ and Pr3+, 
more likely occurring in the phosphors annealed at 1500 ◦C [59]. 

The lifetimes for YAGG:Ce3+ and YAGG:Ce3+,Cr3+,Pr3+ obtained 
from the fitting curves have the same tendency as the approximative 
effective lifetimes (Fig. 8) but, due to irregularities in the calculation of 
the effective/average lifetimes, the latter are falsely smaller. The life-
times from the fitting procedure are definitely more reliable and were 
thus used in further calculations of the energy transfer efficiencies by 
using Eq. (2) [60,61]: 

η= 1 − τCe(Ce,Cr,Pr)/τCe(Ce) (2)  

where τCe(Ce,Cr,Pr) and τCe(Ce) are the lifetimes of Ce3+ in YAGG:Ce3+, 
Cr3+,Pr3+ and YAGG:Ce3+, respectively. The lifetimes decrease with 
increasing annealing temperature, possibly due to the higher effective 
refractive index caused by the larger particle size of powders annealed at 
higher temperatures, which could shorten the lifetime [33,36,62]. The 
lifetimes of Ce3+ in YAGG:Ce3+,Cr3+,Pr3+ are shorter than in YAGG: 
Ce3+ in the entire range of annealing temperatures, which provides 

additional proof of the existence of the energy transfer from Ce3+ to Cr3+

and Pr3+. The energy transfer efficiency (Fig. 8) was also calculated and 
increases from 13 to 35 % when the annealing temperatures increase 
from 900 to 1500 ◦C, which means that annealing at higher tempera-
tures leads to more efficient energy transfer from Ce3+ to Cr3+ and Pr3+. 
Because of long distances between dopants due to low dopant concen-
trations in the garnet system studied, the observed energy transfer 
processes from Ce3+ to Cr3+ and Pr3+ are caused by multi-polar in-
teractions [63–65]. On the other hand, because of the nominal con-
centration of all dopants is the same for all phosphors annealed at 
different temperatures, the dopants may distribute more uniformly and 
homogenously in the smaller particles than in larger ones. The clusters 
of dopants formed are due to higher mobility of dopants when higher 
annealing temperatures are applied. The energy transfer efficiency in-
creases due to aggregation and shorter distances between dopants. 

3.6. Thermoluminescence 

The thermoluminescence (TL) glow curves (Fig. 9) were applied to 
study the properties of the traps in YAGG:Ce3+,Cr3+,Pr3+. Above room 
temperature, the glow curves show very simple structure: only one band 
around 83 ◦C accompanied usually by a weak side band at distinctly 
higher temperature. The TL band of the phosphor annealed at 900 ◦C is 
centered at higher temperature (90 ◦C) probably due to the low thermal 

Fig. 7. Luminescence decay curves of YAGG:Ce3+ and YAGG:Ce3+,Cr3+,Pr3+

for different annealing temperatures (16 h in static air), fitted by a single 
exponential function with variance weighting. 

Fig. 8. Fitted and effective lifetimes as well as energy transfer efficiency of 
YAGG:Ce3+ and YAGG:Ce3+,Cr3+,Pr3+ for different annealing temperatures (16 
h in static air). Error bars are smaller than the symbol sizes as shown in Fig. 7. 
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conductivity of the phosphors caused by the small particle size. The very 
similar (trap depth and distribution) TL curves of YAGG:Ce3+,Cr3+,Pr3+

annealed at 1300 and 1500 ◦C are composed of two broad bands 
centered at 82 and 125 ◦C suggesting two kinds of traps with different 
trap depths and density. The intensity of the main TL band of YAGG: 
Ce3+,Cr3+,Pr3+ annealed at 1500 ◦C is significantly lower from the 
bands obtained at 1300 ◦C, which may indicate the oxidation of Ce3+ to 
CeIV though other possibilities exist including decomposition of clusters 
forming the trap entity. The shape of the bands of all TL curves is very 
close to symmetrical, indicating the existence of re-trapping in the 
phosphors. Further studies (e.g. trap depth determination) are needed to 
establish the feasibility of the traps for practical applications. 

3.7. Persistent luminescence 

The PersL spectra (Fig. 10) of the YAGG:Ce3+,Cr3+,Pr3+ materials 
after blue laser (405 nm) irradiation were recorded as a function of 
materials’ annealing temperature. The similar PL and PersL spectral 
shapes suggest that conventional luminescence and PersL originate from 
the same emitting centers, and thus similar energy transfer paths are 

engaged in the processes. The intensity of the PersL increases with 
increasing annealing temperature up to 1300 ◦C. A further increase in 
the annealing temperature to 1500 ◦C causes a slight decrease in the 
intensity of PersL, possibly due to the oxidation of Ce3+ and/or Cr3+, or 
the elimination of traps, which are critical for PersL. It is worth noting 
that the evolution of the TL (Fig. 9) and PersL intensities as a function of 
the annealing temperature is by no means the same. The Cr3+ emission is 
also rather weak in general. 

3.8. Mechanism of persistent luminescence 

The charge carrier trapping-detrapping model [66], an extension 
from the electron trapping-detrapping model taking into account only 
the electron excitations, was applied to illustrate the PersL mechanism in 
the YAGG:Ce3+,Cr3+,Pr3+ phosphors. Simultaneously, the impact of the 
annealing temperature on the energy transfer efficiency could be 
explained. The trapping-detrapping model for YAGG:Ce3+,Cr3+,Pr3+

Fig. 9. TL glow curves of YAGG:Ce3+,Cr3+,Pr3+ for different annealing tem-
peratures (16 h in static air). 

Fig. 10. Persistent luminescence spectra of YAGG:Ce3+,Cr3+,Pr3+ for different 
annealing temperatures (16 h in static air). 

Fig. 11. Charge carrier trapping-detrapping model for PersL of YAGG:Ce3+, 
Cr3+,Pr3+. 
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(Fig. 11) is composed of the relevant parts of the energy level schemes of 
the Ce3+, Cr3+, Pr3+ ions [9], as well as the conduction (CB) and valence 
band (VB) with the main trapping levels in the Y3Al2Ga3O12 host ma-
terials. What is remarkable is that now all data is based on appropriate 
experimental data. When the YAGG:Ce3+,Cr3+,Pr3+ phosphors are 
irradiated with blue light (@ 405 nm), some electrons of Ce3+ are 
excited to the lowest 5d level followed by thermal stimulation of again 
only some electrons to CB with the aid of lattice phonons. However, it 
would be an overstatement that these electrons would form a majority of 
the electrons promoted to the 5d levels. In fact, only a rather small 
number of electrons find eventually their way to the electron traps. In 
addition, part of the energy (not electrons) used to excite Ce3+ is directly 
transferred to Cr3+ and/or Pr3+, leading to conventional Ce3+, Cr3+ and 
Pr3+ luminescence. 

Simultaneously to electron trapping, a number of holes created at 
Ce3+, corresponding to the number of trapped electrons, are captured by 
hole traps via transfer first to and then from VB. The electron/hole 
promotion energies required are provided by the irradiation at 405 nm 
(3.06 eV) and lattice phonons being just enough to cover the total band 
gap of YAGG (ca 7 eV). 

During the de-trapping process (Fig. 11), the electrons and holes 
released by thermal energy from the electron and hole traps are captured 
at Ce3+, and, followed by radiative recombination, lead to the broad 
band Ce3+ PersL. The recombination energy may also be transferred to 
Pr3+ and/or Cr3+ thus inducing the PersL of Pr3+ and Cr3+ (Fig. 10). This 
process can be called as persistent energy transfer, in this case from Ce3+

to Pr3+ and/or Cr3+. 
As stated previously, the Ce3+ to Pr3+/Cr3+ energy transfer efficiency 

increases with increasing annealing temperature due to e.g. elimination 
of O–H groups. Another reason for the enhanced energy transfer effi-
ciency for the phosphors annealed at higher temperatures is the for-
mation of clusters which could shorten the distance between Ce3+ and 
Pr3+/Cr3+. However, as found previously in this report, the impact of 
OH groups is limited to materials obtained at low annealing tempera-
tures. On the other hand, a study of the complex formation of clusters is 
by far out of the scope of the present report. 

4. Conclusions 

Red PersL YAGG:Ce3+,Cr3+,Pr3+ phosphors were successfully syn-
thesized by using a modified Pechini method. The TEM images and IR 
spectra show that while the particle size increased, the number of O–H 
groups decreased with increasing annealing temperature. According to 
calculations based on FTIR spectra on the probability of multi-phonon 
de-excitation, the elimination of O–H groups at high annealing tem-
perature can improve the luminescence and PersL efficiency. The exis-
tence of multi-phonon de-excitation (in low annealing temperature 
materials) and energy transfer from Ce3+ to Cr3+/Pr3+ were confirmed 
by the analyses of luminescence decay curves of Ce3+. The improvement 
of energy transfer efficiency may be caused by the formation of clusters 
between Ce3+, Cr3+/Pr3+, due to the higher mobility of the dopants at 
high annealing temperature. The charge carrier trapping-detrapping 
model combined with the energy transfer was applied to explain in 
more detail the PersL from both Ce3+ and Cr3+. Further work should 
focus on the elaboration of clustering of dopants and the metal ions in 
general in YAGG and embellishment of the PersL mechanism which two 
aims are closely intertwined. 
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luminescence of Cr3+ doped Y3Al2Ga3O12, in: 12th Int. Conf. Exc. States Trans. 
Elem. (ESTE 2019), Sept. 8-13, Kudowa-Zdrój, Poland, 2019. I-27. 
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