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ABSTRACT: In order to obtain Gd,y,Pr;0;Ga;ALO;, powders w_ww s w0 l
with different crystallite sizes, a modified Pechini (sol—gel) —|%%oeCaAOn Powders Ceramics B
method was used. Powders were then used for the preparation A S O Iy % :
of ceramics by a high-pressure low-temperature sintering method. (?,f'?z:‘im I ‘\ Grain Size 1 HV == Trapsi
The impact of crystallite size and pressure applied during the
sintering procedure on conventional and persistent luminescence
was investigated and analyzed. It was found that the emission color
is strictly dependent on the crystallite size, as such phenomenon
may be used in the field of advanced anti-counterfeiting. The
spectroscopic properties of Gd,¢,Pry;Ga;AlL,O,, were character-
ized by means of photoluminescence measurements. The kinetics
of luminescence were measured in order to analyze the energy IR SER IR NI ISL LRI !
transfer between P, and 'D, excited states that also take an active

role in the persistent luminescence process. It was found that an increase in the crystallite size led to a higher energy transfer from
the *P; to 'D, level and a change in the emission color. As such, it was studied for potential application in ratiometric optical
thermometry. The effect was also investigated in terms of persistent luminescence. It was also found that the sintering pressure
causes changes in the crystallographic parameters of the powders and, in consequence, has a great impact on the optical properties of
ceramics. The conducted research gives insights into the mechanism of persistent luminescence and expands the application field of
optical storage materials.
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B INTRODUCTION There is also a significant interest in using Pr’*-doped and
co-doped materials as persistent luminescence phosphors.'*"”
Persistent luminescence is a phenomenon that describes the
continued emission of light from a phosphor even after the
ceasing of irradiation for up to a couple of hours.” It is based
on the slow release of electrons from traps that have
accumulated there during the irradiation of the material
Most of such compounds exhibit a strong emission in the
green region. However, due to the aforementioned different
applications, it is desirable to obtain a material exhibiting a red
color emission. For example, red warning signs are perceived
by humans as more important, and biomaterials that emit red
light can also penetrate through human tissues within the so-
called biological windows.”" Persistent luminescent phosphors
also offer a remarkable advantage as optical storage materials
where the phenomenon of capturing the electrons or holes in

Materials doped with praseodymium ions are very interesting
due to the fact that it is possible to obtain structures that emit
light in the red color range. The aforementioned emission
color allows for various applications, such as in electronics,
warning signs, LED displays, or medicine. Furthermore, the Pr
ion is very often used as an admixture in various compound
groups such as perovskites,' phosphates,”” or garnets.”” Even
now, lots of new research are being carried out in this area, and
as such recently a new concept for the improvement of orange-
red emission based on the Pr’*/Ce* combination has been
presented.’ From all of the aforementioned compound groups,
garnets in particular have attracted the attention of researchers
due to their chemical stability,” high quantum efficiency of
rare-earth (RE)-doped structures,’ and possibility of tuning
optical properties by cationic substitution.” The most well-
known and studied garnet structures are YAG,'"' LuAG,"?
and GGG."? However, there are several garnets with
compositions, which are more complex, and, thanks to that
often gain new unique properties. For example, Y;Fe;O,,
(YIG) is used in electronics,'* Li,La;Zr,O,, (LLZ) in solid-
state batteries,"> Ca,LnZr,Ga;0,, in white LEDs,'® or
Y;Al,Ga;0,, for bioimaging.'’
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Figure 1. XRD patterns of Gd, o,Pr3Ga;AL, 0, powders calcined at different temperatures (top) and the ceramics sintered from them (bottom).

trap centers can be utilized.”> The ultraviolet B (UVB)
persistent luminescent materials are also used in the field of
anti-counterfeiting and encryption applications.”

The aim of this work is to investigate the impact of the
crystallite size on the persistent luminescence properties of
Gd, ¢;Pr(,03Ga3A1,0,,. It has also been shown in our previous
papers that in ceramics composed of nanosized particles,
sintering pressure may affect the optical properties of the
structures.”* Therefore, a series of ceramics with grains from
tens to hundreds of nanometers were prepared and
investigated. All experiments were carried out in order to
analyze the possibility of modulation of persistent lumines-
cence color and duration. This was done because it is an
essential factor on the aspect of future applications in
temperature sensing, anti-counterfeiting, or optical information
storage. It was found that by changing the crystallite size and
applying pressure during ceramic sintering, it is possible to
modulate persistent luminescence color and duration. Based
on the obtained results, a mechanism of persistent
luminescence was proposed and discussed.

B EXPERIMENTAL SECTION

The powders used in the experiment were prepared using the
sol—gel method based on a modified technique developed by
Pechini.”® The stoichiometric amounts of gadolinium (Gd,O;,
99.99% Sigma-Aldrich) and praseodymium oxide (PrO;,
99.99% Sigma-Aldrich) in a molar ratio of 99:1 were dissolved
in concentrated nitric acid. The solution was then evaporated
and recrystallized three times to remove excess nitric acid.
Gallium and aluminum ions were added in the form of
hydrated nitrates [Ga(NO;);-«H,0, 99.9% Sigma-Aldrich;
Al(NO;);-9H,0, 98+% Sigma-Aldrich]. Citric acid (anhy-
drous, 99.5+%, ACS) as a chelating agent and ethylene glycol
(Reagent grade, POCH) as a polymer cross-linker were also
added to the solution. The solutions were stirred for 3 h and
then placed in a drying furnace at 90 °C for 7 days. As a result,
a brown resin was obtained that was put into crucibles and
calcined in air at various temperatures for 8 h. The obtained
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product was ground into a fine powder in an agate mortar. The
powder was then used in order to obtain ceramics. Ceramics
were sintered using a low-temperature high-pressure method.*®
The powder was pressed at room temperature to a S mm
diameter pellet. Then, the pellet (called green body) was
placed in a CaCOj container with a special shape. A graphite
heater was used for sintering ceramics inside the container by
means of resistance heating. The applied pressure was equal to
8 GPa and the sintering temperature was maintained for 1 min.
Gd;Ga;AL, 04, crystal nominally doped with 0.1 at. % of Pr**
used in some experiments for comparison was grown by the
Czochralski method under a nitrogen atmosphere on a (111)
plane-oriented seed, with a pulling rate of 2.5 mm/h and a
rotation speed of 20 rpm.

Equipment. X-ray powder diffraction patterns were
collected by a X’PERT PRO PANalytical diffractometer
using Cu Ka;, radiation to evaluate the structure of the
samples. Based on the XRD patterns, Rietveld analysis was
applied to calculate the structural parameters of the samples
using X'Pert pro analysis software. The morphology and
microstructure of the powders were investigated using
transmission electron microscopy (TEM) (Philips CM-20
SuperTwin operating at 160 kV). For calculations of the grain
size distribution and average crystallite size, an Image] software
was used.”” The excitation and emission spectra were recorded
using an FLS980 fluorescence spectrometer (Edinburgh
Instruments) equipped with a holographic grating of 1800
lines per mm, blazed at 300 mm focal length monochromators
in the Czerny Turner configuration, a 450 W xenon lamp as an
excitation source, and a Hamamatsu R928P photomultiplier
tube (PMT) as a detector. All spectra were corrected on a
holographic grating resolution, xenon lamp emission spectra,
and PMT sensitivity. Time-resolved luminescence spectra were
acquired employing a grating spectrograph (Princeton Instr.
Model Acton 2500i) coupled to a streak camera (Hamamatsu
model C5680), which operates in the 200—1100 nm spectral
region with a temporal resolution of 20 ps. As an excitation
source, a femtosecond laser (Coherent Model “Libra”) was
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used, which delivers a train of 89 fs pulses. To obtain light
pulses at the required wavelengths (285 and 445 nm), the laser
was coupled to an optical parametric amplifier (Light
Conversion Model “OPerA”). The luminescence kinetics was
measured using short (4 ns) pulses delivered by an optical
parametric oscillator OPO (Continuum, Surelite I) pumped by
the third harmonic of a Nd:YAG laser. The luminescence was
dispersed by a Zeiss 1 m double-grating monochromator
GDM-1000 and detected by a Hamamatsu R-928 PMT. The
decay signal was detected, averaged, and stored with a
Tektronix MDO 4054B-3 oscilloscope. The persistent
luminescence was measured using a SILVER-Nova Super
Range TE Cooled Spectrometer (StallarNet Inc.) with a 100
um slit and a 266 nm CNI laser diode (50 mW) as an
excitation source. The persistent luminescence spectra were
recorded S s after ceasing 1 min of irradiation. The
thermoluminescence (TL) glow curves and fading times
were detected by a Lexsyg Research fully automated TL/
OSL reader from Freiberg Instruments GmbH for each sample
at the same conditions. As an irradiation source, a 266 nm CNI
laser diode (S0 mW) was used. The TL glow curves were
collected with a Hamamatsu R13456 PMT. The TL curves
were recorded from 300 to 600 K at a heating rate 5 K/s after
ceasing 1 min of irradiation with a 50 mW 266 nm laser diode.
All numerical computations were done using the OriginLab
Origin v2019b software. The XPS analyses were carried out
with a Kratos Axis Supra spectrometer using a monochromatic
Al K(alpha) source (25 mA, 15 kV). The instrument work
function was calibrated to give a binding energy (BE) of 83.96
eV for the Au 4f,, line for metallic gold, and the spectrometer
dispersion was adjusted to give a BE of 932.62 eV for the Cu
2p3, line of metallic copper. High-resolution analyses were
carried out with an analysis area of 300 X 700 ym and a pass
energy of 20 eV. Spectra have been charge-corrected to the
main line of the carbon 1s spectrum (adventitious carbon) set
to 284.8 eV. Spectra were analyzed using CasaXPS software
(version 2.3.23rev1.1R).

B RESULTS AND DISCUSSION

Structure Characterization. The XRD patterns measured
for the Gd,¢,Pry3GazALO,, powders calcined at different
temperatures and ceramics prepared from them (Figure 1)
match well with the cubic structure of Gd;Ga;Al,0,, (ICSD
192182). It was shown that compounds start to crystallize
above 700 °C. The characteristic peaks assigned to the GGAG
structure were observed at and above 800 °C without any
additional reflections arising from impurity phases. The
powders crystallized in the cubic crystal structure with a
Ia3d (Z = 8) space group, where Gd** ions enter dodecahedral
positions surrounded by eight oxygen atoms (positions 24c in
Wyckoff notation). Eight coordinated Gd** have ionic radii of
1.053 A,® therefore doping with 1 mol % of Pr**, which has an
ionic radii of 1.126 A,”® only slightly affect the structure of the
matrix. It was observed that with the increase in the calcination
temperature, diffraction peaks become narrower and move to
higher 20 angles (Figure 1 right). This suggests a shrinkage of
the unit cell or introduction of stress into the lattice. Rietveld
analysis showed that with the increasing calcination temper-
ature, cell parameters as well as strains decreases (Table 1).
Such behavior has been already observed by us in our previous
work™ and is related to the defects induced by the small size
and high surface to volume ion ratio. After application of high
pressure, it can be observed that a broadening of the reflections
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Table 1. Structural Parameters of Gd, ¢,Pr,(;Ga;AL, 0,
Powders Calcined at Different Temperatures and Ceramics
Sintered from Them

bond length (A)

calc. temp. siz. strain

(°C) (nm) a (A) (%) Gd/Pr—O; Gd/Pr—0g
Powders

800 28 12.31(1) 0.036 2.424(9) 2.526(9)

900 29 12.29(6) 0.041 2.422(2) 2.524(2)

1000 31 12.28(6) 0.037 2.420(9) 2.522(8)

1100 43 12.27(4) 0.027 2.418(2) 2.520(0)

1200 74 12.27(0) 0.018 2.417(3) 2.519(1)
Ceramics

800 16 12.33(6) 0.073 2.429(5) 2.531(7)

900 16 12.29(2) 0.067 2.421(0) 2.522(9)

1000 17 12.30(6) 0.072 2.422(0) 2.524(0)

1100 22 12.28(7) 0.054 2.420(4) 2.522(2)

1200 23 12.28(4) 0.051 2.419(7) 2.521(6)

occurs. This has been assigned to the introduction of stresses
into the crystal lattice and the reduction of grain size associated
with the decomposition of the layer on the grain surface (this
effect is particularly noticeable for the smallest grains).26
Similarly, to powder compounds in the XRD pattern of
ceramics, a slight shift of the reflections toward higher angles
was observed, but the shift was much weaker in this case. As
mentioned before, Gd** and the substituting Pr’* ions occupy
dodecahedral positions, surrounded by eight oxygen atoms.
The network of Gd*>"/Pr**—0?~ and O* =02 creates an edge
of the dodecahedral site (with four octahedral and six
tetrahedral sites), and the bond length between these ions
has a great impact on the spectroscopic properties of Pr*".
For this reason, Rietveld refinement analysis was used to
calculate the impact of the calcination temperature of the
powder and sintering pressure on the bond length between
Gd**/Pr’* and O~ occupying tetrahedral (Or) and octahedral
(Op) sites (Table 1). It can be observed that a decrease in the
bond length was determined with an increase in the calcination
temperature of the powders. Interestingly, by applying
pressure, the bond length also increases. It may be an effect
of a tetragonal distortion observed in garnets, which is induced
by high pressure acting on the unit cell. This has a great impact
on the changes in spectroscopic properties of the ceramics.
TEM images were taken for all powders in order to confirm
the crystallite size and check their morphology (Figure 2). It
can be seen that with the increase of sintering temperature, the
size of the crystallites also increases. For all calcination
temperatures, the shape of the crystallites was smooth and
rounded, forming oblong structures. With the increase of the
calcination temperature, the crystallites sinter together and
form larger grains and aggregates. The distribution of the grain
size varied and for the highest calcination temperature, it was
found that crystallites range in a size from 200 to 1000 nm. For
the lowest temperature, the grain size distribution was
narrower and the average crystallite size being about 13 nm.
Absorption, Excitation, Emission, and Luminescence
Kinetics of Gd, g;Pryo3GazAl,0;,. A direct consequence of
the reduction in the lattice constant and the bond length
should be an observable increase in the band gap energy.’” It
can be best observed for nanocrystals calcined at the lowest
temperatures when the grain size was the smallest, but the
lattice constant was the biggest. This is the result of surface to
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Figure 2. TEM images of Gd, ,Pry3;Ga;Al,0,, powders calcined at different temperatures and size distribution analysis.

1.0

",
|l

)\

0.8

0.6 Grain Size T

0.4

Absorption Intensity

0.2

@
>

Energy Gap / eV

o
)

12.27 12.28 12.29 12.30

Lattice Constant / A

Single Crystal

240

260 280

Wavelength / nm

Figure 3. Diffuse reflectance spectra registered for Gd, ¢,Pr0;Ga;Al,0,, powders and single crystals.

volume ion ratio, where for the smallest grains, the cell units in
the shell have a higher impact on the structural, and in
consequence optical, properties, as compared to bigger grains.
As the energy gap is inversely proportional to the interatomic
distance, a shift should be observed for the energy band gap
toward higher energies with the increase in grain sizes
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(decrease of the bond length). To evaluate this assumption,
absorption spectrum of the GGAG single crystal doped with
0.1 at. % Pr’* was measured and compared with the diffuse
reflectance spectra of the powders calcined at different
temperatures (Figure 3). Because in powder compounds, the
concentration of surface ions is higher than that for single

https://doi.org/10.1021/acs.jpcc.2c00672
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crystals and the incorporation of the luminescent ions affect
the UV absorption edge of GGAG and may shift it between
209 and 230 nm (5.93—5.39 €V)*"** the spectra measured for
single crystals is shown only for an error related to the
nonlinearity of the mirrors used during the measurement.
However, because the measuring system was the same for all
powders, the changes observed in the position of the
absorption edge can be regarded as being dependent on the
grain size. For the determination of band gap energy (E ), the
following common formula was used*

(ahv)" = A(hv — E,) (1)
where n = 2 means direct band gap, n =1/2 indirect one, a is
the absorption coeflicient, hv is the energy, and A is a constant
of material under study. From the spectra, absorption edge
energy gap (E,) value was calculated for all samples with n = 2.
For GGAG smgle crystal doped with 0.1 at. % Pr*, the
absorption edge is located at 209.3 nm (5.92 eV). For the
powders calcined at 800, 900, 100, 1100, and 1200 °C, the
energy gap is equal to 5.44, 5.60, 5.65, 5.67, and 5.68 eV,
respectively (three significant numbers have been selected here
due to the fact that the calculation error has three decimal
place accuracy). This shows that the size of the grains as well as
surface ions (that are responsible also for the unit cell
expansion) have a great impact on the spectroscopic properties
of Gd,g,Pry3GasALO,. Because the ceramics were not
transparent, the measurements for them were also made in
the reflectance mode (Figure S1), but, in this case, at the
lowest wavelengths (below 250 nm), the light scattering on
their surface did not allow one to determine the absorption
edge. Another interesting fact observed in reflectance spectra is
that the allowed 4f—5d transition of Pr’* with maximum at
about 238 nm for the smallest grains overlaps with the
absorption edge of the matrix. As such, this may have a
significant impact on the persistent luminescence due to the
higher probability of energy transfer via the conduction band.

The excitation spectra of powders calcined at different
temperatures and ceramics prepared from them were registered
at room temperature (Figure 4). The left side of this figure
shows the excitation of the D, state (observed for the 'D, —
H, transition at 607.8 nm), whereas the right side the
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excitation of the *P, multiplet (observed for the *P, — *Hg
transition, 617.6 nm). All excitation spectra ("D, and *P,) were
composed of sharp lines and were assigned to f—f transitions in
Pr’* jons, observed at 451, 462, 474, 488, and 591 nm
corresponding to °P,, 'Lg, *P}, *Py, and 'D, levels, respectively.
At lower wavelengths, characteristic peaks associated with Gd**
ions are observed, corresponding with the intraconfigural
transitions from the ground state °S,, to 6P7/2 (308.5) and
°p, /2 (314 nm) levels. This shows energy transfer from matrix
component Gd** to optically active Pr**. The positions of all
lines were confirmed with the absorption spectrum of GGAG
single crystals doped with 0.1 at. % of Pr** (Figure 3).

In all spectra, a broad band with a maximum at around 288
and 295 nm was observed for both powders and ceramics,
respectively. This band corresponds to *, — *,°d, transition.
It can be seen that the 5d band is much stronger for powders
as compared to ceramics. This may suggest that in the case of
ceramics part of the energy is transferred directly to the host
matrix. It can also be observed that the intensity of the band is
the highest for compounds with smaller particle sizes and with
an increase in the grain size, the intensity of the 5d band
decreases. For the single crystal, intensity of the bands was
much lower and separation of the band into two components is
clearly observed. The bands peaked at 285 and 240 nm and
were assigned to the lowest 4f(*H,) — 5d; and 4f(*H,) — Sd,
transitions, respectively.”* It is worthy to note that when
comparing to single crystals, in the case of both powders and
ceramics, both Sd bands were closer together and shifted
toward higher energy. The interfered areas of the f—d bands
near 290 nm and the f—f P,, 'L, °P,, and 3P, bands in blue
(SPJ) are gathered in Table 2.

Overall, emission spectra in the region of 470—750 nm are
presented in Figure S. The spectra are composed of transitions
originating mainly in the *P, and 'D, levels. The most intense
line is situated at 486 nm and was assigned to the P, — *H,
transition. The band in the region of 525—575 nm was
assigned to the transitions from the *P; and °Pj state to the
3H; level. The *Py—*H; (A] = §) transition is forbidden due to
selection rules in the frame of the Judd-Ofelt theory;*>~**
however, in opposition to other compounds***’ is easily
observable in garnets. Additionally, due to Boltzmann

https://doi.org/10.1021/acs.jpcc.2c00672
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Table 2. Ratios of 5d to 'D, and 3P, Levels Observed for
Gd, 4,Pr(93Ga3A1,0,, Powders and Ceramics

'D, area 3P, area
calc. temp. ratio ratio
° 'D, 5d 5d/'D, °p; 5d 5d/°P;
Powder
800 16.82 19.27 115 15.37 949 0.62
900 16.60 17.10 1.03 14.84 7.56 0.51
1000 16.06  18.40 115 13.90 8.14 0.59
1100 1622 1571 0.97 1433 6.56 0.46
1200 16.64 15.06 091 14.79 7.10 0.48
Ceramic
800 18.33 9.21 0.50 15.61 499 0.32
900 18.29 7.93 0.43 15.54  4.07 0.26
1000 16.60 8.74 0.53 14.06 4.29 0.30
1100 17.31 7.55 0.44 15.64  3.70 0.24
1200 17.47 7.91 0.45 14.34 407 0.28

population levels at 300 K, an allowed (AJ] = 4) transition from
the *P, excited state to the *Hg multiplet was seen at about 533
nm. Observant readers can find that the band at 607 nm
(Figure 6) strongly depends on the calcination temperature.
This band was ascribed to the 'D, — *H, transition. The
transitions, in which the AJ = 2, are known as hypersensitive
transitions and are maximally dependent on the environment
near the lanthanide ions. It has been found that the strength of
these transitions depends more on the electronegativity of the
ligand than the symmetry."’ However, in the case when all
ligands are the same (e.g, oxygen atoms), it describes the
symmetry. In the presented system, oxygen is the only type of
the ligand and the change in the strength of 'D,—°H,
transition depends on the grain size, bond length, and the
induced strain. In the case, when strain is lower and the size of
the grains is larger the intensity of this band should be smaller.
This fact is in full agreement with data presented in Table 1
and Figure 2. By increasing the temperature from 800 to 1200
°C, we can observe reduction in strain. It is interesting that
after the application of pressure the intensity of this band
increases as compared to the powders used for sintering. This
behavior can be explained by continuing the discussions

outlined above. During sintering in the ceramics due to the
large forces acting on the grains under a very high pressure, a
large strain was induced in all cases. This strain has been
“frozen” in the ceramics™* and after the sintering process may
act as an additional defect in the structure. Another important
fact is that under the high pressure a part of the surface in small
crystallites may decompose, which leads to a decrease of the
grain size of ceramics. Furthermore, as it was shown above, the
bond lengths in the ceramics also increases as compared to
powders. Such processes in the ceramic lead to the change in
the crystal environment of the Pr’* and, in consequence,
change to affect energy transfer between the 5d level and °P,
and 'D, multiplets.

Figure 7 shows luminescence spectra in the region of 475—
675 nm recorded with femtosecond excitation with 285 and
445 nm wavelengths and streak camera collection. Such
equipment allows us to observe the changes in the
luminescence at different time-widows. For better clarity, the
time windows after the initial pulse were: 0—200, 200—400,
and 400—600 us. The 6a and 6b spectra look rather similar
except for the 600—650 s fragment that has been discussed
earlier. The dominant band was situated near 487 nm and was
assigned to the *Py—>H, transition. In the next time window of
200—400 us (6¢) under 285 nm excitation luminescence, it
was observed originating from both the *P, and 'D, multiplets.
In comparison to the 6a spectrum, the luminescence of the ‘D,
level, situated at ~607 nm, is much stronger and possessed the
same intensity as the arising °P, state. When the excitation
wavelength is changed to 445 nm (6d), only the emission from
the 'D, state is now seen. Next spectra (6e, f), for a time
window of 400—600 us, show that excitation into the *P, (f—f
transition) at 445 nm was finished with the emission from ‘D,
multiplet, whereas upon 285 nm excitation (f—d excitation
band) luminescence coming both the *P; and 'D, states was
seen.

Kinetics of Luminescence. The lifetime of the P, state
should differ as compared to the 'D, multiplet as was shown in
earlier works.”> The lifetime values for the *P; and 'D, states
have been calculated to be 21 and 206 ps, respectively. Figure
S2 shows the decay curves of luminescence recorded for *P,
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(487 and 565 nm) and 'D, (607 nm) states under 285 and 445
nm excitation recorded at 200 or 1000 us time windows. As
one can see, the decay profiles for excitation under 445 nm
were much faster than for 285 nm. Probably, the excitation
with 285 nm not only excite Pr’* into the 4f—5d band but also
the energy is stored up in some defects and is released from
them slowly. It can be especially seen from the curve observed
at 487 nm. Detailed information about the behavior of decay
curves of the *P, and 'D, luminescent states is presented in
Figure 8 and Table 3. In this case, the metastable multiplets
were excited directly with the use of an optical parametric
oscillator (OPO). One can see that these curves in the case
when grains were the smallest were non-exponential. There-
fore, for comparison the average lifetime has been used,*

which is defined as

~ ftI dt

Idt

o @)
where where I is the intensity of luminescence and t represents
time. For all analyzed calcination temperatures, the mean
lifetimes do not differ much and are calculated to be 213 us for
the 'D, and 22 us for the *P, multiplets (see Table 3). These
values are in agreement with the data published earlier as well
as calculated in the frame of Kornienko Modification of the
Judd—Ofelt Method.*

Temperature Sensitivity of Gd, 4,Prq¢3GazAl,0;,. The
emission spectra of Gd, ;Pry13Ga;Al,0,, powders calcined at
various temperatures as well as ceramics made from them were
measured at the wide temperature range from 83 to 573 K
(Figure S3). For better comparison, the spectra measured for
both powders and ceramics made of the smallest grains are
given in Figure 9. It can be noticed that the grain size and
sintering pressure have a great impact on the energy transfer
between f levels of Pr’*. From the data given in the figure, it is
clear that temperature dependencies are related the change in
the grain size (annealing temperature) and the pressure applied
in the sintering process. It should also be noted that for larger
grains (annealed at a higher temperature), low-temperature
spectra show a sharp peak at around 692 nm and a wide band
between 750 and 850 nm. It may be caused by the
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unintentional Cr’* admixture appearance in the structure
which is an impurity from the Al precursor used for the
synthesis. As the infrared emission has been observed in the
GGAG structure even at extremely low concentrations of Cr**
(15 ppm),** the luminescence observed at low temperatures
was assigned to the Cr’" impurities from the precursor.

In order to check how the temperature influences the
emission bands arising from individual levels, the integrated
intensity at a given temperature was calculated for the four
transitions (Figure 10). For the calculations ‘P, — °H,
(centroid at 492 nm), *P; — *H; (at 540 nm), 'D, — *H,
(at 603 nm), and *P, — °F, (at 660 nm) transitions were used.
Because part of the emission from 'D, to the ground state
overlapped emission from the *P, to *H, level the calculations
performed for this transition have the greatest error. For the
samples composed of the smallest grains a decrease of the
intensity of transitions from the P, excited state can be
noticed with the rising temperature. While the intensity of
transitions from 'D, and °P; levels increases. For samples
composed of larger grains, the situation changes and up to a
certain temperature the intensity of all transitions increases
with the temperature. It is interesting that the temperature
when the intensity of particular transitions starts to decrease
increases in the case when grains are bigger. Also, the point
where the decrease in the intensity of the *P level transition
intersects with the increase in the intensity of the 'D,
transition shifts toward higher temperatures as the grain size
increases. This phenomenon has been reported to be related to
the ratio of the surface to volume ion ratio and participation of
the “superficial” ions in electron—phonon interactions.*
Recently, Bolek et al.** have shown that by engineering the
band gap by varying the ratio of Ga to Al in garnets, it is
possible to control the thermometric properties of these
materials. In that work, similar modifications have been
induced by changing the grain size. The observed phenomena
also have a great impact on energy transfer between d and f
excited levels, which leads to changes in the persistent
luminescent properties.

The effect of the changes of the emission intensity as a
function of temperature is commonly used for temperature

https://doi.org/10.1021/acs.jpcc.2c00672
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Figure 7. Time-resolved luminescence spectra of 'D, and *P, multiplets of Pr**

ceramics.

upon excitation at 285 and 445 nm measured for powders and

sensing. In Gd,,Pry¢3GazAl,Oy,, several transitions can be
used to calculate temperature dependencies, but from the
application point of view, it is the most important to find the
transition with the highest sensitivity as well as with the widest
temperature range where this dependance is linear. The
sensitivity based on the luminescence intensity ratio, S, and
can be expressed as

1
LIR

dLIR
dar

X 100%

r

©)

where LIR is the luminescence intensity ratio of particular
transitions. "

The LIR for all combinations of transitions in Pr’* have been
calculated and the integral intensity ratio between *Py — *Hj
and 'D, — °H, transitions has been chosen as an optimal
thermal sensor due to the unique value of LIR in the whole
temperature range as well as the largest range of LIR values
(Figure 11). It is caused by very low intensity dependence of
the P, — *Hj transition on temperature. The values of LIRs
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were similar for powders and ceramics, and it has been found
that these values are higher for when compounds are made up
of smaller grains. The LIR values change from about 0.5 for 83
K up to about 2.0-2.5 for 573 K.

The relative sensitivity according to formula (3) has been
calculated for ceramic as well as for powder samples. It was
found that the grain size effect is observed and the relative
sensitivity increase with the grain size. The relative temper-
ature sensitivity is the highest for the powder with the biggest
grains (highest calcination temperature) and ceramic prepared
from them and have values of 0.423 and 0.380%/K,
respectively (Table 4). For the lowest annealing temperature,
deviations from the dependence of the grain size on the
temperature sensitivity can be observed, which may be the
effect of a much larger share of surface ions in the temperature
effect. Higher temperature sensitivity may lead to the faster
electron transfer from the traps to the conduction band and in
consequence improving the persistent luminescence. However,
it is also important to mention that this effect takes place
mainly on the surface of the crystallites, therefore in ceramics,
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Table 3. Measured Lifetimes and Efficiencies of 'D, and P,
Multiplets in the Gd, y,Pr,(;Ga;Al,0,, Powder and
Ceramic Samples as the Function of Calcination
Temperature

lifetime ps efficiency (17) %

calc. temp. °C D, 3P, D, 3Py
Powder
800 200.51 20.36 90.14 88.10
900 217.4S 22.85 97.75 98.87
1000 213.55 23.11 96.00 100.00
1100 222.44 22.53 100.00 97.50
1200 210.08 21.24 94.44 91.92
Ceramic
800 89.40 20.73 87.64 83.66
900 94.206 21.64 92.35 87.33
1000 97.93 22.63 96.00 91.32
1100 102.01 24.77 100.00 99.96
1200 97.67 24.78 95.75 100.00

where the “active” area is much smaller, this effect will be
weaker.

Persistent Luminescence Spectra of
Gd,; 9;Prg03GazAl,0,,. For Gd,o,Pry0;GazALO,, powders
and ceramics, persistent luminescence spectra were measured
after ceasing UV (266 nm) irradiation. It was found that after
excitation with 450 nm (2.72 eV) light there was no persistent
luminescence, which may indicate that this energy is too low to
transfer carriers to the traps near the conduction band.
Interestingly, despite high-energy excitation (266 nm, 4.66
eV), persistent luminescence from the Sd level was not
observed as described by Yuan et al.*” This is probably due to
the overlapping of the 5d band with the absorption edge of the
matrix and an immediate energy transfer to the lower energy
levels. The samples were irradiated for S min and 10 s after
switching off the excitation source, the emission spectra were
collected (Figure 12). The persistent luminescence spectra are
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similar to the conventional luminescence indicating the same
emitters (Pr’*). The peaks in persistent luminescence spectra
are broader as compared to the conventional luminescence
because of the lower resolution of CCD camera used for
measurements. Feng et al. has shown that for Lu;Ga;AL O,
doped with a 0.3 mol % Pr** band corresponding to the 'D, —
*Hj transition is more intense in persistence than in
conventional luminescence.”® In the presented material, this
effect is not observed due to higher concentrations of Pr** ions.
This suggests that a part of the electrons released from the
traps may pump to the 'D, level by direct energy transfer. The
red component of the spectra associated with the emission
from the 'D, level has the highest share in the total emission
for powders obtained at the lowest temperatures (and ceramics
obtained from them), for these samples the emission color is
red. In the case of powders and ceramics with largest grains,
the emission from this level is less intense, and the
luminescence color is white/green. The calculations of the
XY coordinates for powders and ceramics show that for
ceramics the emission color has more red component as
compared to the powders (Figure S4).

The luminescence fading curves were registered for all
structures after ceasing 266 nm irradiation (Figure 13). The
curves are presented in a logarithmic scale and it can be seen
that they are multi exponential. All curves were fitted using the
biexponential decay model, which indicates that the
persistence luminescence process comprises of at least two
different energy transfer processes. The fast component is
related to bright emission coming from shallow traps and the
longer component comes from deeper traps and is responsible
for the longer duration of the emission. As shown in Figure 13,
persistent luminescence was stronger and longer for the
ceramic samples. This suggests that for ceramic sample trap
depth is more broadly distributed and the deep ones have a
greater contribution in the persistent luminescence. The
calculation of the luminescence fading times shows that both
components are longer for ceramic samples (Table S). For
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Figure 10. Changes in the emission intensity of individual transitions in the function of the temperature calculated for Gd,o,Pry0;Ga;ALO,,
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slower component, the changes are less pronounced than for
longer components, but it is clear that the sintering of the
powders has a great impact on the distribution of trap depth.

Thermoluminescence Gd, q;Prq3GazAl,04,. To inves-
tigate the release processes of stored energy from
Gd, ¢7Pry3Ga3Al,0,,, TL curves were measured after
irradiation with a UV laser diode (266 nm) over 300—600 K
(Figure 14) temperature range. TL curves were measured for
powder and ceramics 1 min after ceasing irradiation. For all
structures, the glow curves were composed of at least three
broad bands, and their intensity changes as a function of the
grain size. It is interesting that for the smallest grains the most

intense band is located at higher temperatures (higher energy)
and with an increase of crystallite size, the high energy band
disappears and the intensity of the band observed at lower
temperatures (lower energy) increases. This behavior is
observed for both powders and ceramics. It may be related
to the optical quality of crystallites that grow above certain
temperatures and the relaxation processes which occur faster,
with less electrons that can be trapped. It can be also observed
that for the ceramics the bands are shifted toward higher
temperatures (Table S). This may explain longer emission
from ceramic samples, as the energy needed to release the
electrons from traps is higher and takes more time. Also, the
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Table 4. Relative Temperature Sensitivity at 300 K
Calculated for the Gd,y,Pr;(;Ga;Al,0,, Powder and

Ceramic Samples

calcination temperature (°C)

800
900
1000
1100
1200

relative sensitivity @300 K (%/K)

powders ceramics
0.315 0.280
0.293 0.231
0.378 0.383
0.408 0.365
0.423 0.380

intensity of the low energy band was S times higher, which
suggests that the same amount of energy released more

electrons, and therefore a more intensive emission is observed
from ceramic samples. The change in the ratio of high to low
temperature band has been also observed earlier by us in the
case of Tb**-doped garnet and was related to the concentration
of the dopant ion.*”” In this case, the concentration of the
luminescent ion is constant and only the size of the grains is
changing. This leads to the conclusion that in the case of
persistent luminescence, energy transfer may take an active role
in the surface ions, where the crystal field affecting optically
active ions changes the most.

The glow curves were analyzed using the OriginLab 2019b
software. The results of the fitting are presented in Table 6.

A simple analysis model was used based on the estimation of
the trap depths from the location of the glow peak that has
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Figure 12. Persistent luminescence
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Figure 13. Fading of persistent luminescence registered for
Gd, 97Pr03Ga;A1,0,, powders and ceramics.

Table 5. Fading Time of Persistent Luminescence of
Gd, o,Pr( 13Ga;Al,0,, Powders and Ceramics

fading time

calc. temp. (°C) powder ceramic
7 (s) 7 (s) 7 (s) 7 (s)
800 35 164 39 183
900 36 162 38 172
1000 37 170 40 180
1100 37 173 38 172
1200 34 159 NY 218

been proposed by Urbach.®® This model introduces large
simplifications and assumes that charge carriers recombine
with luminescent centers and are not caught again by another
trap, but it is used here to show the variation in depth and
distribution of traps depending on the grain size of the
powders and the applied pressure. The analysis shows several
facts. First, it can be seen that for the powder energy of all traps
is lower and after applying pressure, they become deeper.
Second, the decrease of the contribution of deep traps with the

increase in the grain size was also noticed for both, powders
and ceramics. Third, traps with the medium energy have
similar contributions in all structures and in the case, when
samples are made up of larger grains more shallow traps are
observed. Lastly, traps with an average value of energy are
likely to play the role of a bridge between deep and shallow
traps and in view of this, despite the significant overall
contribution to the distribution, they are inconspicuous in
terms of changes in optical properties.

When considering the nature of the traps, two main facts
should be taken into account. First is the use of the multivalent
oxide PrsO,; as a precursor. During synthesis, the praseody-
mium ions may not be completely reduced and coexist in the
matrix in a mixed-valence state (Pr**, Pr*"). Second is the
presence of the oxygen vacancies V,°°, resulting from
calcination in an air atmosphere.

X-ray Photoelectron Spectroscopy of
Gd, o;Prg03GazAl,0,, Powders and Ceramics. To check
for the presence of Pr*' ions and to confirm the valence of
praseodymium ions in the host, the X-ray photoelectron
spectroscopy (XPS) analysis was performed (Figure 15). As a
reference for Pr** and Pr**/Pr*, fitting models PrNO;-6H,0
and Pr¢O,; compounds were used. Spectra obtained for both
powders and ceramics demonstrate spin—orbit splitting (3ds/,
and 3d;/,) and also multiplet splitting of Pr3d core level. The
bands at 930.6, 935.5, 939.4, 947.6, 951.2, 956.0, and 960.0 eV
are associated with the characteristic, complex chemical state of
Pr*, and the ones at 928.9, 933.3, 949.5, 953.8, and 958.0 eV
correspond to the Pr** state.”*"** It can be noticed that the
multiplet intensity decreases with the increase of the
calcination temperature. This behavior is most probably
related to the small concentration of Pr’" ions and the size
of the particles. It was shown by Baer™ that the XPS
penetration depth is dependent on the energy of the
photoelectron and material, but nominally is considered to
be about 10 nm. As such, for small particles, XPS senses the
whole particle (the analyzer “sees” the signal from all present
Pr** ions and not only from the surface); therefore, the signal
may be strengthened. Unfortunately, this phenomenon is less
visible in the case of powders and ceramics, as the scattering
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Figure 14. Thermoluminescence glow curves registered for Gd, g;Pr03Ga;Al,0,, powders and ceramics.
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Table 6. TL Glow Curve Parameters Calculated for Gd, g,Pr,;Ga;Al,0,, Powders and Ceramics

calc. temp. (°C) TL parameters powder ceramic
800 T/K 373 412 478 390 487 498
E/eV 0.75 0.82 0.96 0.78 0.97 0.99
share/% 17.5 30.0 52.5 7.6 63.4 28.9
900 T/K 369 397 461 392 428 506
E/eV 0.74 0.79 0.92 0.78 0.86 1.01
share/% 21.8 40.3 379 26.3 23.4 50.4
1000 T/K 373 402 447 393 419 494
E/eV 0.75 0.80 0.89 0.79 0.84 0.99
share/% 23.3 39.6 37.1 31.3 39.7 29.0
1100 T/K 373 401 ERN) 39S 420 464
E/eV 0.75 0.80 0.91 0.79 0.84 0.93
share/% 25.1 42.1 32.8 29.2 40.6 30.2
1200 T/K 371 408 472 393 423 479
E/eV 0.74 0.82 0.94 0.79 0.85 0.96
share/% 9.0 14.6 76.4 22.6 479 29.5
Gd, 6,Pr05GaAL0,,  Powders ' ' " Ceramics Table 7. Area Percentages of Pr?*/Pr*" Photoelectron Lines
_Ei: Pr 3dy, of Gd, y,Pr;¢;Ga;Al,0,, Powders and Ceramics
r—Fit A' r Pr3dae 7 area percentage of Pr’* and Pr** (3d;, and 3d;),)
1200°C
) 5& T (°C) Pr** (%) Pr*t (%)
g 8 1L | Powders
< 1100°C 800 83 17
k5 900 81 19
Tt ' 1H000°C . 1000 79 21
% 1100 84 16
Z |900°C 900°C 1200 84 16
N 7 Ceramics
. 800 8s 15
g00°C 800°C 900 71 29
960 950 940 930 960 950 940 930 1000 82 18
Binding Energy / eV 1100 84 16
1200 84 16

Figure 15. Pr 3d high-resolution XPS spectra of Gd, ¢,Pr¢;Ga;ALO,
powders and ceramics.

there is much higher and the signal is much noisier. Analysis of
the XPS spectra confirms the coexistence of Pr** and Pr* in
powders and ceramics. For all samples, the Pr**/Pr** remains
constant, only for the samples consisting of the smallest grains
(900 and 1000 °C powders and ceramics 800, 900 and 1000
°C) a small deviation from the norm can be observed (Table
7). Considering that XPS is a surface-sensitive analysis method,
this deviation may be a result of the fact that the surface/
volume ion ratio for these samples is the biggest. It may be also
the effect of hydroxyl group formation near the crystallite
surface and the hygroscopic nature of praseodymium.’* The
Pr** in an 8 coordinated environment has an ionic radius of
0.96 A,”® which suggests that it will occupy the dodecahedral
sites of Gd*>* (r = 1.053 A at CN = 8) in Gd, ¢,Pry,0;Ga;ALO .
Therefore, it can be assumed that Pr** incorporated into the
crystal lattice will generate a positive charge defect Prg,®.
Taking into account TL and XPS analyses, it can be assumed
that the main role in the persistent luminescence will played by
two types of positive charge defects. The Pr*" incorporated
into the crystal lattice will create Prgy® and calcination and
sintering under an air atmosphere will introduce oxygen
vacancies V,*°.

Mechanism of Persistent Luminescence. Based on the
absorption data, the energy of band gap (the bottom of the CB
was designated based on the calculations from the diffuse
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reflectance spectra and the energy of the valence band was
estimated based on the Dorenbos’s considerations regarding
the location of divalent and trivalent lanthanide impurity
levels™ and two 5d levels were taken and together with exited
levels registered in excitation spectra and trap depths
calculated from thermoluminescence measurements a mecha-
nism of persistent luminescence is proposed (Figure 16). Upon
266 nm irradiation, the electrons are excited from the ground
state to the 5d level and due to relative small thermal activation
energy also to the conduction band (I). Part of the electrons
recombine directly with the excited states of Pr** and
conventional luminescence is observed. Another part of the
electrons is transferred through the conduction band to the
traps located just below it where they are captured (1I). Under
continuous irradiation, the shallow and deeper traps are filled.
After ceasing the irradiation under thermal stimulation at room
temperature, the same route is used to transfer released
electrons from shallow traps to the Sd and consequently, 4f
levels (°P,, , and 'D,) of Pr*". The electrons from excited Pr**
levels return to their ground state causing persistent
luminescence (III). Simultaneously, the electrons captured in
deeper traps may be transferred to the nearby ionized Pr’*
through direct tunneling, which also leads to the persistent
luminescence. It is important to note that the energy of the
traps in ceramics is higher (which means they lie further from
the bottom of the conduction band but closer to the excited
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Figure 16. Mechanism of persistent luminescence in the
Gd, 97Pr03Ga3A1,0,, powders with different grain sizes and ceramics
made of them.

levels of Pr**), which may promote direct energy transfer from
the trap to the excited level of Pr** (IV). Because the share of
deep traps in the samples made up out of the smallest
crystallites (and after applying the pressure) is the highest, the
probability of direct transfer to the 'D, level is greatest, which
is seen as an increase in the share of red color in conventional
and persistent luminescence for these materials.

Bl CONCLUSIONS

A series of novel persistent luminescent powder and ceramic
phosphors doped with praseodymium ions were successfully
synthesized via a sol—gel method. For powders and ceramics
composed of different size grains, a systematic study of their
crystal structure indicated a well-crystalized cubic structure. A
decrease in the Pr**—0?" bond length with an increase in the
grain size for powders and ceramics was observed. In the case
of ceramics, this is an effect of a tetragonal distortion observed
in garnets induced by high pressure acting on the unit cell.
This effect has a direct impact on the energy gap value. For the
powders calcined from 800 to 1200 °C, the band gap energy is
increased from 5.44 to 5.68 eV, respectively. It was found that
the *, — *,°d, transition is much stronger for the powder
then for ceramics, which may suggest better energy transfer
directly to the conduction band. It was also shown that the
emission from the 'D, level strongly depends on the grain size.
The change in the luminescence intensity observed for
particular transitions as a function of the grain size was utilized
for the temperature sensing and was linked to the release of
electrons from traps in term of enhancement of persistent
luminescence. The materials made up out of the biggest grains
can be effectively activated by UV radiation and exhibit intense
persistent luminescence in the visible range. The persistent
luminescence mechanism was constructed based on the band
gap energy calculated from absorption spectra, 4f and 5d levels
extracted from emission and excitation spectra, type of the
traps revealed from XPS measurements, and trap depths
calculated from thermoluminescence measurements. The
proposed model shows the effect of crystallite size and
pressure applied during ceramic sintering on the efficiency of
energy transfer and can be applied for the development of
other compounds doped with Pr** exhibiting persistent
luminescence.
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