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In this work, we present a comparative study of LaAlOs:Pr** materials in both crystalline and amorphous speci-
mens, exploring how structural differences influence their optical properties. Polycrystalline powders with a
perovskite structure were synthesized via high-temperature solid-state reaction, and then transformed into
spherical amorphous forms (~1 mm diameter) using the aerodynamic levitation method with CO, laser
heating. Comprehensive structural (XRD, SEM, and EDS) and spectroscopic (emission, excitation, and decay
time) analyses were performed. Particular focus was given to visible-to-ultraviolet upconversion in LaAlO3z:2%
Pr** samples under 444 nm laser excitation. The study revealed distinct differences in luminescence behavior
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between the crystalline and amorphous phases, with the former showing enhanced upconversion efficiency.
These results underline the critical role of local structural environments in tuning the photonic properties of
Pr¥*-doped materials, offering valuable insights for the design of next-generation optical devices with appli-
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Introduction

Praseodymium ions are well known for their ability to have
optical transitions that enable them to be used in various
fields such as optoelectronics, lasers and luminescent
materials. In the case of Pr** ions present in an amorphous
material, their spectroscopic properties, such as light absorp-
tion and emission, depend on the local structure of the sur-
rounding matrix. These ions are particularly important in the
context of luminescence properties resulting from their energy
transitions of the of 4f-4f and 5d-4f types." Electron transfer
at these levels results in intense light emissions that can be
tuned by modifying the deposition conditions and host struc-
ture. They are very well known for their fluorescence tran-
sitions in the visible range, starting from cyan, through green,
orange and going up to deep red.> One of the interesting
effects that can occur in materials with Pr’* ions is the upcon-
version effect, which is a process in which two photons of
lower energy are absorbed by a Pr*" ion and then emitted as
one photon of higher energy. This effect is particularly inter-
esting in the context of optical materials, as it allows the cre-
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cations in photonics, optoelectronics, and UV-based technologies.

ation of materials that can be excited with lower energy light
and then emit higher energy light.**

There are quite a few literature reports regarding the
luminescence properties of Pr’* ions, in both single crystals
and polycrystalline LaAlO; powder. Interesting results were
obtained by one of us in ref. 5, in which the spectroscopic pro-
perties of the Pr’” ion in the LaAlO; crystal were analyzed. It
was shown that a single crystal exhibits a long °P, lifetime,
which does not depend on temperature, while the intensity of
emission from the 'D, level does. The results obtained allowed
us to state that the tested material is a promising laser system.
Valuable results were presented in the paper,® where it was
shown that by controlling the nanocrystallite size it is possible
to tune the structure and thus the spectroscopic properties of
the LaAlO; nanocrystals. These materials have been studied
quite extensively in the field of thermoluminescence. The
obtained results show that LaAlO;:Pr** can be used as a ther-
moluminescent material for diagnostic measurements of X-ray
beams.””® The properties of cathodoluminescence were also
studied, with possible applications in the field of dosimetry or
in devices emitting UV radiation.’®'" A comparison between
the luminescence efficiency of the same material in a crystal-
line and amorphous form containing Ln*" ions is not new, as
it has been carried out and published many years ago by
George Blasse and his co-authors in the paper.'* Nevertheless,
to the best of our knowledge, no publications present the
optical properties of LaAlO; doped with Pr** ions with amor-
phous structures, obtained by the aerodynamic levitation
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method; therefore, the results presented in this paper are
innovative.

In this work, we investigated the possibility of obtaining
amorphous materials from polycrystalline LaAlO; perovskites
doped with Pr**, by using an aerodynamic levitation method.
This method was described in more detail in a paper about
LaAlO;:Tb*" by some of the present authors.® This work
focuses on the comparison of the structural and spectroscopic
properties of LaAlO;:Pr**,both polycrystals obtained by solid-
state reaction and amorphous materials obtained by aerody-
namic levitation.

The purpose of this publication is to study in detail the
effect of doping with Pr** ions on the structural and spectro-
scopic properties of amorphous LaAlO; materials. Also, the
studies conducted on these materials are focused on the
upconversion properties. In amorphous materials, where Pr**
ions are distributed more randomly, upconversion can occur,
but with varying efficiency depending on the local structural
properties of the surrounding matrix. The results of the
research may contribute to the development of new functional
materials for use in innovative optoelectronic and luminescent
devices. Furthermore, this work opens up promising prospects
for the practical use of LaAlOs:Pr*" in disinfection and sterili-
zation technologies.

Experimental
Sample preparation

A series of polycrystalline powders with a single perovskite
structure LaAlO; were obtained by a conventional high-temp-
erature solid-state method. La,03, Al,O3, and PrsO;, were used
as raw materials. The stoichiometric amount of oxides accord-
ing to the chemical formula La,_,Pr,AlO; (x = 0.1, 0.25, 0.5, 1,
2, 5 mol%) was thoroughly mixed in an agate mortar with
absolute ethanol. The homogeneous powders were dried at
70 °C for 24 h and calcined at 800 °C for 12 h and then at
1500 °C for 5 h.

We used the aerodynamic levitation method with a CO,
laser to convert the obtained polycrystalline powders into
amorphous structures in the form of spheres with diameters
around 1-2 mm. The process involved pre-melting the powder
with a CO, laser to form a spherical structure. The temperature
of the sample was kept above the melting point for several
seconds to ensure homogenization of the melt. The sample
was then levitated in a nitrogen stream with the flow rate set
around 500 ml min~" and was completely melted by the CO,
laser. After turning off the laser power, the sample was rapidly
cooled to room temperature resulting in the formation of
amorphous beads with a diameter of 2 mm. For further micro-
structural studies, the surfaces of the obtained structures were
ground and polished to obtain a flat surface.

Research techniques

X-ray diffraction (XRD) patterns were recorded with an X'Pert
ProPANalytical X-ray diffractometer, working in the reflection
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geometry, using Cu Ka radiation (4 = 1.54056 A). The data were
collected in a 20 range from 10° to 90° with a step of 0.026°.

A scanning electron microscope (FEI NOVA NanoSEM 230,
equipped with an EDAX Genesis XM4 detector) was used to
characterize the morphology and chemical composition of the
samples with an accelerating voltage of 20 kV. The SEM
images were recorded with an accelerating voltage of 5 kV.

Emission and excitation spectra and decay curves were
obtained by using an FLS1000 Edinburgh Instruments spectro-
photometer in a Czerny-Turner configuration with VIS and
NIR detectors at room temperature. The light sources used in
this system are a micro-second pulse lamp and a 450 W xenon
lamp.

The upconversion luminescence of the samples was
recorded using a McPherson Model 218 scanning monochro-
mator with continuous laser excitation at a wavelength of
444 nm. The laser beam was focused into a rectangular spot
(1 mm x 1.5 mm) using a lens with a focal length of 20 cm. To
measure the upconversion lifetime, the second harmonic of a
Ti:sapphire laser, pumped by the second harmonic of a Nd:
YAG laser (LOTIS TII, Belarus), was employed as a pulsed exci-
tation source. A UG5 optical filter and a solar-blind photomul-
tiplier (Hamamatsu R7154P) were used to measure the upcon-
version characteristics.

Results and discussion

LaAlO; powders doped with Pr’* were characterized by X-ray
powder diffraction (XRD). The obtained XRD patterns of poly-
crystalline powders are presented in Fig. 1, compared to the
reference standard card for the regular structure of LaAlO;
(ICDD 96-220-6577). The materials are well-crystallized; the
observed peaks are sharp and well-defined. The obtained poly-
crystalline powders are single-phase. Fig. S11 shows XRD pat-
terns after the melting of LaAlOs:Pr** powders by using the
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Fig. 1 XRD patterns of LaAlOs:Pr®* polycrystalline powders.
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aerodynamic levitation method. The resulting samples are
completely amorphous, as indicated by the lack of Bragg peaks
in the XRD pattern.

Fig. 2a shows the SEM image of polycrystalline LaAlO;:Pr**
powders with a histogram of the average crystal size. The
material consists of crystallites with undefined shapes, varying
in size from 0.2 to 0.8 um. These crystallites tend to agglomer-
ate. Fig. 2b shows the SEM image and linear energy-dispersive
X-ray spectroscopy (EDS) analysis of the cross-section of the
amorphous LaAlO;:Pr*" sample. EDS results prove that the
aerodynamic levitation method successfully formed an amor-
phous material with full homogeneity and no structural
defects. The ions are homogeneously distributed across the
entire surface.

The emission spectra of polycrystalline powders and amor-
phous materials, presented in Fig. 3, were obtained with exci-
tation at 447 nm and measured at room temperature (300 K).
In the obtained emission spectra for polycrystalline powders
(Fig. 3a), a strong blue emission is visible. The most intense
emission band was obtained for the *P, — *H, transition at
491 nm, which is complemented by smaller maxima in the
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green region for *P; — *H; (523 nm) and in the orange region
for 'D, — *H, (612 nm). The entire spectrum of emissions is
complemented by transitions from P, to *F,, *F; and *F,. All
these transitions are associated with emission in the red range
and contribute to the broadening of the emission spectrum in
the polycrystalline powder LaAlO;:Pr®*. From the presented
polycrystalline powder emission characteristics, the optimal
concentration of praseodymium ions is 2 mol%. Amorphous
materials obtained by aerodynamic levitation exhibit broad-
band emission (Fig. 3b). The transitions with the highest
intensity are for concentration of Pr*” = 1 mol%, mainly from
*p, to *H,, *H, and ®F, and then a significant decrease in the
emission efficiency of amorphous materials caused by concen-
tration quenching was observed. The full width at half
maximum (FWHM) values for the *P, — *H, transition were
determined for both powders and amorphous materials and
are: 75 cm™* and 982 cm™!, respectively. For amorphous struc-
tures, the FWHM value is much higher, because due to the
structural disorder the emission peaks are broadened.'*

Fig. 4 illustrates the excitation spectrum of polycrystalline
powders and amorphous structures. Emission was monitored

Fig. 2 LaAlOs:Pr®*: (a) SEM images of powders prepared by the solid state method and (b) SEM with the EDS spectrum of amorphous structures

prepared by the aerodynamic levitation method.
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Fig. 3 Emission spectrum of LaAlO3:Pr** with an excitation wavelength of 447 nm of (a) polycrystalline powders and (b) amorphous materials.
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Fig. 4 LaAlOs:Pr®* excitation spectrum of (a) polycrystalline powders and (b) amorphous materials.

at 491 nm for powders, while for amorphous materials, emis-
sion was monitored at 618 nm. Measurements at both of these
wavelengths were chosen to obtain a comprehensive picture of
the emission spectra of amorphous materials, considering the
different energy transitions of Pr*" jons. In the case of powder
emission (Fig. 4a), we observed well-distinguishable bands
corresponding to transitions from the ground level *H, to the
excited levels ®P,, °P;, and °P,, with maxima at 472 nm,
462 nm, and 447 nm, respectively. As for the spectroscopic pro-
perties of amorphous LaAlO;:Pr®” (Fig. 4b), the excitation spec-
trum is quite similar to that recorded for polycrystalline
samples; however, several differences are noticeable. The first
is the increased intensity of the transition lines, especially for
the excitation to the ®*P; and ®P, levels. Another noticeable
difference is the change in the excitation lines; the FWHM of
the glass sample is wider and slightly shifted. According to lit-
erature reports, the broad band at about 260 nm was assigned
to the 4f — 5d transition of the Pr*" ions, respectively, for poly-
crystalline powders and amorphous samples.”

Luminescence decay curves of polycrystalline powders
doped with Pr*" are single-exponential at a low concentration
of Pr’" (see Fig. 5a), which suggests that the Pr*" dopant
occupies a single crystallographic site, replacing the La®" ion.
At low concentrations of Pr**, the lifetime of *P, was equal to
30.5 ps, which is a typical value for crystalline LaAlO;.> At low
concentration of Pr**, the decay times are longer because the
praseodymium ions are less likely to interact with each other,
allowing for efficient emission. However, higher concen-
trations of Pr’* ions lead to a phenomenon known as lumine-
scence quenching. This effect becomes particularly pro-
nounced at concentrations above 2 mol%, where the decays
occur rapidly faster (see Fig. 5a inset). The Inokuti-Hirayama
model*® was implemented to estimate the critical radius for
energy transfer responsible for concentration quenching. The
decay curves were fitted with the following eqn (1)

I(t) = I exp ;—t - ot(i>i (1)
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where I, is the initial intensity after the excitation pulse, g
is the radiative lifetime, s is the multipolar interaction para-
meter equal to 6, 8 or 10 for dipole-dipole, dipole-quadrupole
and quadrupole-quadrupole interactions. n, is the number of
dopant ions per volume unit and R, is the critical radius. From
the slope of the a parameter over n,, the critical radius for crys-
talline LaAlO;:Pr was determined to be 7.69 A. The model
fitted the best for s equal to 6, which means the mechanism of
ionic interactions is dipole-dipole interactions. Based on a
previous report on Pr*" concentration quenching, the mecha-
nism of excited level depopulation is a (3P, *H,) = (*D,, *Hy)
cross-relaxation,"” which is consistent with the dipole-dipole
interaction mechanism.*®

Luminescence decay curves of glass samples exhibit sub-
stantially faster decay (see Fig. 5c). For low concentrations of
Pr’*, the decay time of the *P, level is only 8.2 ps. For higher
concentrations, the decay time undergoes a similar concen-
tration quenching process as polycrystalline samples. The
Inokuti-Hirayama model was used analogically to determine
the critical radius for energy transfer between Pr’** ions. The
model was used with assumptions of equal density of crystal-
line and glassy LaAlO;, due to an inability to accurately
measure the density of tiny ball samples. The critical radius
was determined to be only slightly smaller than that of crystal-
line LaAlO; and equal to 7.07 A. The mechanism for ionic
interactions was also dipole-dipole interactions. The obtained
result is important because it indicates that the transformation
from the crystalline to amorphous LaAlO; does affect the tran-
sitions rates of the Pr** dopant but does not significantly affect
the interionic interactions.

Pr’* is an ideal candidate for ultraviolet upconversion
luminescence because its intermediate *P; levels can be easily
excited by violet and blue lasers (430-490 nm) and then in the
next step they can reach the 5d4f level through several mecha-
nisms, like excited-state absorption (ESA) and energy transfer
upconversion (ETU) for example.” In the ESA mechanism, a
praseodymium ion sequentially absorbs two photons, transi-

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 LaAlOz:Pr** decay curves of the *P, emission of polycrystalline powders (a) and LaAlO3 amorphous materials (c). Relevant fitting according
to the Inokuti—Hirayama model is shown as well for polycrystalline (b) and amorphous materials (d).

tioning from the ground state to the 5d-4f level via the °P;
states (or the 'D, state in certain matrices), without involving
energy transfer. In contrast, the ETU mechanism involves a
pair of neighboring Pr** ions - one ion acting as a sensitizer
and the other as an activator. The second ion is promoted to
the 4f5d state, from which upconversion emission occurs.'®
Depending on the band gap, upconversion radiation due to
the 5d"4f" — 4f” transition of the Pr*" ion can be observed in
the UV-C, UV-B and UV-A ranges.”®*! Fig. 6a shows upcon-
verted emission of the LaAlO;:2%Pr** powder sample and
amorphous materials, under 444 nm excitation. The upconver-
sion emission of the powder sample is significantly stronger
than that for the amorphous one. This difference can be
explained by several factors. First, there are many praseody-
mium ion sites in the amorphous materials, between which
1.** suggest that in
transparent amorphous materials, only Pr’* ions located
directly in the light path are excited. In contrast, in the
ceramic material, the excitation light is scattered, increasing
its optical path and providing excitation of Pr’* ions outside
the direct light path, which contributes to an increase in
upconversion intensity. The presence of upconversion emis-
sion highlights the potential of the powder sample for surface
sterilization, particularly when applied as a thin film.>®

energy transfer occurs. Second, Z. Yin et a

This journal is © The Royal Society of Chemistry 2025

During the upconversion process, the emission intensity (I)
and laser pump power (P) follow the relationship I « P", where
n is the number of photons required to populate the upconver-
sion energy level.>* The corresponding logarithmic depen-
dence is presented in the inset of Fig. 6b. The linear approxi-
mation of the experimental data gives a slope of 1.7. This indi-
cates that the ultraviolet emission is the result of a two-photon
upconversion process, which in praseodymium-activated in-
organic compounds can occur either through excited-state
absorption or energy-transfer upconversion. To identify the
mechanism under pulsed laser excitation, the upconversion
lifetime of a LaAlO;:2%Pr’" powder sample was measured
under 444 nm pulsed laser excitation (Fig. 6b). The upconver-
sion emission decay profile exhibits a hump around 180 ns,
known as ringing, which often occurs when measuring very
short pulses with an oscilloscope.”>*® The decay curve was
fitted using a biexponential function (3):

I(t) = A; exp (— i) + A4, exp<—i) (3)

T1 Ty
where A; and A, represent the amplitudes of each decay com-

ponent and 7; and 7, are the lifetimes. A biexponential fit yields
decay constants of about 17.6 and 209 ns. The main component

Dalton Trans., 2025, 54,12241-12248 | 12245


https://doi.org/10.1039/d5dt01241d

Published on 15 July 2025. Downloaded on 4/13/2026 12:47:30 AM.

View Article Online

Paper Dalton Transactions
a) b)
2500 LaAI0;:2% Pr?* hggg =444
lass 3 1000 LaAlO;:2% Pr*
3000 9 > n=1.7
—~ 1m+ ]
S 2500 5 H
S Aexc = 444 nm s N 100
> 2000 > 1=17.6ns 3
g g v 10
- 10 100
*g 1508 *g 100y 4 Log Power (W/cm?)
10001 =209 ns
500 -
0 M\ 10[.1 e
240 260 280 300 320 0 500n 1M
Wavelength (nm) Time (s)

Fig. 6 (a) Upconversion spectra of the amorphous materials and LaAlO3:2%Pr** powder sample under 444 nm continuous wavelength laser exci-
tation at room temperature, (b) decay of upconversion emission under 444 nm pulsed excitation of the LaAlO3:2%Pr** powder sample. Inset: the
relationship between the excitation power of a 444 nm laser and the resulting emission intensity at 288 nm.

of 17.6 ns (99.2% of whole decay) is attributed to 5d'4f" — 4f>
Pr’* radiation, while the presence of a long component (0.8%) is
associated by Schroder et al.*” to the participation of luminescent
defects. It is known from the literature that for praseodymium-
activated matrices, the upconversion lifetime of the ESA mecha-
nism equals the 5d'4f" — 4f* emission lifetime of the Pr** ion,
which is on the order of tens of nanoseconds.”® Thus, this
mechanism is responsible for upconversion in the LaAlO,:Pr**
powder sample in the case of pulsed excitation.

The thermal stability of luminescence was evaluated for
polycrystalline  (Fig. S2af) and amorphous materials
(Fig. S2bt). The amorphous sample exhibits slightly reduced
luminescence intensity with the increase in temperature com-
pared to the polycrystalline sample (Fig. S2ct), but their acti-
vation energy determined from the Arrhenius equation is com-
parable (Fig. $2df) and equal to ~350 cm™".

While crystalline LaAlO;:Pr exhibits superior ultraviolet
upconversion ability, amorphous LaAlO;:Pr can be used as a
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Fig. 7 (a) CIE color coordinates of LaAlOs:Pr powder (c) and amorphous materials samples (g), (b) visible region of the LaAlOs:Pr (0.5% and 1%)
glass emission spectrum, and (c) red region of the LaAlOs:Pr (0.1% and 5%) amorphous material emission spectrum.
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red-orange phosphor due to its broad emission bands and
tunable color. Fig. 7a illustrates the CIE color coordinates of
the crystalline and amorphous materials. While the emission
from the crystalline LaAlO;:Pr is mostly green, with CIE coordi-
nates of x = 0.306 and y = 0.448, and the shape of the emission
spectrum does not change with Pr** concentration, the amor-
phous materials exhibit color coordinates from orange-red for
0.1% Pr** (x = 0.553, y = 0.380) to yellow for 5% Pr’** (x = 0.432,
Yy = 0.447). The tunability of the emission manifests itself in
the shift in the blue-green to red ratio - samples with higher
Pr** concentration tend to emit a stronger blue-green *P, —
*H, transition at 491 nm (see Fig. 7b), as well as different
655 nm to 620 nm ratios, which also tend to increase for
higher Pr** concentration (see Fig. 7c). These shifts in emis-
sion band ratios are not uncommon for non-crystalline
materials with changing chemical compositions, where
dopant ions act as network modifiers and induce changes in
the branching ratios of lanthanide emission.>**

Conclusions

In this study, we successfully synthesized LaAlO;:Pr’" polycrys-
talline powders and transformed them into amorphous spheri-
cal specimens using the aerodynamic levitation method.
Comparative analysis revealed clear differences in structural
and spectroscopic properties between the crystalline and
amorphous forms. While the crystalline powders exhibited
strong visible-range luminescence, the amorphous materials
showed broadened emission bands with concentration-depen-
dent quenching. Notably, the upconversion properties under
444 nm excitation highlighted the superior UV emission per-
formance of the crystalline form, attributed to enhanced
photon scattering and excitation efficiency. These findings
confirm the significant influence of the host structure on the
optical behavior of Pr’* ions and open up promising appli-
cations in UV-emitting optoelectronic and sterilization devices.
From the Inokuti-Hirayama model, it was found that the trans-
formation of LaAlO; from the crystalline to amorphous state
affects the transition rates of the Pr’* dopant but does not sig-
nificantly affect the interionic interactions.
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