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The effect of dopants (Nd®**, Pr®") introduced into micro and nanocrystals of LuPO4 on their struc-
tural, morphological, and luminescent properties has been examined. The tetragonal structure of the
synthesized phosphates was confirmed by means of an X-ray diffraction study. Transmission electron
microscopy of LuPO, samples doped with 0-2% Pr®t and 0-3% Nd** obtained by the microwave hy-
drothermal method showed the formation of the nanocrystalline samples with a size of 40-90 nm. Spec-
troscopic study of Luj—z—yPr;Ndy,PO4 micro and nanocrystals showed that effective energy transfer
occurs between the selected optically active ions. Due to significant ion—ion interactions in the co-doped
orthophosphates, the contribution of nonradiative processes to the relaxation of the luminescent levels
of praseodymium and neodymium effectively increases. The energy transfer in the micro and nanocrys-
tals Lui—z—yPrysNdyPO4 from Pr37T ions to Nd®T ions results in the efficient near-infrared emission in
the region of the spectrum between 1064 and 1350 nm, whereas for Lui—;—yPr,Nd,PO4 nanocrystals
doped with Pr3* and Nd®' ions, a particularly intense Nd®¥ luminescence appears at 1064 nm. There is
a significant impact of concentration of the Pr3* and Nd** ions on near-infrared luminescence intensity
of the studied Lu;—z—yPr;Ndy,PO4 phosphates. The relaxation dynamic of the neodymium metastable
excited state is substantially sensitive to a variety of praseodymium admixtures, and inversely, the ex-
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perimental lifetime of ! Dy Pr®* emission level gradually decreases with increasing N

d3* concentration.

topics: lutetium phosphate, microcrystals, nanocrystals, luminescent properties

1. Introduction

Rare earth (RE) ions are effective dopants for
the host of phosphors and are very useful for creat-
ing materials with luminescence and upconversion
properties [1-8]. Luminescent nanoparticles doped
with Pr3T [9] and Nd3* [10] activator ions have
been synthesized for use as a multi-range optical
sensor of temperature. Rare earth orthophosphates
(especially lutetium phosphate) can be considered
excellent hosts for Ln3* ions [1-7]. Phosphates pos-
sess high emission efficiency, excellent thermal and
chemical stability, photostability, and high quan-
tum emission yields. The ability to tune emission
wavelengths, high brightness levels, and long emis-
sion lifetime make them a promising alternative
luminescent carrier for a wide range of applica-
tions in biotechnology and biomedicine [5, 11, 12],
and luminescent temperature [13] and pressure [14]
Sensors.

It is known that rare-earth phosphates, which
include lutetium phosphate, can be used as sta-
ble matrices for the introduction of luminescent
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ions of trivalent lanthanide ions [5]. The low tox-
icity of phosphates and the possibility of using
the nanoparticles based on LuPO, as nanoprobes
for optical imaging and computed tomography al-
low them to be used for biomedical purposes. Fur-
thermore, orthophosphates can be used to form
transparent colloidal solutions with upconversion
properties with possible applications in lumines-
cent markers, imaging, and displays in fluid me-
dia [7], scintillator materials [15], multifunctional
up-converting and down-converting nanomateri-
als excited by the ultraviolet (UV) and near-
infrared (NIR) radiation [1, 16]. Lutetium or-
thophosphates can be made with controlled size,
shape, and dopant concentration of RE ions. The
nanoparticle sizes and morphology of nanocrystals
can be controlled and stabilized by adding the
organic molecules (cetyl-trimethyl ammonium bro-
mide (CTAB, ClgH42BI'N) [2]), citric acid [5], and
other compounds.

The luminescent nanoparticles can be synthesized
in many different ways. There are sol-gel synthe-
sis [17, 18], hydro- and solvothermal methods [4],
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precipitation method [3, 16], microemulsion [7],
and microwave method [2, 6]. N.T. Huong et
al. in [6] obtained the nanowires/nanorods of eu-
ropium/terbium monohydrate orthophosphate with
Eu?t concentrations of 6-20 at.%, with a length
of 150-300 nm and a width of 10-50 nm, by mi-
crowave synthesis. Nano- and micro-powders of
YPO,; and LuPO, doped with Nd3t activated
by the different concentrations of Nd3T ions (1-
7 mol.%) were synthesized by hydrothermal method
and solid-state reaction at high temperature [4].
The synthesis method using microwave radiation
is used because of the high probability of form-
ing the low-dimensional nanomaterials in a sim-
ple, fast, efficient, and non-toxic way. Documented
in [2] YPO4 and (Y,Ln)PO4 (Ln = Eu, Tb, Dy,
Ho, Tm, Ce, and Eu/Tb) tetragonal phosphate
hydrates have been synthesized by microwave-
assisted processing. The polycrystalline spheres
(~0.7-1.5 pm in diameter) consisted of confined
10-17 nm nanocrystals.

A. Tyminski et al. [1] report about REPO4
(RE = Y3*, La®*, Gd®>*, and Lu*) nanoparticles
doped with Ho3*, Er3t, Tm3t, Tb3*, and Yb3+
ions which show intense upconversion luminescence.
The authors believe that the studied REPO, ma-
trices are good for the upconversion of Ln37 ions;
Tb3t and YDb3T ions were sensitizing ions, and
Ho®**, Er3*, Tm3*, Tb3t — emitter ions [1]. The
medium sizes of the lutetium phosphate nanoparti-
cles were 22, 34, 7477 nm. These samples exhibited
strong luminescence upon excitation in the near-IR
range (975-978 nm). The samples luminesced in the
wavelength range 475-688 nm, depending on the
dopant ion, when excited at 978 nm.

The use of an ion pair Nd3>*-Pr3* to create the
ultraviolet emitting nanoscale scintillators based on
the nanosized particles of lutetium phosphate for
the purpose of their further use during radiation
therapy is presented in [19]. The authors propose
the use of Nd3* ions as a dopant for LuPQ,:Pr3+
nanoparticles in order to increase the ultraviolet C
(UV-C) emission upon X-ray excitation. The au-
thors state that the presence of Nd3* ions promotes
an increase in radiation intensity due to the energy
transfer from Nd3T to Pr®*. In [20], the upconver-
sion emission from Nd37 ions in the UV /blue region
and the energy transfer from Nd®* ions to Pr3* ions
has been observed in a tellurite glass upon excita-
tion at 532 nm.

The aim of our work was to investigate the in-
fluence of dopants and the regime of syntheses on
the formation of non-agglomerated (LuPO4:Pr,Nd)
nanocrystals and microcrystals. Structural and
morphological qualities of the manufactured or-
thophosphates have been confirmed and examined
utilizing the X-ray diffraction (XRD) and transmis-
sion electron microscopy (TEM) methods. The ef-
fect of luminescent ions concentration on the opti-
cal properties, energy transfer phenomena, and ex-
cited states relaxation dynamic was studied within
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a wide spectral region. Further use of such materi-
als as effective phosphors was verified by studying
in detail their morphology, optical properties, and
host—activator and Nd—Pr interplays.

2. Experimental details

2.1. Synthesis

The single-phase Pr and Nd-doped LuPOy4
nanocrystals were synthesized by the microwave
hydrothermal method. The reagents Lutetium(IIT)
oxide LupO3 (99.99%, REaton*), ProO3 (99.9%,
Chem PUR), Nd2O3 (99.99%, REacton), HNOj3
(65%, pure P.A., POCH Basic), and H3PO, (85%,
P.A. POCH) acids and ethylene glycol (> 99.0%,
Chemat) were used as the precursors. The synthesis
of lutetium phosphate nanocrystals (NCr LuPOy,)
was carried out similarly to that described in [2]
for yttrium phosphate nanoparticles. ProO3 and
Nd>Og3 were preliminarily dissolved in a solution of
nitric acid diluted three times with distilled water
until complete dissolution, and then the solutions
were evaporated to remove excess acid at a tem-
perature of ~ 85°C. After that, the solutions were
transferred into the flasks and made up to the mark
with distilled water. In the case of LusQOg, the ox-
ide was dissolved in nitric acid using a microwave
reactor, and then excess of the acid was removed
by evaporation. The RE precursors were added to
the container, urea was added (18 mol per 1 mol
(RE)203, where RE = Lu?t, Pr®t, Nd3* ions),
ethylene glycol (1/4 of the total volume of the so-
lution) was added and stirred for 10-20 min, then
CTAB was added (2 mol per 1 mol (RE);03, where
RE = Lu®t, Pr3t, Nd®* ions), stirred until com-
plete dissolution, and then excess of the phosphoric
acid was added. Urea was added to the reaction
mixture to reduce the acidity of the solution, as re-
ported in [21].

After that, the mixture was stirred for 30-40 min
and placed in a microwave hydrothermal reactor.
The synthesis was carried out for 20 min, first at
100°C and then at 80°C. After that, the synthesized
precipitate was washed several times in distilled wa-
ter and dried at 50°C for 24 h. Annealing was car-
ried out at 1000°C, and then, in some cases, also at
1200°C as in |2, 3|. Luj_,_,Pr,;Nd, POy nanocrys-
tals were synthesized, achieving the single-doped
samples at the concentration of Pr3* of 0, 0.5, 1.5,
2.0%, and the co-doped orthophosphates containing
Nd3* (1, 2, 3%) — at Pr3T concentration of 1%.

A sample of NCr LuPO4:1%Pr, 3%Nd was also
synthesized for comparison by precipitation using
components in the same proportions as in a mi-
crowave hydrothermal synthesis and using CTAB.

In addition, Luj_,—,Pr,Nd,PO4 polycrystals
were also synthesized by the solid-state reac-
tion technique from mixtures of the stoichiometric
amounts of starting materials. LuPOy4:Pr,Nd was
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synthesized using NH4;H>PO,4. All precursors were
weighed in the required proportions, placed in an
agate mortar, and thoroughly ground. Then, an-
nealing was carried out consistently at temperatures
of 800, 1000, and 1300°C for 12 h, as described
in [4]. After each stage of annealing, the samples
were ground again in an agate mortar.

2.2. Measurements

The resulting nano and microcrystals were char-
acterized by applying the X-ray diffraction method,
TEM measurements, and optical spectroscopy tech-
niques. The phase purity of the samples was veri-
fied by XRD (X’Pert PRO PANalytical diffractome-
ter, non-monochromatized CukK, radiation) with
the Match!3 program used for the display and anal-
ysis of the diffractograms. The measurements were
carried out in the 260 range of 10-100° with a scan-
ning rate of 260 min~!.

The morphology of the NCr LuPOy4 samples was
determined by transmission electron microscopy
(TEM), using a Philips CM-20 SuperTwin instru-
ment operating at 160 kV.

The ultraviolet-visible (UV-Vis) emission and ex-
citation spectra were recorded utilizing an FLS1000
fluorescence spectrometer (Edinburgh Instruments)
equipped with a 450 W xenon lamp as an exci-
tation source and a Hamamatsu 928 photomulti-
plier. The vacuum ultraviolet (VUV) spectra were
measured applying a McPherson monochromator,
and near-infrared emission spectra were recorded by
means of an Optron DM711 monochromator (Dong-
Woo Optron Co. Ltd., Kyungg-do, Korea) with a

750 mm focal length and a Hamamatsu InGaAs
detector. Decay curves of Pr3* and Nd3* ions lu-
minescence were acquired utilizing an experimental
set-up consisting of a Continuum Surelite optical
parametric oscillator (OPO) pumped by the third
harmonic of a Nd:YAG laser, a GDM 1000 double
grating monochromator, R3896 Hamamatsu photo-
multiplier, and a Tektronix MDO-40-54-B-3 Mixed
Domain Oscilloscope.

3. Results and discussion

3.1. XRD analysis

The absence of other phases in the synthesized
(NCr) Lu;_,—,Pr,Nd, PO, samples (0-2% Pr3* at
0% Nd3t; and 1, 2, 3% Nd3* at 1% Pr®t ions in
the solutions) was determined using the X-ray pow-
der diffraction (XRD) method. The X-ray diffrac-
tion patterns of both pure NCr LuPOy4 nanocrys-
tals and those doped with Pr3t and Nd3* ions, an-
nealed at T'= 1000°C, are shown in Fig. 1a, b, and
confirm the formation of the pure phase orthophos-
phates. The position of the diffraction peaks on the
X-ray patterns indicates that they correspond to the
standards of the tetragonal system (Space group I
41/a m d Z (141)) attributed to the ICSD-162336
data (Inorganic Crystal Structures Database). The
introduction of Pr3T ions at a concentration of up
to 2% and Nd3*t ions at a concentration of up to
3% does not lead to a violation of the LuPOy4 crys-
tal structure. The XRD diffraction patterns of Pr3+
and Nd3T-doped LuPO, indicate the formation of
99.8-100% LuPO,.

TABLE I

The sizes of (NCr) LuPO4 doped with 0-2% Pr** and 0-3% Nd?® obtained from XRD data (Figs. 1, 2) and TEM

images (Figs. 3-5).

Sample Nanocrystal | Nanocrystal size | Crystal lattice Crystal lattice

size (XRD) [nm] | (TEM)® [nm] |parameter, a [A] | parameter, ¢ [A]
NCr LuPOy 345+4 30-50 6.80085 5.96333
NCr LuP04:0.5%Pr 3735 40-70 6.79736 5.96125
NCr LuPO4:1%Pr 32.8+5 40-80 6.79911 5.96251
NCr LuPO4:2%Pr 33.4+3 40-70 6.79846 5.96268
NCr LuPO4:1%Pr, 1%Nd 34.8+5 40-70 6.79904 5.96387
NCr LuPO4:1%Pr, 2%Nd 342+4 40-90 6.79691 5.96104
NCr LuPO4:1%Pr, 3%Nd 35.1+4 40-90 6.79675 5.96235
NCr LuPO4:1%Nd 36.3+1 - 6.80002 5.96516
NCr LuPO4:1%Pr, 3%Nd® 36.9+5 - 6.79632 5.96401
NCr LuPOy, without CTAB 37.4+6 30-50 6.79815 5.96122
NCr LuPOy, without CTAB (1200°C)° 43.2+6 80-160 6.80006 5.96238

“The measurement of nanocrystals was along their long side

*The sample was synthesized by the precipitation method and annealed at 1000°C

“The sample was fabricated by the microwave hydrothermal method and annealed at 1200°C;

all other samples were synthesized by the microwave hydrothermal method and annealed at 1000°C

265



O. Bezkrovna et al.

(@) LuPO,:2%Pr
(5)
';‘ LuPO,:1.5%Pr
.ﬂ. (4)
| | :0.59
2 le | | . LL:IT’O‘,»OASA:P"r |
2 without CTAB LuPO,:1%Pr
o )
c
- 1) LuPO,:1%Pr
10 20 30 40 50 60 70
20 [deg.]
(b) ‘ ) LuPO,:1%Pr,3%Nd
G T DR
— LuPO,:1%Pr,2%Nd
=i I U NN P N
S, LUPO,:1%Pr, 1%Nd
> |@
=
7
5 |m J LuPO,1%Pr
= _,_L‘, L_,ul R PR
(5)
| ICSD 162336
l IIIIII TR [
10 20 30 40 50 60 70
20 [deg.]
Fig. 1. XRD patterns of (NCr)

Lui—z—yPryNdyPO4 synthesized with differ-
ent concentrations of Pr®" and Nd®' ions in the
solutions. The samples 1, 3-5 (a) and 1-4 (b)
were prepared with CTAB, but the sample 2*(a)
— without CTAB. The samples were annealed at
1000°C. The “ICSD 162336” spectrum of LuPO4
— spectrum 5.

It should be noted that the addition of organic
CTAB molecules during the synthesis of the samples
did not affect the formation of the crystalline phase
of the lutetium phosphate (Fig. 1). For samples
synthesized using CTAB, the diffraction patterns
were as narrow as for pure samples (Fig. la, the
diffraction pattern 2*). The lattice parameters cal-
culated from the diffractograms are within the lim-
its @ = 6.79736-6.79800 A, b = 5.96125-5.96516 A
for doped samples (Table I; see also Figs. 1 and 2).
Determined values are close to a = 6.792(2) A,
b=6.792(2) A, ¢ = 5.955(2) A taken from [22],
and a = 6.7917(3) A, b 6.7917(3) A, ¢ =
5.9524(3) A given in [23] for the nano-sized
LuPO4:Pr®* (0.1 at.%) phosphor powders synthe-
sized by a sol-gel process.

The position and width of the peaks in the
diffraction patterns of the pure LuPO,4 nanocrys-
tals annealed first at 1000°C and then at 1200°C
are similar (Fig. 2a). This indicates that the se-
lected annealing temperature of 1000°C is sufficient
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Fig. 2. XRD patterns of (a) (NCr) LuPO4 syn-

thesized without CTAB and annealed at 1000°C
(1) and 1200°C (2); (b) LuPO4:Pr:Nd microcrystals
synthesized by a solid-state method.

to obtain samples of doped lutetium phosphate
nanocrystals, both non-agglomerated and with
good crystallinity.

The measured XRD spectra of (NCr) LuPOy
samples doped with Pr®* and Nd?* ions (single-
doped 0.5-2% Pr3*; co-doped 1, 2, 3% Nd?t and
1% Pr3T) showed that the positions of peaks are
similar, but the peaks are somewhat broadened
compared to the XRD peaks of LuPO4:Pr:Nd mi-
crocrystals synthesized by a solid-state method
(Fig. 2b). This is due to the smaller crystallite size
and crystallinity [24] of (NCr) LuPOy,.

It should be noted that the width of the diffrac-
tion peaks was narrower for the samples obtained
by the solid-state method (with the introduction of
Pr3t and Nd3* ions in the concentrations similar to
those in the synthesis of nanocrystals by means of
the hydrothermal method) and annealed at 1200°C
(compared to the microwave hydrothermal method)
(Fig. 2b). The higher crystallinity and larger parti-
cle size can be discerned in samples obtained by a
solid-state reaction in relation to particles obtained
by the hydrothermal microwave method.
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TEM images of the pure (NCr) LuPOy4 (a—c) and histograms of their distribution (in the insets). The

sample of (NCr) LuPO4 was synthesized without CTAB and annealed at 1000°C (a) and after that at 1200°C
(b). The sample in (c) was synthesized with CTAB and annealed at 1000°C.
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Fig. 4. TEM images of LuPO4:Pr nanocrystals with different concentration of Pr** (0.5% (a), 1% (b), 2%
(c)) in the solution. The samples were synthesized with CTAB and annealed at 1000°C.

The classical Scherrer method was used to cal-
culate the size of (NCr) Luj_,_,Pr;Nd, (POy4) ob-
tained by the microwave hydrothermal method. The
nanocrystal size was calculated using the formula
given in [2]

KX

Dt = ——2
"R Beos(h)’

(1)
where D is the crystallite size; A is the X-ray wave-
length; B is the peak width of the diffraction peak
profile at half maximum height; 6 is the Bragg an-
gle; K — Scherrer’s constant, due to the shape
of the crystallite (K = 0.94 for crystalline form
as in [25-27] since most nanocrystals were cube-
shaped).

The crystallite sizes were estimated from the
diffraction patterns shown in Fig. 1. They were
within 31-37 nm (for the lutetium phosphates syn-
thesized with CTAB) and 40.2-40.4 nm for the sam-
ples synthesized without CTAB. An increase in the
annealing temperature from 1000 to 1200°C leads to
the coarsening of the crystallites from 40.4 to 43 nm
(XRD data, Table I) for the exemplary sample of
LuPOy synthesized without CTAB and containing
the rare earth ions as dopants.
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3.2. Morphological qualities

The study on the morphology of (NCr) LuPOy
samples (synthesized without CTAB) by TEM
method showed their significant coarsening with an
increase in the annealing temperature from 1000°C
(30-50 nm in the main and a few of 100-450 nm)
to 1200°C (80-160 nm in the main and a few of
200-300 nm) (Fig. 3a). In addition, agglomeration
of the nanocrystals was observed as a result of an-
nealing at 1200°C (Fig. 3b), which also leads to a
significant nonuniformity of the crystal sizes and is
not a good property for obtaining homogeneous ma-
terial. The introduction of CTAB into the reaction
mixture leads to the formation of particles of a more
regular single-crystal shape, and large particles are
mostly absent, i.e., the size of nanocrystals is mainly
30-50 nm, however, there are also particles with a
size of 100-250 nm (Fig. 3c).

The single crystallinity of the form of the lutetium
phosphate samples, both pure and with the addi-
tion of Pr®t and Nd37T ions, synthesized by the
microwave hydrothermal method was confirmed by
studying their morphology. As can be seen from
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TEM images of LuPO4:1%Pr (1-3%Nd) nanocrystals with the concentration of Nd* (1% (a), 2% (b),

3% (c)) in the solution. The samples were synthesized with CTAB and annealed at 1000°C.

the TEM photo and inset histograms, the size of
lutetium phosphate nanocrystals was mainly 40—
70 nm for nanocrystals synthesized with 0.5-2%
Pr3* and 1% Nd3T at 1% Pr3t when using CTAB
(Table I). In this case, a certain amount of par-
ticles with a size of 110-250 nm is also formed,
but its proportion does not exceed 10-15%. How-
ever, with an increase in the concentration of Nd3+
ions in the solution to 2-3% (at 1% Pr3*"), the
size of nanocrystals increases to an average value
of 40-90 nm (Figs. 4, 5).

A similar rise in the crystal size with an increase
in the Nd3* ions concentration upon doping with
YPO, and LuPOy4 was described in [4]. In the case
of YPO,, the particle size was about 20-25 nm
(1% Nd3*), 40-45 nm (3%), 25-30 nm (5%), and
30-35 nm (7%), and in the case of LuPQOy, there
was some increase in the size of crystallites, i.e., to
30 nm (1% and 3% Nd3*) and 40-50 nm (5% and
7%). The increase in the size of nanocrystals that we
also observed upon the introduction of Nd®* ions at
the concentrations of 2 and 3% as a doping impurity
compared to its concentration of 1% is probably due
to the features of crystallization in the presence of
these ions.

Relevant properties of trivalent rare earth ions
and their isomorphism contribute to their uni-
form distribution in nanocrystalline particles and
are described in [2]. Accordingly, well-dispersed
homogeneous YPO, spheres with a diameter of
~ 0.7-1.5 um were obtained in [2] by microwave-
assisted processing with the addition of rare-
earth elements. The authors of [2] obtained poly-
crystalline spheres consisting of the nanocrystals
10-17 nm in size. The spherical shape and disper-
sion of the initial particles were well preserved up
to a temperature of 1000°C. It was shown that
the shape of YPO4:RE3* nanocrystals depends on
a large extent of surface adsorption. Yttrium or-
thophosphate crystallized within a few minutes into
submicron and micron spheres due to its extremely
low solubility in water (solubility product from
1072% to 10727).
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The measurement was carried out only along the
long side of the nanocrystals in order to take into
account the growth of the nanocrystal along one of
the sides. The particle sizes measured using TEM
are generally in the range from 30 to 90 nm (for
samples annealed at 1000°C). At the same time,
it should be noted that the sizes of crystallites de-
termined by XRD for the same samples are in the
range of 31-40 nm (Table I). The difference in the
estimated sizes of crystallites from the TEM and
diffraction data can be due to the features of the
measurements.

Urea was used in the synthesis of LuPOy4
nanocrystals by the microwave hydrothermal
method, which contributed to raising the pH of the
solution to pH 2.5-3. Nanocrystalline particles of
lutetium phosphate with the addition of active ions
were synthesized by microwave hydrothermal syn-
thesis. The addition of ethylene glycol and CTAB
to an aqueous solution will help limit the growth of
crystals in the reactor due to the adsorption of a
surfactant onto the surface of the growing faces.

Changing the mode of preparation of particles af-
fects their size and shape. The use of the precipi-
tation method leads to the formation of particles
with a similar size as those obtained by the mi-
crowave hydrothermal method, however, both in-
dividual particles and conglomerates of particles
appear. Increasing the synthesis time leads to the
formation of a higher number of large particles,
however, the shape of the particles changes, be-
comes more rounded, and the number of them with
the correct shape decreases. The resulting crys-
tals become less faceted, their average size is 60—
100 nm, while round-shaped crystalline particles
300-500 nm in size are also formed.

It is known that the growth of micro and
nanocrystals in solution is significantly affected by
adsorption on the surface of growing faces of various
ions or organic molecules from the solution. As such,
we chose CTAB, which has a positive charge on one
side and a long hydrocarbon chain on the other. The
addition of the organic solvent ethylene glycol to the
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reaction mixture promotes good dissolution of the
CTAB molecules as well. Furthermore, the presence
of ethylene glycol in the reaction mixture promotes
faster crystallization of lutetium phosphate.

3.3. Luminescent properties

Luminescent properties of the nanocrystalline
and microcrystalline LuPO4 orthophosphates
doped with Pr3* and Nd®' ions synthesized re-
spectively by the microwave hydrothermal method
have been verified and compared within the dif-
ferent spectral regions. The involved phenomena
can be referenced to the Pr3* and Nd3* ions
energy levels scheme presented in Fig. 6. The
radiative transitions are described as the solid
arrows, whereas the dashed lines are assigned to
the nonradiative processes.

The co-doped (Pr + Nd) and single-doped sam-
ples have been excited in the effective Pr3t ions ab-
sorption bands 3Hy — 3Pj at 445 nm and Nd3*t
ions 419/2 — 4F5/2,2H9/2 at 803 nm. As it has
been recently presented by Pawlow et al. [4], no ab-
sorption band around 445 nm exists in LuPO4:Nd,
and accordingly, these aforementioned excitation
wavelengths enable selective excitation of the in-
volved optically active ions. It can be well discerned
in Fig. 7b that the near-infrared emission of Pr3+
ions in the single-doped microscale sample mani-
fests itself actually by two bands attributed to the
transitions 3Py — 1Gy4; 1 Dgy =2 F3 4 (950-1120 nm)
and 1Dy — 1G4 (1330-1550 nm).

In the case of the co-doped LuPO4:Pr,Nd mi-
croscale orthophosphates, optical excitation at
445 nm is effectively transferred from 3P; Pr3+

25+
—_—D,,
—_—P
3P 112
- 1|62" ~~~~~~~ N ‘G,
-v_;F." ——12
204 0
—p—
e 1,
k,-' \.==2G7/2‘5/2
= DZ — 2sz
£ 154 = 912
() g
2 :=2 312
= i =,
> - HH
= L Tl Ak 4F
[ " 32
5 104 G,
X 3F
43
s
5 °F,
HG 4|13/2
= °H a
s ‘||1/2
0~ lv_ 3H ==“Ig/2
Pr3+ Nd3+
Fig. 6. Energy levels scheme of Pr®* and Nd3* in

lutetium orthophosphate.
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Fig. 7. NIR emission spectra of nano (b) and
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recorded for Pr single-doped and Pr 4+ Nd co-doped
LuPO4.

manifolds to neighboring Nd3* ions activators, and
as a result, the intense NIR emission bands at
1064 nm and 1350 nm occur. These observed intense
emission bands correspond to the transition from a
metastable 4 F /2 Nd?* manifold to the lower energy
4T /2 and 414 /2 states, respectively. The efficiency
of NIR Nd3* ions emission increases for higher
concentration of Nd®* in the co-doped samples.
Quite different features of the near-infrared emis-
sion have been acquired for nanocrystalline (NCr)
orthophosphates excited at 445 nm. Figure 7b re-
veals that near-infrared emissions studied for the
single-doped (Pr®*) and co-doped (Pr3t + Nd3*)
NCr orthophosphates are efficient in both NIR spec-
tral regions. The impact of the neodymium admix-
ture on the observed NIR luminescence is weaker in
relation to the microscale orthophosphates, and es-
pecially intense neodymium luminescence appears
at 1064 nm in these co-doped samples.

Figure 8 displays the comparison of the near-
infrared emission spectra recorded for (NCr) and
micro-scaled Nd3* single-doped and Nd + Pr co-
doped orthophosphates excited at 803 nm directly
into *Ig/o—*F5/2+%Hg o absorption band of Nd**.

It can be seen that near-infrared emission
bands of Nd3* ions corresponding to 4F3/27419/2,
4F3/274111/2, and 4F3/2—4113/2 transitions are signif-
icantly diminished for samples co-doped with Pr3+
ions. Integrated luminescence of Nd37 ions intensity
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determined for the co-doped LuPO4:1%Pr, 3%Nd
is reduced by a factor of 3.5 in relation to single-
doped micro-scaled LuPQO4:1%Nd. This quench-
ing process is quite effective for nanocrystalline
orthophosphates as well, and integrated lumines-
cence of Nd3*t ions intensity is 2.8 times lower in
NCr co-doped sample compared to single-doped
LuPO,4:1%Nd. The near-infrared luminescence is
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Fig. 10. Emission spectra of micro and nanosized

LuPO, doped with Pr®* ions and co-doped with
Nd** ions excited at 451 nm.

lowered as a result of the concentration quenching
process associated with the Nd—Nd interactions, but
nevertheless, the contribution of phonon-assisted
Nd(*F3/5)-Pr('G4) energy transfer can be consid-
ered as well. Actually, the achieved spectroscopic re-
sults in the spectral range of 970-1450 nm indicate
that the effective energy transfer between optically
active ions occurs in samples Luj_,_,Pr,Nd, POy
synthesized by both the solid-state and microwave
hydrothermal methods.

The Nd-Pr energy transfer was verified by an-
alyzing the excitation spectra of Pr®t ions lumi-
nescence in the single-doped and co-doped samples,
which are displayed in Fig. 9. The monitored lumi-
nescence line 1012 nm is solely attributed to Pr3*
luminescence, since the *Fj /2741 11/2 emission band
of Nd?* ions arises scarcely at 1045 nm. The excita-
tion spectrum of Pr3* luminescence recorded for a
single-doped sample consists of bands correspond-
ing to 3H,—3P; and 3H,—' D, Pr3* transitions. In
the case of the co-doped LuPO4:1%Pr, 2%Nd or-
thophosphates, an adequate excitation spectrum
contains the additional lines located especially
within 500-550 nm and 730-780 nm spectral re-
gions. These prominent bands are attributed to
neodymium transitions *lg/5*Ki3/0 + *Gr/a +
4G9/2 and 4]9/2—453/2 +4F7/2 COHﬁI'HliIlg the contri—
bution of Nd3 ions in activation of Pr3* emission
in the studied orthophosphates.

A comparison of the visible Pr3* ions lumi-
nescence excited at 451 nm in nano/micro-scaled
LuPO4:Pr and LuPOy4:Pr,Nd is shown in Fig. 10.
Emission spectra were recorded for various con-
centrations of the luminescent ions. Spectral char-
acteristics of measured emission bands are rather
unchangeable when analyzing single-doped and co-
doped samples. Most intense bands are associated
with ' Dy—3 H, praseodymium transitions and man-
ifest themselves by intense peaks at 618 nm, while
blue emission originating in the 2P, manifold is
rather ineffective, and as a result, two weak peaks
can be seen at 488 nm and 491 nm.



Micro and Nanocrystalline LuPOy(Ln*: Nd, Pr)...

(1) LUPO,:0.01%Pr
(2) LuPO,:1%Pr

— 0.1
S
S, 0.01 5
2
2
o) 0.001 4
=
1E-4
1
D
: T T - T (a)
0 500 1000 1500
Time [us]
1
k (1) LuPO4:1%Nd
(2) LuPO4:1%Pr,1%Nd
ardi L
=
ha
> "
5 0014 P
E 2
0.001 4
4F3/2 (b)
0 250 500 750
Time [us]
Fig. 11. Decay curves of (a) 'D, Pr®t and

(b) 4F3/2 Nd3" ions luminescence recorded for
LuPOy4:Pr and LuPO4:Pr,Nd samples.

TABLE II
Experimental lifetimes of luminescent levels in
LuPOy4:Pr,Nd.
Sample Experimental lifetime [us]
3Py (Pr) | 'Dy (Pr) [*F3/5 (Nd)
LuP04:0.01%Pr 0.51 +0.004|220 £+ 0.25 -
LuP0O4:0.1%Pr 0.51 £0.005|218 + 0.32 -
LuP04:0.5%Pr 0.56 4+ 0.004 | 208 £ 0.48 -
LuPO4:1%Pr 0.55 +£0.003| 38 +0.23 -
LuPO4:1%Nd - - 160 £ 0.22
LuPO4:1%Pr, 1%Nd |0.54 £ 0.005| 31 +£0.26 | 76 & 0.27
LuPO4:1%Pr, 2%Nd |0.50 £ 0.005| 23 +0.23 | 48 +0.18
LuPO4:1%Pr, 3%Nd |0.51 £ 0.005| 22 +0.24 | 40 +0.17

In order to get more insight into energy trans-
fer phenomena, between Pr3+ and Nd3* ions in the
lutetium orthophosphates, the experimental life-
times of the luminescent levels have been studied
for the single-doped and co-doped samples. As is
presented in Table II, the lifetime of the 3Py excited
state is not actually varied for all studied samples,
and experimental lifetimes have been estimated to
be 0.5 us. The opposite effect has been found for the
lower-energy ' D5 praseodymium excited state that
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is effectively quenched in orthophosphates doped
with higher concentrations of Pr3* ions. For in-
stance, the experimental lifetimes of 220 us were
measured for LuPO4:0.01%Pr, and this value was
significantly reduced to 38 us for LuPO4:1%Pr. The
single exponential decay curve of ! Dy luminescence
is displayed in Fig. 10 for the diluted sample, while
the nonexponential decay occurs for LuPQ4:1%Pr.
The cross-relaxation channels are responsible for
the reduction of ' Dy lifetimes in single Pr3*-doped
samples, and a further shortening of these lifetimes
in co-doped orthophosphates is the result of Pr—Nd
inter-ionic interactions. Eventually, the ' Dy experi-
mental lifetime is roughly two-fold lowered to 22 us
when the sample contains 3% Nd?* ions and 1%
Pr37 ions.

The effect of co-doping of Nd3* ions on a relax-
ation dynamic of 'D, excited state of Pr?>* ions
can be clearly perceived. The impact of Pr3* on
Nd>* ions luminescence decay in LuPOy4:Pr,Nd is
efficient as well. Figure 11b displays exponential de-
cay curves of 4F /2 Nd3* luminescence measured for
LuPO4:1%Nd and LuPO4:1%Pr, 1%Nd. The val-
ues of the estimated experimental lifetimes of Nd3+
ions luminescent levels are listed in Table II. Thus,
the 52% reduction of 4F3/2 experimental lifetime is
attributed to co-doped LuPO4:1%Pr, 1%Nd sam-
ple compared to Nd3t ions in LuPO4:1%Nd single-
doped sample. In fact, the excitation energy is con-
siderably transferred from Pr3* to Nd®* ions, and
the next backward Nd-Pr energy transfer may take
place. Consequently, the contribution of nonradia-
tive processes to the relaxation of luminescent levels
of Pr3* and Nd3* ions is heightened by substan-
tial ion—ion interactions in the co-doped orthophos-
phates.

4. Conclusions

The influence of luminescent dopants (Pr + Nd)
and synthesis conditions on the formation of LuPOy4
nano and microcrystals was studied and verified.
Lu;_p—yPr;Nd,PO, phosphate were obtained in
the form of polycrystals by solid-state reaction tech-
nique and in the nanocrystalline form by the mi-
crowave hydrothermal method. The XRD patterns
of Pr3t and Nd3t-doped LuPO, indicate that all
diffraction peaks remain in accordance with the
standards corresponding to the tetragonal system
of LuPOy. It was found that the incorporation of
the luminescent ions Pr®t and Nd3* at their con-
centrations below 3 at.% does not lead to initiating
any structural modification of the obtained LuPQOy
nano and polycrystals. The Lu;_,_,Pr,Nd, POy
(z = 0.5-2%; y = 1-3%) nanocrystals were of a size
of 40-90 nm and their shape has the single-crystal
morphology. The addition of CTAB results in the
appearance of particles with a more regular crys-
talline shape in contrast to the synthesis without
CTAB.
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The spectroscopic properties of nano and mi-
crocrystalline LuPO,4 orthophosphates doped with
Pr3*t and Nd3* ions have been studied within
various spectral regions. In particular, the ef-
fective increase in near-infrared luminescence ex-
cited at 445 nm is observed in the co-doped
orthophosphates Lu;_,_,Pr,Nd,PO4 as a result
of Pr3*-Nd?t+ energy transfer. Contrary, the de-
crease in the near-infrared luminescence intensity of
the Lu;_,—,Pr,Nd,PO,4 samples is observed when
neodymium *F} /25 °H, /2 states are directly excited
at 803 nm. The relaxation dynamic of Pr3* D,
excited state is affected by Nd3* co-doping, and
backward Nd—-Pr energy transfer can be considered
as well, since the experimental lifetime of *Fj /2
metastable level of Nd3* ions is considerably re-
duced in the co-doped LuPO4:Pr,Nd. Consequently,
the contribution of nonradiative processes to the re-
laxation of the luminescent levels of Pr3* and Nd3+
takes place due to significant ion—ion interactions in
the co-doped orthophosphates.

The data presented in this study are openly avail-
able in Zenodo at
https://doi.org/10.5281/zenodo.8272727.
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