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New Na,BaY,F;; matrix for up-conversion phosphors
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In the process of investigation of NaF-BaF,-YF; system, a new phase Na,BaY4Fis (monoclinic crystal
system, C2/m, Z = 2, lattice parameters a = 12.1948(3) A, b = 8.2486(2) A, c = 7.0894(2)A, g = 119.893(3)°

was prepared by solid-state synthesis.
for Na;BaY4Fis: Yb*T,

Er’" under excitation at 980 nm.

The first up-conversion luminescence studies have been carried out

The highest luminescence energy yield for

Na,Ba(Y.87Ybo.12Er0.01)4F16 was 5.5% at a pump power density of 1 W/em?.
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Introduction

Up-conversion luminescence is the process of conversion
of low-energy radiation into high-energy radiation by mecha-
nisms of incremental energy summation through metastable
energy levels [1]. Rare-earth ions exhibit high up-conversion
efficiency over a wide spectral range, especially when
pumped in the near-infrared into the absorption band of
Yb**("F7/2 —°Fs)2) ions [2,3]. Up-conversion phosphors
are applied as optical thermometers [4-6], gas sensors [7,8],
for bioimaging in soft tissues [9,10], and for protective
labeling [11,12].

Host is one of the main factors affecting the efficiency of
up-conversion. The spectrum and efficiency of radiation
conversion will change depending on the selected host,
which can be quantified by the energy yield of lumi-
nescence [13]. Alkali and alkaline-earth metal fluorides
having low phonon energies are one of the most efficient
host. The characteristic frequencies of phonon vibrations
for metal fluorides, widely used as host for phosphors, are:
B-NaYF; — 360 cm™~! [14], CaF, — 322cm™! [15], SrF, —
285cm™~! [15,16], BaF, — 241 cm™! [17]. The energy yield
of up-conversion luminescence increases with the decrease
of frequency of phonon vibrations of the lattice.

The decrease of the symmetry of the crystal structure
increases the efficiency of up-conversion [18]. Hexagonal
NaYF, is a well-studied host with high efficiency of
conversion of excitation infrared radiation into the visible
range. At a dopant ratio of 21.4% Yb and 2.2% Er,
the quantum yield of up-conversion luminescence reaches
10.5% under excitation at a wavelength of 980 nm with
a pump power density of 30 W/ecm? [19]. The quantum
yield on SrF,:Yb’*, Er’* single crystals was 6.5% under
excitation at 976nm (230 W/cm?) [20]. The maximum
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quantum yield was observed in BaF, single crystals doped
with 2% Er’** and 3% Yb*' under excitation by radiation
with a wavelength of 976 nm (at 490 W/cm?) and amounted
to 10.0% [17].

BaF, (CaF,, SrF,) crystals with fluorite structure, are
unfavorable matrices for efficient up-conversion process due
to high symmetry [21], but introduction of Yb ions**
and Er’* leads to the formation of crystal structures
with trigonal or tetragonal symmetry, which increases the
probability of radiative transitions [22]. The reverse process
is also possible, since multiple defects quench luminescence
due to radiation-free relaxation.

Crystalline matrices containing heavy metal ions com-
bined with rare earth elements are good candidates for
high luminescence. Matrices based on barium and yt-
trium fluorides doped with rare-earth ions are promising
candidates for creating high-efficiency up-converters [23,24].
Up-conversion is a nonlinear optical process, the efficiency
of which depends on many factors such as the matrix
material, the point symmetry group of the luminescence
center, the type and concentration of doping impurities,
and the presence of luminescence quenching impurities on
the surface. These factors make it difficult to predict the
behavior of a system with multiple activator ions. Therefore,
the acquisition of experimental data is the main method for
selecting matrices and dopant ion concentrations [25].

Preliminary studies have revealed a very com-
plex pattern of phase formation in the system of
NaF—BaF,—YF; [26,27], which differs from that known in
the literature for the system of NaF—BaF,—GdF; [28]. The
primary studied phase was obtained by synthesis by spon-
taneous crystallization in sodium nitrate melt [27,29,30]. A
mixture of barium, yttrium, sodium nitrate salts and sodium
fluoride was placed in a porcelain crucible, incubated for
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Figure 1. Projection of the lattice cell of Na;BaY4Fs.

1h at 500°C. The resulting speck was washed with distilled
water.

The aim of this study was to synthesize an up-conversion
phosphor based on one of the phases formed in the ternary
system of NaF—BaF,—YFs;.

Experiment procedure

Crystals in the system of NaF—BaF,—YF; were ob-
tained by solid-phase synthesis method. The mixtures of
pure fluoride powders were annealed at 760°C in nickel
capillaries sealed in copper containers, holding time was
295h. In order to create up-conversion phosphors, addi-
tionally, syntheses with doping with erbium and ytterbium
fluorides were carried out according to calculations using
the chemical formula Na,Ba(Y:Yb,Er)sFjs. The nominal
compositions were calculated on the assumption of yttrium
ion substitution. The annealing was carried out at 780°C,
and the holding time was 180h. Barium hydrofluoride
was used as the fluorinating atmosphere in all syntheses.
Hardening was performed in liquid nitrogen.

X-ray phase analysis was performed using Bruker D8
Advance diffractometer (radiation CuK,) with processing
of experimental data in TOPAS software.

A transparent single crystal of suitable quality (size
(85 x 36 x 39 um)) was selected using an optical polarizing
microscope and glued onto a glass filament using epoxy
glue. The single-crystal X-ray diffraction experiment was
performed using Rigaku XtalLAB Synergy-S diffractometer
(MoK,). The crystal structure was solved by the charge
sign reversal method [31] and processed in the JANA2020
software package [32].

Differential thermal analysis was performed using Net-
zsch STA 449 F3 Jupiter in a Pt-Rh crucible with lid in an
argon atmosphere at a heating rate of 20°C/min to 1300°C.

Spectroscopic studies included recording spectra of up-
conversion luminescence and diffusion-scattered excitation
laser radiation in the range of 300—1000 nm, and calculating
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Figure 2. Thermogram of sample Na,BaY4F¢.

the energy yield (EQ) of up-conversion luminescence. Mea-
surements of the up-conversion luminescence spectra in the
visible range were performed using the method described
in Ref. [33]. A setup consisting of a fiber optic spectrometer
LESA-01-BIOSPEC (BIOSPEC, Russia) and a modified
integrating sphere (Avantes, Netherlands) connected by
fiber optic light guides was used for measurements.

The initial samples were grinded in an agate mortar
before measurement. A powder containing no activator ions
was used as a reference non-absorbing sample. The sample
(powder sandwiched between two cover glasses) was placed
inside the integrating sphere for measurements. Excitation
radiation from a semiconductor laser with a wavelength of
974nm was focused onto the sample so that the power
density at the sample surface was 1 W/cm?. The integrat-
ing sphere was pre-calibrated using LEDs with different
wavelengths and known power measured with a LabMax®-
TO meter (Coherent, USA). Scattered laser radiation and
up-conversion luminescence were collected by fiber optic
light guides and transmitted to the spectrometer. The
luminescence efficiency was calculated using the following
formula:

FQo e - P

S R S
P974_ab P974_sc - P974_sc

where P$ is the emission power of the sample in the visible
range, P3,, . is the laser power absorbed by the sample.
The latter is equal to the difference between P, . — the
scattered radiation power from the non-absorbing compari-
son sample — and P§,, .. — the scattered radiation power
from the studied sample.

Results and discussions

When the synthesis was carried out at 760°C and
with 295h exposure time, the powders in the system
of NaF—BaF,—YF; with nominal molar composition of
25—-20—-55mol.% were found to be melted. A sin-
gle crystal of suitable micron-sized quality was selected
from the resulting polycrystalline melt. X-ray diffraction
analysis allowed determining the phase composition as
NayBaY4Fi6. The crystal lattice corresponds to monoclinic
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Figure 4. Up-conversion luminescence spectra under excitation at 974nm with a pump power density of 1W/em* [ —
NayBa(Y0.97Ybo.02Ero.01)aF16, 2 — NazBa(Y0.96Ybo.02Ero.02)4F16, 3 — NazBa(Yo.87Ybo.12Ero.01)4F16, 4 — NazBa(Yo.50Ybo.18Er0.02)4F 1.
On the inset: spectra normalized to the maximum intensity of the red luminescence band.
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Energy yield (EQ) of up-conversion luminescence for
Na,Ba(Y—x—yYbxEry)4Fis compounds with different molar ratio
of rare earth ions

Sample composition Ratio EQ,%
Er**:Yb*™ (mol. %)
NazBa(Y0.97Ybo.02Er0.01)4F16 1:2 2.5
NayBa(Y0.96 Ybo.02Er0.02)4F 16 2:2 2.6
NayBa(Yo.87Ybo.12Er0.01)4F16 1:12 55
NayBa(Yo.80Ybo.18Er0.02)4F 16 2:18 32

crystal system, space group C2/m, Z = 2, lattice parame-
ters a = 12.1948(3) A, b = 8.2486(2) A, ¢ = 7.0894(2) A,
B =119.893(3)°, V = 618.25(3) (A3), Rops = 0.013. The
coordination numbers for yttrium is 8 and 12 for bar-
ium (Fig. 1).

According to differential thermal analysis, the compound
melts with decomposition at 808°C (Fig. 2).

Solid-phase syntheses were carried out after establishing
the chemical formula of the new phase. The suspensions
of pure fluorides were taken in molar ratio of components
according to the chemical formula Na,BaY4F6. The powder
mixtures were annealed according to the methodology
presented above. The synthesized substance Na,BaY4Fs
conformed to the determined structure and was single
phase (Fig. 3,a). We also carried out syntheses with
doping by a pair of Er’*, Yb*T by solid phase sintering
with calculation by yttrium ion substitution of matrix
Na;BaY4Fi6. Single-phase samples with composition of
NayBa(Y0.97Ybo.02Ero.01)4F 16, NazBa(Y0.06 Ybo.02Er0.02)4F 16,
NayBa(Y(.87Ybo.12Er0.01)4F16, NazBa(Y.80Ybo.18Er0.02)4F 16,
which have a crystal structure with monoclinic crystal
system to that of the matrix (Fig. 3,5, ¢).

Analysis of the up-conversion luminescence spectrum of
samples with COInpOSitiOIl of NazBa(Y0_97Yb0.02Er0_01)4F16,
NayBa(Y0.96 Ybo.02Ero.02)4F 16, NazBa(Yy.87Ybo.12Er0.01)4F 16,
NayBa(Yo.30Ybo.18Erg.02)4F16 revealed luminescence bands
characteristic of Er’* ion in the green and red parts of
the spectrum (Fig. 4), which correspond to the energy
transitions 2Hyy/2, 4S3/2 —* l15/2 (maximum at wavelength
548 nm with a short-wavelength shoulder around 520nm)
and *Fy/» —* I 15/2(maximum at wavelength 660 nm).

The analysis of the spectral composition with respect to
the ratio of the intensities of the up-conversion luminescence
bands in the red and green parts of the spectrum (inset
in Fig. 4) showed that the relative intensity of the green
luminescence band decreases with the increase of the
ytterbium concentration at a fixed erbium concentration
compared to the red band and an the ratio of the intensity
of the red luminescence band to the green increases [34,35].
The ratio of red luminescence to green luminescence is of
the order of 2 for sample of Na,Ba(Y(.97Ybo.02Er0.01)4F16
and it is close to 4 for NazBa(Y0.87Yb0_12Er0.01)4F16.

The energy yield of up-conversion luminescence for
this series of samples belonging to the solid solution of
NaBa(Yi_x—yYbyxEry)sFis, under excitation at a wave-
length of 974nm and a pump power density of 1 W/cm?
is presented in the table. The maximum energy yield of
up-conversion luminescence was obtained for the sample of
NazBa(Yovabo,lero,m)4F16 and was 5.5%. It should be
taken into account that this energy yield may not be the
maximum, because the optimal ratio of doping components
has not been found yet.

Conclusions

A new crystalline phase of Na;BaY4F;s of monoclinic
syngony, spatial group C2/m was obtained by phase
synthesis of samples in the system of NaF—BaF,—YFs.
It was found using the differential thermal analysis data
that Na,BaY4F¢s compound melts with decomposition at
808°C. When this matrix is doped with Er** and Yb**
ions, the luminescence spectra exhibit luminescence bands
characteristic of the erbium ion under excitation at 974 nm.
The maximum energy yield of up-conversion luminescence
was obtained for the sample NazBa(Y0.87Yb0_12Er0.01)4F16
and was 5.5% with a pump power density of 1 W/cm?.
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