™ |

Check for
updates

Research Article Vol. 32, No. 23/4 Nov 2024 / Optics Express 41632 |

Optics EXPRESS , NN

Red emission enhancement in BaYF5:Eu3+
phosphor nanoparticles by Bi* co-doping

KATARINA MILENKOVIC,! LJUBICA DACANIN FAR,! SANJA
KuzmAN,! ZELJKA ANTIC,! ALEKSANDAR CIRIG,?
MirRoSLAV D. DRAMICANIN,"2 AND BOJANA MILICEVIG!:3

I Centre of Excellence for Photoconversion, Vinca Institute of Nuclear Sciences—National Institute of the
Republic of Serbia, University of Belgrade, 11001 Belgrade, Serbia

2 bojanam@vinca.rs

3 dramican@vinca.rs

Abstract: Herein, we report the photoluminescence properties of Bi**-sensitized BaYF5:
10 mol%Eu>* nanoparticles. The emission spectra feature Eu** peaks corresponding to transitions
from the °DO excited to ’FJ (J =1, 2, 3, 4) lower levels with two dominant emissions positioned
in the orange-red (~ 592 nm, "D0 — "F1) and deep-red (~ 697 nm, D0 — "F4) regions. Upon
265 nm excitation, the emission intensity increases with an increase of Bi** concentration up to
20 mol%. Due to the energy transfer from Bi** to Eu’* ions, the integrated intensity of Eu’*
emission in the Bi** co-doped BaYF5:10 mol%Eu’* is 216% stronger than in the Bi’*-free
sample. Our findings demonstrated that BaYF5:Eu,Bi has potential in plant lighting technology
due to strong emission in red and deep-red spectral areas.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Nanometric luminescent materials, especially those doped with lanthanide ions, are getting a lot
of attention because they can be used in many different areas. They can be used in light-emitting
devices, optical amplifiers, near-infrared photodetectors, biological labeling, clinical diagnostics,
medical imaging, anti-counterfeiting, latent fingerprint detection, and more [1-9]. Among them,
nanometric metal fluorides such as alkali-metal lanthanide fluorides or alkaline-earth-metal
lanthanide fluorides offer various advantages, including low phonon energy, electron-acceptor
behavior, wide optical transmission domain, high resistivity, and anionic conductivity. Cubic BaF,
and CaF, exhibit high optical transparency within the 0.14—13 um and 0.12—-10 um wavelength
ranges, respectively [10]. The wide band gap (> 9 eV) of these fluoride materials ensures allowed
electronic transitions of the dopant ions while preventing self-absorption [10]. In addition,
fluoride materials have a low phonon frequency (300—-500 cm™!), which reduces non-radiative
relaxation while increasing emission efficiency [11]. For example, LaF; and CaF, have effective
phonon energies of 43.4 meV (350 cm™~!) and 40.7 meV (328 cm™), respectively [12,13].

Ba’*-containing lanthanide fluorides, an important subset of the lanthanide fluoride family,
have been recognized as promising host materials for upconversion luminescence. Many studies
have found that Yb3*/Ho?*, Yb3*/Er?*, or Yb**/Tm3* activated BaYFs, BaGdFs, or BaLuFs
hosts can boost emissions from lower-energy states, which is valuable for bioimaging applications
[14-22]. Furthermore, Qiu et al. demonstrate that these nanophosphors with considerable
near infrared-to-visible multicolor upconversion emissions can be soluble in organic solvents
and water via a surface poly(acrylic acid) ligand exchange reaction [20]. Pr’*-doped BaYFs
nanoparticles showed remarkable UVC emission when exposed to either UV or blue-light
excitations, suggesting that have significant potential in various UV-requiring applications, such
as security industries, phototherapy, and sterilization [23]. On the other hand, the literature
reports on the Eu3+—doped luminescence in BaYFs nanophosphors are scarce [24].
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Eu* with the 4f° electronic configuration was discovered to be the most efficient lanthanide
red-emitting ion. Eu3* exhibits multi-color emissions, including orange, red, and deep red,
corresponding to transitions from the 5Dy excited emitting level to "F; (J=1, 2, 3, and 4) lower
levels [25]. Eu** doped fluoride materials are typically activated via F~ — Eu3* charge transfer or
directly exciting 4™ energy levels. However, Eu**-activated phosphors exhibit poor absorption
in the UV or blue spectrum due to the parity-forbidden 4f — 4f transitions. This limits their
usage in practical applications. Co-doping with another lanthanide or transition metal ions is
an effective strategy to overcome this obstacle. This strategy broadens the excitation spectrum
and increases luminescence intensity by transferring energy from the sensitizer to the activator
ion [26]. Research on Eu’* sensitization is ongoing, as the quest for narrow-band red-emitting
phosphors that can be used in phosphor-converted LEDs has not yet reached its highest point.

Blasse showed that energy transfer between Ce** and Eu’* is inefficient due to metal-to-metal
charge transfer quenching (Ce**/Eu’* — Ce**/Eu®*) [27,28]. The quantum efficiency of Ce*
excitation in YF3:Ce>*, Eu** was reduced to approximately 1%. However, efficient sensitization
of Eu** emission can be achieved by inhibiting metal-to-metal charge transfer through spatial
separation of sensitizer ions and Eu3* [29]. Aside from Ce3*, Bi** can also act as a sensitizer
to widen the Eu** absorption spectrum response, enhancing the luminescent intensity of Eu®*.
For example, Luo et al. found that Bi**-doped BaYFs:Yb3*, Er** phosphors have 3—4 times
stronger upconversion luminescence than a Bi**-free sample [18]. Mancebo e al. found that
the luminescence of co-doped LaF3:Eu*, Bi**, through the Bi** — Eu’* energy-transfer band,
enhancing the emission intensity by more than one order of magnitude, because the presence of
bismuth in the nanoparticles composition increases the material’s X-ray attenuation capacity
[30].

Herein, we explore the sensitization of Eu** emission with Bi** in BaYF5:Eu’*, Bi** (BYF:
Eu, Bi) phosphor nanoparticles and gain insight into the relevant energy transfer mechanism. A
set of samples with an average particle size of about 33 nm was synthesized using a solvothermal
method. The concentration-dependent luminescence properties reveal that the luminescence of a
representative BYF:10Eu’*,20Bi** phosphor is 216% enhanced via energy transfer from Bi** to
Eu?* upon the UV excitation. The most noticeable emission peaks are at 590 nm (orange-red)
and 700 nm (deep-red), with the latter being more pronounced. Moreover, the energy transfer
efficiency (nr), Eu**-Bi** critical distance (R.), and energy transfer mechanism from Bi** to
Eu* ions in BYF: Eu**, Bi** nanophosphors were discussed. Our findings indicate that BYF:
Eu* phosphor nanoparticles with a unique feature of intense emission at around 700 nm could
be used in various applications, particularly sustainable agriculture.

2. Experimental section
2.1. Materials

Yttrium(II) nitrate hexahydrate (Y(NO3)3-6H,0, 99.8%) was purchased from Aldrich, while
bismuth(III) nitrate pentahydrate (Bi(NO3)3-5H,0, 98.0%) was from Reanal. Europium(III)
nitrate hexahydrate (Eu(NO3)3-6H,0, 99.9%), barium nitrate (Ba(NO3),, 99.95%) and ammonium
fluoride (NH4F, 98%) were obtained from Alfa Aesar. Glycerol (=99%) was purchased from
Acros Organics. All the materials were used without further purification.

2.2. Synthesis of BaYFs: Eu, Bi

We synthesized three sets of nanophosphors using the solvothermal method: 1. BaYFs: xEu,
where x=1, 10, 20 mol%; 2. BaYFs: 10Eu, yBi, where y=0, 5, 10, 20, 30, 50 mol%; and 3.
BaYFs: xEu, 20Bi where x=1, 5, 10, 20 mol%. From the first set, we chose the sample with
10 mol% of Eu’* as a representative for further co-doping with Bi** (samples of set No. 2) as it



Research Article Vol. 32, No. 23/4 Nov 2024 / Optics Express 41634 |

Optics EXPRESS

had the most intense emission (see Fig. S1). The third sample set was prepared to gain insight
into energy transfer mechanisms.

Each synthesis was conducted through the steps presented in Fig. 1. Initially, Ba(NO3)s,,
Ln-nitrates, and Bi(NO3)3; were weighted according to the stoichiometric ratio (nominal amounts
in precursor mixture are presented in Table 1) and dissolved in 7.0 ml water and 7.5 ml glycerol.
After that, an excess amount of NH4F was dissolved in 1.0 ml water and added dropwise to
the initial solution. The resulting solution was maintained with a strong stirring for 1 h at
room temperature. This mixture was then transferred into a 50-mL Teflon-lined autoclave and
heated in the oven at 180°C for 21 h. The obtained nanoparticles were centrifuged at 4000 rpm
for 10 minutes, washed in water and ethanol:water = 1:1 mixture, and air dried before further
characterization.

Precursors Dropwise addition of
dissolution NH.F g
. Ba(N03)2 solvents: H,0 and glycerol
@ Y (N0:)x6H,0 s
= g — g
Eu(NO3)sx6H,0 A e
Quverae ] e
@ siN0y):x5H,0 — ——
Stirring
X 1h

pe— ;151955# — [

: 1.

Air drying of Centrifugation at 4000 rpm Transferred to

nanoparticles for 10 min solvothermal reactor
washed with H.0 and g1 80°C g 21h

H,0O/EtOH mixture

Fig. 1. Schematic illustration of the solvothermal synthesis of BYF: Eu, Bi nanoparticles.
The precursors were initially dissolved in a water-glycerol mixture and fluoride ions were
added dropwise (steps 1 and 2). After vigorous stirring, the resulting mixture was transferred
to a Teflon-lined autoclave and heated to 180°C for 21 h (step 3). The resulting nanoparticles
were subsequently washed, centrifuged, and left to dry in air (steps 4 and 5).

2.3. Instruments and measurements

Powder X-ray diffraction (PXRD) measurements were performed on a Rigaku SmartLab system
(Tokyo, Japan) operating with Cu Ka radiation (30 mA, 40 kV). Diffraction data sets were
recorded with a step size of 0.02° and a counting time of 1°/min in 20 range from 10° to
90°. Results of the structural analysis (unit cell parameters, microstrain values, and data fit
parameters) were obtained using the built-in PDXL2 software. The average particle size was
calculated using ImagelJ software. Shimadzu UV-2600 (Shimadzu Corporation, Tokyo, Japan)
spectrophotometer with an integrating sphere was used to measure diffuse reflectance spectra with
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Table 1. The final precursor quantities for synthesis of the representative BYF:10Eu, yBi (y=0, 5,
10, 20, 30, 50 mol%) sample set

Bi?* (mol%) Ba(NO3); Y(NO3)3-6H,O Eu(NO3)3-6H,0 Bi(NO3)3 NHyF
(mmol) (mmol) (mmol) (mmol) (mmol)
0.90 /
0.85 0.05
10 0.80 0.10
_ 1.00 _ 0.10 _ 7.00
20 0.70 0.20
30 0.60 0.30
50 0.40 0.50

BaSOy as areference. The photoluminescent emission and excitation spectra were acquired using
a Fluorolog-3 Model FL3-221 spectrofluorometer system (Horiba-Jobin-Yvon) under continuous
operation with a 450W xenon lamp. The field emission scanning electron microscope TESCAN
MIRA3 was used to observe the microstructure and particle size of the examined nanopowders.

3. Results and discussion
3.1. PXRD and morphology analysis

Despite the addition of Eu** and Bi** ions, the main diffraction peaks of BYF: xEu, x = 1-20 mol%
(Fig. 2(a)) and BYF:10Eu, yBi**, y = 0—~50 mol% nanophosphors (Fig. 2(b)), correspond to the
main reflections from 111, 200, 220, 311, 222, 400, 331, 420, 422, and 511 crystal planes and
resemble standard cubic data of ICDD No. 01-080-2728 for single-phase BaYFs, space group
Fm3m (225). Compared to the standard cubic BaYFs, the magnified (111) diffraction peaks
of BYF: Eu samples are slightly shifted to the lower 20 values due to the replacement of Y3*
r=0.9 ;\, ionic radii, VI coordinated) by a larger Eu3* (r=0.947 A, ionic radii, VI coordinated)
as shown in Fig. 2(c) [31]. The magnified (111) diffraction peaks of BYF: 10Eu, yBi samples
are shifted more to the lower 20 values due to the replacement of Y** by two larger Eu®* and
Bi3* ions (r=1.03 A, ionic radii, VI coordinated) as shown in Fig. 2(d) [31]. Also, the degree of
deviation in the shape of these diffraction peaks increases when the Bi** concentration exceeds
20 mol%, suggesting that high Bi** concentrations affect the crystal structure of the cubic BaYFs
host lattice. Nonetheless, these results indicate that doping with a small amount of Bi** does not
strongly affect the phase structure of BaYFs while higher doping concentrations distort BaYFs
host lattice that, however, still resembles cubic. Figure 2(e) (left) shows that as the Eu?* content
increases, the unit cell volume in BYF fluctuates slightly. Figure 2(e) (right) shows a considerable
increase in the unit cell volume of the BYF:10Eu, yBi system as the Bi** concentration increases
due to a larger distinction in Bi** and Y>* ionic radius.

Table 2 shows the results of the structural analysis: crystallite size (CS), microstrain values,
unit cell parameters, unit cell volume (CV), and data fit parameters (Ryp, Ry, Re, GOF) of
BYF:10Eu, yBi (y=0, 5, 10, 20, 30, and 50 mol%) nanophosphors. The CS of BYF:10Eu is
estimated to be 19.6 nm, and the lattice constant a is 5.8925 A (CV =204.60 A3). The influence
of Bi** doping in the BYF: 10Eu lattice causes crystal lattice expansion up to a =5.9942 A,
CV =215.37 A3 for the sample BYF:10Eu, 50Bi. As previously stated, expansion is expected
when dopants with a larger ionic radius replace the Y3* with a smaller ionic radius in BaYFs.

Figure 3 shows SEM images of BYF:10Eu phosphor nanoparticles with a particle size
distribution. Nanoparticles are of a quasispherical shape, as well as a high degree of crystallinity.
The average crystalline size of BYF: 10Eu nanoparticles, considering more than 100 particles,
was estimated to be 33 =2 nm (see Fig. 3(c)). The average particle size was calculated without
considering partially displayed particles. The histogram was fitted using a lognormal distribution.
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Fig. 2. PXRD patterns of (a) BYF: xEu (x =1, 10, and 20 mol%) and (b) BYF:10Eu, yBi
(y=0,5, 10, 20, 30, and 50 mol%) nanoparticles; (c) The evolution of the (111) diffraction
peak magnified from (a); (d) The evolution of the (111) diffraction peak magnified from (b);
(e) The values of the unit cell volume versus Eu3* and Bi** contents in BYF (purple circles)
and BYF: 10Eu (orange stars), respectively.
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Table 2. Results of the structural analysis of BYF: 10Eu, yBi nanophosphors, where y =0, 5, 10, 20,
30, and 50 mol% Bi3*

Bi3* content (mol%) 0 5 10 20 30 50
a=b=c(A) 5.8925 (3) 5.9236 (4) 5.9235 (5) 5.9227 (6) 5.9401 (6) 5.9942 (5)
Cv (A% 204.60 (4) 207.85 (5) 207.84 (6) 207.76 (7) 209.60 (7) 215.37 (6)
Ccs (A) 196 (3) 274 (5) 305 (12) 198 (11) 100 (6) 95 (5)
Strain 0.46 (3) 0.64 (2) 0.75 (2) 1.03 (6) 0.23 (3) 0.26 (3)
GOF 1.1254 1.5272 1.6212 1.6678 2.9693 3.6494
“Rwp 4.23 5.79 6.14 6.42 11.08 13.43
bRp 3.16 445 4.66 4.95 7.57 8.71
‘Re 375 3.79 3.78 3.85 3.73 3.68

“Rwp—the weighted profile factor;
b Rp—the profile factor;
¢Re—the expected weighted profile factor; GOF—the goodness of fit.
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Fig. 3. (a, b) SEM images of solvothermally synthesized BYF: 10Eu phosphor nanoparticle;
(c) The particle size distribution.

3.2. Spectroscopic properties

Figure 4(a) shows the room temperature diffuse reflectance spectra of BYF:10Eu, yBi (y=0, 5,
10, 20, 30, and 50 mol%) samples in the 220-500 nm wavelength range. The spectra reveal the
absorption band of Eu** at 394 nm, originating from the ground state "Fy to the upper level >Lg
transition. In addition, it is observed that the UV band edge tends to shift towards lower energy
with an increase of Bi** content in the BYF: Eu. This red shift with the change of Bi** content
indicates a strong absorption of Bi**, which lies in the UV region [32-34]. The spectroscopic
properties of a representative Bi** co-doped BYF: 10Eu phosphor are analyzed, whereas Fig.
S1 shows the photoluminescence excitation and emission spectra of Bi-free BYF with varying
Eu’* contents (see Supplement 1). The room temperature photoluminescence excitation spectra
of all BYF: Eu, Bi samples recorded in the 250-330 nm (Aer = 698 nm) wavelength range are
given in Fig. 4(b). The intense peaks at 297 and 317 nm correspond to the ’Fy — °F; and
"Fy — >Hj transitions of Eu3*, respectively [35,36]. A red shift is also observed with increasing
Bi** content. This suggests that Bi** may act as a sensitizer, broadening the Eu** absorption
spectrum response and increasing the luminous intensity of Eu3*.

The photoluminescence emission spectra of all BYF: Eu, Bi samples recorded at room
temperature are displayed in Fig. 4(c) (hex =265 nm). All emissions correspond to 4f—4f
transitions of Eu?* are located at ~594 nm (°Dy — "Fy), ~613 nm °Dg — F,), ~650 nm (°D
— "F3), and ~700nm (°Dy — ’Fy4). The emission in the deep-red spectral region around 700
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Fig. 4. (a) Room temperature diffuse reflectance spectra for BYF: 10Eu, yBi (y=0, 5, 10,
20, 30, and 50 mol%) samples; Room temperature photoluminescence for BYF: 10Eu, yBi
(y=0, 5, 10, 20, 30, and 50 mol%) samples: (b) Excitation spectra under Aey, = 698 nm; (c)
Emission spectra under Aex =265 nm; (d) Ratio of the integrated emission intensity for BYF:
10Eu samples with varied Bi concentration and Bi-free BYF: 10Eu sample as a function of
Bi3* ions concentration; (¢) The appearance of representative BYF: 10Eu, 20Bi phosphor
nanoparticles under daylight (left) and UV light (right).

nm, corresponding to the "Dy — "F, transition, exhibits the highest intensity in these spectra.
This is not common for Eu*, but it has been reported for several hosts where the structural
distortion from octahedral symmetry to non-centrosymmetric Daq exists [37,38], as odd-rank
components of the static forced electric dipole and ligand polarizability-dependent dynamic
coupling mechanisms are high, particularly in the highly polarizable chemical environment [39].
Figure 4(d) shows that europium’s photoluminescent intensity continually increases until the Bi3*
content reaches 20 mol%, while the further addition of Bi** decreases the emission intensity. The
integrated emission intensity in the 520-720 nm wavelength range shows that the representative
BYF: 10Eu, 20Bi sample has a 216% emission enhancement compared to the Bi-free BYF: 10Eu
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phosphor. Figure 4(e) shows the translucent white color of representative BYF: 10Eu, 20Bi
phosphor nanoparticles under daylight (left) and the red appearance under UV light (right).

3.3. Energy transfer in BYF: Bi Eu, phosphor nanoparticles

The third set of BYF samples with constant Bid* (y =20 mol%) and various Eu3* x=1,5,10,
20 mol%) contents was prepared to examine the energy transfer mechanism from a sensitizer
to an activator. Fig. S2 with the XRD spectra confirms the phase purity of these samples (see
Supplement 1). Figure 5(a) and 5(b) show the photoluminescence spectra of BYF nanoparticles
with constant 20 mol% Bi and different Eu (x=1, 5, 10, and 20 mol%) concentrations. The
photoluminescent spectra of BYF: Bi, Eu phosphors revealed a broadband blue emission centered
at approximately 430 nm attributed to the *P;—!Sg allowed Bi** transition. These Figs. also
show that Bi** — Eu’* energy transfer in the BYF:xEu, 20Bi (x =1, 5, 10, and 20 mol%) system
has a different character, depending on Bi** content.

Energy transfer from a sensitizer to an activator can occur via radiative transfer, exchange
interaction, or multipole-multipole interaction [40]. Dips in the sensitizer’s emission spectra that
correlate to the absorption spectrum of activated ions demonstrate the possibility of radiative
energy transfer from the sensitizer to the activator [41]. As shown in Fig. 5(b), the emission
spectra of BYF: 20Bi, 20Eu clearly show a dip that overlaps with the absorption of Eu’*, indicating
that the energy transfer has a radiative character. On the other hand, Fig. 5(a) reveals that 20mol%
Bi** and Eu’* concentrations less than or equal to 10 mol% contribute to a non-radiative character
of energy transfer in BYF: Bi, Eu.

According to the Dexter and Schulman theory, concentration quenching in inorganic phosphors
occurs when energy passes from one activator to another, often until the energy sink in the lattice
is achieved [42]. Blasse reported that the average separation distance between the sensitizer and
activator ions is equal to the critical distance R., which can be expressed as follows [43]:

3\
R. ~2| —— 1
¢ (47T CpireulN ) ’ M

where N is the number of sites that lanthanide ions occupy per unit cell, V is the unit cell volume,
and Cg; + gy is the overall doping concentration of the Bi** and Eu?* ions. For BaYFs, N =2 and
V =204.34 A3, Using Eq. (1), R, is determined to be 9.8, 9.2, and 8.7 A for Cp, , g, =0.21, 0.25,
and 0.30, respectively. The critical concentration of Cp; + g, in the BYF host is 0.30, while higher
concentrations show emission-quenching effects.

Non-radiative energy transfers include exchange interaction and multipole-multipole interaction.
Exchange interaction occurs when the sensitizer and activator are separated by less than 5 A and
their orbitals overlap significantly [44]. In our case, the critical distance between Bi** and Eu®* is
8.7 A, excludes energy transfer via exchange interactions. Therefore, electric multipole-multipole
interaction is a potential energy transfer mechanism in BYF: Bi, Eu nanophosphors when Bi**
content is less than or equal to 10 mol%. Based on the Forster Resonance Energy Transfer
formula of multipolar interaction and Reisfeld’s approximation, the following relation can be
given:

no _ Iso n/3
T~ e @)

where 779 and Iy represent the emission quantum efficiency and luminescence intensity of the Bi**
sensitizer ions alone, while r7 and I are the emission quantum efficiency and luminescence intensity
of Bi3* in the presence of Eu** activator ions. Cp, 4 g, is the overall doping concentration of the
Bi** and Eu’* ions, and n = 6, 8, or 10 reflect dipole-dipole, dipole-quadrupole or quadrupole-
quadrupole interactions, respectively. Equation (2) shows that the luminosity ratio Iso/Is can
be used to estimate the amount of nso/ns. Figure 5(c) depicts the linear plots between Iso/Is
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Fig. 5. (a) The emission spectra of BYF: xEu, 20Bi (x=0, 1, 5, and 10 mol%) nanoparticles;
(b) Overlap of the emission spectrum of BYF: 20Eu, 20Bi and absorption of BYF: 10Eu; (c)
Plots of Igp/Ig versus C(Bi**+Eu?*)0/3, C(Bi3* +Eu3*)3/3 and C(Bi**+Eu3+)10/3,

and Cgﬁ £, 0 all cases of electric multipole-multipole interaction. A good linear trend for n=8
(Czﬁ ) Shows that dipole-quadrupole interaction is the dominant mechanism for energy transfer

from Bi** to Eu?* in BYF phosphor nanoparticles.
The energy transfer efficiency (177) from a sensitizer to an activator ion can be calculated by
the following relation [45,46]:

nr=1- = (3)

Iso
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Energy transfer efficiencies (1) of as-prepared samples increase with the increase of Eu’*
content with maximum values of 16% for representative BYF: 10Eu, 20Bi sample.

4. Conclusion

In this study, we synthesized three different sets of phosphor nanoparticles: BaYFs: xEu, BaYFs:
10Eu, yBi, and BaYFs: xEu, 20Bi using the solvothermal method. All nanoparticles crystallize
in a cubic structure, with the Fm3m (225) space group with an average particle size of around
33 nm. The diffuse reflectance spectra of the samples show a UV absorption band that shifts
towards lower energy with the Bi** content increase. The excitation spectrum of BaYFs: 10Eu
exhibits typical transitions of Eu3* and a red shift of a band tail as the Bi** content increases.
The emission spectrum of BaYFs: 10Eu, 20Bi with characteristic Eu’* transition peaks in the
red region shows a 216% enhanced intensity compared to Bi-free BaYFs: 10Eu sample, while
further addition of Bi** quenches the Eu®* emission. These findings prove that Bi** is an
excellent sensitizer ion for Eu** ion widening its absorption and enhancing its photoluminescent
intensity. The Eu** major excitation band matches the Bi** emission band in the BYF: Bi, Eu
system, indicating efficient energy transfer from Bi3* to Eu**. The energy transfer mechanism for
samples doped with up to 10 mol% Eu3* is nonradiative due to dipole-quadrupole interactions.
Higher doping concentration (20 mol% Eu**) results in radiative energy transfer. The maximal
energy transfer efficiency for BYF: 10Eu, 20Bi is 16%.
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