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Sm3*-doped BaZnGeOs phosphors with various Sm3" doping concentration were synthesized via a high-temperature
solid-state method. X-ray diffraction (XRD) confirmed the single-phase BaZnGeOs structure with no impurities.
Photoluminescence spectra showed concentration quenching behavior, where dipole-dipole interactions were identified as
the main energy transfer mechanism between Sm3* ions. Thermal stability analysis revealed that the thermal quenching of
the Sm®* “Gsy2 level follows a crossover process, with an activation energy (AE) of 0.24 eV, as described by the Arrhenius
model. Additionally, Judd-Ofelt analysis provided the optical transition probabilities and radiative characteristics of Sm3* in
the BaZnGeO4 host, with calculated Qi (A = 2, 4, 6) values of 6.83 x 102° cm?, 5.10 x 10-?° cm?, and 2.80 x 1020 cm?2.
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1. Introduction

In recent years, rare-earth-doped luminescent
materials have attracted extensive research interest owing
to their remarkable optical properties. These phosphors
exhibit broad potential for applications in lighting, laser
media, solar energy conversion, and biomedicine. In
particular, they have been widely employed in solid-state
lasers [1-5], light-emitting diodes (LEDs) [6-10], solar
cells [11-13], multicolor displays [14-16], and
bioimaging fluorescent probes [17-20]. Among these,
rare-earth-based phosphors play an especially vital role
in the solid-state lighting industry.

The color quality of white light-emitting diodes
(W-LEDs) largely depends on the emission
characteristics of both the semiconductor chips and the
combined phosphors. Although considerable progress has
been achieved in developing blue and green emitters,
efficient red-emitting phosphors remain relatively less
explored [20-28]. The design of high-performance red
phosphors therefore requires careful selection of the host
lattice. Among various candidates, BaZnGeOs is a
promising host due to its facile synthesis, low phonon
energy, and excellent structural and chemical stability.
Recent studies have shown that BaZnGeOs-based

phosphors can exhibit tunable photoluminescence and
persistent luminescence through suitable activator doping
and defect regulation. For example, Sun et al. reported a
defect-induced orange persistent luminescence phosphor
based on Bi*"-activated BaZnGeOs, in which the
luminescence behavior was closely related to the local
coordination environment of Bi** and vacancy-related
defects [29]. In addition, Eu*'-activated BaZnGeO4
phosphors have recently been investigated for lighting
and latent fingerprint visualization applications, where
Judd-Ofelt analysis was employed to evaluate the local
crystal-field environment and optical transition properties
of Eu®" ions [30]. These results indicate that BaZnGeO4
is not only structurally stable but also suitable for
constructing rare-earth or transition-metal-ion-activated
phosphors with diverse optical functions. Compared with
Eu®", which is commonly used in commercial red
phosphors, Sm*" ions offer several advantages, including
lower cost, broader emission range, and superior color
saturation. Consequently, Sm*"-activated BaZnGeOs
emerges as a cost-effective and easily synthesized
red-emitting material suitable for W-LED applications
[31-37].

To assess the optical performance of
rare-earth-activated phosphors, it is essential to
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determine their optical transition parameters based on the
Judd-Ofelt (J-O) theory. As one of the most established
models for analyzing f-f transitions in trivalent rare-earth
ions, J-O theory provides three intensity parameters, Qx
(A = 2, 4, 6), which can be used to calculate critical
radiative properties such as oscillator strength,
spontaneous  emission  probability,  fluorescence
branching ratio, radiative lifetime, and quantum
efficiency. For transparent systems, the J-O parameters
can be directly derived from absorption spectra once the
ion concentration and refractive index are known.
However, in non-transparent media, absorption data are
difficult to obtain, limiting the conventional J-O
approach. Meanwhile, since diffuse reflectance spectra
correlate closely with absorption spectra, combining
diffuse reflectance and fluorescence lifetime data
provides an effective method for evaluating the J-O
intensity parameters of opaque phosphors.

In this study, BaZnGeOs phosphors with varying
concentrations of Sm’' were synthesized using a
high-temperature solid-state method. The samples were
characterized using X-ray diffraction (XRD) and
photoluminescence (PL) spectroscopy. The spectral
characteristics and energy transfer behavior of the
phosphors were investigated through excitation spectra,
emission spectra, and fluorescence decay. By studying
the diffuse reflectance spectra and fluorescence the real
J-O parameters can be derived.

2. Experimental
2.1. Experimental chemicals

High-purity reagents ZnO (99.99%), GeO: (99.99%),
BaCOs (99.99%), and Sm»03 (99.99%) were obtained
from Tianjin Jinke Fine Chemical Research Institute. A
series of Sm*-doped BaZnGeOs phosphors were
synthesized via a conventional high-temperature
solid-state reaction. The starting materials were weighed
according to the stoichiometric ratios and thoroughly
homogenized in an agate mortar for 30 minutes. The

well-mixed powders were transferred into AlO;
crucibles and calcined in air at 1140 °C for 6 h, with a
heating rate of 9.5 °C min'. After the sintering process,
the samples were naturally cooled to room temperature
and reground for 10 min to obtain uniform luminescent
powders.

2.2. Characterization

The crystal structure of the samples was
characterized by X-ray diffraction (XRD) using a
Shimadzu XRD-6000 powder diffractometer (Japan).
Photoluminescence properties, including excitation and
emission spectra as well as fluorescence decay, were
measured on a Hitachi F-4600 fluorescence
spectrophotometer with a 150 W xenon lamp as the
excitation source. Diffuse reflectance spectra were
recorded using a Shimadzu UV-3600 spectrophotometer
(Japan) equipped with an integrating sphere (Labsphere
206-23851-91, China). Sample temperature during
measurements was maintained using a custom-built
constant-temperature device (DMU-TC 450).

3. Results and discussion
3.1. Crystal structure analysis

The phase purity of the prepared samples was
confirmed using XRD. Moreover, Rietveld structure
refinement was performed using the GSAS program,
with single-crystal crystallographic data of BZGO
adopted as the initial model. Fig. 1 shows the refinement
patterns of BZGO: 1 mol% Sm>" where the cross
symbols represent the experimental data and the red solid
line represents the calculated results. This figure
highlights the significant consistency between the
experimental data set and the theoretical data set, with
differences falling within acceptable ranges. This strong
consistency supports the conclusion that our prepared
sample exhibits a hexagonal crystal phase.
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Fig. 1. Refinement pattern of optimal sample BaZnGeQy : 1 mol% Sm’>* (colour online)

For comprehensive details on the cell parameters and
the refinement results from the Rietveld refinement
procedure were listed in Table 1. The refinement results
of BZGO: 1 mol% Sm* (¥>=3.18, R,=7.84%,
Rwp=10.45%) indicate that the fraction factors, atomic
positions, and temperature factors of the sample are in

good agreement with the reflection conditions. BZGO
crystals belong to the hexagonal system with a structure
derived from the high-temperature tridymite phase. The
space group is P6, with lattice parameters a=b=9.296 A,
c=8.826 A, V=660.554 A for BZGO: 1 mol% Sm?**.

Table 1. Rietveld refinement results and cell parameters of BaZnGeOs: 1 mol% Sm>* phosphor

Formula BaZnGeOys : 1 mol% Sm3*
Radiation type Cu Ko, radiation with A =
1.5406 A
20 range 10-90°
Symmetry Hexagonal Symmetry
Space group P6
Cell parameters a=9.296 A
b =9.296A
c=8.826A
a = p=90°
vy =120°
V = 660.554A3
Reliability factors ¥=3.18
Rwp =10.45%
R, =7.84%

The crystal structure of BZGO was shown in Fig. 2,
where there are two independent tetrahedral sites: one
occupied by Ge*" and the other by Zn?". [TO4] tetrahedra
are connected by corners to form layers perpendicular to

the c-axis. These layers are linked to form a
three-dimensional framework by sharing O(4). This
framework contains three types of cavities filled with
Ba?" ions. Each of the three Ba®' sites is surrounded by
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nine oxygen atoms, with Ba?' ions located on the
midplane between two neighboring layers. The ionic
radius of Sm** (1.02 A) is similar to that of Ba®>" (1.35 A)
and much larger than those of Zn>" (0.74 A) and Ge*'

OBa
Q© Ge
© Zn
o O

(0.53 A) with the same coordination number. Therefore,
it is believed that the doped Sm>* ions occupy the Ba®*
sites in BZGO.

Fig. 2. The unit cell structure of the BaZnGeQO4 host (colour online)

3.2. Luminescence properties

The excitation spectra of powder samples with
different Sm3" concentrations were obtained by
monitoring 598 nm emission, corresponding to the
Sm*":*Gsp,—°Hy, transition, as shown in Fig. 3. All
excitation spectra exhibit the same profile, featuring 10
excitation peaks at 317, 345, 363, 375, 404, 419, 442,
466, 480, and 501 nm. These peaks correspond to
transitions from the ground state °Hs, to the excited

states ‘Kizz, *Hop, *Dsp, “Prn, *Fra, Psn, *Gon, L,
*Misp, and “Gyp, respectively. The most prominent
excitation peak at 404 nm, which matches the output
wavelength region of commercial semiconductor LEDs,
suggesting that BaZnGeOs:Sm** phosphors could be
potential candidates for white LEDs. Additionally, the
excitation spectra indicate that the intensity increases
with the Sm*" concentration, reaching a maximum at 1
mol%. Beyond this concentration, the intensity gradually
decreases.
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Fig. 3. Excitation spectra of BaZnGeQ4:Sm** phosphors doped with varying Sm>* concentrations by monitoring 598 nm emission

(colour online)
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The emission spectra of BaZnGeOs samples with
varying concentrations of Sm?" are presented in Fig. 4.
These spectra were recorded under 404 nm excitation,
corresponding to the ®Hs»,—*F7p, transition of Sm**. Four
characteristic emissions of Sm’" are observed,
corresponding to transitions from *Gs, to *Hs;, (562 nm),
®H7, (596 nm), Ho,, (646 nm), and °Hii2 (720 nm). The
4Gs;,—°®Hop and *Gsp—°Hyy), transitions are pure electric
dipole transitions (AJ<6), while the *Gsp,—°Hs, and
4Gs;,—°®Hyp, transitions involve both electric dipole and

magnetic dipole transitions, following the principle of
(AJ=0£1). Despite the different Sm*" concentrations in
each sample, the emission profiles remain similar.
Additionally, the fluorescence intensity  varies
significantly with the doping concentration. As the
concentration increases, the intensity initially rises,
reaching its peak at 1.0 mol% Sm>', and then gradually
decreases. This reduction in luminescence intensity at
higher concentrations indicates that concentration
quenching occurs at elevated Sm*" doping levels.
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Fig. 4. Emission spectra of BaZnGeOq phosphors with varying Sm** concentrations under 404 nm excitation (colour online)

A model for describing the concentration quenching
behavior, which involves the electric-multipole
interactions  between luminescent centers, was
established by Van Uitert and can be expressed as
[36-39]:

I(c) )

. C
k14 B9

In this study, c represents the doping concentration,
while k and B are constants specific to the research
system. (Q) denotes the interaction mechanism between
RE3" ions, where (Q = 6, 8 and 10) correspond to
dipole-dipole (D-D), dipole-quadrupole (D-Q), and
quadrupole-quadrupole (Q-Q) interactions, respectively.
To investigate the concentration quenching behavior, the
integrated fluorescence intensity of Sm**:*Gs,—°H7, in
BaZnGeOs powder samples with varying Sm?®*
concentrations was calculated. The
concentration-dependent luminescence intensity is shown
by the square symbols in Fig. 5 (a). Nonlinear curve
fitting was performed using equation (1), with the fitting

result represented by the solid line in Fig. 5(a). During
the fitting process, it was verified that the value of Q is 6,
which is close to the theoretical value of 6. This indicates
that the D-D interaction is the primary cause of the
concentration quenching of Sm’" in BaZnGeOq
phosphors. As the Sm3" concentration increases, the
distance between Sm*" ions decreases, leading to
stronger interactions and a reduction in the *Gsp level.
According to the energy level diagram and the energy
matching rules of Sm*" ions, four possible
cross-relaxation pathways are given in Fig. 5 (b).

4Gsp + ®Hsp — Frint SFspn ; (2) *Gsp + ®Hsp — CFopt
F71

2)

4Gsp + ®Hsp — Fapot SFop; (4) *Gspp + Hspp — SFspt
*Fiin

)

All these pathways contribute to the concentration
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quenching behavior of the luminescence emissions from
the *Gsy level to lower energy levels of Sm’' in

BaZnGeO4 samples.
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Fig. 5. (a) Dependence of the *Gs2—SH7,2 emission integrated intensity on doping concentration of Sm**. Solid circle represents

experimental data, while the solid line is the fitting curve based on Van Uitert's model. (b) Energy level diagram and cross-relaxation

pathways of Sm** in BaZnGeOq: Sm>* phosphors (colour online)

To explore the energy transfer behavior between
Sm3* ions, the fluorescence decay of Sm** in BaZnGeOs
phosphors were examined. Fig. 6 presents the
fluorescence decay of the Sm3":*Gs, level at varying
Sm3* concentrations, measured by monitoring 598 nm
emission under 404 nm pulsed light excitation. As shown
in Fig. 6, the decay curves follow a single-exponential
model in the semi-logarithmic coordinate system. A
single-exponential function was applied to process the
experimental data. Notably, as the Sm*" concentration

increases, the fluorescence decay rate remains unchanged.

This suggests that the 4f electron orbitals of Sm*" are
minimally influenced by the surrounding environment,

and therefore, the fluorescence properties remain largely
consistent across different concentrations. The
BaZnGeO; matrix exhibits a well-ordered crystal
structure and a stable chemical environment, which
effectively isolates the Sm** ions and reduces interionic
interactions. This isolation helps to minimize
concentration quenching effects, preserving a stable
fluorescence lifetime within a certain concentration range.
Furthermore, the crystal structure of BaZnGeO4 and the
coordination environment of Sm3" ions likely suppress
non-radiative relaxation pathways, decreasing the
likelihood of non-radiative transitions as concentration
increases, thus stabilizing the fluorescence lifetime.
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Fig. 6. Under 404 nm pulsed excitation, the fluorescence decay of the Sm**:*Gs2 level in BaZnGeOy phosphors with different Sm’>*
concentrations was measured by monitoring 598 nm emission (colour online)

3.3. Optical transition property of Sm**

In a previous report, our research group proposed a
method for calculating the J-O parameters of RE3*-doped
phosphors using diffuse reflection spectra. This method
was proven to be suitable for BaZnGeOs:Er*'/Yb*
phosphors [35,36]. According to this method, the relative
absorption cross-section spectrum can be determined
from the diffuse reflection spectra using the
Kubelka-Munk function. This spectrum is then calibrated
to the true absorption cross-section using the
fluorescence decay of the *I;3 level of Er’*, allowing for
the calculation of the J-O parameters.

Similarly, after obtaining the absorption
cross-section spectrum of Sm**-doped phosphors, the J-O
parameters can be derived according to the J-O theory.
Since the experimental oscillator's relative intensity
values are used in the J-O calculations, the measured J-O
parameters are relative values and need to be calibrated
using the ratio of the true radiative transition rate to the
relative radiative transition rate. Fig. 7 shows the relative
absorption cross-section spectrum of a BaZnGeO4:1 mol%
Sm*" sample, which was obtained from the diffuse
reflection spectrum derived using the Kubelka-Munk
function [40].

100
3 ]
< 80
@
b ]
S 604
et
151 4
)
E 40 4
m 4

20 4 BaZnGeO,:1 mol% Sm** I ‘(a)l
s = = —
8 T = = |b)] <
2 BE L= & ?% (J f
5 '_"E:f I.l..m +~ o 9‘-“
-E g = y 2N ;'-ﬁ 1,“ +9_4
S & L o
= i W 2 "
< o~ IERE F % J
-g A ‘g. ‘.’t /\ l£ B
,E I I T T T
&’ 5000 10000 15000 20000 25000

Wavenumber (cm")

Fig. 7. Diffuse-reflection (a) and relative absorption spectrum (b) of the BaZnGeQq: 1 mol% Sm** sample (colour online)
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As shown in Fig. 7 (b), these absorption spectra are 64V nimn*+2) 2
L . ‘el L QS LJ|U (S L)'
divided into two parts. The first part, ranging from 5000 32 +1) 9 2;'6 (SIS, L)) )

to 12000 cm!, belongs to the infrared-absorption region.
This region corresponds to transitions from the Hs; level
to the Fi2, “Hispa, °Fa, Fsp2, “Fan, °Fop, and °F iz levels,
respectively. The second part, ranging from 15000 to
30000 cm™ in the ultraviolet-visible range, corresponds
to transitions from the ®Hs, level to the ©Fp,
6H15/2/61:3/2/61'75/2/61:7/2/61:9/2, and 6F11/2 levels, respectively.
Due to severe spectral overlap that may lead to
significant errors, the absorption peaks from the ground
state 6H5/2 level to the 4G5/2, 4F3/2, 419/2/4M15/2/4111/2,
*Fsn/*Mi72/*Gon/Tisi2, *Mion, *Li3n/*Fr2/°P3n/*Kii2 levels
were excluded from the subsequent Judd-Ofelt
calculations. As it is well known that the transitions from
the ®Fsp, SFsp, and SFrp levels are magnetic dipole
transitions [41,42], the peaks corresponding to these
levels were disregarded in the subsequent calculations.
The relative J-O parameter values were calculated to be
Q' =9.28X 102! cm?; Q4 =6.93 X 102! cm?; Q¢' =3.8 X
102" cm? according to the relative absorption
cross-section.

Meanwhile, the relative electric dipole transition rate
can be calculated using the following equation [42].

In the equation, e represents the charge of an
electron, % is Planck's constant, # is the refractive index
of the matrix, and Q; (A=2, 4, 6) are the relative
Judd-Ofelt parameters. The terms refer to the angular

momentum quantum numbers of the initial and final

states, and <(S, L) J|Ui|(5', L) J’> denotes the reduced

matrix elements, which are generally considered to have
little dependence on the matrix. The values of Afgd
from the *Gs; level to all its lower energy levels are
listed in Table 1, and the total relative electric dipole

transition rate A,regd of the “Gsp level could be

determined.

Table 2. Relative/real theoretical oscillator strengths, relative/real electric dipole transition rate, total electric dipole radiative rate

and branch ratios of Sm** in BaZnGeQq4 phosphor

Initial Final Wave- Relative Real Relative Real electric Total Branch
level level number theoretical oscillator electric dipole electric Ratio(%)
oscillator strengths dipole transition dipole
strengths (10%) transition rate(s™) radiative
(10%) rate(s™) rate (s)

4Gsp Frin 7448 0.00 0.00 0.00 0.00 8083.12 0.00
4Gsp Fop 8842 0.00 0.00 10.58 77.87 0.01
4Gsp F12 10022 0.00 0.00 9.76 71.83 0.01
4Gsp °Fs 10890 0.11 0.81 78.22 575.70 0.07
4Gsp F31 11394 0.00 0.00 12.36 90.97 0.01
4Gsp ®Hisn 11511 0.00 0.00 0.00 0.00 0.00
4Gsp °F1 11644 0.00 0.00 0.00 0.00 0.00
4Gsp ®Hisn 12959 0.00 0.00 10.41 76.62 0.01
4Gsp ®Hii 14364 0.06 0.44 101.47 746.82 0.09
4Gsp “Hoy 15690 0.52 3.83 482.16 3548.70 0.44
4Gsp Hy) 16896 0.31 2.28 358.47 2638.34 0.33
4Gsp %Hs), 17930 0.00 0.00 34.82 256.28 0.03
F1in2 For 1394 1.11 8.17 1.18 8.68 21595.05 0.00
F1in2 F71 2574 0.85 6.26 4.14 30.47 0.00
F1in2 Fs/ 3442 0.68 5.00 6.42 47.25 0.00
Frin2 F3/ 3946 0.53 3.90 5.92 43.57 0.00
F1in2 *Hisp 4063 852.09 6271.38 485.51 3573.35 0.17
F1in2 F1/ 4196 0.19 1.40 3.62 26.64 0.00
Frin ®Hizn 5511 378.91 2788.78 630.88 4643.28 0.22
Frin *Hii 6916 272.51 2005.67 716.21 5271.31 0.24
Frin %Hop 8242 129.91 956.14 620.44 4566.44 0.21
Frin “Hy) 9448 27.80 204.61 356.09 2620.82 0.12
Frin *Hsp 10482 1.57 11.56 103.70 763.23 0.04
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Initial Final Wave- Relative Real Relative Real electric Total Branch
level level number theoretical oscillator electric dipole electric Ratio(%)
oscillator strengths dipole transition dipole
strengths (10%) transition rate(s™) radiative
(10%) rate(s™) rate (s!)

SFo) F7 1180 0.86 6.33 0.68 5.00 20126.58 0.00
SFo) ®Fsp 2048 0.46 3.39 2.18 16.04 0.00
SFo) °F3 2552 0.30 2.21 2.20 16.19 0.00
SFo) ®Hisp 2669 209.06 1538.68 69.96 514.91 0.03
SFo) F1 2802 0.01 0.07 0.58 4.27 0.00
%Fo) *Hizn 4117 394.15 2900.94 318.38 2343.28 0.12
%Fo) *Hii 5522 138.41 1018.70 430.00 3164.80 0.16
%Fo) *Hop 6848 110.77 815.27 574.97 4231.78 0.21
SFo) *H7p 8054 130.53 960.70 752.26 5536.63 0.28
%Fo) *Hsp 9088 72.17 531.17 583.38 4293.68 0.21
F7 ®Fs/ 868 0.28 2.06 0.18 1.32 17143.50 0.00
F7 °F3 1372 0.10 0.74 0.39 2.87 0.00
SF712 ®Hisp 1489 67.73 498.49 8.04 59.17 0.00
F7 F1 1622 0.23 1.69 0.61 4.49 0.00
F7 ®Hisn 2937 86.66 637.82 51.86 381.69 0.02
F7 ®Hii 4342 253.90 1868.70 331.07 2436.68 0.14
F7 *Hop 5668 121.08 891.15 519.68 3824.84 0.22
F7 *H7p 6874 95.16 700.38 535.22 3939.22 0.23
F7 *Hsp 7908 148.57 1093.48 882.23 6493.21 0.38
SFs) F31 504 0.15 1.10 0.04 0.29 14641.47 0.00
SFs) *Hisn 621 8.08 59.47 0.27 1.99 0.00
SFs) F1 754 0.04 0.29 0.05 0.37 0.00
SFs) ®Hisn 2069 38.23 281.37 20.37 149.92 0.01
SFs) ®Hii 3474 55.04 405.09 90.22 664.02 0.05
SFs) “Hop 4800 161.99 1192.25 399.84 2942.82 0.20
SFs) Hy) 6006 196.38 1445.36 762.57 5612.52 0.38
SFs) Hs) 7040 119.33 878.27 715.97 5269.54 0.36
SF3) ®Hisn 117 0.07 0.52 0.00 0.00 13687.39 0.00
Fz1 Fin 250 0.03 0.22 0.00 0.00 0.00
®F3 *Hizn 1565 43.09 317.14 7.93 58.36 0.00
i *Hii 2970 41.58 306.03 55.83 410.91 0.03
i *Hop 4296 123.03 905.50 241.98 1780.97 0.13
i *H7p 5502 158.20 1164.35 691.48 5089.29 0.37
SF3) Hs) 6536 93.95 691.47 862.48 6347.85 0.46
Hisp F1 133 0.00 0.00 0.00 0.00 456.32 0.00
Hisp ®Hisn 1448 58.53 430.78 8.05 59.25 0.13
Hisp *Hii 2853 32.55 239.57 21.95 161.55 0.35
Hisp “Hoy 4179 7.41 54.54 21.10 155.30 0.34
Hisp Hy) 5385 0.49 3.61 9.45 69.55 0.15
®Hisn Hs) 6419 0.00 0.00 1.45 10.67 0.02
F12 *Hizp 1315 4.67 34.37 2.39 17.59 13570.29 0.00
F12 *Hiip 2720 104.12 766.32 69.42 510.93 0.04
F12 “Hoy 4046 57.79 425.33 188.65 1388.46 0.10
F12 Hyp 5252 62.29 458.45 376.00 2767.36 0.20
F12 Hs) 6286 195.25 1437.04 1207.33 8885.95 0.65
Hizp *Hii 1405 36.01 265.03 6.48 47.69 524.84 0.09
Hisn “Hoy 2731 27.80 204.61 23.61 173.77 0.33
Hisn “Hy) 3937 15.23 112.09 29.12 214.32 0.41
Hisn %Hs), 4971 1.05 7.73 12.10 89.06 0.17
Hiin %Hop 1326 28.85 212.34 5.03 37.02 350.85 0.11
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Initial Final Wave- Relative Real Relative Real electric Total Branch
level level number theoretical oscillator electric dipole electric Ratio(%)
oscillator strengths dipole transition dipole
strengths (10%) transition rate(s™) radiative
(10%) rate(s™) rate (s!)

*Hiin2 *H7 2532 18.09 133.14 18.72 137.78 0.39
Hiin2 *Hsp 3566 14.31 105.32 23.92 176.05 0.50
Hoy *H7 1206 21.28 156.62 3.69 27.16 136.38 0.20
Hoy *Hsp 2240 21.75 160.08 14.84 109.22 0.80
Hyy2 *Hsp 1034 16.03 117.98 2.71 19.95 19.95 1.00
The above calculations determined the relative following equation:

Judd-Ofelt parameters, but these relative values cannot

1 11 1 ed md

accurately assess the true optical transition properties. Z A Z A Z A

Therefore, it is necessary to obtain the real values of the

Judd-Ofelt parameters. To achieve this, the total radiative = — Z Am y

transition rate of the *Gss level of Sm*" will be used to T“Gs/z i

correct the relative values and obtain the real values. = - Z{ l67""n |<‘/’J |Uﬂ |l// ' J.>|2 }
To further refine the J-O parameters, under 404 nm Tigsn 3h(2J +1)m’c?

excitation, the fluorescence decay at 598 nm of

BaZnGeO4:1 mol%Sm?*" phosphor doped with the lowest

“4)

concentration of Sm3* was fitted to a single exponential
function, resulting in a decay time of 5.04 ms, as shown

in the inset of Fig. 6. Additionally, the radiative transition

rate A vad of the “Gs; level can be calculated as the

reciprocal of the radiative transition lifetime 7 (5.04
ms) of the *Gsp level of Sm’', yielding 198 s7'.
Furthermore, due to the large energy gap between the
4Gsp level and the adjacent lower energy levels,
multiphonon cascade non-radiative relaxation from *Gsy
to lower levels is impossible at room temperature. Thus,
the total radiative transition rate ),; Arqq of the *Gsp

level can be described as follows:

ZiArad = Z Aigd + Z Arad
(3)

Therefore, the total actual electric dipole transition

d
rate Z Area 4 of the *Gs level can be expressed by the

i

where )} A?}gi represents the total magnetic dipole
transition rate of the *Gs, level. From Eq. (4), it can be
seen that for a certain doping ion, the magnetic dipole
transition rate is an absolute value and has a linear
relationship with the cubic power of the refractive index
n. The value of ZiA%% can be obtained from
semitransparent glass doped with the same ion, where the
refractive index n is known. In this study, based on the
reported magnetic dipole transition rate results of Sm>" in
glass with a refractive index n value of 1.66 [38,39], and
the magnetic dipole radiation transition rate for the *Gs»
level of Sm*" in BaZnGeO4:Sm?** phosphors with a
refractive index n value of 2.13, the results are listed in
Table 2. Thus, the total value of the magnetic dipole
transition rate Y,; AT for the *Gsy level of Sm* could
be calculated. Consequently, the total real electric dipole
transition rate Y,; A2, can be determined based on Eq.

4.
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d
Table 3. A;Za’ of Sm** in LYAS glasses and BaZnGeQq+ phosphor

Transition md in LYAS: md  in BaZnGeOs: Sm>* (n=2.13)
4Gsp— sm*n=1.66) (s") rad s
®Fun 1.26 2.67
®Fspp 4.08 8.66
®Fap 6.01 12.75
°Hyp 1525 32.36
SHs» 18.15 38.52

Finally, the real Judd-Ofelt parameters Ql (/1 =2,4,

6) can be calculated using the following equation:

A
Q=" 0, 6)

rad

ed

rad
‘ed
rad

The term represents the linear factor
between the real value and the relative value of the
electric dipole transition rate, which has been determined
to be 7.36. Thus, the real Judd-Ofelt parameters can be
obtained by multiplying the relative Judd-Ofelt

parameters by this proportional coefficient. Therefore,
the real Judd-Ofelt parameters Q/l (A=2, 4, 6) have

been confirmed as follows: Q; = 6.83x102° cm?, Q4 =

5.10x102° cm? and Qs = 2.80x102° cm? To further
evaluate the optical transition characteristics of Sm*" ions
in the BaZnGeOj4 host, the obtained Judd-Ofelt intensity
parameters were compared with those reported for other
Sm*"-doped host materials, as summarized in Table 4. It
can be seen from Table 4 that the € value of
BaZnGeO4:Sm*" is higher than those of most listed
Sm3*-doped hosts. Since €, is sensitive to the local
asymmetry and covalency around rare-earth ions, the
relatively large Q, value suggests that Sm3* ions occupy
a low-symmetry local environment in the BaZnGeQO,
lattice. In addition, the Q4 value of BaZnGeO4:Sm3" is
also relatively high compared with those of the listed
phosphors, indicating that the BaZnGeO4 host provides a
strong crystal-field environment for Sm** ions. The trend
of the J-O parameters for BaZnGeO4:Sm>* is Q> Qp>
Q¢, which further indicates that BaZnGeQy is a suitable

host lattice for Sm>*-activated red-emitting phosphors.

Table 4. Judd-Ofelt parameters Q; (). = 2, 4, 6) for various phosphors

Phosphors Q5 /102 (em?) Q4 /102 (cm?) Q6 /102 (cm?) Trend Reference
YNbO,4:Sm3* 548 391 2.86 Q>Q4>Q 46
K>YFs5:Sm3* 0.38 3.55 2.18 Q>Q6>Q) 47

NaCaAIPOF5:Sm®* 3.90 351 2.89 000 43
BaWO4:Sm’" 1.09 1.40 0.88 Q0,0 49
Sro.5Ca5S103:Sm3* 0.51 0.32 0.24 Qr>Q>Q 50
LaOCl:Sm?* 0.41 0.48 0.62 Q>Q>Q) 51
LaAlO;:Sm3* 1.01 0.54 — Q>Qy 52
Sr2Si04:Sm3* 0.52 0.28 0.39 Q>Qe>Qy 53
BaZnGeO4: Sm?** 6.83 5.10 2.80 Q>Q4>0Q¢ This work

3.4. Thermal quenching properties

The luminescent thermal stability of
rare-earth-doped fluorescent materials is a key factor in
evaluating their performance. Thus, investigating the

thermal stability of phosphor luminescence is essential.
To assess this, the temperature-dependent emission
spectra of the BaZnGeOs:1 mol% Sm*" sample were
measured across a temperature range from 303 K to 723
K, with 30 K increments, under 404 nm excitation, as
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shown in Fig. 8. As depicted in Fig. 8, the luminescence
intensity progressively decreases with increasing
temperature, which indicates the occurrence of thermal
quenching.  Generally, thermal quenching of

luminescence is attributed to multi-phonon cascade
nonradiative relaxation, energy transfer processes, and
the crossover mechanism [42].

BaZnGeO,:1 mol% Sm>* I

Intensity (a.u.)
s
"l
B
g
=
=

303K
333K
363K
393K
423K
453K
483K
513K
543K
573K
603K
633K
[ 863K
693K
723K

700 800 900

Wavelength (nm)

Fig. 8. Emission spectra of BaZnGeOq: 1 mol% Sm’" under 404 nm excitation at various temperatures

(colour online)

To discover the luminescence thermal quenching
mechanism  of Sm?* in  BaZnGeOsSm?', the
temperature-dependent fluorescence decay curves for the
BaZnGeO4:1 mol% Sm3* sample were measured by
monitoring 598 nm emission while under 404 nm

excitation wavelength in the temperature range of
303-723 K. The initial intensity-normalized decays in the
semi-logarithmic coordinate system are displayed in Fig.
9.
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Fig. 9. Fluorescence decay of BaZnGeOy: 1 mol% Sm’>* under 404 nm excitation at different temperatures (colour online)
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It was clearly observed that the fluorescence decay
curves exhibited consistent behavior, following a
single-exponential function at all measured temperatures.
This suggests that the energy transfer processes between
Sm*" ions remain largely unaffected by temperature.
Therefore, it can be concluded that the thermal
quenching of Sm3" is not due to energy transfer between
the ions. Furthermore, since the energy gap (7421 cm™)
between the *Gs, and Fyi,, levels is significantly larger
than the maximum phonon energy of BaZnGeO4 [35-37],
multi-phonon cascade non-radiative relaxation from the
4Gspy level can be disregarded. This indicates that the
luminescence  thermal quenching of Sm*" in
BaZnGeO4:Sm>" is not driven by multi-phonon cascade
non-radiative relaxation. Thus, the crossover mechanism
is identified as the primary cause of the luminescence
thermal quenching behavior of Sm*" in BaZnGeO4:Sm*".
In this crossover process, the relationship between
luminescence intensity and temperature can be described
using the Arrhenius model, as shown below [38,39-45].

1y

1=
l+cxexp(—A4E / kD)

(€)

where Ip represents the luminescence intensity at a
temperature close to zero, and I(T) denotes the
luminescence intensity at temperature T; C is a constant
independent of temperature; k is the Boltzmann constant,
and AE is the activation energy associated with the

(@) . ‘ BaZnGeO,: 1 mol% Sm** I

Aex= 404 nm
AE =0.24 eV

Intensity (a.u.)

l(t)=—I°
1+cxexp(-AE / kT)

T T T T T T T T T
300 400 500 600 700

Temperature (K)

thermal quenching process. To investigate the crossover
process, the integrals of the emission intensities for the
4Gsp—°®Hyp transition of Sm>" at various temperatures
were calculated from the data shown in Fig. 8, with the
results clearly displayed in Fig. 10 (a). The solid squares
in Fig. 10 (a) represent the temperature dependence of
the emission intensity. Additionally, the experimental
data in Fig. 10 (a) were fitted to Eq. (9). As shown, the
Arrhenius model fits the experimental data well,
confirming that the crossover process is responsible for
the thermal quenching of Sm3" in BaZnGeOs: Sm*"
phosphors. The activation energy (AE) was calculated to
be 0.24 eV. To illustrate the associated processes, a
schematic diagram of the crossover process is provided
in Fig. 10 (b). As is well known, after excitation, the ion
in the ground state transitions to the excited state. The
ion then relaxes non-radiatively to a lower energy level
and eventually returns to the ground state through a
radiative transition. When the temperature of the host
lattice is sufficiently high, the ion at the “Gs, energy
level overcomes the corresponding energy barrier (AE)
and reaches a higher vibrational energy level, which
corresponds to the intersection of the two configuration
curves (process I). The ion then returns to the ground
state via a nonradiative transition (process II). The
distance between the excited state and the intersection of
the two configuration curves represents the activation
energy (AE) required to overcome the energy barrier
during the luminescence thermal quenching process.

Excited State \

(b) 1 fTAE
N
EX R

<

Ground State

Fig. 10. (a) Dependence of the integrated emission intensities values on experimental temperature for BaZnGeQq: 1 mol% Sm3*

sample; (b) Mechanism of luminescence thermal quenching (colour online)

4. Conclusion

BaZnGeO4:Sm**  red-emitting  phosphors ~ with
different Sm*" doping concentrations were successfully
synthesized by a conventional high-temperature

solid-state reaction method. XRD and Rietveld
refinement results confirmed that the prepared samples
maintained the single-phase BaZnGeO4 structure,
indicating that Sm*" ions could be effectively
incorporated into the host lattice. Under near-ultraviolet
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excitation, the samples exhibited characteristic Sm**
emissions originating from the *Gs;, excited level, among
which the red emission corresponding to the *Gs,—°Hz,
transition was dominant. The optimal Sm*" doping
concentration was determined to be 1 mol% based on the
concentration-dependent  emission intensity. = With
increasing Sm>" concentration, concentration quenching
occurred due to enhanced energy transfer between Sm**
ions. The Van Uitert model revealed that the
concentration quenching behavior was mainly governed
by dipole-dipole interaction. Possible cross-relaxation
channels among Sm*" ions were proposed to explain the
decrease in emission intensity at higher doping
concentrations. Temperature-dependent emission spectra
demonstrated that the luminescence intensity gradually
decreased from 303 to 723 K. The thermal quenching
behavior could be well fitted by the Arrhenius equation,
and the activation energy was calculated to be 0.24 eV,
suggesting that the crossover process is the dominant
thermal quenching mechanism. In addition, the
Judd-Ofelt intensity parameters of Sm*" in the
BaZnGeO4 host were calculated to be Q = 6.83 x 1020
cm?, Q4 = 5.10 x 102° ¢cm?, and Q¢ = 2.80 x 102 cm?.
The relatively large Q, value indicates that Sm*" ions
occupy a low-symmetry local environment with
appreciable covalent character in the BaZnGeOy lattice,
while the Q4 and Q¢ values reflect the stable crystal-field
environment provided by the host. These results
demonstrate that BaZnGeO;, is a suitable host lattice for
Sm*"-activated  red-emitting  phosphors,  showing
potential application in near-UV-excited solid-state
lighting.
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