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Mn“*-activated phosphors have been attracted to replace the rare-earth-activated phosphors in the use of
deep-red optical devices. Owing to their low toxicity and wide applications, oxide materials are promising
hosts for Mn** phosphors. Exploration into novel oxides is important for developing new Mn**-doped
phosphors with high luminescent efficiencies. In this study, we discovered the deep-red emitting
phosphor SrCa,Ga,Og:Mn** in the SrzGa,Og—CazGa,Og solid solution system. From the single crystal X-
ray diffraction analysis, SrCa,Ga,Og:Mn** was found to crystallize in a cubic unit cell with space group
F432. Furthermore, SrCazGaZOG:Mn‘“ was revealed to be a new member of tululite structure-related
phosphors, such as Ca4ZneAlioOzs5:MN*", Ca14ZNneGaoOss:Mn**, and Ca;uMgsGayoOz6:Mn**. To study
the fundamental luminescence properties, we synthesized SrCa,Ga,Og:Mn** powder samples via the
conventional solid-state reaction method. SrCa,Ga,Og:Mn** has an absorption band in the region of
250-550 nm, and shows a deep-red emission band peaks at 712 nm. The excitation band is well

matched to the emission wavelength of near-ultraviolet and blue light emitting diodes. The optimized
Received 16th January 2025 l hibited high t ffici q d th l hi ties. This stud led
Accepted 18th February 2025 sample exhibited high quantum efficiency and goo ermal quenching properties. This study reveale

SrCa,Ga,Og:Mn*" has excellent potential as a deep-red emitting phosphor and is expected to be used

DOI: 10.1039/d5ra00377f for commercial applications, such as indoor plant cultivation and wavelength down-convertor for solar-
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Introduction

Tetravalent manganese ion (Mn**)-activated phosphors are well
known for deep-red emission in the wavelength range of 600 to
760 nm under near-ultraviolet (n-UV) or blue light excitation
(250-550 nm).** The major applications of these phosphors are
solid-state lighting, indoor plant cultivation, and wavelength
down-convertors for solar cells.*® Moreover, Mn*"-activated
phosphors are considered to replace the major rare-earth (Eu®",
Eu®’, and Ce®) -activated red-emitting phosphors due to their
lower cost and longer emission wavelength.'*** Therefore, Mn**
takes an important role as a luminescent center in phosphors.

The most common host materials for Mn**-doped phos-
phors are fluorides or oxides. Fluoride-based phosphors, such
as K,SiFgMn*" and K,TiFga:Mn*', have been used as red
components for optical devices like light-emitting diodes (w-
LEDs). They show narrow band emission peak at
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approximately 630 nm with high quantum efficiencies (80—
90%)."*** However, fluoride phosphors have some problems,
such as the use of highly toxic material HF in synthesis and low
physical and chemical stability.’”*® In addition, their short
emission wavelength and narrow spectrum are not suitable for
applications like artificial plant growth, which requires deep-
red emission in the 650-750 nm range.” On the other hand,
Mn*"-activated oxide phosphors typically exhibit deep-red
broad emission peaking between 650 and 760 nm. Further-
more, they can be synthesized easier and safer than fluoride
phosphors.! The stronger covalency of Mn*-0>~ bonds
compared to Mn**-F~ provide longer emission wavelength,
which can fulfill the demands of indoor plant cultivation and
wavelength down-converter for solar cells.”* From the both
safety and practical perspectives, oxide hosts are favorable.

To improve the luminescence properties of Mn*"-doped
phosphors, host lattice tuning by doping with different cations
is generally considered. This approach can stabilize the Mn ion
as tetravalent, cause structural distortion, and sensitize Mn*" by
energy transfer phenomenon.*** However, significant
improvements to reach practical use are difficult in many cases.
Thus, it is desirable to select phosphors with good lumines-
cence properties as the starting materials. Based on these
considerations, we focused on exploring novel oxide materials
suitable as Mn*" phosphors.
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We have been searching for new materials suitable as
phosphor hosts. For instance, we previously reported the Bag-
La,Al, sFe, s0;5type green-emitting phosphor BasLa;MgAl;-
055:Ce** and the Olivine-type red-emitting phosphor
NaMgPO4:Eu®".2>?¢ Similarly, Singh et al. discovered the red-
emitting phosphor Li;RbGegO;5:Mn*" with a novel crystal
structure by a combinatorial synthesis within the A,Ge,O (A =
Li, K, and Rb) series.” Among these compounds, Li;RbGes-
0.::Mn** displayed the highest emission intensity, which is
a successful example of material discovery. These examples
highlight that searching for novel host materials is effective.

In this study, we selected gallate compounds as potential
host materials for Mn**-activated phosphors. For instance of
gallate-based Mn*"-doped phosphors, Ca;4ZngGa;,0;5:Mn*",
Mg,GeGa,01,:Mn*",  MgeZnGeGa,0,:Mn*",  Mg;GeGa,Og:-
Mn*", LaGaO;:Mn*', SrLaGaO,Mn*", SrLaGa;0,:Mn*", and
Cay4Mg,Ga;,0;36:Mn"" (Ca,Mg,GagO,5:Mn*") have been previ-
ously reported.””* Gallate compounds often make [GaOg]
octahedra in these crystal lattices, which are essential for Mn**-
activated phosphors because Mn*" can display its characteristic
emission when placed in a six-fold octahedral coordination
environment. Consequently, Mn*"-doped gallate phosphors
have been widely studied. In this work, we aimed to discover
novel compounds in oxide systems containing Ga,O;.

As a result, we successfully discovered a deep-red-emitting
phosphor with the empirical formula SrCa,Ga,Og:Mn** in the
Sr;Ga,04-Ca;Ga,0 solid solution system. SrCa,Ga,Og:Mn**
exhibits a broad absorption band from n-UV to blue light (250-
500 nm) and shows intense deep-red emission peaks at 712 nm.
However, due to the unknown crystal structure of SrCa,Ga,-
Og:Mn*", its luminescence mechanism is unidentified. To
clarify the crystal structure, a single crystal X-ray diffraction
analysis was performed. Herein, we report the crystal structure
of the novel deep-red emitting phosphor SrCa,Ga,0s:Mn"*" and
its fundamental luminescence properties.

Experimental section
Materials and synthesis methods

SrCa,Ga,0s:Mn** (SCG:Mn*") single crystals were synthesized
by a flux method. SrCO; (Kanto Chemical Co., Inc, 99.9%),
CaCO; (Kanto Chemical Co., Inc, 99.99%), Ga,0O; (Kojundo
Chemical Lab., 99.99%), and MnO, (Wako Pure Chemical Co.,
99.5%) were weighed in a stoichiometric ratio of Sr: Ca: Ga: Mn
=1:2:1.99:0.01. The raw materials were mixed with acetone
in an agate mortar. After drying, 50 wt% of prepared weight of
SrCl, (Kojundo Chemical Lab., 99.9%) was added to the agate
mortar as flux and re-mixed without solvent. The homoge-
neously mixed powder was mounted on an alumina boat,
calcined at 1473 K for 6 h in ambient air, then cooled to 1123 K
at 50 K h™, and finally natural-cooled to ambient temperature.
The yellow single crystals produced on the alumina boat were
separated using a spatula.

SrCa,Gay(;—»Mn,,Og (0 =< x = 0.07) powders were synthesized
by a conventional solid-state reaction method. The same raw
materials except SrCl, flux were mixed using the agate mortar in
a stoichiometric ratio of Sr: Ca:Ga:Mn =1:2:2(1 — x):2x (0 <
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X = 0.07). The mixture was mounted on the alumina boat and
heated at 1473 K for 6 h in ambient air. The sintered samples were
ground with agate mortar for several characterizations.

Characterization

The crystallographic data of SCG:Mn*" were collected for the
single crystal X-ray diffraction (XRD). A single crystal was put on
a glass capillary. The XRD data were measured using a single
crystal X-ray diffractometer XtaLAB mini (Rigaku). Data collec-
tion, cell refinement, and data reduction were computed using
the Crystal Clear-SM Auto 2.0 1l (Rigaku, 2009). The structural
analysis was performed using a structural analysis software
CrystalStructure 4.3 (Rigaku, 2019). The initial structure was
obtained by a direct method using SIR2008.** The structural
parameters were refined using the SHELXL2014 program.*® The
refined structural data was re-performed by a structural analysis
software WinGX for twin refinement.’” The VESTA program was
used to visualize the crystal structure.*® The semiquantitative
measurement of the carbon-coated single crystal samples was
performed using an electron probe microanalyzer EPMA-1720
(Shimadzu).

The XRD patterns of the powder samples were obtained
using an X-ray diffractometer MiniFlex-600 (Rigaku) with
a monochromatic Cu Ka. radiation (A = 1.54056 A) under 10 mA
and 30 kv. The XRD data for the Rietveld refinement were
collected using an X-ray diffractometer D2 PHASER (Bruker)
with a monochromatic Cu Ka radiation (A = 1.54056 A) under 10
mA and 30 kV. Rietveld refinement was carried out using the
REITAN-FP program software.** The major elements in the
powders were determined by X-ray fluorescence (XRF) spec-
troscopy using an XRF spectrometer SEA1200VX (SII Nano
Technology). The reflection and absorption spectra of the
powder samples were measured using a UV-visible spectrometer
V-750 (JASCO) based on BaSO, white ceramics as a reference
and were evaluated using a diffuse reflectance spectrum. The
particle morphology of powder samples was observed using
a scanning electron microscope (SEM) JSM-IT200 (JEOL). Pho-
toluminescence (PL) and photoluminescence excitation (PLE)
spectra were obtained using a spectrofluorometer FP-6500/FP-
6600 (JASCO) with a 150 W Xenon lamp at 298 K. Near-
infrared (NIR) photoluminescence was measured using a spec-
trometer RB4524-NIRC3 (OtO photonics) with an attached CCD
detector. Absolute quantum efficiency was measured using an
integrating sphere ISF-834 (JASCO) with a photoluminescence
spectrometer FP-8500 (JASCO), and a standard halogen lamp
ESC-842 (JASCO) was used for calibration of the measurement
system. The PL decay curves were measured using the
Quantaurus-tau (Hamamatsu Photonics). Thermal quenching
PL spectra was measured using a PL equipment (FP-6500/FP-
6600) with a heating attachment HPC-503 (JASCO).

Results and discussion
Crystal structure

The crystal structure of SCG:Mn*" is illustrated in Fig. 1.
SCG:Mn*" crystallized in space group F432 (#209) with a cubic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 The overview of refined crystal structure of SrCa,Ga,Og:Mn**.

Table 1 Crystallographic data of the SrCa,Ga;g;Mng 1306 single
crystal

Chemical formula SrCa,Gay g;Mng 1306

Formula weight (g mol™") 401.26
Crystal system Cubic
Space group FA32 (#209)
Measurement temperature (K) 296(2)

a (A) 15.4894(15)
v (A% 3716.2(11)
zZ 24

Density (g cm™?) 4.303

Radiation type Mo Ko 0.71075

and wavelength (A)

w (mm™) 18.54
Crystal size (mm?®) 0.109 x 0.094 x 0.091
Diffractometer Rigaku XtaLAB mini
Absorption correction Numerical

(NUMABS; Rigaku, 1999)
Tmim Tmax 1y 1

Measd, indep,

obsd [I > 20(I)] reflns

R[F* > 20(F%)], wR(F%), S
Apmaxy Apmin (e A73)
Absolute structure parameter

6448, 377, 377

0.0317, 0.0795, 1.272
1.25, —0.71
0.15(8)

unit cell with @ = 15.4894(15) A, and the composition formula was
determined to SrCa,Ga, g;Mn, 1306. The detailed crystallographic
data and atomic refinement parameters are listed in Tables 1 and
2. SCG:Mn** is a new member of tululite structure-related
compounds (Ca;4ZneAl;o035, Ca;4ZneGa;¢0ss5, Ca;Mg,GagO;g,
Ca,;C03Gas0;g, CagzMnzGay,Al, 3045, and Ca;Mn, 1,Gas ge-
047.93).**** Notably, SCG:Mn"" is the first material containing
high-concentration strontium in the aforementioned series. The
compositional identity between SCG and other materials with
a fundamental formula [A**,](B**,}{C**6}O;5 can be described to
rewrite SrCa,Ga,0p as [Sr;Cay)(Ca,){Gag}O1g.

The cation-centered polyhedra in SCG:Mn** are shown in
Fig. 2. There are 11 crystallographically independent sites (one
strontium, two calcium, three gallium and four oxygen, and one
gallium disordered with manganese). The Sr1 atom is coordi-
nated by nine O atoms and forms a monocapped polyhedron.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The average bond length of Sr1-O is 2.6335 A. Considering the
0.5 occupancy of the O4 atom, [Sr1O,] is a virtually seven-
coordinated prism. The Cal atom is coordinated by six O
atoms and forms a distorted octahedron. The average bond
length for Ca1-O is 2.3849 A. The Ca2 atom is coordinated by
five O atoms and forms a trigonal bipyramidal. The average
bond length for Ca2-0 is 2.1885 A. Ga2 and Ga3 are coordinated
by four O atoms and form tetrahedra. The Ga4 is coordinated by
eight O atoms with 0.5 occupancy and composes a cubic
structure. Considering Ga®" cannot make eight-coordinated
configuration, [Ga4Og] is virtually four-coordinated tetrahe-
dron. The average bond lengths for Ga2, Ga3, and Ga4 are
2.0610 A, 1.8443 A, and 1.8270 A, respectively. The Ga1/Mn1 is
coordinated by six O atoms and forms an octahedron, and its
occupancy ratio is determined to 0.21(8)/0.79(8) for Ga1/Mn1.
The average bond distance for (Ga1/Mn1)-O is 1.9424 A. The
introduction of Mn*" ions into octahedral sites results in red
emission.””*® Therefore, the deep-red emission of the single
crystal was observed, as shown in Fig. S1.t

As shown in Fig. 3a, the tetrahedral structure is composed of
[Ca20s], [Ga20,], [Ga30,4], and [Ga4Og] polyhedra via a vertex-
sharing connection. [Ca20s] and [Ga20,] polyhedra with 0.5
occupancy formed cluster centered on the O2. [Ca20s] is con-
nected to [Ga30,4] and [Ga4Og]. On the other hand, [Ga20,] is
only connected to [Ga30,]. As shown in Fig. 3b, the octahedral
cluster of [Cal0g] and [Sr10] centered on the [(Ga1/Mn1)0,]
octahedron is also present, containing an aristotype perovskite-
like structure (Fig. 3c). [CalOg] is connected to [Sr10,] and
[(Ga1/Mn1)Og¢] via an edge-sharing. In contrast, [Sr10¢] and
[(Ga1/Mn1)Og] are connected via the vertex-sharing. The crystal
structure of SCG is constructed in the way that octahedral
fragments filled the voids in the framework formed by the
tetrahedral fragments with [Ga4Og] cube as a vertex. On the SCG
as a host, the complex structure isolates Mn*" ions, and the long
lattice separates octahedral sites, which is expected to protect
Mn*" ions from nonradiative perturbations.*

XRD measurements

The XRD patterns of SrCa,Ga,;_»)Mn,O (0 = x = 0.07)
powders were measured, as shown in Fig. 4a. Most of the
diffraction peaks are good agreement with simulation pattern
calculated from the SCG:Mn*" single crystal data. The unde-
sirable peaks indexed to Sr;Ga,O¢ and CasGasO,, are also
detected. To confirm the crystal structure and phase purity, the
Rietveld refinement was performed. Fig. 4b depicts the Rietveld
refinement result for SCG:0.03Mn*" powder using the SCG:Mn**
single crystal structure data as a model. The crystallographic
data and refined parameters of SCG:0.03Mn** are summarized
in Tables S2 and S$3.f The Mn*" concentration in the
SCG:0.03Mn*" phase was fixed at 0.03 and all isotropic
displacement parameters (B.q) were fixed at 1.000. The R factors
converged to Ry, = 9.316, R, = 6.556, R. = 3.705, and § = 2.515,
indicating that the obtained result is reliable. The refined
crystal structure is in good agreement with that of the single
crystal data. Sr;Ga,0s and Cas;GasO,4 phases were successfully
detected as impurities. The phase purity was found to be

RSC Adv, 2025, 15, 7039-7049 | 7041
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SCG:0.03Mn*" powder, n-UV and blue light absorptions are
clearly observed between 290 and 530 nm; hence, the body color

RSC Advances Paper
Table 2 Atomic positions, occupancies, and anisotropic displacement parameters for the SrCa,Gaj g;Mng 1306 single crystal
Atom Site Occ.” x y z Uani (A%)
sr1 24e 1 0.20879(8) 1 0 0.0134(4)
Cail 32f 1 0.38960(8) 0.88960(8) 0.11040(8) 0.0068(5)
Ca2 32f 0.5 0.1564(4) 0.8436(4) 0.1564(4) 0.031(2)
Gal/Mn1 4b 0.20(8)/0.80(8) 0.5 1 0 0.0037(16)
Ga2 32f 0.5 0.17737(17) 0.82263(17) 0.17737(17) 0.0172(9)
Ga3 24d 1 0.25 1 0.25 0.0139(4)
Ga4 4a 1 0 1 0 0.0136(8)
o1 24e 1 0.3746(6) 1 0 0.0077(17)
02 8c 1 0.25 0.75 0.25 0.027(4)
03 96j 1 0.2509(6) 0.9334(6) 0.1513(4) 0.033(2)
04 32f 0.5 0.0681(6) 0.9319(6) 0.0681(6) 0.017(4)
“ Occ. means occupancy.
compositional deviation from undesirable cation mixing of Sr**
and Ca®" ions. Therefore, in this study, we considered these
o— impurities not affect the emission spectrum since they have no
\ octahedral sites where Mn®" ions can substitute. The XRF
! N analysis was also performed to investigate the elements
Sr10, CatO, Ca20, composed of the SCG:Mn** powder (Table S41). The elemental
amount was in good agreement with the stoichiometric ratio. In
e this study, SCG:Mn*" powders were successfully synthesized.
i UV-vis diffuse reflectance spectra
(Gal/Mn1)0 Ga20,  Ga30, GadOy The UV-vis diffuse reflectance spectra of the SCG host powder
Fig. 2 Cation-centered polyhedra in SrCazGaZOG:Mn4+ and SCG:O.OSMH4+ were measured (Flg 5). In the SCG host
powder, the reflection intensity between 300 and 800 nm is
higher than 85%; thus, the host material has a white body color.
To determine an energy band gap (£;) of the non-doped SCG,
a Kubelka-Munk formula (eqn (1)) was used;****
1 K (1-R)}
a2 = —= —— 2 1
(wh)? = <= S (1)
where 7 is a Plank's constant, v is a frequency of light, K is an
absorption coefficient, S is a scattering coefficient, and R is
a reflectivity. By the Kubelka-Munk equation, the E, is deter-
mined to be 4.89 eV, which is sufficiently large. On host mate-
& rials with a large band gap, the interaction between the energy
transition of Mn*" and valence/conduction bands becomes less,
O ° o ° ‘ ?aéﬁg i and Mn*" functions as an emission center.> In the
Sr 0 @

Fig. 3 (a) The tetrahedral cluster constructed by [Ga20Q,], [Ca20s],
[Ga30y,], and [Ga4Og] centered on O2. (b) The octahedral cluster
formed by [Sr1Og] and [CalOg| centered on [(Gal/Mn1)Og| octahe-
dron. (c) The aristotype perovskite-like structure composed of Gal/
Mn1, Cal, and O1.

SCG:O.OSMn‘”:Sr3GaZO6:Ca5G216014 = 93.74:0.40:5.86 in
mass%. These impurities may affect the luminescence proper-
ties because they have the tetrahedral sites where Mn’" ions
could substitute. To suppress the production of these impuri-
ties is difficult because they were probably produced from
charge imbalance by replacing Ga*" ion to Mn*" ion and

7042 | RSC Adv, 2025, 15, 7039-7049

of Mn**-doped SCG powder is yellow. The characteristic
absorption spectrum indicates that Mn** ions occupy octahe-
dral sites. On the other hand, an absorption band from 500 to
800 nm was also observed. This absorption is mainly due to the
A, — °Ty spin-allowed transition of Mn®>" in tetrahedral coor-
dination environments, which overlaps with the emission of
Mn**. Thus, a decrease in luminescence efficiency is anticipated
due to the energy transfer from Mn** to Mn>".

PL properties

Fig. 6a shows the normalized PL and PLE spectra of the
SCG:0.03Mn*" powder monitored at A, = 353 nm and Ay, =

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) XRD patterns of SrCa,Ga,Og:xMn** (0 = x = 0.07) powders. (b) Rietveld refinement result for XRD pattern of the SrCa,Ga,-

0g:0.03Mn** sample.
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Fig. 5 UV-vis diffuse reflectance spectra of SrCa,Ga,Og (black) and
SrCa,Ga,0g:0.03Mn** (red). The insert photograph is the body color
of SrCa,Ga,0:0.03Mn** under fluorescent light.

712 nm. PL and PLE spectra of SrCa,Ga,;—Mn,,Og (0.003 = x
= 0.07) powders are also displayed in Fig. 6b. SCG:Mn*" phos-
phors have a broad excitation band ranging from 250 to 550 nm.
The emission spectrum peaked at 712 nm is observed, corre-
sponding to *E, — “A,, spin-forbidden transition of Mn*". The
PL measurement shows that the Mn*" are successfully doped in
octahedral sites. The optimal Mn** concentration is found to be
x = 0.03, as shown in Fig. 6c. Moreover, the internal and
external quantum efficiencies (QEs) of SCG:0.03Mn*" under
365 nm excitation are 66% and 50%, and the absorbance is
76%. The QEs of SCG:0.03Mn*" and other Mn**-activated gallate
compounds are listed in Table 3. SCG:0.03Mn*"* exhibits suffi-
ciently high quantum efficiencies, and its emission intensity is
almost comparable with Ca;4ZngGa;,035:Mn** (Fig. S31).

The high symmetrical octahedral site increases the covalent
bond strength between Mn*" and ligands, and the strong
covalent binding for the Mn**-ligand realizes deep-red emission
by decreasing *E, — *A,, transition energy.”* To consider the
symmetry, a distortion index D was calculated using the
following eqn (2);*

ddv |

Z (2)

© 2025 The Author(s). Published by the Royal Society of Chemistry

where n is the coordination number, d; is the bond length
between the central atom and ith coordinating atom, d,, is the
average bond length. For the SCG:Mn"*" single crystal, all the
bond lengths of [(Ga1/Mn1)Og] octahedron are 1.942(10) A, and
the D is 0. Therefore, SCG:Mn*" powders display the emission
topped at 712 nm. The nephelauxetic effect that affect the
covalency is discussed in Crystal Field Analysis and Neph-
elauxetic Effect Calculation section.

The excitation spectra deconvolution of SCG:0.03Mn*" was
also conducted, as shown in Fig. 6d. As a result, the excitation
band was successfully deconvoluted into four components with
Mn*'-0>" charge transfer (CT) transition (centered at 34
293 em™! and 292 nm), ‘A;; — “Ty, spin-allowed transition
(centered at 27896 cm ™' and 358 nm), *A,; — T, spin-
forbidden transition (centered at 22208 cm ' and 450 nm),
and “A,; — “T,, spin-allowed transition (centered at 20
578 cm~ ' and 486 nm). These characteristic excitation peaks are
well matched to n-UV and blue LED chips. The spectral change
of excitation bands, as shown in Fig. 6b, is caused by the change
of intensity ratio between CT transition and “Ay, — *Tyq
transition.

To study the mechanism of concentration quenching, the
luminescence lifetime measurement was conducted. The PL
decay curves of SrCa,Ga,(;—xMn,,Og (0.005 < x = 0.07) powders
are shown in Fig. 7. The luminescence lifetimes are calculated
using the following first-order exponential decay model (eqn (3))
because the Mn*" ion occupies one Ga*" octahedral coordina-
tion environment in SCG:Mn**;*’

110 = no)exp( 1) ®)

where I(¢) is the emission intensity at time ¢, 1;(0) is the initial
emission intensity, ¢ is the time, 7, is the luminescence lifetime.
However, the double-order decay model (eqn (4)) can also be
applied to high Mn*" concentration samples;*

1(1) = L, (0)exp (—%) + L(0)exp (_é) @)

Moreover, the average decay lifetimes 7,,. are calculated by the
following integral decay model (eqn (5));*

RSC Adv, 2025, 15, 7039-7049 | 7043
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Fig. 6 (a) PL and PLE spectra of SrCa,Ga,0g:0.03Mn**. The insert photograph is emission color of SrCa,Ga,0g:0.03Mn** under 365 nm n-UV
irradiation. (b) PL and PLE spectra of SrCa,Ga,Og:xMn** (0 = x = 0.07) excited at 476 nm. (c) Dependence of emission intensities of SrCas-
Gay0e:Mn** on the concentration of Mn** ion. (d) Deconvoluted PLE spectra by four components of Gaussian curves. Red line is fitting curve.

Table 3 Quantum efficiencies of SrCa,Ga,Og:Mn** and other Mn**-
activated gallate phosphors

Phosphor IQE EQE Ref.
SCG:0.03Mn** 66% 50% This study
Cay4ZneGa; (0s35:Mn*" 51% 45% 24
Mg,GeGa,0;,:Mn** 28% — 28
Mg;GeGa,0g:Mn** 65% — 30
SrLaGa;0,:Mn*" 14% — 33
Ca,Mg,Gag0,g:Mn"** 51% — 34

Jo t(n)dt

o 1(r)de 5)

Tave =

The fitting results are listed in Table S5.1 The measurement
result is reasonable because microsecond-order PL lifetimes are
usually observed in Mn*" phosphors.® The average lifetime
decreases from 2.573 to 2.026 ms with increasing Mn**
concentration, and the shape of decay curves become linear to
non-linear. The decreased lifetime and concentration quench-
ing are thought to be caused by nonradiative energy transfer
among adjacent Mn** ions. The nonradiative energy transfer is
due to exchange or electric multipole interactions.®* To deter-
mine the origin of the concentration quenching, a critical
distance for energy transfer R. was calculated by an eqn (6);*

7044 | RSC Adv, 2025, 15, 7039-7049

W=

3V } ©)

Re=2 {41thN
where V is the host lattice volume, x. is a critical concentration
of dopant, and N is the number of sites available for the dopant
in the unit cell. According to the equation, R. is determined to
be 38.96 A. The origin of concentration quenching is suggested
to be the electric multipole interaction because R. is much
larger than 5 A.** Moreover, to specify the type of electric
multipole interaction, the following formula (eqn (7)) was

used;®®
log (i) =A- (g) logx
by 3

where I is the emission intensity, x is the dopant concentration,
A is a constant, and 6 is the electric multipole index with § = 3,
6, 8, and 10 corresponding to nonradiative energy transfer
among nearest-neighbor ions, electric dipole-dipole, dipole-
quadrupole, and quadrupole-quadrupole interaction, respec-
tively.®* In the concentration range of 0.03 = x = 0.07, the 0 is
determined to be 2.60, which is close to 3. This fact contradicts
the result of R, calculation, and indicates that considering only
Mn*" ions in octahedral sites is not appropriate to discuss the
concentration quenching mechanism. According to Liao et al.,
in the Ca;4ZngGa;¢035:Mn phosphor, doping high amount of
Mn*" leads to existence of Mn>" and Mn>" in the host lattice.**

(7)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 PL decay curves of SrCa,Ga,Og:xMn** (0.005 < x = 0.07) monitored at 712 nm excited at 365 nm.

Even in SCG:Mn*" phosphors, the other valent Mn ion behaved
as a killer center for Mn*", and drastic quenching and non-
linear rapid lifetime decay were observed in high Mn concen-
tration samples. Therefore, 7, are derived from the energy
transfer from Mn*" to other valence Mn ions, and the primary
concentration quenching mechanism is considered to be that
phenomenon. This result is in good agreement with the result
of UV-vis diffuse reflectance spectra measurements. Fig. S4f
shows the NIR-PL spectra of the SCG:0.03Mn*" phosphor
excited by a 568 nm LED light. A characteristic PL spectrum
derived from E — °3A, spin-forbidden transition of tetrahe-
drally coordinated Mn®* was observed. This fact supports the
presence of Mn>* in SCG:Mn"*. In order to increase the lumi-
nescence efficiency of SCG:Mn*', the production of other
valence Mn ions should be suppressed.

Crystal field analysis and nephelauxetic effect calculation

The Tanabe-Sugano energy diagram of six-fold octahedral Mn**
ion with a 3 d* electronic orbit can be described as Fig. 8. The
crystal field strength Dq of Mn*" in the SCG host lattice was
calculated by an eqn (8);*

E(*Axy—"Ts)

where E(*A,; — “T,,) is the peak energy of *A,, — *T,, transi-
tion (20 578 cm™'). The Racah parameter B is expressed by the
following eqn (9);*

Dq =

Dq 15(x-38)
—2_ - 9
B x2 —10x ()
where x is refined as following eqn (10) using energy gap
between *Ayy — “Tygand *Ayg, — *Tyg transitions (7318 em ™ );*

_ E(4A2g _’4T1g) - E(4A2g _’4T2g)
- Bq

X (10)

© 2025 The Author(s). Published by the Royal Society of Chemistry

Moreover, the Racah parameter C can be represented by an eqn
(11) using the peak energy of E, — “A,, transition (14
045 cm™1);*

E(*E,—*A . .
(*Eg— 2g):305C+7.9_183

B B Dq

(11)

From the above, Dq, B, and C were determined as 2058 cm ™",

707 em ™', and 2927 cm™’, respectively. The crystal filed is
considered as strong when Dq/B = 2.2, and the Dq/B is 2.91.
Therefore, Mn*" has a strong crystal field in the SCG crystal
lattice.

According to the Tanabe-Sugano energy diagram, the crystal
field strength hardly affects the emission energy of Mn*". As

80

Dq/B = 2.91

Q40

INNEAN

2 e
Dq/B
Fig. 8 Tanabe-Sugano energy level diagram of Mn** at octahedrally

coordinated environment. Red line indicates the crystal filed strength
of Mn** in the SrCa,Ga,Og host lattice.
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Fig. 9 (a) Temperature-dependent PL spectra of SrCa,Ga,0Og:0.03Mn**. (b) The plot of relative emission intensities at each temperature. (c)

Arrhenius plot of relative emission intensities for SrCa,Ga,0g:0.03Mn*".

mentioned in the PL properties section, the emission of Mn**
depends on the covalency of center metal and ligands. There-
fore, the investigation of the nephelauxetic effect that is derived
from chemical bonding is important. The nephelauxetic
parameter 3, is calculated by an eqn (12);*>

) (@)

where B, and C, are the Racah parameters of free Mn*" ion,
1160 cm ™" and 4303 cm ™', respectively. From the calculation, 8,

(12)

was determined to be 0.9133, representing the covalency
between Mn*" and ligands is strong.

Thermal quenching properties

The temperature-dependent PL measurement was conducted
because the thermal quenching property is an important factor
for phosphor applications. The temperature-dependent PL
spectra of SCG:0.03Mn*" between 298 K and 598 K are illus-
trated in Fig. 9a. At 423 K, the relative PL intensity is 78% of that
at 298 K. To further study the thermal quenching property, an
Arrhenius equation (eqn (13)) was used to calculate an activa-
tion energy (E,);*

ln(];—T - 1) =Ind — £ (13)

T kT

Aem = 470 nm, 712 nm

Intensity [arb. unit]

500 600 700
Wavelength [nm]

400 800

Fig. 10 Luminescence spectra of 470 nm blue LED chip packaged
with SrCa,Ga,0g:0.03Mn** powder under 10 mA current. The insert
photograph is the prepared LED device emitting blue and deep-red
light.
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where Iyt and Iy are the intensities at room temperature (298 K)
and arbitrary temperatures, 4 is a constant, and k is the Boltz-
mann's constant. Fig. 9(b) and (c) depict PL intensities between
298 K and 598 K and the plot of In[(Igy/It) — 1] versus 1/(kT) for
SCG:0.03Mn*". Consequently, the E, is found to be 0.278 eV.
The reported activation energies for Ca;4ZneAl;,035:Mn*" and
Cay4ZngGa,00;35:Mn*" are 0.233 eV and 0.29 eV, respectively,
and the activation energy of SCG:Mn*" is found to be close to
them.?*® The results indicate that SCG:Mn"** has good thermal
stability.

LED application

To confirm the potential of SCG:Mn** as a LED device, a 470 nm
blue LED chip and the SCG:0.03Mn"* powder were fabricated
into a deep-red emitting LED device. Fig. 10 shows the emission
spectrum of the LED device under 10 mA current. The device
exhibited two peaks at maxima of 470 and 712 nm, which
originated from the blue LED chip and SCG:Mn*". The result
indicates SCG:Mn"" can convert blue light into deep-red light,
suggesting the potential of lighting applications.

Conclusion

In summary, the novel deep-red emitting phosphor SrCa,Ga,-
Og:Mn*" was discovered in Sr;Ga,Os-Caz;Ga,0g solid solution
system and successfully synthesized by the conventional solid-
state reaction method for the first time. SrCa,Ga,Os:Mn*" was
found to have the tululite-related structure belonging to space
group F432 from the single crystal XRD analysis. Mn ion occu-
pied on the Ga octahedral site, and SrCa,Ga,0s:Mn"*" single
crystals exhibited deep-red emission. From UV-vis diffuse
reflectance spectra measurement, the broad absorption band
between 220 nm and 550 nm by Mn** in the six-fold octahedral
coordination environment was observed from the SrCa,Ga,-
04:0.03Mn"*" powder. SrCa,Ga,Os:Mn"" powders exhibited
deep-red emission peaked at 712 nm under the n-UV/blue light.
The optimal Mn*" concentration was x = 0.03, and the internal
and external quantum efficiencies were 66% and 50%. The
luminescence lifetime gradually decreased with increasing
Mn** concentration, and the concentration quenching occurred
in concentration range of 0.03 = x < 0.07. The causal mecha-
nism of concentration quenching was estimated to be energy

© 2025 The Author(s). Published by the Royal Society of Chemistry
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transfer from Mn*" to other valence Mn ions. The PL intensity
was 78% at 423 K, and the thermal activation energy was
calculated as 0.278 eV. The LED device fabricated from the blue
LED chip and SrCa,Ga,04:0.03Mn*" powder displayed two
emission bands peaked at 470 and 712 nm. Therefore, SrCa,-
Ga,0:Mn*" was found to have excellent potential as a Mn**-
activated phosphor, and is expected to be used for commercial
applications.

Data availability

Crystallographic data for SrCa,Ga; g;Mn, ;130 (single crystal)
has been deposited at the CCDC under deposition number
2346856.
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