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Sm®" doped and RE** (RE = Dy, Er, Gd, La, Nd, Th) co-doped CaBsOy phosphors were prepared
at 800°C by the solid-state reaction method. The obtained powders were structurally characterized by X-ray
diffraction and Fourier transform infrared analyses. The influences of co-doping rare earth ions on their
luminescent properties were also investigated. The emission spectra of the CaBs019:Sm>" phosphors con-
sisted of some sharp emission peaks of Sm>" ions centered at 561, 601, 649, and 708 nm, generating bright
orange-red light. The concentration quenching occurred when x equals 0.05 for CaBsO;10:xSm>" phosphor.
No remarkable differences were found from excitation spectra of co-doped phosphors CaBsQ19:Sm>*, RE3*
in contrast with that of phosphor CaBsO10:Sm>". The introduction of charge compensator RE>" (RE = Dy,
Er, Gd, La, Nd, Tb) into the host reduced the luminescence intensity of the CaBsO10:Sm>* phosphors.
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(Ilocmynuna 21 oexabpsa 2021, 6 oxonyamenvhou pedaxyuu — 8 nosops 2022)

CosmecmHo necuposantvle UOHAMU Sm** u RE* (RE = Dy, Er, Gd, La, Nd, Tb) nromurogopvt CaBsO;
noayyenvt npu 800°C memooom meepoogazuoii peakyuu. IlonyueHHvle NOpoOwKU CIMPYKMYPHO 0Xapakmepu-
308aHbl MEmMOOamMu penmaeHocmpykmypnozo avanusa u UK-@ypve-cnexmpockonuu. Chekmpsl usiyuenus
nromunogopos CaBsO19:Sm>* cocmosnu us neckonbkux nuxoe usnyuenus uonos Sm’>" c yenmpamu 561, 601,
649, 708 Hm, eenepupyrOWUX APKULL OPAHICEB0-KPACHbLL céem. Konyenmpayuonnoe myuieHue npoucxoouio
npu x = 0.05 ona nomunogpopa CaBsO10:xSm>". Omnuuuii cnexmpoé 6036yicoeHUs NecupoBaAHHBIX TIOMU-
nogpopos CaBs010:Sm>*, RE?" om cnexmpos 6036ysucoenus momunogopa CaBsO19:Sm>" ne obuapysceno.
Bsedenue ¢ mampuyy xomnencamopa 3apsoa RE>* (RE = Dy, Er, Gd, La, Nd, Th) cnudicaem unmencus-
Hocmb nromunecyenyuu romunopopo CaBsO9:Sm’"

Knrouesvie cnosa: ghomontomunecyenyust, peoxozemenvuvie uonst, CaBsO .

** Full text is published in JAS V. 90, No. 3 (http://springer.com/journal/10812) and in electronic version of ZhPS
V. 90, No. 3 (http://www.elibrary.ru/title_about.asp?id=7318; sales@elibrary.ru).
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Introduction. Luminescent materials containing rare-earth ions have become popular in the develop-
ment of optical materials [1-4]. Commercial powder phosphors are usually based on the host matrices of
tungstates [5], phosphates [6], borates [7], silicates [8], and aluminates [9], etc. Among them, borates have
gained attention from many scientists as they show excellent optical properties due to their high chemical
and thermal stabilization, facile synthesis, low synthetic temperature, better stability and require cost-
effective raw material such as H3BOs for the preparation stage [10-14]. A large band gap and covalent bond
energy make alkaline earth borates potential host materials as they can be doped with rare earth elements to
prepare light-emitting materials or phosphors. Borates doped with rare earth elements show remarkable lu-
minescent properties, mainly due to the presence of abundant 4f energy levels and the transition of 4f elec-
trons between different energy levels of rare-earth ions [15]. The unique electronic configuration of the 4f
energy levels, leading to 4/~4f or 5d—4f transitions in rare earth ions, plays an important role in modern dis-
plays and lighting due to their rich emission colors [16-21]. A vast number of studies on RE ion properties
in the past decades have led to extensive applications of RE ions in LEDs, displays, sensors, lasers, optical
fibre amplifiers, solar control devices, etc. [22-24].

Sm** is a convenient modeling ion to study the cross-relaxation processes and spatial distribution of the
activator in host-matrix [25]. In this paper, we successfully synthesized Sm** doped and RE** (RE = Dy, Er,
Gd, La, Nd, Tb) co-doped CaBsO1o phosphors via the solid-state reaction method. The luminescence proper-
ties of CaBsO10:Sm*" phosphors were investigated by modifying co-doped Dy**, Er**, Gd**, La**, Nd**, and
Tb>" ions in the host.

Experiment. Undoped, Sm*" doped and RE** (RE = Dy, Er, Gd, La, Nd, Tb) co-doped CaBsO1o phos-
phors were prepared by a solid-state reaction method. The starting materials were CaCO3, H3BO3, Sm,Os3,
Dy203, ErnO3, Gd203, La03, Nd20O3 and TbyO; of high-purity analytical reagent grade chemicals. The
chemical compositions are Ca;_Sm,BsO10 (x =0.01,0.02, 0.03, 0.04, 0.05, 0.06), Cag.90Smg.05Dy0.0sBsO10,
Cap.90Smo 05Er0.0sB6O010,  Cao.90Smo.05Gdo.0sBsO10, Cao.90Smo.0sLao0sBcO10, CaoooSmo.osNdo.osBsO1o, and
Cap.90Smy.05Tbo.0sBsO10. Stoichiometric amounts of the starting materials were thoroughly mixed in an agate
mortar and homogeneously mixed and placed in an alumina crucible at room temperature. First, the mixtures
were heated up to 400°C and kept at this temperature for 1 h in the air, after which, grinding and homogeni-
zation of pre-annealed mixtures were performed. Afterwards, the pre-annealed mixtures were sintered at
800°C for 5 h in the air, in an alumina crucible.

X-ray powder diffraction (XRD) patterns of the synthesized phosphors were obtained using a Bruker
AXS D8 Advance diffractometer with CuK,, radiation, 30 kV, 15 mA, and A = 1.54051 A. The Fourier trans-
form infrared spectra between 500 and 1500 cm™' were measured with a Shimadzu 8303 FTIR spectrometer.
The PL emission and excitation spectra of powder phosphors were measured by using a Thermo Scientific
Lumina fluorescence spectrophotometer with a 150 W xenon lamp as the excitation source. All measure-
ments were carried out at room temperature.

Results and discussion. Structural characterization. The XRD patterns of CaBgO19:Sm>* and
CaB¢010:Sm*", RE** (RE = Dy, Er, Gd, La, Nd, Tb) phosphors are presented in Fig. 1. As indicated by the
figure, the XRD patterns are in agreement with JCPDS (01-076-8428) and the XRD data of CaBsO1 in [26].
All phosphors crystallize in the monoclinic system with a space group of P2i/c and lattice parameters
ofa=9.799 A, b=8.705 A, ¢ =9.067 A, and Z = 4. The XRD patterns of phosphors matched well with the
standard reflections of host CaBsO1¢ for all dopant ions. No peaks of the used raw materials or other allo-
tropic forms were detected. The absence of any secondary phase indicates that the samples crystallized in the
lattice structure are similar to that of the host, and the dopant ions were successfully dissolved into the host
lattice.

To further confirm the coordination environment of B-O in the Sr;B,Os structure, the IR spectra of
S1rB>0s was measured at room temperature (Fig. 2). The IR absorption at wave numbers smaller than
450 cm™!' mainly originates from the lattice dynamic modes. The Sr,B,Os material from the analysis of the
spectrum IR, BO3>~ ion has been identified as two triangular BO; groups at one corner sharing an O atom.
For an isolated, triangular BOs group, the vibrations are in the region of vs = 11001400 cm™! (asymmetric
stretch of B-0), vi = 900-1000 cm™' (symmetric stretch of B-0), v2 = 700-900 cm™! (out-of-plane bend),
and v4 = 450-650 cm™! (in-plane bend) [27, 28].
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Fig. 1. XRD patterns of CaBsO10, CaBsO10:Sm**, CaBsO10:Sm*", Dy**, CaB¢O10:Sm*", Er’*,
CaBe010:Sm*", Gd**, CaB010:Sm>", La*", CaBs010:Sm**, Nd**, CaBsO19:Sm**, Tb® phosphors
and the standard data JCPDS card No. 01-076-8428 of CaBsO1o compound.
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Fig. 2. The infrared spectrum of the CaBsOo at room temperature.

Photoluminescence properties. CaBsO10.Sm>" phosphor. The PL excitation spectrum of 5% Sm-doped
CaBgO10 powder phosphor for emission at 601 nm wavelength, in 350-450 nm with five peaks, located at
357, 367, 397, and 433 nm, is shown in Fig. 3a. Nearly no PL properties can be obtained from the undoped
sample. There are certain excitation bands that are attributed to the 4/~4f intra-configurational transitions of
Sm** ions in the phosphors. All transitions in the absorption spectrum of Sm>" start from the ground state
®Hs), to the various excited states in the PL excitation spectrum. These excitation peaks are located at 357 nm
(CHsp—°Hy3pn), 367 nm (°Hsp—*Dsp), 392 nm (*Hsp—°P7n), 397 nm (°Hsp—*F7n), and 433 nm
(°Hsp—*Gop) [29-31]. From the excitation spectrum, it was found that, compared to the other transitions, the
intensity of the f~f transition at 397 nm is high and has been chosen for the measurement of the emission
spectrum of CaBg010:5%Sm>" phosphors. The most intense peak at 397 nm clearly indicates that this phos-
phor can be effectively excited by near-UV LED chips (350—420 nm), which is certainly needed for potential
applications in w-LEDs.

The emission spectrum of 5% Sm-doped CaBsOjo is given in Fig. 3b, which was measured in the
450-750 nm range. The emission spectrum of CaBsO10:5%Sm*" phosphors exhibited four emission peaks
corresponding to *Gsp—°Hsp (561 nm), *Gsp—C°Hzn (601 nm), *Gsp—CHopn (649 nm) and *Gsp—°Hiin
(708 nm) transition of Sm>" [32—-34]. Among them, transition *Gsp—°Hz, (601 nm) has a relatively higher
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Fig. 3. Excitation (a) and emission (b) spectra of undoped-CaBsO10
and Cag.95Smo 0sBsO10 at room temperature.

emission intensity than the other transitions. The first one at 561 nm (*Gsp—°Hs)) is a magnetic-dipole tran-
sition, the second at 601 nm (*Gs»—°H7)2) is a partly magnetic and partly a forced electric-dipole transition,
and the other at 649 nm (*Gs»—°Hop) is a purely electric dipole transition which is sensitive to the crystal
field. The intensity ratio of the electric-dipole to magnetic-dipole transition can be used to measure the
symmetry of the local environment of the trivalent 4fions. In general, the electric-dipole transition will be of
greater intensity for a more asymmetric local environment. In the present investigation, differences were not
observed in the intensities of electric-dipole (*Gsp—°®Ho) and magnetic-dipole (*Gsp—°Hsp) transitions.
Furthermore, emission bands split into components, whereby the splitting of energy levels may have been
caused by the crystal field interaction.

The PL spectra of CaBsO10:xSm** phosphors with different doping concentrations (x = 0.01, 0.02, 0.03,
0.04, 0.05, and 0.06) of Sm*" are presented in Fig. 3b. It is also found in Fig. 4 that, except for the emission
intensities, the PL spectra have similar profiles. The inset of in Fig. 4 (in fig.4 no insert!!!) shows the func-
tion of emission intensity on the concentration of Sm>* excited at 397 nm, respectively. The emission inten-
sity firstly increases with the increasing Sm** concentration, reaching a maximum when the concentration is
5 mol.%. The concentration-quenching phenomenon occurs during excitation, thus the luminous intensity
decreases, and therefore, the optimum mol fraction for achieving the highest luminous intensity of Sm*" in
CaBs019 matrix is 0.05. The energy loss at the emission level initiated by the cross-relaxation between the
excited ions might be the main cause of the concentration quenching. The fluorescent emission of Sm** was
mainly due to the transitions from a metastable level *Gs, to level °®H. The quenching of luminescence from
the *Gs)» state is also due to a cross-relaxation process between the excited Sm*>" ions and unexcited Sm**
ions nearby. Since the energy gap between the *Gs;, emission level and the lower-lying ®Fi1,; level is about
7200 cm™!, the possibility of multi-phonon relaxation in Sm** is negligible. Taking into account the energy
levels of Sm** in CaB¢O1o phosphors, the luminescence level may be depopulated mainly via the resonant
cross-relaxation paths including (4G5/2—>6F11/2)—(6H5/2—>6F5/2) and (4G5/2—>6F5/2)—(6H5/2—>6F11/2) [35]. A con-
siderable amount of excited ions on the *Gs level were transferred from the *Gs), level to the °Fo level due
to the cross-relaxation process; therefore, several useful excited ions were consumed through the radiation
and relaxation processes and the fluorescence emission was thereby reduced.

CaB¢O10:Sm**, RE** (RE = Dy, Er, Gd, La, Nd, Tb) phosphor. In order to research the interaction be-
tween Sm®" and Dy*", Er’", Gd**, La*", Nd** and Tb*", co-doped CaBsO1o phosphors were prepared and their
luminescence properties were studied.

We chose 5 mol.% Sm*" and 5 mol.% Dy**, Er**, Gd**, La*, Nd* and Tb*" co-doped host as an exam-
ple to discuss their luminescence properties. The excitation and emission spectra of the
Cag.90Smo.0sDy0.05B6O10,  Cap.00Smo 05Er0.05B6O10,  Cag.00Smo.05Gdo.osBsO10,  Cag.eoSmo.osLao.0sBsO1o,
Cap.90Smy.0sNdo.05B6O10, and Cag.90Smo.05Tbo.0sBsO10 phosphors are shown in Fig. 5. The excitation and
emission bands are due to the transitions of Sm** ions as seen in Fig. 3b. The electronic transitions of Dy*",
Er¥*, Gd**, La’", Nd*" and Tb** ions were not observed and RE** co-doped CaBsO10:Sm>" decreased the
emission intensity.
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Fig. 4. Excitation (a) and emission (b) spectra of CaBO10:xSm>" phosphors
(x=10.01,0.02, 0.03, 0.04, 0.05, and 0.06).
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Fig. 5. Excitation (a) and emission spectra (b) Cag.90Smo.0sDy0.05sB6O10, Cao.90Smo.05Er0.05B6O10,
Cag.90Smo.05Gdo.0sBsO10, Cao.9oSmo.0sLao.0sBsO10, Cao.9oSmo.0sNdo.0sBsO10, and
Ca0.90Smo.05Tbo.0sBsO10 phosphors.

In many inorganic materials, excessive doping of emission ions usually decreases the emission intensity
remarkably. The phenomenon is called quenching, which is caused by the migration of excitation energy be-
tween the emission ions or energy migration to quenching centers where the excitation energy is lost by non-
radiative transition. The emission intensity related to Sm*" ions was reduced dramatically after the optimiza-
tion of the Dy*", Er’", Gd*", La’", Nd** and Tb>" ion concentration of 5mol.%, due to a concentration
quenching effect. The Dy**, Er**, Gd**, La**, Nd** and Tb** aggregates may quench the absorbed excitation en-
ergy rather than transfer it to activator ions, which results in decreased emission intensity of the activator ions.

Conclusions. Sm®" single-doped and Dy*", Er’**, Gd**, La’", Nd*', and Tb*" co-doped CaBsO1o phos-
phors were prepared by a solid-state reaction method. XRD results showed that the monoclinic structure
CaB¢O19 was successfully synthesized and the introduction of Sm*" and Dy**, Er’*, Gd**, La*", Nd**, and
Tb>" did not have an apparent effect on the crystal structure of CaB¢O19. The results show that the
CaB010:Sm>" phosphor can be efficiently excited by 397 nm light, emitting intense orange-red light, and its
spectrum is mainly composed of four emission peaks at 561 nm (*Gsp—°Hspn), 601 (*Gsp—°Hin),
649 (*Gsp—°Hop), and 708 nm (*Gso—C°Hi12). The PL intensity of the CaBsO10:Sm>" gradually increased
with increasing Sm>" doping. The PL intensity reached its maximum when the Sm*" doping was 0.05. RE**
(Dy, Er, Gd, La, Nd, Tb) co-doped CaB¢O19:Sm** phosphor decreased the emission intensity, whereas the
electronic transitions of RE** ions were not observed. The results indicate that this kind of CaBO10:Sm*" phos-
phor would be promising as an orange-red emitting phosphor for white light-emitting diodes.
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