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ABSTRACT: Niobates CaRNb,O,, (R = La, Sm, Eu, Gd, Dy, Er, Yb, or Y) were
prepared by conventional high-temperature solid-state reaction. The formation of
a single-phase compound with triple-layered perovskite-type structure was verified
through X-ray diffraction (XRD) studies. The luminescence characteristics such as
photoluminescence excitation and emission spectra, X-ray-excited luminescence
(XEL), Stokes shift, decay curves, and color coordinates were investigated. The
niobates can be efficiently excited by UV light and present luminescence behaviors
with rich luminescence colors. Under excitation by ultraviolet radiation,
CaRNb,;0;, (R = La, Gd, Yb, or Y) exhibits strong blue luminescence due to
the self-activation center of the octahedral NbOg groups, even at room
temperature. For the materials of composition CaRNb;O,, (R = Sm, Eu, Dy, or
Er), the excitation at the host band produces a characteristic luminescence of rare
earth ions, indicating a host—guest energy transfer process. CaRNb;O,, (R = Eu)
has the strongest luminescence intensity, which can be eficiently excitated by near
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UV wavelength. It could be suggested to be a potential candidate for the application on near-UV excited white LEDs.

1. INTRODUCTION

The well-known perovskite structure ABX; and related
structures have been intensively studied in modern solid state

. 1-8 . . .
sciences. Here A sites are large cations suited to
dodecahedral coordination AO,, (A = K, Ba®*, Ca**, Bi*%,
La*, etc.); B sites are occupied by small cations adaptive for
octahedral coordination (B = Ti**, Ta®, Nb™*, etc.), and X is an
anion; Octahedral BX groups link by the vertices and form
three-dimensional frames. The layered perovskite-like structure
built by two-dimensional single, double, triple, or more layers of
octahedral-sharing vertices forms a very large group of versatile
and interesting materials’ and has been intensively investigated

. . .10 11,12
for the properties of dielectric, superconductor, colossal

. . 13 . 14 . 15,16
magnetic resistance, > thermoelectric,”” luminescence,

. 17 . 18
magnetic and charge transport,” photocatalytic,”” energy
saving,19 etc.

MCa,Nb;O,, is one of the most important layered
perovskites, which can be described by M,,[A,_;B,03,,11°° of
the Dion—Jacobson-type oxides, where B corresponds to Nb or
Ta(V), M can be an alkali-metal ion (K, Rb, or Cs) that
neutralizes the negative layer charge, A represents an earth
alkali ion (Ca or Sr), lead, bismuth, or lanthanides (La or Nd),
and 7 indicates the number of NbOg octahedra chains that form
the perovskite-like layer).>’ From a structural viewpoint, it
consists of two-dimensional NbOy octahedral layers and M
(usually K) ions, which locate at the interlayer re§ion, can be
replaced by simple cation in aqueous solution,”* hydrogen
ions,”™" organic cations,>>?° etc. Consequently, this kind of
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material has attracted attention as a photocatalyst.>’ "

Moreover rare earth ions (REs) can be pillared in the triple
perovskite layers. Ca** ions in the perovskite subcell can be
replaced by rare earth metal ions such as La** to form
K,_,Ca,_,LaNb;O,, and K,_,Ca, ,LaNb;O,, can be easily
converted to H, ,Ca, ,LaNb;O,, by ion exchange reac-
tion.”®*> The end member LaCaNb;0,,, which contains no
interlayer cations, is a novel layered perovskite oxide, being an n
= 3 member of the series of A,_;B,X;,,,.

Usually layered niobates can exhibit photoluminescence (PL)
properties when excited in the UV region due to charge transfer
(CT) transition in NbOg groups.> However, the KCa,Nb;0,,
matrix does not present emission at room or liquid nitrogen
temperatures.29 It is interesting that in KCa,NbyO,, the La*
insertion in its structure produces a blue emitter compound at
room temperature. This indicates that the electronic properties
of the layered materials are modified by the lanthanide
insertions. Bizeto et al”’ reported the PL emission and
excitation properties of Eu**-doped KCa,NbjO,, and con-
cluded that there was an energy transfer process from the
niobate matrix to activator (Eu®*). Therefore, the layered
perovskite is a potentially valuable host to realize luminescence
from rich f—f transitions of RE ions.

In this work, niobates CaRNb;O,, (R = La, Sm, Eu, Gd, Dy,
Er, Yb, or Y) with triple-layered perovskite-type structure were
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reported as a kind of novel luminescence material. The crystal
phase formation was verified by XRD measurements. The
luminescence properties were investigated by PL excitation and
emission spectra, decay curves, and color coordinates.
Luminescence spectra under X-ray excitation were detected.
This may be helpful in developing new luminescence materials
in layered perovskites.

2. EXPERIMENTAL SECTION

Triple-layered perovskites CaRNb;O,, (R = La, Sm, Eu, Gd, Dy, Er,
Yb, or Y) were synthesized using the solid-state reaction. The starting
material was a stoichiometric mixture of CaCO;, Nb,Os, and R,0; (R
= La, Sm, Eu, Gd, Dy, Er, Yb, or Y) with the purity of 99.99%. First,
the mixture was thoroughly ball-milled using zirconia balls in plastic
containers filled with ethanol for 24 h. Then the slurry was filtered and
heated to 850 °C in an alumina crucible for 5—10 h. The obtained
powder was ground again and then fired at 1300—1350 °C for 20—48
h twice.

The PL excitation and emission spectra were recorded on a Perkin-
Elmer LS-50B luminescence spectrometer with Monk—Gillieson type
monochromators and a xenon discharge lamp used as an excitation
source. UV—vis diffuse reflectance spectra (UV-DRS) were measured
on a UV—vis spectrophotometer (type Shimadzu, UV-2550). The X-
ray excited luminescence (XEL) spectra were measured by an X-ray-
excited spectrometer, FluorMain, where an F-30 movable X-ray tube
(W anticathode target) was used as the X-ray source. The
luminescence decay curves were recorded by the 500 MHz digital
storage oscilloscope (Tektronics TDS754A). The samples were
excited by the fourth harmonics (266 nm) of an Nd:YAG pulsed
laser. All measurements were carried out at room temperature. The
luminescence quantum efficiency (QE) was measured by a standard
Edinburgh Instruments FS-920 spectrometer equipped with an
Edinburgh instruments integrating sphere. The monochromator was
connected with CCD sensor and a computer by light guides. QE value
was calculated by the quantum yield measurement software.

3. RESULTS AND DISCUSSION

3.1. The Phase Formation. The as-prepared samples of
CaRNb;0;, (R = La, Sm, Eu, Gd, Dy, Er, Yb, or Y) were
identified by powder X-ray diffraction measurements as shown
in Figure 1. All the patterns have the same profiles with triple
perovskite-like structures, which match well with PDF2
standard cards No: 49-0684 selected in the International
Centre for Diffraction Data (ICDD) database; the results are in
good agreement with the reported data,*® demonstrating pure
crystalline phases.
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Figure 1. XRD patterns of CaRNb;0;, (R = La, Sm, Eu, Gd, Dy, Er,
Yb, Y) together with the standard card of PDF No. 49-0684.

A triple-perovskite CaRNb;O is based on an orthorhombic
framework of corner-sharing NbOy octahedra. The layers
consist of three corner-shared NbOg chains, R* and Ca?* ions
occupying the 12-coordination sites in the structure.** R* and
Ca® ions can be suggested to randomly occupy the
dodecahedral coordination positions in the inner layers; this
can be confirmed by the luminescence spectra of structural
probe ions of Eu®" in KCa,Nb;O,,: the *Dy — ’F, transition
split into two characteristic luminescence Eeaks, indicating that
Eu’ ions are located at two distinct sites.”” As a luminescence
host, layered perovskite has superiorities, that is, the compound
not only shows a high critical concentration quenching but also
exhibits a high luminescence brightness. This is because the
energy transfer can be restricted within the two-dimensional
sublattice.”

Figure 2 shows the FE-SEM micrograph of the CaRNb;O,,
samples. The obtained micrograph shows that the particles are

Figure 2. Typical FE-SEM micrographs of the CaLaNb;0,, samples.

agglomerated and have grain or plate-like particles. The average
diameter of the grain size is in the range of 500 nm to 3 ym.

3.2. Luminescence of CaRNb;O;, (R = La, Gd, Y, or
Yb). The samples of CaRNb;O;, (R = La, Sm, Eu, Gd, Dy, Er,
Yb, or Y) have similar UV diffuse reflection spectra. The typical
UV diffuse reflection spectrum of CaLaNb;O, is shown in
Figure 3. The adsorption edge is about 280 nm; correspond-
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Figure 3. The typical UV—vis diffuse reflectance spectrum of

CaRNb;0,, powders measured at room temperature.
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ingly, the intrinsic band gap of CaLaNb;O, is estimated at 4.42
eV. For niobates, the absorption in this spectral region has been
attributed to a ligand—metal charge transfer transition (LMCT)
from the oxygen ligand to the central niobium atom inside
NbOy groups.

Figure 4 exhibits the PL excitation and emission spectra
together with luminescence decay curves of CaRNb;Oy, (R =
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Figure 4. (a) The photoluminescence excitation (em = 455 nm) and
emission (ex = 270 nm) spectra of CaRNb;O;, (R = La, Gd, Yb, or Y)
at RT; R = Yb was fitted by two Gaussian components with center
wavelength Em; and Em,, fvshm W, and W,, and area A, and A,. (b)
The luminescence decay curves under the excitation of pulsed 266 nm
YAG:Nd laser.

La, Gd, Yb, or Y). The maximum excitation peak at around 270
nm was observed in the excitation spectra of all samples in
Figure 4a. The samples have similar excitation spectra with a
broad absorption band from 200 to 300 nm, and the position of
the excitation was not appreciably affected by the type of R
species. This means that the excitation peak at around 270 nm
can be assigned to the excitation of the host layer, presumably,
from O 2p to Nb 5d.

Under 270 nm excitation, there is a broad blue band around
350—620 nm with maximum at 440 nm (R = La), 445 nm (R =
Y), 457 nm (R = Gd), and 480 nm (R = Yb). For a niobate, the
blue emission is from the CT transition related to the NbOjy
octahedra as efficient luminescence centers of [NbOg]”™ in
perovskite layers. Many similar blue emission bands in niobates
or tantalites have been reported such as 442 nm in
B13T1Nb09,35 457 nm in CaNbZOG, 475 nm in BlzsrTazog,ls
425 nm in Sr;NaNbO,'® 480 nm in Ky egLlag,Ca; 0gNb;O ;0>

470 nm in Ba(ZngTa)O3,37 448 nm in Sr;LigNb,0,,,*® and
460 nm in Ca,KNb,O,;.*’

It can be noted that each spectrum presents an asymmetry
shape, which can be fitted by two Gaussian components as
ahown in an example of R = Yb in Figure 4a with center
wavelength Em, and Em,, full-width half-maximum (fwhm) W,
and W,, and integrated area A; and A,. It has been reported
that the blue and the green emission in niobates are due to two
dlfferent niobate centers, namely, a regular and a defect niobate
center.* Usually the efficient blue emission originates from the
regular niobate center and the weaker green emission from the
defect niobate center.*' For the luminescence of CaRNb,0,,
(R = La, Gd, Yb, or Y), we can tentatively assign the blue
emission to the intrinsic niobate center and the green emission
to a possible defect niobate center; the defects could be formed
perhaps by a cation disorder, a niobate center associated with
some defects.

Usually, the photoluminescence in highly charged transition
metal ion complexes such as titanates, niobates, tantalates,
tungstates, and rnolybdates was proposed to result from a
triplet—singlet transition.*”*> Charge-transfer vibronic excitons
from anion groups, defects created by anion deficiencies, or
cation disorder with energy states lying within the band gap
give rise to luminescence.'®** Delocalization of the excited state
plays an important role in luminescence, for example, in
LiNbO;, NaNbO,, and KNbO;.** Structures that exhibit three-
dimensional coupling of the d’ metal ion polyhedra through
corner sharing or edge sharing (CdNb,O4 and CaTa,0) show
luminescence owing to delocalization of the excited state.*
Bharathy et al.'®® reported blue luminescence in Sr;NaNbOj
and Sr;NaTaOg consisting of isolated MoO, tetrahedra. 1638
They also suggested a mechanism as illustrated in Figure S.
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Figure S. The illustration of the process of photoluminescence in self-
activated of CaRNb;0 . This figure was drawn by referring to refs 16
and 38.

After excitation by UV light, an electron is promoted from the
valence band or HOMO (a large highest occupied molecular
orbital) to the conduction band or LUMO (a lowest
unoccupied molecular orbital). There is a nonradiative transfer
from the LUMO energy state to an intermediate low-lying
LUMO state. A radiative transfer from this intermediate state to
the valence band gives rise to the host emission.

The luminescence decay curves of CaRNb;O,, (R = La, Gd,
Yb, or Y) under the excitation of the fourth harmonic 266 nm
of a pulsed Nd:YAG laser are shown in Figure 4b. The
luminescence decay curves exhibit a biexponential feature.
Apparently, the emissions show the different luminescence
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decay characteristics, indicating the different dynamic emission
transition for the emission bands. The average luminescence
lifetimes of 38.3, 31.72, 28.73, and 12.82 us were calculated for
R = La, Y, Gd, and Yb, respectively.

The emission spectra have very similar shapes, while the
maximum emission peaks and total integrated luminescence
intensities (I,,,) are different from each other; the emission
intensity increases from La to Y, Gd, and Yb. The maximum
emission wavelengths are at 436, 449.3, 459.3, and 475 nm for
R = La, Y, Gd, and Yb, respectively. The excitation band has a
peak at 270 nm in the UV region. The Stokes shifts of
CaRNb,0, are estimated to be 14.1 X 10° cm™ (R = La),
14.78 X 10> cm™ (R = Y), 1526 X 10°> cm™ (R = Gd), and
15.98 X 10°> cm™ (R = Yb).

The luminescence spectra shift brings somewhat different
luminescence colors. The CIE (Commission International de
I'Eclairage 1931) coordinate values of emissions in CaRNb;O,
(R = La, Gd, Yb, or Y) are shown in Figure 6. It is in the blue
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Figure 6. CIE chromaticity coordinates of CaRNb;O,, (R = La, Sm,
Eu, Gd, Dy, Er, Yb, or Y).

(R = La and Y) and greenish blue (R = Gd and Yb) region.
These CIE values are in agreement with the colors of
CaRNb;0;, (R = La, Gd, Yb, and Y) observed visually when
illuminated by a hand-held UV lamp (250 nm).

3.3. Luminescence of CaRNb;O,, (R = Sm, Er, or Dy).
In CaRNb;O,, the luminescence can be changed with different
R elements. Figures 7—10 present the luminescence spectra and
luminescence decay curves of CaRNb;O,, (R = Sm, Er, and
Dy). They show distinct optical properties due to the difference
of the RE ions in the lattices. First, the host luminescence from
NbOg can be detected in all the samples. The spectra are
different from those of CaRNb,O,, (R = Gd, La, Y, or Yb); that
is, there are some deep dips and several emission peaks
overlapped with the broad emission band. The dips are caused
by the absorption from the ground state to upper energy levels
of R ions.

The emission spectrum of CaRNb;O;, (R = Sm) under the
excitation of 270 nm from CT absorption of NbOy, is shown in
Figure 7a, which comprise both host emission and transition
from Sm®" ions. The spectrum under the excitation of
interabsorption of Sm®" ions (408 nm) only presents the
emission from f — f emission transitions. The broad emission
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Figure 7. (a) The photoluminescence excitation and emission spectra
of CaSmNb;O,, and (b) the luminescence decay curve under the
excitation of pulsed 266 nm YAG:Nd laser.

band in Figure 7a is the host emission of NbOg, and the intense
peaks are the f—f transitions of Sm** with 4f° configuration. The
luminescence mechanism is shown in Figure 5. The efficient
energy transfer happens from NbOg to Sm*" ions.

The excitation spectrum obtained by monitoring the
characteristic emission from Sm* (611 nm, *Gs,, — °H,,)
has the broad absorption band from CT transition in NbOg4 and
the f—f transition of Sm’' itself. Compared with the
luminescence decay lifetimes of NbOg in CaRNb;O;, (R =
Gd, La, Y, or Yb) (tens of microseconds, see Figure 4b), the
decay gets faster, 7.23 us in Figure 7b.

The emission spectra of CaRNb;0, (R = Er) excited by 270
and 380 nm are displayed in Figure 8a. It was found that the
sample emits blue emission from NbO4 along with
luminescence peaks at wavelength 530 and 550 nm, which
are attributed to the Er'*: *H;,,, — *I;5;, and *S;,, — ‘I;5),
transitions, respectively.

Figure 9 is the PL spectra and decay curve of CaRNb,;0,, (R
= Dy). Except for the broad emission bands from CT transition
in NbOy, the intense line at 575 nm is attributed to the electric
dipole transition (*Fy — ®H,3) of Dy*" and has similar intensity
with the magnetic dipole transition (485 nm, *Fy — °Hjs),).
This indicates that the lack of inversion symmetry in the
structure is weaker. The lifetime of 575 nm emission from Dy>*
is 4.2 us as shown in Figure 9b.

Similar excitation spectra phenomena can be found in
Figures 7 (R = Sm®'), 8 (R = Er*), and 9 (R = Dy*)
suggesting that efficient excitation for the emission is in the
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Figure 8. (a) The photoluminescence excitation and emission spectra
of CaErNb;O;, and (b) the luminescence decay curve under the
excitation of pulsed 266 nm YAG:Nd laser.

region of UV-light, 200—300 nm. The decay lifetimes for blue
emission from NbOjy in the samples of CaRNb;O,, (R = Sm,
Er, or Dy) are about 1 order of magnitude lower than those
obtained from R = Gd, La, Y, or Yb. This indicates an energy
transfer process from Nb—O CT to R** ions. Consequently, the
spectra of CaRNb;O;, (R = Sm, Er, or Dy) consist of the
emission peak from R*" ions and a broad band from NbO,
groups. The CIE color-coordinate values were calculated to be
(x = 0247,y = 0275) for R = Sm, (x = 0.378, y = 0.379) for R
= Dy, and (x = 0.275, y = 0.337) for R = Er. It can be found in
Figure 6 that the values are located in the white color region.
This indicates that CaRNb;O;, (R = Sm, Er, or Dy) could be a
single-phase phosphor for white lighting under UV light
excitation.

3.4. Luminescence of CaRNb;0,, (R = Eu). Figure 10
shows the PL spectra and decay curves of CaRNb;O,, (R =
Eu). The excitation spectrum by monitoring the D, — ’F,
emission (613 nm) of Eu®* ions consists of a broad band and
some sharp lines. The broad excitation band centered at 270
nm can be attributed to O — Nb CT transition. In the range
from 350 to 550 nm, there are characteristic intraconfigura-
tional 4f—4f transitions of Eu**: 395 nm ("Fy — °Lg), 464 nm
("Fy — °D,), and 535 nm ("F; — °D,). This well matches with
the output wavelength of near-UV or blue LED chips in
phosphor-converted W-LEDs.
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Figure 9. (a) The photoluminescence excitation and emission spectra
of CaDyNb;O,, and (b) the luminescence decay curve under the
excitation of pulsed 266 nm YAG:Nd laser.

The decay lifetime of the D, — F, luminescence at 613 is
calculated to be 0.52 ms; however, the intrinsic emission from
NbOy is greatly depressed with a fast decay lifetime of 5.17 s
shown in Figure 10b. The result shows that the efficient energy
transfer happens from NbOg to Eu®" ions.

The characteristic red emission of the Eu®" ion is observed
under excitation at 270 and 394 nm. The luminescence
spectrum excited by 395 nm shows the D, — "F,_, transitions.
However, under excitation of 270 nm, the emission in Figure
10a ranging from 400 to 700 nm has both the host emission of
NbOg and the intense peaks centered at 590 nm (°Dy — “F;)
and 613 nm (°D, — ’F,) of the f—f transitions of Eu®" with 4f°
configuration. Consequently the luminescence of CaRNb;O,
(R = Eu) can be changed under different excitation wavelength.
Under UV light, the CIE coordinates (x = 0.331, y = 0.201) in
reddish purple region; while the luminescence under 395 nm
presents red color with CIE values of (x = 0.613, y = 0.361).

Table 1 summarizes the luminescence data in CaRNb,0,, (R
= La, Sm, Eu, Gd, Dy, Er, Yb, or Y) such as excitation and
emission wavelength, CIE color coordinates, luminescence
centers, and luminescence intensity. What should be specially
noted is the luminescence intensity, which is normalized to that
in CaRNb;O;, (R = La). The luminescence was depressed in
the case of R = Sm, Gd, Dy, Er, Yb, and Y; however, the
luminescence intensity was increased in R = Eu by the
excitation with both UV and near UV light. The strongest
luminescence intensity is obtained for CaRNb;O,, (R = Eu)
excited at 270 nm even if there exists energy transfer from

dx.doi.org/10.1021/ic401854r | Inorg. Chem. 2013, 52, 10407—10413
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Figure 10. (a) The photoluminescence excitation and emission spectra
of CaEuNb,0,, and (b) the decay curve under the excitation of pulsed
266 nm YAG:Nd laser.

NbOy to Eu** ions. This change of luminescence intensities was
confirmed by photoluminescence QE values as listed in Table
1. The maximum measured QE value (excitation at 270 nm) at
room temperature is 42.0% in CaEuNb;O . This is higher than
that of Y,0,S:Eu** (35% excitation by 317 nm)* and
YAG:Eu®* (40% excitation by 254 nm).*” The phosphor can
be suggested to be an excellent candidate for materials in
lighting and display.

3.5. The XEL Spectra. The luminescence of CaRNb,0,, (R
= La, Sm, Eu, Gd, Dy, Er, Yb, or Y) was detected under the
excitation by X-rays. It is interesting that the luminescence
intensities under X-ray are different from those under UV light.
Only luminescence of the samples of R = La, Gd, and Y can be
detected at room temperature.

Figure 11 shows the XEL spectra of CaRNb;O;, (R = La,
Gd, and Y), which were compared with that of Bi,Ge;O,

Intensity (a. u.)

f T T T T T T .
300 400 500 600 700 800
Wavelength (nm)

Figure 11. X-ray-excited UV emission spectra of CaRNb;0;, (R = La,
Gd, Y) and a comparison with the emission spectrum of BGO.

(BGO) powders under the same conditions. Under the
excitation with X-ray, the emission spectra of the two
phosphors keep the same profile as that under 270 nm
excitation. By comprising the integral emission intensities, the
light yields of CaRNb;O;, (R = La) and CaRNb;0;, (R = Gd)
are 39.5% and 21.8% of that of Bi,Ge;O,, powders,
respectively. The results in our experiments indicate that
these niobates are not effective candidates as potential XEL
materials or scintillators.

4. CONCLUSIONS

In summary, CaRNb,0,, (R = La, Sm, Eu, Gd, Dy, Er, Yb, or
Y) has a layered perovskite-type structure with an estimated
band gap energy of 4.42 eV. The niobates present tunable
luminescence colors with different R ions in the host, for
example, blue (R = La or Y), greenish blue (R = Gd or Yb),
white (R = Sm, Er, or Dy), reddish purple (R = Eu, under UV
light, 200—300 nm), and red (R = Eu, under near-UV light,
around 400 nm). The samples CaRNb;O, (R = La, Gd, Yb, or
Y) have an excitation band from 200 to 300 nm with a
maximum wavelength at 270 nm. Under UV light, CaRNb;0,
(R =La, Gd, Yb, or Y) presents blue luminescence from the CT
transition related to the NbO4 octahedra with average
luminescence lifetimes of tens of microseconds. As a
stoichiometric component in the CaRNb;0O, host, an activator
rare earth ion such as Sm, Er, Dy, or Eu shows a high critical

Table 1. The Main Luminescence Data of CaRNb;0,, (R = La, Sm, Eu, Gd, Dy, Er, Yb, or Y)

R excitation (nm) emission (nm) intensity“
La 270 436 1
Y 270 449 0.70
Gd 270 459 0.62
Yb 270 475 0.30
Eu 270 460, 613 1.93
395 613 1.75
Sm 270 460, 611 0.48
Dy 270 470, 575 0.47
Er 270 470, 550 0.37
“Integrated intensity normalized to that of CaLaNb;0.
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CIE (x, y) QE (%) luminescence centers

(0.172, 0.173) 31 NbOg

(0.174, 0.197) 25 NbO;

(0.177, 0.232) 22 NbOg

(0202, 0.273) 16 NbOy

(0331, 0.201) 42 Eu®, NbOg
(0.613, 0.361) Eu’t

(0.247, 0.275) 21 Sm**, NbOg
(0.378, 0.379) 13 Dy**, NbO,
(0.275, 0.337) 11 Dy**NbOg¢
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quenching concentration and exhibits a high luminescence
brightness. CaRNb;O,, (R = Sm, Er, Dy, or Eu) show emission
from f — f transitions, which overlapped with the broad band
from NbOg luminescence; of all the compounds, CaRNb;0,,
(R Eu) shows the strongest luminescence brightness.
Moreover, the excitation band of CaRNb;0,, (R = Eu) well
matches with the output wavelength of near-UV or blue LED
chips in phosphor-converted W-LEDs. Under X-ray, only the
luminescence from CaRNb;O;, (R = La, Gd, or Y) can be
detected at room temperature.
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