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Abstract. In this work, we use the conventional high temperature solid-state reaction to prepare Bi3?-doped
Ba2Y1-xLuxNbO6:Bi3? (0 B x B 1.0) solid solution phosphors. To study the Lu3? content-dependent structural evolution
and photoluminescence (PL) properties of the samples, the powder X-ray diffraction (pXRD), density functional theoretical (DFT) calculations, UV–visible diffuse reflectance and PL spectra are used. We find that all the phosphors are
 and the XRD positions shift to higher diffraction
double-perovskite structural phase with a cubic space group of Fm3m,
angle with the increase in Lu3? content. The emission positions of the samples tune from 447 to 493 nm, which are due to
the crystal field modulation around the Bi3? ion. Among the obtained samples, the Ba2Y0.7Lu0.3NbO6:Bi3? shows the best
quantum efficiency (QE) of 57%. By using the optimal Ba2Y0.7Lu0.3NbO6:Bi3? solid solution phosphor, the red-emitting
CaAlSiN:Eu2? phosphor, and a commercial 365 nm UV LED chip, we have fabricated a white LED device with the CIE
coordinates at (0.378, 0.373), colour temperature (CT) of 3513 K, colour rendering index (CRI) of 67.1 and luminous
efficiency of 39 lm W-1.
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Introduction

Owing to the naked 6s electrons in the configuration of
[Xe]-4f145d106s2 [1], the Bi3? can show the emissions
broadly tuning from UV [2], blue [3], green [4] and yellow
[5] to reddish [6]. As a result, the Bi3?-doped phosphors are
receiving great interest in the recent years. Typically, when
the Bi3? is doped into the solid solutions formed by the
isostuctural crystals, it can sometimes show the tunable
emissions, for example, (Yx,Luy,Scz)0.98VO4:0.02Bi3? [7],
La2Mg(1-w)ZnwTiO6:Bi3? [8], Sc(Vx,P1-x)O4:0.02Bi3? [9]
and so on. The previous works have shown that it is very
important to explore the tunable solid solutions, because
they can emit different wavelengths for the device designers
according to the practical application needs [7], but not to
consider other influence factors, such as different responses
of the phosphors with different crystal phases to the temperature [10]. However, the reported Bi3? tunable solid
solutions are still not a lot.
Nowadays, the studies on photoluminescence (PL) of the
perovskite crystals are hot research topic, attracting a larger

number of scientists. The double-perovskite materials having the A2BB0 O6 composition (A = CH3NH3, Cs; B = Na,
K, Cu, Ag, Tl; B0 = In, Bi, Sb) are a type of important
materials [8,11]. Because the crystal structure contains the
oxygen (O) ions, they can exhibit the stability against
oxygen and water better than all-inorganic halide ABX3 (A
= Cs, CH3NH3, CH(NH2)2; B = Pb, Sn; X = Cl, Br, I)
[12,13]. So far, it has been reported that many rare earth
(RE) and non-RE ions can replace the A, B or B0 ions, such
as Mn4? [8], Eu3? [14], Pr3? [15] and Tb3? [16]. Typically,
it is reported by Xing et al [8] that co-doping of the Bi3?
and Mn4? ions to replace the Gd3? and Nb5? sites in the
double-perovskite Ba2GdNbO6 crystal host can lead to the
tunable emissions. In addition, they also fabricated a white
LED device with high rendering index (89.6) and low colour temperature (3550 K), showing the potential of application in white LEDs. However, although the doping
contents of the Mn4? ion is changed, but the Mn4? emission
positions are not changed. At the same time, although the
doping contents of the Bi3? ion is not changed, while the
related emission positions are changed due to the crystal
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Figure 1. (a) XRD patterns of Ba2Y1-xLuxNbO6:Bi3? (0 B x B 1.0) solid solutions; (b) enlarged XRD patterns in the range of
29–30°; (c) crystal structure of Ba2(Y/Lu)NbO6 and (d) dependence of 2h, d values, lattice parameters a(b)(c) and cell volume (V) on
the Lu3? (x) content.

field modulation caused by the change in Mn4? content, the
emission tuning range is very narrow.
Enlightened by the double-perovskite Ba2GdNbO6 crystal
host, here, we tried to use the Y3? ion to replace the Gd3?
ion and used the Ba2YNbO6 crystal as the starting host.
As a result, a type of Bi3?-doped Ba2Y1-xLuxNbO6:Bi3?
(0 B x B 1.0) solid solution phosphors, which showed
the emission position tuning from 447 to 493 nm as the
x value increased from 0 to 1.0, were achieved by using the
conventional solid-state reaction. Our discussions and
analysis showed that the emission tuning was due to the
crystal field modulation around the Bi3? ion. By using
the Ba2Y0.7Lu0.3NbO6:Bi3? sample, the red-emitting
CaAlSiN:Eu2? phosphor and a 365 nm UV LED chip, we
successfully fabricated a white LED device with colour
temperature (CT) of 3513 K, CIE coordinates at (0.378,
0.373), colour rendering index (CRI) of 67.1 and luminous
efficiency of 39 lm W-1.

2. Synthesis, characterizations and DFT calculations
of samples
The Bi3?-doped Ba2Y1-xLuxNbO6:Bi3? (0 B x B 1.0) solid
solutions were prepared by high temperature solid-state
reaction. The chemicals are BaCO3 (analytical reagent),
Y2O3 (99.9%), Lu2O3 (99.99%), Nb2O5 (99.9%) and Bi2O3
(99.98%). Firstly, the reagents were weighed and milled in
an agate mortar. After mixing and grinding, the mixtures
placed into an alumina crucible and then, fired in air at
1300°C for 5 h and re-milling for 15 min after furnacecooled to room temperature.
A D8 Advance diffractometer (Bruker Corporation,
Germany) operating at 40 kV and 40 mA with CuKa
radiation (k = 0.15406 Å) was used to measure the powder
X-ray diffraction (pXRD) data of samples. Room temperature excitation and emission spectra were recorded on a
HITACHI F-4600 fluorescence spectrophotometer (Japan)
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Figure 2. (a) Density of state (DOS) of the valence band and conduction band of the Ba2Y1-xLuxNbO6:Bi3? (x = 0–1.0) samples;
(b) dependence of experimental and theoretical band gap (Eg) energies on the Lu3? (x) content and (c) UV–Vis diffuse reflectance
spectra of the typical Ba2YNbO6 and Ba2YNbO6:Bi3? samples.

with the slits of 1.0 nm and a photomultiplier tube operating
at 400 V, and a 150 W Xe lamp used as the excitation lamp.
Similar to these works [9,17–19], the first-principle calculations on the Bi3?-doped Ba2Y1-xLuxNbO6:Bi3? solid
solutions were performed within the framework of density
functional theory (DFT) using the Vienna ab initio simulation package (VASP) [20]. Lattice dynamical properties
and band gap energies were calculated by using the projector-augmented plane-wave (PAW) potentials [21] with
the generalized gradient approximation (GGA) of Perdew–
Burke–Ernzerhof (PBE) parametrization [22].

3.

Results and discussion

XRD patterns of Ba2Y1-xLuxNbO6:Bi3? (0 B x B 1.0) solid
solutions are depicted in figure 1a and b. XRD positions of
all the samples are consistent with that of ICSD-43760
indexed by double-perovskite Ba2GdNbO6 phase, indicating we achieve the double-perovskite Ba2Y1-xLuxNbO6:
Bi3? (0 B x B 1.0) solid solutions and the Bi3? ions do not
change the phase purification. However, the XRD positions
shift to higher diffraction angle with increase in the Lu3?
content from 0 to 1.0. Based on the crystal structure shown
in figure 1c, we know that A, B and B0 cations are

coordinated with 12, 6 and 6 oxygen atoms and they are
related to Ba, Y/Lu, and Nb ions. In this case, we can know
further that the Ba2?, Y3?, Lu3? and Nb5? radii are 1.61,
0.9, 0.861 and 0.64 Å, respectively. Hence, the radius of the
Bi3? dopant at 6 coordination number is 1.03 Å and the
effective radii and charges between Bi3?, Ba2? and Nb5?
ions are larger than that of the Bi3? and Y3?/Lu3? ions, the
Bi3? ions tend to substitute for the Y3?/Lu3? ions. In this
case, when the Bi3? content is fixed, the shift of XRD
positions to higher diffraction angle can be observed due to
the shrinkage of lattice cells. Here, the d-spacing values that
relate to plane (011) are also calculated by using the
equation, nk = 2d sin h [23] (where n is an integer, k is the
wavelength of incident X-ray, d is the spacing between the
planes in the atom lattice and h is the angle between the
incident XRD ray and the scattering planes), and they are
shown in figure 1d(ii). In addition, according to Végard law
and XRD data, the lattice parameters a(b)(c) and cell volume (V) of the samples are also calculated, and results are
shown in figure 1d(iii, iv). It is obvious that the lattice
parameters a(b)(c), and cell volume V are dependent on the
Lu3? content, showing regular change in cell volume with
the increase in Lu3? content. These lattice changes finally
lead to the modulation of Bi3? crystal field and the spectral
tuning.
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Figure 3. (a) Emission and (b) excitation spectra of Ba2Y1-xLuxNbO6:Bi3? (x = 0–1.0); (c) CIE chromaticity coordinates of
Ba2Y1-xLuxNbO6:Bi3? (x = 0–1.0) and (d) dependence of emission and excitation positions on the Lu3? (x) content.

Figure 2a shows the density of state (DOS) of the
valence band and conduction band of the Ba2Y1-xLuxNbO6:
Bi3? (x = 0–1.0) samples. Obviously, the band gap (Eg)
energies are increased with the increase in Lu3? content
(figure 2b). In fact, several previous works have reported
that the Eg energies are increased with the replacement of
larger host ions by smaller host ions in the Bi3?-doped
solid solutions, such as (Y,Lu,Sc)VO4:Bi3? [7], Sc(Vx,
P1-x)O4:Bi3? [9] and YPxV1-xO4:Bi3? [24]. In addition,
we also measured the UV–Vis diffuse reflectance spectra
of the solid solutions. Figure 2c shows the typical samples
of Ba2YNbO6 and Ba2YNbO6:Bi3?. As can be seen, there
is a strong absorption band in the range of 200–320 nm in
bulk Ba2YNbO6, and it can be ascribed to the host
absorption. In addition to this band, another weak
absorption band in the range of 300–390 nm appears in the
Ba2YNbO6:Bi3? sample with the maximum intensity at
around 368 nm, which is due to the Bi3? absorption. By
using the diffuse reflectance curve of bulk Ba2YNbO6, the
electronic band gap values, based on the Kubelka–Munk

equation (F(R?) = (1 - R?)2/2R? = K/S, where parameters R?, K and S are the reflectance, absorption and
scattering coefficiencies, respectively) [25], can be
achieved. Based on the relationship between the absorption efficient, a and band gap, Eg values [26], ahv =
C1(hv - Eg)n/2 (where parameters C1, h, v and n are the
proportionality constant, Planck’s constant (h = 4.14 9
10-15 eV s-1), light frequency and constant, respectively,
the Eg value (4.36 eV) of the sample can be achieved. For
the Bi3?-doped sample, the Lu3? (x) content-dependent Eg
values can be achieved by using the same evaluation
relationships mentioned above, and they are shown in
figure 2b. These experimental Eg values show the tendency similar to those theoretical values with the increase
in Lu3? (x) content. Usually, the experimental Eg values
achieved from the diffuse reflectance spectral measurements are higher than the theoretical Eg values. This difference is also seen in many previous works [9,27], but the
UV–Vis diffuse reflectance spectra are performed at room
temperature.
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Figure 4. (a) Dependence of average Y/Lu–O covalency on emission positions; (b) dependence of relative emission intensity and
quantum efficiency on the Lu3? (x) content; (c) and (d) two schematic diagrams to illustrate the red-shift of the Bi3? excitation and
emission positions, where ET denotes the energy transfer.

The emission (a) and excitation (b) spectra of
Ba2Y1-xLuxNbO6:Bi3? (x = 0–1.0) are shown in figure 3.
Obviously, with the increase in Lu3? (x) content, the
emission position can be shifted from 447 to 493 nm.
The tunable emissions are confirmed by the CIE chromaticity coordinates (figure 3c). Upon monitoring at the
maximum emission intensity, we obtain the excitation
spectra of the samples, which have two broad and yet,
overlapping excitation bands. The excitation bands
peaked at higher energy (i.e., 294 nm) are not changed
significantly with the increase in Lu3? (x) content, and
they are basically consistent with the UV–Vis diffuse
reflectance bands and can be ascribed to the host
absorption. However, other excitation bands peaked at
lower energy, which are due to the Bi3? ions, are redshifted to longer wavelength with the increase in

Lu3? (x) content. Since the Bi3? ion is a type of ion
sensitive to its local microenvironment, the tunable
excitation bands can be ascribed to the Bi3? 1S0 ? 1P1
transition. The relationship of the Bi3? emission and
excitation positions and the Lu3? (x) content are shown
in figure 3d, in which the positions show an increasing
tendency against the Lu3? (x) content.
To explain the Bi3? spectral tuning, we calculated the
average Y/Lu–O covalency of the Ba2Y1-xLuxNbO6:Bi3?
(x = 0–1.0) solid solutions. The relationship between the
emission positions and covalency values is shown in
figure 4a. Obviously, with the increase in covalency values,
the emission positions are also increased, showing the
covalency-dependent emissions. This reveals that the redshifting of Bi3? positions is due to the modulation of the
crystal field around Bi3? ions.
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Hence, this UV-converted blue-emitting sample is used
to work with the red-emitting CaAlSiN:Eu2? phosphor to
fabricate the white LED device. Figure 5 presents the
EL spectrum, photograph and CIE chromaticity of this white
LED device. Our results show that this LED device exhibit
a nearly white colour with CIE coordinates at (0.378,
0.373), colour temperature (CT) of 3513 K, luminous efficiency of 39 lm W-1, and colour rendering index (CRI) of
67.1. In this case, this work proves the potential application
of the Ba2Y1-xLuxNbO6:Bi3? (x = 0.3) solid solution for
white LEDs.

4.

Figure 5. Electroluminescence (EL) spectrum of the white LED
device fabricated by the blue Ba2Y0.7Lu0.3NbO6:Bi3? solid
solution, red CaAlSiN:Eu2? phosphor and a UV LED chip. The
CIE value and digital photograph of this white LED device are
shown in the inset.

As indicated by some previous Eu2?-doped solid solutions [28–31], the Eu2? emission intensity can be enhanced
during the substitution of one type of host ions by the other
types of isostructral ions, leading to the improved PL
properties. This is due to the microenvironment change in
the Eu2? ion. Typically, the enhanced emission intensity
usually appears with the shrinkage of the lattice cell, which
is relative to the closer structure rigidity. In this case, in
addition to the above PL spectra, we measured the quantum
efficiency (QE) values of the Ba2Y1-xLuxNbO6:Bi3? (x =
0–1.0) by using the maximum excitation intensity as the
excitation wavelength. The QE values and the emission
intensity are also shown in figure 4b. The QE values are
increased with the increase in Lu3? (x) content. The
Ba2Y0.7Lu0.3NbO6:Bi3? sample shows the best QE value
(57%), and it is also the sample that relates to the maximum
emission intensity.
To illustrate the Bi3? luminescence, we established a
mechanistic diagram, as shown in figure 4c–d. By using the
Bi3? excitation wavelength, the Bi3? electrons can be
excited from the ground 1S0 level to the excited 3P1, 3P2 and
1
P1 levels. After relaxing from the excited 3P2 and 1P1 levels
to the excited 3P1 level, the excited electrons come back to
the ground 1S0 level, accompanying the generation of the
Bi3? luminescence. Since the Bi3? crystal field with the
increase in Lu3? content is increased, the 3P1 state is getting
closer to the 1S0 state, leading to the red-shift of Bi3?
emission positions. Moreover, using the host excitation
(e.g., under 312 nm excitation) also can lead to the Bi3?
luminescence, i.e., there is energy transfer from the host to
the Bi3? ion.
Moreover, the excitation peak of the Ba2Y0.7Lu0.3NbO6:
Bi3? sample is about 371 nm, matching with the UV LED
chip with the emission range at around 365–380 nm.

Conclusions

In this work, the double-perovskite Ba2Y1-xLuxNbO6:Bi3?
solid solution phosphors are synthesized by using the high
temperature solid-state reaction. All the samples are crystallized in double-perovskite structural phase with a cubic
 The XRD positions shift to higher
space group of Fm3m.
diffraction angle with the increase in Lu3? content. The
solid solutions can exhibit the red-shifting of emission
position from 447 to 493 nm and excitation peak with
the increase in Lu3? content, which are due to the modulation of crystal field around Bi3? ion. By using the
Ba2Y1-xLuxNbO6:Bi3? (x = 0.3) sample, red-emitting
CaAlSiN:Eu2? phosphor and a UV-LED chip, we fabricate
a white LED device with CIE coordinates at (0.378, 0.373),
colour temperature (CT) of 3513 K, luminous efficiency of
39 lm W-1 and colour rendering index (CRI) of 67.1,
showing the potential application for phosphor-converted
white LEDs technology [23,26,28–33]. In addition, this
work can also provide new ideas to the fields, such as
degradation of antibiotic and organic materials [19], and the
treatment of wastewater [34–36], acid water [37], electrocatalysis [38–40] and photocatalysis [41].
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