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e luminescence and energy
transfer in Tb3+ and Eu3+ codoped Ba3InB9O18

phosphors

Siyuan Song, a Jiayong Si,*a Jing Zhangb and Gemei Cai *b

The borate Ba3InB9O18 (BIBO) is a promising host material for phosphors. A series of Tb3+ and Eu3+ codoped

Ba3InB9O18 phosphors were synthesized. Based on the Rietveld method, structure refinement of the

codoped BIBO phosphor was carried out. Then, the luminescence properties of BIBO:Tb3+, Eu3+

phosphors were extensively investigated under ultraviolet (UV) and vacuum ultraviolet (VUV) excitation.

The measured PL spectra and decay times evidenced that energy transfer occurs between the Tb3+ and

Eu3+ ions. The energy-transfer mechanism from Tb3+ to Eu3+ in Ba3InB9O18 is dominated by electric

multipolar interactions, with the critical distance calculated to be 10.97 Å. The temperature sensitivity of

the Tb3+ and Eu3+ codoped sample under VUV was also investigated at the low temperature range from

25 K to 298 K. The emission color could be tuned from green to the red region by adjusting the

concentration of codoped ions. The results indicate that the BIBO-based phosphors are valuable

candidates for applications in the display and lighting fields.
1. Introduction

Owing to their critical signicance in modern lighting and
display elds, such as white-light emitting diodes, vacuum
uorescent displays, cathode ray tubes, plasma display panels,
X-ray imaging scintillators and eld emission displays, rare
earth ion-doped phosphors have attracted tremendous atten-
tion with the prevalence and boom of the electronics technology
over the past few decades.1–3 Lacking a specic color phosphor
in use has prompted more investigations to be focused on full
color phosphors. Fortunately, great attention has been paid to
multicolor tunable luminescence due to its potential applica-
tion in the elds of plasma display panels, full color displays,
light emitting diodes, and eld emission displays.4,5

Borate is regarded as a dramatic host material for phosphors
because of its various crystal structures, simple process of
composition, and steady physicochemistry properties.6,7 In
2008, Cai et al. discovered a novel barium indium borate Ba3-
InB9O18 (BIBO), which could be used as an X-ray detector due to
its superior scintillation character.8 The crystal structure of the
BIBO compound was crystalline in the hexagonal centric
structure of the P63/m space group, which can be viewed as
a layered-type structure constructed by discrete planar hexag-
onal [B3O6]

3� rings. The [B3O6]
3� rings stack parallel or anti-

parallel to each other along the c-axis. Also, layers connected
ing, Central South University of Forestry &

. China. E-mail: sjy98106@163.com

ng, Central South University, Changsha,

ei@csu.edu.cn

hemistry 2019
with deformed BaO6 hexagons are interleaved with regular InO6

octahedra and BaO9 polyhedra.8 In the rare-earth family, Tb3+ is
well-known as a green emitting activator due to its predominant
5D4–

7F5 transition peak at around 545 nm.9 Meanwhile, the Eu3+

ion is considered one of the most frequently useful red emitters
in rare-earth-ions-doped materials due to its 5D0–

7F2 transi-
tion.10 Up to now, single Eu3+- or single Tb3+-doped layered-type
BIBO polycrystalline structures have been investigated under
UV excitation, and have shown potential applications in an
illumination area due to their relatively simple preparation,
intense luminescence, and large quenching concentration.11 On
the other hand, it has been recognized that the luminescence
intensities of rare-earth ions can be enhanced or quenched by
the energy transfer from other codoped rare-earth ions.12,13

Moreover, Eu3+ and Tb3+ usually play the critical roles of energy
transfer in displays and lightings, implying that Tb3+ can act as
a good sensitizer to enhance the luminescence efficiency of Eu3+

in many host materials, such as LiSrBO3, Sr3LaNa(PO4)3F, and
Y4Si2O7N2.14–16 However, to the best of our knowledge, there are
no reports about the photoluminescence (PL) and photo-
luminescence excitation (PLE) properties and the energy
transfer of Tb3+ and Eu3+ in the BIBO host.

In this work, single-phase tunable green-yellow-red emitting
phosphors, Tb3+ and Eu3+ codoped BIBO, were synthesized for
the rst time. The structure parameters and rare-earth ions
occupancy were conrmed by the Rietveld renement method.
Then the luminescence properties were extensively investigated,
including the photoluminescence under UV and VUV excita-
tion, low temperature VUV spectroscopy, decay curve, and
RSC Adv., 2019, 9, 1029–1035 | 1029
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Fig. 1 (a) XRD patterns and (b) lattice parameters of BIBO:xTb3+,
0.1Eu3+, (c) XRD patterns, and (d) lattice parameters of BIBO:0.08Tb3+,
yEu3+ samples.

Fig. 2 (a) Rietveld refinement patterns, (b) and (c) crystal structures of
the BIBO:0.08Tb3+, 0.25Eu3+ sample.
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chromaticity diagram. In addition, the energy-transfer mecha-
nism between Tb3+ and Eu3+ ions is also discussed herein.

2. Experimental section

A series of phosphors, Ba3In0.9�xB9O18:xTb
3+, 0.1Eu3+ (x ¼ 0,

0.02, 0.05, 0.08, 0.12, 0.15, 0.18 mol) and Ba3In0.92�yB9-
O18:0.08Tb

3+, yEu3+ (y ¼ 0, 0.05, 0.10, 0.15, 0.20, 0.25, 0.28 mol),
were synthesized via standard high-temperature solid-state
reaction methods. Stoichiometric mixtures of BaCO3 (spectral
reagent), In2O3 (analytical reagent), Eu2O3 (spectral reagent),
Tb4O7 (spectral reagent), and H3BO3 (analytical reagent) were
nely ground into powders in an agate mortar. The excess
H3BO3 of 3% mol was used for compensation during the
process of synthesis because of the volatilization of boron oxide
at high temperature. Then, the mixtures were preheated in
platinum crucibles at 650 �C for 12 h to obtain the precursors.
Subsequently, the precursors underwent calcination at 980 �C
for 48 h with an intermediate grinding. Finally, the obtained
products were ground into homogeneous powders for the
following analysis. X-ray powder diffraction data were recorded
on an X-ray diffractometer (Rigaku D/Max-2500) with Cu Ka
radiation and a diffracted-beam graphite monochromator
operated at a power of 40 kV and 250 mA. Rietveld renement of
the structure was carried out by using the Full-Prof_suite
program.17 UV-visible diffuse reectance (UV-DR) spectra were
measured on a UV-visible spectrophotometer (Shimadzu, UV-
2600) equipped with an integration sphere using BaSO4 as
a reference. The photoluminescence emission (PL) and excita-
tion (PLE) spectra of Tb3+ and Eu3+ codoped BIBO under
ultraviolet (UV) radiation were obtained on a Hitachi F-7000
orescence spectrophotometer equipped with a Xe lamp as
the excitation source. The luminescence spectra under the
vacuum ultraviolet (VUV) region were measured at Beam line
3B1B at the Beijing Synchrotron Radiation Facilities (BSRF)
under normal operating conditions (220 mA). The VUV excita-
tion spectrum was corrected by sodium salicylate since its
quantum efficiency was almost constant in the region. Photo-
luminescence decay curves were obtained using a uorescence
spectrometer (Edinburgh, FLS-920) with a mF900 ash lamp as
the excitation source. The CIE coordinates were calculated by
using the PL data based on the CIE 1931 standard colorimetric
system.

3. Results and discussion
3.1 Phase identication and crystal structure

The XRD patterns of the as-synthesized BIBO:xTb3+, 0.1Eu3+ and
BIBO:0.08Tb3+, yEu3+ phosphors are shown in Fig. 1, respec-
tively. As seen in Fig. 1a, all the patterns of the single-doped and
codoped BIBO samples are consistent with the standard pattern
of Ba3InB9O18 (ICSD #245820) and no impurities were observed.
For BIBO:xTb3+, 0.1Eu3+, a pure phase of Ba3InB9O18 (ICSD
#245820) could be identied when Tb3+ varies in the range of 0–
0.18 mol. Moreover, when the x value was increased, the main
diffraction peaks (�120) and (014) at around 25–26� are shied
markedly toward a lower angle, indicating a lattice expansion.
1030 | RSC Adv., 2019, 9, 1029–1035
This should be ascribed to the larger Tb3+ (r ¼ 0.92 Å)
substituting the smaller In3+ (r ¼ 0.80 Å) in the Ba3InB9O18 host
lattice.18 As illustrated in Fig. 1b, the measured lattice param-
eters, a, c, and V, increase linearly and obey Vegard's law. In
addition, as shown in Fig. 1c, for BIBO:0.08Tb3+, yEu3+, no
impurity phase was yet detected when the Eu3+ concentration
was raised from 0 to 0.28 mol. As presented in Fig. 1d, by
increasing the Eu3+ concentration, the lattice parameters of
BIBO:0.08Tb3+, yEu3+ also exhibit a near-linear expansion due to
the substitution of smaller In3+ (r ¼ 0.80 Å) by larger Eu3+ (r ¼
0.95 Å) ions.18

Rietveld renement is a powerful method to investigate the
crystal structure and the distribution of ions in crystal lattices.
In order to understand the occupancies of the RE ions in the
codoped BIBO phosphors, the structure renement of
BIBO:0.08Tb3+, 0.25Eu3+ was performed using the Full-
Prof_suite program. The crystal structure of nondoped BIBO
was considered as the initial structure, with the corresponding
rened pattern given in Fig. 2a. In the gure, the experimental
pattern, the calculated pattern, and the difference plot are
expressed by small red dots, a solid black line, and a solid blue
line at the bottom, respectively. Also, the positions of the
calculated Bragg reections are marked by the vertical bars.
During the renement, a total of 43 parameters were rened,
including 26 structural parameters and 17 prole parameters.
The rened crystallographic parameters and reliability factors
This journal is © The Royal Society of Chemistry 2019
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Table 1 Experimental parameters of the powder XRD analysis and
refined crystallographic data of the BIBO:0.08Tb3+, 0.25Eu3+ samplea

Formula Ba3In0.67Tb0.08Eu0.25B9O18

Diffractometer Rigaku D/Max-2500
Radiation type Cu Ka
Monochromator Graphite
Wavelength (Å) 1.5405
Rened prole range 2q (�) 10–130
Step size 2q (�) 0.017
Step scan time per step (s) 2
Number of structure parameters 26
Number of prole parameters 17
RB 7.38%
RP 5.79%
RWP 7.76%
S 2.60
Symmetry Hexagonal
Space group P63/m
a (Å) 7.1600(3)
c (Å) 16.8123(4)
Volume (Å3) 746.43(3)
Z 2
Calculated density (g cm�3) 4.11

a Rp ¼
P

|yio � yic|/
P

|yio|, Rwp ¼ [
P

wi(yio � yic)
2/
P

wiyio
2]1/2, Rexp ¼ [(N

� P)/
P

wiyio
2]1/2.

Table 2 Atomic coordinates and isotropic displacement parameters
for the BIBO:0.08Tb3+, 0.25Eu3+ sample

Atom Site x y z Biso (Å
2) Occ

Ba1 4f 1/3 2/3 0.13063(5) 0.247(4) 0.333(0)
In1 2b 0 0 0 0.376(8) 0.117(0)
Eu1 2b 0 0 0 0.376(8) 0.042(0)
Tb1 2b 0 0 0 0.376(8) 0.008(0)
Ba2 2a 0 0 1/4 2.41(1) 0.167(0)
O1 6h 0.454(1) 0.295(1) 1/4 �1.52(3) 1/2
O2 12i �0.1160(9) 0.3856(9) 0.0794(3) 0.44(3) 1
O3 6h 0.596(1) 0.672(1) 1/4 0.81(4) 1/2
O4 12i �0.0056(7) 0.7487(7) 0.0819(3) 0.55(3) 1
B1 6h 0.604(3) 0.483(3) 1/4 1.39(9) 1/2
B2 12i �0.172(2) 0.554(2) 0.0783(6) �0.10(4) 1

Fig. 3 UV excitation and emission spectra of (a) BIBO:0.08Tb3+, (b)
BIBO:0.1Eu3+, and (c) BIBO:0.08Tb3+, 0.25Eu3+, and (d) diffuse
reflectance spectra of the BIBO:0.08Tb3+ and BIBO:0.08Tb3+,

3+
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are listed in Table 1. The primary reliability factors in the
structural renement converged to RB ¼ 7.38%, RP ¼ 5.79%,
RWP ¼ 7.76%, and S ¼ 2.60, indicating that the determined
structure should be reasonably accepted. The codoped
BIBO:0.08Tb3+, 0.25Eu3+ was crystallized in the space group P63/
m and in a hexagonal symmetry. The lattice parameter (a, c) and
lattice volume (V) of the codoped sample were 7.1600(3) Å,
16.8123(4) Å, and 746.43(3) Å3, respectively. The structural
parameters including the atomic coordinates, atomic occu-
pancies, and isotropic displacement are shown in Table 2. The
crystal structure of Ba3InB9O18:0.08Tb

3+, 0.25Eu3+ was formed
by the stable stacking arrangement of B3O6, BaO6, InO6, and
BaO9 modules, with B3O6 layers connected by barium and
indium atoms, as shown in Fig. 2b and c. The codoped Tb3+ and
Eu3+ ions were demonstrated to substitute the In3+ sites in the
host of BIBO. In addition, the Tb3+ and Eu3+ ions sites were
This journal is © The Royal Society of Chemistry 2019
veried by the actual experiments. We synthesized many
samples with the codoped rare-earth ions occupying different
cations. Using the XRD analysis and the index calculations, it
was eventually found that Tb3+ and Eu3+ ions could not enter
into the lattice of Ba2+ (r ¼ 1.34 Å), whereas they could substi-
tute the In3+ ions. This may attributed to the closed ionic radius
and coordination of Eu3+ (r ¼ 0.95 Å), Tb3+ (r ¼ 0.92 Å), and In3+

(r ¼ 0.80 Å) in the BIBO host.18
3.2 Photoluminescence properties

The BIBO, as a potential host for phosphors, exhibits a broad
and intense emission band in the range of 360–500 nm with
weak violet-blue emission on account of the recombination of
an electron on a donor formed by oxygen vacancies with a hole
on an acceptor consisting of indium or barium vacancies.8,9,19 As
presented in Fig. 3, the photoluminescence of single Tb3+- or
Eu3+-doped BIBO demonstrated excellent performance for
emitting intense green and red lighting when studied under UV
excitation. Fig. 3a shows the excitation and emission spectra of
the BIBO:0.08Tb3+ sample. Intense green emission at 550 nm
based on the 5D4–

7FJ (J ¼ 6, 5, 4, 3) transitions of Tb3+ ions in
BIBO host can be observed under 232 nm excitation. Under
232 nm excitation, the main excitation band is located at
232 nm due to the spin-allowed 4f8–4f75d1 transitions of Tb3+

ions.20,21 Moreover, as seen in Fig. 3b, upon 221 nm excitation,
the BIBO:Eu3+ phosphor exhibits a red emission, attributed to
the absorption band magnetic dipole transition 5D0–

7F1.22–25

The excitation spectrum was obtained by monitoring the
emission of Eu3+ at 590 nm, and showed an absorption band
ranging from 200 to 250 nm containing the excitation spectrum
of Eu3+. Furthermore, the broad excitation band centered at
211 nm should be assigned to the charge transfer band of O2�

/ Eu3+. Fig. 3c illustrates the excitation and emission spectrum
of the typical BIBO:0.08Tb3+, 0.25Eu3+ phosphor. Once Eu3+ is
doped into BIBO:0.08Tb3+, both the Tb3+ green emission peak at
550 nm and the Eu3+ red emission at 590 nm were found in the
PL spectrum of Tb3+, Eu3+ codoped BIBO phosphor at 233 nm
excitation. Monitoring the 550 nm emission, the PLE spectrum
of BIBO:0.08Tb3+, 0.25Eu3+ had a similar prole with that of
BIBO:0.08Tb3+ and showed a peak wavelength at 233 nm,
indicating effective energy transfer from Tb3+ ions to Eu3+ ions.
Moreover, monitoring 590 nm emission, an obvious split in the
0.25Eu samples.

RSC Adv., 2019, 9, 1029–1035 | 1031
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Fig. 4 (a) UV emission spectra and (b) luminescence intensity of Tb3+

and Eu3+ for BIBO:xTb3+, 0.1Eu3+, (c) UV emission spectra and (d)
luminescence intensity of Tb3+ and Eu3+ for BIBO:0.08Tb3+, yEu3+.

Fig. 5 (a) VUV emission spectra, and (b) luminescence intensity of
Tb3+ and Eu3+ for BIBO:0.08Tb3+, yEu3+.
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excited band below 250 nm was found at 219 and 233 nm in the
Eu3+ and Tb3+ ions codoped BIBO, corresponding to the CTB
bands of Eu3+ and Tb3+ in Fig. 3a and b, implying the energy
transfer from Tb3+ to Eu3+.

In addition, the diffuse reectance spectra of BIBO:0.08Tb3+

and BIBO:0.08Tb3+, 0.25Eu3+ phosphors are given in Fig. 3d,
and are consistent with the above PLE spectra. For
BIBO:0.08Tb3+, there were two absorption bands located in the
range of 210–250 nm and 250–400 nm, respectively. The rst
one is attributed to both the transitions from Tb3+ and from the
valence to conduction bands of the host lattice, meanwhile the
second one is the absorption band of Tb3+ ions due to the
transitions from the 4f to 5d states. Then for the Tb3+, Eu3+

codoped BIBO sample, the diffuse reectance between 210–
250 nm is obviously reduced, indicating the higher absorption
caused by the energy transfer of Eu3+ and Tb3+. By the intercept
method, the optical band gap was estimated as 5.34 and 5.41 eV
for BIBO:0.08Tb3+ and BIBO:0.08Tb3+, 0.25Eu3+, respectively.
This means that the band gap of BIBO is slightly widened by the
codoped Tb3+ and Eu3+ ions.

The concentration-dependent emission spectra of
BIBO:xTb3+, 0.1Eu3+ with varying Tb3+ concentrations under
233 nm excitation are given in Fig. 4a and b. With increasing the
Tb3+ concentration, the emission intensity of Eu3+ at 590 nm is
linearly increased, whereas the red emission intensity of Tb3+ at
550 nm reaches the maximum at x ¼ 0.12, and then generally
decreases due to the concentration quenching of Eu3+ ions. The
shapes of all PL spectra remain unchanged with varying the
Tb3+ concentration. In addition, considering the results of
single Tb3+-doped BIBO phosphors, the concentration Tb3+ is
xed at 0.08 mol in the codoped samples.11 Fig. 4c and d illus-
trate the emission spectra and luminescence intensity of Tb3+

and Eu3+ for BIBO:0.08Tb3+, yEu3+. With increasing the
concentration of Eu3+, the luminescence of Tb3+ decreases
gradually, whereas that of Eu3+ rst reaches a maximum at y ¼
0.25 and then begins to decline. This further implies the energy
1032 | RSC Adv., 2019, 9, 1029–1035
transfer from Tb3+ to Eu3+ in the BIBO host. Usually, the exci-
tation of the isomorphic compounds of Ba3REB9O18 is primarily
determined by the B3O6 borate groups.26–28 When ions with
a smaller radius are replaced by larger ones with little electro-
negativity, they will attract the electrons from O2� more weakly
based on the bond structure of RE3+–O2�–B3+. On this account,
the electron-cloud density of the O2� ion increased and it
needed less energy for the electron transfer from the O2� 2p6

valence bands to B3+ 2s and 2p conduction.28 Therefore, the
optimal excitation wavelength slightly increases from 232 to
233 nm, ascribed to the increasing concentration of Eu3+ with
a larger ionic radius.

With the development of plasma display panels (PDPs) and
large at panel displays (FPDs), an economic phosphor that can
be excited efficiently in the vacuum ultraviolet (VUV) range was
needed to convert the VUV photons, particularly the Xe reso-
nance emission to red, green, and blue (RGB) tricolor lights.29,30

The synchrotron radiation light source makes investigations in
the VUV region possible. Then the energy level of rare-earths in
the VUV region can be acquired and assumed. The emission
spectra and luminescence intensity of BIBO:0.08Tb3+, yEu3+

under VUV excitation are presented in Fig. 5a and b. The spectra
are similar to those obtained under UV conditions. Note that
the red emission band of Eu3+ is slightly moved from 590 to
589 nm, probably due to the different excitation source
compared with the Xe lamp. The intensity of emission spectra
for Tb3+ and Eu3+ under the VUV region was modied as a result
of Tb3+ and Eu3+ codoping into BIBO, similar to the case for the
UV measurements in Fig. 4.
3.3 Energy-transfer mechanism

In order to further investigate the energy transfer from Tb3+ to
Eu3+ in BIBO:Tb3+, Eu3+ phosphors, the decay curves of the Tb3+

emission were measured and are illustrated in Fig. 6. Generally,
a double-exponential decay behavior of an activator is
frequently observed when the excitation energy is transferred
from the sensitizer to activator. Hence, all decay curves of
BIBO:0.08Tb3+, yEu3+ could be well tted using a biexponential
function:31–33

I ¼ A1 exp

�
� t

s1

�
þ A2 exp

�
� t

s2

�
(1)

where I is the luminescence intensity at time t, s1 and s2 refer to
two components of the luminescence lifetime, A1 and A2 are
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 (a) Decay curves for the luminescence of Tb3+ monitored at
550 nm, and (b) the energy-transfer efficiency for BIBO:0.08Tb3+,
yEu3+ phosphors.

Fig. 7 Schematic energy level diagram and energy-transfer process
from Tb3+ to Eu3+ in BIBO. (NR stands for nonradiative transition).
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constants, and t stands for the average decay time. According to
these parameters, the average decay times (s) can be determined
by the following formula:31–33

t ¼ A1s12 þ A2s22

A1s1 þ A2s2
(2)

The decay lifetimes of Tb3+ and Eu3+ in a series of
BIBO:0.08Tb3+, yEu3+ samples were obtained under the same
conditions. As shown in Fig. 6a, the effective lifetime values of
Tb3+ monitored at 550 nm were calculated as 4.2, 2.3, 1.6, 1.3,
1.2, and 1.1 ms for x ¼ 0.05, 0.10, 0.15, 0.20, 0.25, and 0.28,
respectively. In the case of energy transfer, the luminescent
lifetime of a sensitizer will be shortened, because of the pres-
ence of additional decay channels that shorten the lifetime of
the excited state. In this work, the decay lifetimes of Tb3+

descended with increasing the Eu3+ concentration, which
demonstrated the occurrence of efficient energy transfer from
Tb3+ to the neighboring Eu3+ in the BIBO host.

The energy-transfer efficiency hT from Tb3+ to Eu3+ ions in
BIBO:0.08Tb3+, yEu3+ can be expressed by the formula:34

hT ¼ 1� IS

IS0
(3)

where IS0 and IS are the luminescence intensity of Tb3+ in the
absence and presence of Eu3+, respectively. As given in Fig. 6b,
hT was found to increase gradually with increasing the Eu3+

concentration, reaching a maximum of 88.4% when the
concentration of Eu3+ was up to 0.28.

The resonant energy transfer mechanism consists of two types:
exchange interaction and multipolar interaction. The critical
distance between the sensitizer and activator should be shorter
than 3–4 Å when the energy transfer occurs via the exchange
interaction.35,36 Furthermore, the critical distance of the Tb3+ /
Eu3+ energy transfer Rc can be calculated via using the concen-
tration quenching method, and the critical distance between Tb3+

and Eu3+ could be estimated by the following formula:35,36

Rc z 2

�
3V

4pccN

�1
3

(4)

where V stands for the volume of the unit cell, N is the number
of host cations in the unit cell, and cc is the quenching
concentration of the summation of the sensitizer of Tb3+ and
activator of Eu3+. For the BIBO host, based on V¼ 746.43 Å3,N¼
6, and cc ¼ 0.18, the critical distance of energy transfer for Tb3+
This journal is © The Royal Society of Chemistry 2019
and Eu3+ in BIBO materials was calculated to be 10.97 Å, indi-
cating that the electric multipolar interaction dominates the
energy transfer from Tb3+ to Eu3+ ions in BIBO.

According to the above analysis, a schematic energy-level
diagram and the energy transfer between Tb3+ and Eu3+ in BIBO
is presented in Fig. 7. It is known that the exchange and electro-
static interaction are generated from physical interaction between
the sensitizer and activator ions during the energy-transfer
process. Aer the multistep relaxations, the excited electrons of
Tb3+ are excited from the ground state 7F6 to the excitation state
5D4, and then jump to the 7F5 state accompanied by energy release
under 233 nm excitation. Simultaneously, the rest of the Tb3+ ions
with the 5D4 excited state transfer their energy to the 5D1 excited
state of Eu3+ ions, leading to red emission from Eu3+ ions through
5D0–

7FJ (J ¼ 0–6) transitions.37–39
3.4 Low-temperature dependence under VUV

The luminescence properties of a typical BIBO:0.08Tb3+, 0.1Eu3+

phosphor under VUV excitation were investigated in the
temperature range of 25 K and 298 K, and exhibited tempera-
ture dependence properties. As seen in Fig. 8, besides the 209
and 234 nm excitation bands, which were observed to the same
to the above UV spectra, another band centered at 164 nm was
demonstrated, attributed to defects in the host. Under 164 nm
excitation, the wide emission band ranged from 340 to 400 nm,
assigned to the intrinsic emission of the BIBO host (Fig. 8a). As
shown in Fig. 8b and c, the emission spectra were also excited
with 209 nm and 234 nm, which showed intensied emission at
589 and 549 nm due to the two luminescence centers of Eu3+

and Tb3+ and the energy transfer between them. The broad
absorption bands of the BIBO:0.08Tb3+, 0.1Eu3+ phosphor
indicated good potential for applications in the display or
RSC Adv., 2019, 9, 1029–1035 | 1033
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Table 3 CIE Chromaticity Coordinate for BIBO:0.08Tb3+, yEu3+

phosphors under 233 nm excitation

No. of points BIBO:0.08Tb3+, yEu3+ CIE (x, y)

A0 y ¼ 0 0.3119, 0.6127
A1 y ¼ 0.05 0.3748, 0.5595
A2 y ¼ 0.10 0.4203, 0.5189
A3 y ¼ 0.15 0.4583, 0.4838
A4 y ¼ 0.20 0.4869, 0.4586
A5 y ¼ 0.25 0.5102, 0.4380
A6 y ¼ 0.28 0.5194, 0.4277

Fig. 9 CIE chromaticity diagram excited at 233 nm and the emitting
color under 254 nm UV lamp excitation of BIBO:0.08Tb3+, yEu3+

phosphors.

Fig. 8 The VUV excitation and emission spectra under (a) 164 nm, (b)
209 nm, (c) 234 nm excitation with different temperatures, and (d)
low-temperature-dependent emission intensity of BIBO:0.08Tb3+,
0.1Eu3+.
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lighting eld. Furthermore, note that the luminescence inten-
sity of Tb3+ and Eu3+ in the codoped BIBO phosphor was
sensitive to temperature and exhibited a feature of temperature
dependence (Fig. 8d). The highest emission was observed at the
lowest temperature (25 K). In addition, at room temperature,
the emission maximum intensity of Tb3+ centered at 549 nm
and Eu3+ centered at 589 nm, respectively, declined by 34.5%
and 24.6% for BIBO:0.08Tb3+, 0.1Eu3+ as compared to the initial
intensity measured at 25 K. Usually, the host lattice extension is
caused by thermal expansion with the increased temperature.
Then the increased bond length between the activator and the
ligand leads to a decrease in the crystal eld, thus reducing the
transition energy.40–42 Furthermore, the emission intensity can
be tted by using the Arrhenius equation,43,44

IT

I0
¼

�
1þ A� exp

�
�Ea

kT

���1
(5)

where I0 is the initial intensity, IT is the intensity at a given
temperature T, A is a constant, k is the Boltzman constant, and
Ea is the energy barrier for thermal quenching. Then the values
of activation energy for thermal quenching (Ea) were calculated
as 0.381 eV for Tb3+ and 0.469 eV for Eu3+, respectively. The
relatively high activation energy indicated that the emission of
Eu3+ had a higher thermal barrier for luminescence quenching.
3.5 Tunable emissions

Under the excitation of 233 nm, the CIE chromaticity coordi-
nates of BIBO:0.08Tb3+, yEu3+ were calculated and the results
are listed in Table 3. With the increasing concentration of
codoped Eu3+ in BIBO:0.08Tb3+, the emission color varied from
yellowish green to orange, with the corresponding CIE chro-
maticity coordinates from A0 (y ¼ 0) to A6 (y ¼ 0.28) illustrated
in Fig. 9. The results indicate that the as-obtained phosphors
showed merits of multicolor emissions in the visible region
when excited by a single wavelength light. The inset gures are
1034 | RSC Adv., 2019, 9, 1029–1035
the digital photographs of BIBO:0.08Tb3+, yEu3+ upon 254 nm
UV-lamp excitation. As also given in the photographs of the
emitting phosphors, the variation of the as-observed emitting
color is obvious, which means that tunable luminescence could
be realized in the novel Tb3+ and Eu3+ codoped BIBO phosphors
based on effective energy transfer.

4. Conclusions

In conclusion, a series of Tb3+ and Eu3+ codoped BIBO phos-
phors were synthesized by high-temperature solid-state reac-
tion. The crystal structure and the sites of Tb3+ and Eu3+ ions of
BIBO:Tb3+, Eu3+ phosphors were investigated using the Rietveld
renement method. Then the luminescence properties of
BIBO:Tb3+, Eu3+ phosphors were investigated under ultraviolet
(UV) and vacuum ultraviolet (VUV) excitation. Energy transfer
between Tb3+ and Eu3+ ions was demonstrated by the PL spectra
and decay time. The energy-transfer mechanism from Tb3+ to
This journal is © The Royal Society of Chemistry 2019
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Eu3+ in Ba3InB9O18 was dominated by electric multipolar
interactions, with the critical distance calculated to be 10.97 Å.
Moreover, the temperature sensitivity of the sample under VUV
was investigated at low temperature ranging from 25 K to 298 K.
The emission colors of BIBO:Tb3+, Eu3+ could be adjusted from
yellowish green to orange by tuning the content of Eu3+ ions
under UV radiation, thus showing a great potential for their use
in display and lighting elds applications.
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