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hite light emitting phosphor
Ba3Y(PO4)3:Ce

3+/Tb3+/Mn2+: luminescence, energy
transfer and thermal stability

Yun Chen, Wenge Ding,* Panlai Li, * Xue Li, Qi Bao, Jinjin Liu, Keliang Qiu,
Xiangyu Meng, Zhiping Yang and Zhijun Wang *

A series of Ce3+/Tb3+, Tb3+/Mn2+ and Ce3+/Tb3+/Mn2+ doped Ba3Y(PO4)3 were synthesized by the high

temperature solid state method. Phase formation, energy transfer, luminescence properties and thermal

quenching properties of phosphors were analyzed in detail. For the co-doped samples, the energy

transfer from Ce3+ to Tb3+ and Tb3+ to Mn2+ was proved by analyzing the spectra and fluorescence

lifetime, and the energy transfer mechanism was calculated to be dipole–dipole interaction. A series of

color-tunable phosphors were obtained by the energy transfer from Ce3+ to Tb3+ and Tb3+ to Mn2+. For

the tri-doped samples, it was confirmed that the energy transfers from Ce3+ to Tb3+, Tb3+ to Mn2+ and

Ce3+ to Mn2+ exist at the same time by analyzing the spectra properties, and it can emit warm-white

light with extensive color temperature regulability. In addition, the thermal stability was abnormal and

outstanding because the defects exist in the samples. The results show that the phosphors may be novel

warm white emitting phosphors for white light emitting diodes.
1 Introduction

In recent years, white-light-emitting diodes (LEDs) have
received more and more attention for their many advantages1

Compared with traditional light sources, white LEDs have
higher efficiency, higher brightness, longer service time and are
more environmentally friendly, hence they are considered as
the fourth generation light source.1–7 The most common
method to synthesize white LEDs is to combine the GaN blue
LED chip with yellow phosphor YAG:Ce3+. However, this type of
white LED has many drawbacks due to lack of a red ingredient,
such as the poor color rendering index and the high correlated
color temperature.3,4,8 Because white LEDs can not only be used
in lighting eld, but also in display and medical elds, hence
they should show specic optical performance in different
application scenarios which means that phosphors with high
tunability are needed.7,9 Nowadays, the ultraviolet-excited
single-phased phosphors have been taken seriously, which
can achieve white light with good color rendering index, suit-
able correlated color temperature and tunable emission by
adjusting the doping ratio of different ions.10–13 Therefore, it is
urgent to nd novel and high performance single-phased
phosphors. Generally, when doping rare earth ions or transi-
tion metal ions into compound, the white emitting phosphor
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may be achieved by the energy transfer between different acti-
vator ions,14 such as Ca10Na(PO4)7:Ce

3+/Tb3+/Mn2+,15 Na2Ba6(-
Si2O7)(SiO4)2:Ce

3+/Eu2+/Tb3+/Mn2+.16 Among many host
compounds, the eulytite-type orthophosphates with the type of
M3

IMII(PO4)3 (M
I¼ Ba, Sr, Ca, and Pb, MII¼ La, Sc, Y, Bi, and In)

have attracted great interests, for example, when doped Ce3+,
Tb3+, andMn2+ in Ba3Y(PO4)3 (BYP), the phosphors can produce
blue, green and red light, respectively.17–19 Thus, it is possible to
achieve white emission when the above three ions are tri-doped
in BYP. Moreover, the thermal stability of phosphor is an
essential characteristic. It has been reported in our previous
work that BYP:Ce3+,Mn2+ shows extraordinary thermal stability
due to the existence of defect in the samples.17 It is expectable
that the defect is to be utilized to gain a series of phosphors with
high temperature stability in Ce3+/Tb3+/Mn2+ doped BYP. In this
work, series of Ce3+/Tb3+, Tb3+/Mn2+ or Ce3+/Tb3+/Mn2+ doped
BYP are obtained. Phase formation, energy transfer, lumines-
cence properties and thermal property were investigated in
detail. Finally, series of single-phased white emitting phosphors
are obtained by the energy transfer Ce3+ / Tb3+, Tb3+ / Mn2+

and Ce3+ / Mn2+.
2 Experimental
2.1 Sample preparation

Series of Ba3Y0.95�x(PO4)3:0.05Ce
3+,xTb3+,

Ba3�yY0.95(PO4)3:0.05Ce
3+,yMn2+ and

Ba2.86Y0.7�z(PO4)3:zCe
3+,0.3Tb3+,0.14Mn2+ were synthesized by

a high temperature solid state method. Raw materials BaCO3
This journal is © The Royal Society of Chemistry 2019

http://crossmark.crossref.org/dialog/?doi=10.1039/c9ra05995d&domain=pdf&date_stamp=2019-09-24
http://orcid.org/0000-0003-0972-9343
http://orcid.org/0000-0002-3574-3985
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra05995d
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA009052


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
Se

pt
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 6

/1
0/

20
26

 3
:5

9:
35

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
(analytical reagents, A.R.), NH4H2(PO4)3 (A.R.), Y2O3 (99.99%),
CeO2 (99.99%), Tb4O7 (99.99%) and MnCO3 (A.R.) were weighed
according to stoichiometric proportions, and then mixed them
in an agate mortar pestling for 20 min to ensure the materials
are distributed uniformly. The mixed materials were put into
crucibles and heated at 1300 �C for 3 h in a carbon reducing
atmosphere. Aer ring, the samples cooled to room tempera-
ture slowly and were grounded into powder for subsequent use.

2.2 Materials characterization

XRD patterns of sample are measured by powder X-ray diffrac-
tion (XRD) using a D8-A25 Focus diffractometer at 40 kV and 40
mA with step size of 0.05� and a scan speed 0.1 s per step.
Spectral property of sample was measured by Hitachi F-4600
uorescence spectrophotometer with a 450 W Xe lamp as the
excitation source. Decay curves were measured by Horiba FL-
4600 uorescence spectrophotometer with a 320 nm pulse
laser radiation (nano-LED) for Ce3+ and 450 W Xe lamp as the
excitation resource for Mn2+ at room temperature. Thermolu-
minescence spectra of samples were measured by a FJ-427A1 TL
dosimeter at room temperature with a xed heating rate of 1 k
s�1 within the range 300–450 K. Commission Internationale de
L'Eclairage (CIE) chromaticity coordinates of samples were ob-
tained by the PMS-80 spectral analysis system.

3 Results and discussion
3.1 Phase formation

The XRD patterns of BYP:0.05Ce3+,xTb3+ (x ¼ 0.02, 0.45),
BYP:0.05Ce3+,yMn2+ (y ¼ 0.08, 0.14) and
BYP:zCe3+,0.3Tb3+,0.14Mn2+ (z ¼ 0.07, 0.15) were shown in
Fig. 1. It can be seen that no apparent impurity phase appears
and all the diffraction peaks of samples can be indexed to the
standard card of BYP (JCPDS No. 44-0318) appropriately. The
XRD patterns illustrates that Ce3+, Tb3+ and Mn2+ did not cause
any signicant change to the crystal structure of BYP and series
of pure phase phosphors were obtained.

3.2 Luminescence and energy transfer properties of
BYP:Ce3+,xTb3+

Fig. 2a–c display the emission and excitation spectra of
BYP:0.05Ce3+ (lex ¼ 330 nm, lem ¼ 400 nm), BYP:0.45Tb3+ (lex ¼
377 nm, lem ¼ 550 nm) and BYP:0.05Ce3+,0.15Tb3+ (lex ¼
330 nm, lem ¼ 400 nm, 550 nm), respectively. The emission
spectrum of BYP:0.05Ce3+ shows a blue emission band peaking
at 400 nm, which originates from the electron transition 5d /

4f of Ce3+. The excitation band of BYP:0.05Ce3+ ranges from
200 nm to 360 nm (lmax ¼ 330 nm) due to the 4f / 5d electron
transition. For BYP:0.45Tb3+, a series of characteristic emission
peaks of Tb3+ appear in the emission spectrum which originates
from the electron transition 5D4/

7F6 (500 nm), 5D4/
7F5 (550

nm), 5D4 / 7F4 (590 nm) and 5D4 / 7F3 (630 nm) of Tb3+,
respectively. The excitation spectrum of BYP:0.45Tb3+ shows
a broad excitation band from 210 nm to 400 nm because of the
allowed 4f8–4f75d transition and intra-conguration transition
of Tb3+. Comparing the emission spectrum of BYP:0.05Ce3+
This journal is © The Royal Society of Chemistry 2019
with the excitation spectrum of BYP:0.45Tb3+, an obvious
spectral overlapping can be observed which means an effective
energy transfer from Ce3+ to Tb3+ (ETCe–Tb) may be occur.19,20 In
addition, the emission spectrum of BYP:0.05Ce3+,0.15Tb3+

contains both the emission band of Ce3+ and Tb3+, the excita-
tion spectrummonitored at 550 nm (emission peak of Tb3+) has
the similar prole with that monitored at 400 nm (emission
peak of Ce3+), it also means that there may be energy transfer
from Ce3+ to Tb3+.

In order to further investigate the luminescence properties,
a series of BYP:Ce3+,xTb3+ were synthesized. Fig. 3a shows the
emission spectra of BYP:0.05Ce3+,xTb3+ (x ¼ 0–0.45) under
330 nm UV excitation. Fig. 3b reveals the emission intensity of
Ce3+ (lem¼ 400 nm) and Tb3+ (lem¼ 550 nm), it can be seen that
the emission intensity of Ce3+ declines constantly as the
concentration of Tb3+ increasing, meanwhile, the emission
intensity of Tb3+ goes up ceaselessly. According to the change of
emission intensity, it means that an effective energy transfer
from Ce3+ to Tb3+ is expectable.

To conrm the energy transfer from Ce3+ to Tb3+, the decay
curves of Ce3+ monitored at 400 nm under 320 nm pulse laser
radiation (nano-LED) excitation and decay curves of Tb3+

monitored at 550 nm under 377 nm excitation for
BYP:0.05Ce3+,xTb3+ are shown in Fig. 4a and b, respectively. The
decay curves of Ce3+ and Eu2+ can be matched well with second-
order exponential function, which can be expressed as the
following expression:21,22

I(t) ¼ A1 exp(t/s1) + A2 exp(t/s2) (1)

where I(t) is the luminescence intensity, A1 and A2 are constants,
t is time, s1 and s2 are the lifetimes for the exponential
components. The average lifetime s* can be calculated by the
following formula21,23

s* ¼(A1s1
2 + A2s2

2)/(A1s1 + A2s2) (2)

The calculated average lifetime of Ce3+ and Tb3+ are shown in
Fig. 4c, from which one can see that the lifetime of Ce3+

decreases consistently and that of Tb3+ increases consistently
with increasing Tb3+ concentration. The lifetime can strongly
prove the energy transfer from Ce3+ to Tb3+, and the energy
transfer efficiency can be calculated by the following
equation9,22

hT ¼ 1 � s/s0 (3)

where s and s0 are the decay time of the sensitizer Ce3+ in the
presence and absence of activator Tb3+, respectively. Fig. 4d
shows that the energy transfer efficiency rises up constantly
with increase Tb3+ concentration, and the maximum value is
69.9% when the doping concentration of Tb3+ reaches the
maximum x ¼ 0.45.

According to Dexter's theory, there are two types of interac-
tions between sensitizers and activators: multipolar interaction
and exchange interaction.21,24 The critical distance between Ce3+

and Tb3+ (RCe–Tb) is a critical factor to judge which type it
RSC Adv., 2019, 9, 30406–30418 | 30407
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Fig. 1 XRD patterns of the representative samples and the standard patterns of Ba3Y(PO4)3 (JCPDS No. 44-0318).
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belongs to, and the critical distance RCe–Tb can be calculated by
the following formula25

Rc ¼ 2

�
3V

4Npcc

�1
3

(4)
Fig. 2 Emission and excitation spectra of (a) BYP:0.05Ce3+; (b) BYP:0.45

30408 | RSC Adv., 2019, 9, 30406–30418
where N is the number of the cations in host, V is the volume of
the unit cell. cc is the sum of Ce3+ and Tb3+ concentration when
the emission intensity of Ce3+ in the presence of Tb3+ is half that
in the absence of Tb3+. Herein, V equals to 1165.61 Å3 and N
equals to 4, cc is calculated to be 0.2. Thus, the RCe–Tb is
calculated to be 17.72 Å which is larger than the maximum
distance of 5 Å for the exchange interaction, it means the energy
Tb3+; (c) BYP:0.05Ce3+,0.15Tb3+.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a) Emission spectra of BYP:0.05Ce3+,xTb3+ (x ¼ 0–0.45). (b) Emission intensity of Ce3+ and Tb3+ as a function of Tb3+ concentration.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
Se

pt
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 6

/1
0/

20
26

 3
:5

9:
35

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
transfer mechanism of Ce3+–Tb3+ belongs to multipolar
interaction.

There are three kinds of multipolar interactions: dipole–
dipole, dipole–quadrupole and quadrupole–quadrupole inter-
action. The mechanism of ETCe–Tb can be discussed by Dexter's
theory:24,26
Fig. 4 (a) Decay curves of Ce3+ in BYP:0.05Ce3+,xTb3+ (lem ¼ 400 nm,
550 nm, lex ¼ 377 nm). (c) Lifetime of Ce3+ and Tb3+ as function of Tb
function of Tb3+ concentration.

This journal is © The Royal Society of Chemistry 2019
Is0

Is
fC

n
3 (5)

where Is0 and Is are the emission intensity of sensitizer Ce3+ in
the absence and presence of the activator Tb3+, respectively. The
sum concentration of Ce3+ and Tb3+ is represented by C. Herein,
n¼ 6, 8 and 10 correspond to dipole–dipole, dipole–quadrupole
lex ¼ 320 nm). (b) Decay curves of Tb3+ in BYP:0.05Ce3+,xTb3+ (lem ¼
3+ concentration. (d) Energy transfer efficiency from Ce3+ to Tb3+ as

RSC Adv., 2019, 9, 30406–30418 | 30409
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Fig. 5 Dependence of Is0/Is of Ce
3+ and Tb3+ on C6/3, C8/3 and C10/3 in BYP:0.05Ce3+,xTb3+.
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and quadrupole–quadrupole interactions, respectively.24,26,27

The linear relationship between Is0/Is and Cn/3 for
BYP:0.05Ce3+,xTb3+ are illustrated in Fig. 5, it can be seen that
a well tted curve can be gotten when n ¼ 6 (R2 ¼ 0.94952),
hence it can be concluded that the dipole–dipole interaction
plays an essential role in the energy transfer from Ce3+ to
Tb3+.

The Commission Internationale de L'Eclairage (CIE) chro-
maticity coordinates of BYP:0.05Ce3+,xTb3+ (x ¼ 0–0.45) was
calculated basing on the relevant emission spectra under
330 nm excitation. The results along with luminescent photo-
graphs of related phosphors are depicted in Fig. 6, the emission
color of BYP:0.05Ce3+,xTb3+ can be modulated from blue
(0.1622, 0.0406) to yellow-green (0.2946, 0.4169). Hence, series
of color-tunable phosphors were synthesized successfully.

To analyze the thermal stability of BYP:0.05Ce3+,xTb3+, the
temperature-dependent emission spectra of
BYP:0.05Ce3+,0.45Tb3+ excited by 330 nm were measured which
is shown in Fig. 7a, and the emission intensity of Ce3+ and Tb3+
Fig. 6 CIE chromaticity coordinates of BYP:0.05Ce3+,xTb3+ (x ¼ 0–0.45

30410 | RSC Adv., 2019, 9, 30406–30418
with increasing the temperature is depicted in Fig. 7b. It can be
seen from the pictures that the emission intensity of Ce3+ shows
a rst increases and then decreases with increasing the
temperature, but it remains 107.7% of the initial value (300 K)
when the temperature reaches 425 K. As for Tb3+, its emission
intensity increases constantly and reaches to 138.8% of the
initial value when the temperature reaches 425 K. The abnormal
change of emission intensity of Ce3+ and Tb3+ with temperature
may be caused by the defects in BYP:0.05Ce3+,0.45Tb3+.28–30

Fig. 8a shows the thermoluminescence spectrum of
BYP:0.05Ce3+,0.45Tb3+, it can be seen that there are two emis-
sion bands ranging from 400 K to 420 K and from 460 K to 480
K, respectively. The thermoluminescence spectrum conrms
the existence of defects. Fig. 8b depicts how defects affect the
thermal stability of BYP:0.05Ce3+,xTb3+: the shallow trap D1 and
deep trap D2 can store the electrons, but the electrons transmit
to the conduction band when BYP:0.05Ce3+,xTb3+ are heated.
Aer that, a part of electrons transmit to 5D4 energy level of Tb

3+

and 5d energy band of Ce3+ from conduction band, then more
) along with their luminescent photographs.

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 (a) Temperature-dependent emission spectra of BYP:0.05Ce3+,xTb3+ excited by 330 nm. (b) Relative intensity of Ce3+ and Tb3+ in the
temperature-dependent emission spectra.
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electrons transmit from 5D4 to 7FJ energy level and 5d to 4f
energy band by radiative transitionmeaning more energy would
be released. Thus, the emission intensity of Ce3+ and Tb3+ rise
up with increasing temperature.29
3.3 Luminescence and energy transfer of BYP:0.4Tb3+,yMn2+

The emission spectra of BYP:0.4Tb3+,yMn2+ excited by 377 nm
UV-light are shown in Fig. 9a and the relative emission inten-
sities at 550 nm and 600 nm are depicted in Fig. 9b. The
emission intensity of Tb3+ (550 nm) decreases constantly with
increasing Mn2+ concentration, it means that Mn2+ may absorb
energy from Tb3+. It is worth noting that the emission peaks of
Tb3+ and Mn2+ coexist at 600 nm, as increasing Mn2+ concen-
tration the source of the peak at 600 nm change from Tb3+

(5D4–
7F4) to both Mn2+ (4T1–

6A1) and Tb3+ and Mn2+ is a main
source. The intensity of the peak at 600 nm shows a rst
Fig. 8 (a) Thermoluminescence spectrum of BYP:0.05Ce3+,0.45Tb3+.
temperature-dependent emission intensity in BYP:0.05Ce3+,0.45Tb3+.

This journal is © The Royal Society of Chemistry 2019
decrease, then increase and decrease in the end. The possible
energy transfer maybe the main reason for the intensity
changing: as increasing Mn2+ concentration the energy transfer
from Tb3+ to Mn2+ started to work, thus the emission intensity
shows a rst decrease; aer that, the concentration of Mn2+ is
enough, hence the source of the emission peak mainly origi-
nates from Mn2+ and the emission intensity of Tb3+ is too low,
thus the emission intensity of the peak at 600 nm started to pick
up. In the end, the concentration of Mn2+ reaches the quench-
ing point, so its emission intensity started to decrease again.

To conrm the energy transfer from Tb3+ to Mn2+ in
BYP:0.4Tb3+,yMn2+, the decay curves of Tb3+ (lem ¼ 550 nm, lex
¼ 377 nm) and monitored at 600 nm (including Tb3+ and Mn2+,
lex ¼ 377 nm) are shown in Fig. 10a and b, respectively. The
decay curves can be matched well with second-order exponen-
tial function expression (2), by means of expression (2) the
(b) Schematic diagram of the interaction between the defect and

RSC Adv., 2019, 9, 30406–30418 | 30411
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Fig. 9 (a) Emission spectra of BYP:0.4Tb3+,yMn2+ (y ¼ 0–0.12). (b) Relative emission intensity at 550 nm and 600 nm.
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average lifetimes can be calculated and the results are shown in
Fig. 10c. It can be seen that the lifetime of Tb3+ decreases
constantly as increasing Mn2+ concentration, this can prove the
energy transfer from Tb3+ to Mn2+ (ETCe–Tb). In addition, the
lifetime monitored at 600 nm shows a rst decrease when y ¼
0 rises to y ¼ 0.02, then increase when y ¼ 0.02 rises to y ¼ 0.08.
This phenomenon is due to the low concentration of Mn2+ at
the beginning, the measured and calculated lifetimes are
Fig. 10 (a) Decay curves of Tb3+ in BYP:0.4Tb3+,yMn2+ (lem ¼ 550 nm, l
(lem ¼ 600 nm, lex ¼ 377 nm). (c) Lifetime of Tb3+ and Mn2+ as function o
as function of Mn2+ concentration.

30412 | RSC Adv., 2019, 9, 30406–30418
mainly originated from Tb3+, hence the lifetime decrease. When
increased Mn2+ concentration, it passed into the lifetime of
Mn2+, thus the lifetime starts to increase.

The energy transfer efficiency of ETTb–Mn had been calcu-
lated by formula (3) and the results are shown in Fig. 10d. It can
be seen that the energy transfer efficiency increases as Mn2+

concentration increasing and the maximum value is 52.3%
when y¼ 0.12. The critical distance from Tb3+ to Mn2+ (RcTb–Mn)
ex ¼ 377 nm). (b) Decay curves of Tb3+ and Mn2+ in BYP:0.4Tb3+,yMn2+

f Mn2+ concentration. (d) Energy transfer efficiency from Tb3+ to Mn2+

This journal is © The Royal Society of Chemistry 2019
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Fig. 11 Dependence of Is0/Is of Ce
3+ and Tb3+ on C6/3, C8/3 and C10/3 in BYP:0.4Tb3+,yMn2+yMn2+.
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can be calculated by expression (4), for BYP:0.4Tb3+,yMn2+, cc is
calculated to be 0.42 and the RcTb–Mn is calculated to be 13.84 Å
which is obviously larger than the maximum distance of 5 Å for
the exchange interaction. Thus it can be conrmed that the type
of interaction between Tb3+ and Mn2+ is multipolar interaction.
The linear relationship between I0/I and Cn/3 for
BYP:0.4Tb3+,yMn2+ are illustrated in Fig. 11a, and a well tted
curve can be gotten when n ¼ 10 and R2 ¼ 0.97838, therefore, it
can be conrmed that the ETTb–Mn mechanism is quadrupole–
quadrupole interaction.

The Commission Internationale de L'Eclairage (CIE) chro-
maticity coordinates of BYP:0.4Tb3+,yMn2+ (y ¼ 0.02–0.12) was
calculated basing on the relevant emission spectra under
377 nm excitation. The calculated results along with lumines-
cent photographs of related phosphors are depicted in Fig. 12,
the emission color of BYP:0.4Tb3+,yMn2+ can be modulated
from yellow-greenish (0.3329, 0.5275) to white (0.3936, 0.3562).
Fig. 12 CIE chromaticity coordinates of BYP:0.4Tb3+,yMn2+ (y ¼ 0.02–0

This journal is © The Royal Society of Chemistry 2019
Thus, BYP:0.4Tb3+,yMn2+ can act as a color-tunable material
which can be used in near UV based white LEDs.

The temperature-dependent emission spectra of
BYP:0.4Tb3+,0.12Mn2+ excited by 377 nm was measured and
shown in Fig. 13a, and the emission intensity of Tb3+ and Mn2+

is presented in Fig. 13b. It can be seen from Fig. 13a that the
emission peak of Mn2+ shis from 600 nm to 588 nm due to the
thermally active phonon-assisted excitation from lower energy
levels to higher energy levels in the excited state of Mn2+.24

Because of the thermal quenching, the emission intensity of
Mn2+ decreases continually with the increase of temperature
and remains 80.5% of the initial value (300 K) when the
temperature reaches 425 K. However, the emission intensity of
Tb3+ increases continually, and when the temperature reaches
425 K the emission intensity rises to 111.6% of the initial value.

The abnormal change of emission intensity of Tb3+ is also
caused by the defects in BYP:0.4Tb3+,0.12Mn2+. Fig. 14a depicts
the thermoluminescence spectrum of BYP:0.4Tb3+,0.12Mn2+, as
.12) along with their luminescent photographs.

RSC Adv., 2019, 9, 30406–30418 | 30413
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Fig. 13 (a) Temperature-dependent emission spectra of BYP:0.4Tb3+,0.12Mn2+ excited by 377 nm. (b) Relative intensity of Tb3+ and Mn2+ in the
temperature-dependent emission spectra.
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mentioned in Chapter 3.2: the emission intensity change of
Ce3+ and Tb3+ in temperature-dependent emission spectra of
BYP:0.05Ce3+,0.45Tb3+. Fig. 14b is the schematic diagram on
how the defects affect the emission intensity of Tb3+ in
BYP:0.4Tb3+,0.12Mn2+.
3.4 Luminescence and energy transfer of
BYP:zCe3+,0.4Tb3+,0.12Mn2+

Fig. 15a shows the emission spectra of
BYP:0.15Ce3+,0.4Tb3+,0.12Mn2+ excited by 330 nm, it can be
seen that the emission peaks of Ce3+ (390 nm), Tb3+ (550 nm)
and Mn2+ (600 nm) coexist in the emission spectra covering
blue, yellow, green and red region, thus, the efficient white
emission is expectable. Fig. 15b depicts the excitation spectra of
BYP:0.15Ce3+,0.4Tb3+,0.12Mn2+ monitored at 390 nm, 550 nm
and 600 nm, from which one can see that the obtained three
spectra have the similar prole, it means that there is energy
Fig. 14 (a) Thermoluminescence spectrum of BYP:0.4Tb3+,0.12Mn2+.
temperature-dependent emission intensity in BYP:0.4Tb3+,0.12Mn2+.

30414 | RSC Adv., 2019, 9, 30406–30418
transfer among Ce3+, Tb3+ and Mn2+. To further investigate the
luminescence and energy transfer, the emission spectra of
BYP:zCe3+,0.4Tb3+,0.12Mn2+ under 330 nm excitation are shown
in Fig. 15c, the relative intensity of Ce3+, Tb3+ and Mn2+ is
depicted in Fig. 15d. It can be seen that the emission intensity of
Ce3+, Tb3+ and Mn2+ increase continuously with increasing Ce3+

concentration, it indicates that there are ETCe–Tb, ETCe–Mn and
ETTb–Mn in BYP:zCe3+,0.4Tb3+,0.12Mn2+.

Fig. 16 shows the Commission Internationale de L'Eclairage
(CIE) chromaticity coordinates of BYP:zCe3+,0.4Tb3+,0.12Mn2+

(z ¼ 0.01–0.11) and luminescent photographs of related phos-
phors when excited by 330 nm UV excitation. The emission
color of BYP:zCe3+,0.4Tb3+,0.12Mn2+ can be modulated from
white (0.3030 , 0.2893) with high color temperature to white
(0.4096 , 0.3770) with low color temperature, viz., a series of
single-phased white light-emitting phosphors are realized
successfully, and it maybe a potential application in white
LEDs.
(b) Schematic diagram of the interaction between the defect and

This journal is © The Royal Society of Chemistry 2019
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Fig. 15 (a) Emission spectrum of BYP:0.15Ce3+,0.4Tb3+,0.12Mn2+ (lex ¼ 330 nm). (b) Excitation spectra of BYP:0.15Ce3+,0.4Tb3+,0.12Mn2+ (lem
¼ 390 nm, 550 nm and 600 nm). (c) Emission spectra of BYP:zCe3+,0.4Tb3+,0.12Mn2+ (lex ¼ 330 nm). (d) Relative intensity of Ce3+, Tb3+ and
Mn2+ in BYP:zCe3+,0.4Tb3+,0.12Mn2+.
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As a representative, BYP:0.03Ce3+,0.4Tb3+,0.12Mn2+ was
chosen to explore the thermal stabilities. Fig. 17a depicts the
temperature-dependent emission spectra of
BYP:0.03Ce3+,0.4Tb3+,0.12Mn2+ under 330 nm UV excitation,
Fig. 17b shows the emission intensity of Ce3+, Tb3+ and Mn2+.
Fig. 16 CIE chromaticity coordinates of BYP:zCe3+,0.4Tb3+,0.12Mn2+ (z

This journal is © The Royal Society of Chemistry 2019
The emission peak of Mn2+ shis from 600 nm to 587 nm with
increasing the temperature and the reason is the same as that
mentioned above, it is because of the thermally active phonon-
assisted of Mn2+. With rising of temperature, the emission
intensity of Mn2+ decreases due to thermal quenching effect
¼ 0.01–0.11) along with their luminescent photographs.

RSC Adv., 2019, 9, 30406–30418 | 30415
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Fig. 17 (a) Temperature-dependent emission spectra of BYP:0.4Tb3+,0.12Mn2+ under 330 nm UV excitation. (b) Relative intensity of Ce3+, Tb3+

and Mn2+. (c) Thermoluminescence spectrum of BYP:0.03Ce3+,0.4Tb3+,0.12Mn2+. (d) Schematic diagram of the interaction between the defect
and temperature-dependent emission intensity in BYP:0.03Ce3+,0.4Tb3+,0.12Mn2+.
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and it still remains 80.8% of the initial value when the
temperature rises to 425 K. The emission intensity of Ce3+

shows a rst increase and then decrease, the emission intensity
of Tb3+ increases constantly with increasing temperature.
Fig. 17c presents the thermoluminescence spectrum of
BYP:0.03Ce3+,0.4Tb3+,0.12Mn2+. The change in emission
intensity of Ce3+ and Tb3+ is ascribed to the same theory as
mentioned in chapter 3.2: the emission intensity change of Ce3+

and Tb3+ in temperature-dependent emission spectra of
BYP:0.05Ce3+,0.45Tb3+. Fig. 17d is the schematic diagram on
how the defects affect the emission intensity of Ce3+ and Tb3+ in
BYP:0.03Ce3+,0.4Tb3+,0.12Mn2+.
4 Conclusions

In summary, a series of eulytite-typed and single-phased phos-
phors BYP:0.05Ce3+, xTb3+, BYP:0.05Ce3+, yMn2+ and
BYP:zCe3+,0.3Tb3+,0.14Mn2+ were synthesized successfully. The
energy transfer from Ce3+ to Tb3+ and Tb3+ to Mn2+ were
conrmed by analyzing its spectra and uorescence lifetime.
The thermal stability of samples is extraordinary, and it had
been proved that the unusual temperature performance is
caused by the defects in the samples. Finally, a series of single-
30416 | RSC Adv., 2019, 9, 30406–30418
phased color-tunable with high thermal stability phosphors
were obtained, especially BYP:zCe3+,0.3Tb3+,0.14Mn2+, it can
emit warm white light and the color temperature can be
modulated by the energy among Ce3+, Tb3+ and Mn2+. Thus, it
may have application potential in white LEDs.
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