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A series of barium pyrophosphate Ba;P,O7 (BPO) phosphors doped with Ce3* or Tb>T ions is synthesized via a
co-precipitation method under reducing atmosphere. The phase structures, photoluminescence (PL) properties, and thermal
stabilities of the samples are characterized by using powder x-ray diffraction (PXRD) and PL spectra. The emission colors
of samples can be tuned from blue (0.1544, 0.0310) to green (0.2302, 0.4229) by changing the doping concentrations of
Tb3* under ultraviolet excitation. The energy transfer mechanism between Ce3* and Tb3* in the BPO is dipole—dipole
interaction with a critical distance of 25.86 A and an energy transfer efficiency of about 85%, which are determined through
the PL spectrum and the decay curve. Moreover, the Ce3*/Tb3* co-doped sample has good thermal stability for temperature
quenching, and the emission intensity at 423 K is maintained at 95% measured at 298 K. The above results show that the
BPO:Ce3t, Tb3* can serve as a promising candidate of green emitting phosphor for solid-state lighting.

Keywords: phosphor, photoluminescence, energy transfer, thermal stability

PACS: 33.50.—j, 78.55.—m, 65.40.-b

1. Introduction

Inorganic luminescent material is widely used in energy
saving lighting, biological medicine, electronic information,
military industry, modern agriculture, and other fields. Among
these applications, illumination is one of the most important
areas where inorganic luminescent material is applied.[':?] At
present, white light emitting diode (w-LED) is considered
to be one of the new-generation energy-saving green light
sources due to its excellent luminescence performance.!3-
As a key component of LED, phosphor has also attracted ex-
tensive attention. The eventual performance of w-LED de-
vice depends mainly on the phosphors, so it is necessary
to explore new phosphors that can be effectively excited by
ultraviolet/near-ultraviolet (UV/n-UV) LED chips and emit
light in different colors. Therefore, finding a novel phosphor
that can be activated by a UV/n-UV-chip is an urgent task to
be fulfilled.

As is well known, the rare earth ions have been used as the
luminescent center in most of inorganic phosphors due to their
unique electrical layer structures, stable physical and chem-
ical properties, high absorption energy, and high conversion
efficiencies. The Tb>* ions are commonly used to prepare
green luminescent materials due to their characteristic Dy—
"F5 transition peaking at around 544 nm.[%-8] However, the
absorption of Tb>* peak in the n-UV region is rather weak
and the width is very narrow due to the 4f—4f forbidden tran-
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sition according to the selection rule. For improving the Tb3*+
absorption in the n-UV region, one of the effective ways is
to utilize the energy transfer from sensitizer ions to activator
ions in an appropriate host. The Ce?* as a sensitizer due to
its strong excitation band originating from the allowed 4f-5d
transitions, can efficiently absorb the UV light and transfer en-
ergy to Tb*>* in many hosts, for example, Li3Sc,(POy)3:Ce*,
Tb3*; BazLaNa(POy);F:Ce*", Th>*; Cay YZry(AlOy)3:Ce*™,
Tb3*; BaLug(Sin07)2(Si3010):Ce**, Tb?T; LiBaPO4:Tb*,
Ce’*; Ca3Gd(AIO)3(BO3)4:TH> T, Ce?t. 1014

Ba,P,0O7 (BPO), as a novel pyrophosphate candidate for
the phosphor host, was reported first by ElBelghitti et al.!!”!
In recent years, the BPO phosphor materials doped with rare
earth ions have been investigated extensively because of their
stable physical and chemistry properties, low cost, good ther-
mal stability, and environmental friendliness.!'®! In the liter-
ature, Eu’>"-doped Ba;P,0; phosphate and Ba,P,07:Tb>,
Eu’* phosphate were studied by many authors and the crys-
tal structural, photoluminescence properties and mechanisms
of these phosphor were reported.!'”18] To the best of our
knowledge, the luminescence property and mechanism of
BPO:Ce3*/Tb>* phosphor has been rarely reported yet. How-
ever, in the present work, the Tb3* co-activated BPO phos-
phor is prepared by the co-precipitation of the emitting color-
tunable Ce’*, and its properties are also investigated. By
changing the Tb** ions’ doping concentration, the emission
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color can be tuned from blue to green light, and the lumines-
cence mechanism of energy transfer and thermal stability are
discussed.

2. Experimental section
2.1. Materials and synthesis

A series of BPO:xCe3t, yTb>T, (x = 0.005-0.16, y =
0.00-0.10) samples was synthesized by a co-precipitation
method, and the stoichiometric ratio of the desired prod-
uct weighed Ba(NOj), (that is analytically pure (AR)),
Ce(NO3)3-6H,0 (AR), and Tb(NO3)3-6H,0 (AR), dissolved
in a mixed solution of distilled water. Meanwhile, the
(NH4),HPO4 (AR) was slowly added dropwise into the above
mixture solution by being dissolved in distilled water and a
white precipitate was formed. To complete the reaction, the
mixed solution was stirred by a magnetic stirrer for 1 h. The
precipitates were filtered, washed with distilled water, and
dried for 3 h at 100 °C to obtain a precursor, sequentially.
Finally, the precursor was sintered at 1000 °C for 2 h under
a reducing atmosphere (N2/Hy = 95%/5%), and the samples
were cooled to room temperature.

2.2. Characterization

The compositions of the samples were characterized by
powder x-ray diffractometer (PXRD, D8 Advance, Bruker,
Germany) with Cu-K o radiation at 40 kV and 40 mA. The
PL emission and PL excitation (PLE) spectra of barium py-
rophosphate phosphors were recorded on a Hitachi F-4500
spectrophotometer equipped with a 150-W Xe light source.
The thermal stability and decay curves of samples were per-
formed on a HORIBA JobinYvon Fluorolog-3.

3. Results and discussion
3.1. Phase analysis and crystal structures

Figure 1(a) shows the XRD patterns of BPO:0.01Ce3*,
0.01Tb*", BPO:0.01Tb*", BPO:0.01Ce*", and the standard
diffraction lines based on JCPDS card No. 83-0990. All the
diffraction peaks of the obtained samples are in good agree-
ment with the standard data of BPO, and no impurity phase
peaks are identified. It indicates that there exist a small
quantity of doped rare-earth Ce>* and Tb** ions that do not
The BPO has been found to
have two types of structures: orthorhombic and hexagonal
structures.!'>1°1 The hexagon of the BPO indicates that the

sample is in a higher temperature stage. The crystal struc-

change the crystal structure.

ture of BPO is shown to have a hexagonal unit cell with a
space group P-62m (Fig. 1(b)). The lattice parameters are de-
termined to be a = 9.415 A, b =9.415 A, and ¢ = 7.078 A.
Depending on the coordination environment, the Ba>* cations

are divided into two types: one is coordinated by seven oxy-
gen atoms and the other is coordinated by ten oxygen atoms.
Ba;—0O and Ba;—O average bond lengths are in the a range
of 2.878 A-3.080 A and 2.778 A-2.869 A, respectively. The
[P2O7] group has three axes that pass through two P ions.
Based on their effective ionic radii, Ce3T and Tb>* ions oc-
cupy the intended radius Ba; or Baj site.
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Fig. 1. (a) XRD patterns of BPO:0.01Ce>*, 0.01Tb3*; BPO:0.01Tb3*;
BPO0:0.01Ce** and the standard pattern of BPO (JCPDS card No. 83-
0990); (b) schematic illustration of crystal structure of BPO.

3.2. Luminescence properties and mechanism

The photoluminescence and photoluminescence ex-
citation spectra of BP0:0.01Ce3*, BPO0:0.01Tb>", and
BPO:0.01Ce**, 0.01Tb>* phosphors are shown in Figs. 2(a)—
2(c), respectively. Under the excitation at 315 nm, the emis-
sion spectrum of the BPO:0.01Ce>" exhibits an asymmetric
broad emission band that ranges from 300 nm to 450 nm with
a maximum at about 348 nm. The doublet bands of the emis-
sion spectrum are observed to be due to the transitions from
the lowest 5d excited state to the 2Fs /2 and ’F, /2 spin—orbit
split 4f ground state. Under the monitoring of the wavelength
of 348 nm, the PLE spectrum of Ce>* in a range from 200 nm
to 300 nm presents a broadband excitation peak, attributable
to 4f electronic transitions from the ground state to the differ-
ent crystal field splittings of excited 5d' states of Ce’*. In
order to study the effect of doping content on luminescence
property, a series of BPO:xCe** (x = 0.005-0.16) phosphors
is synthesized. The inset of Fig. 2(a) shows the intensities
of the PL spectra of BPO:xCe* with different Ce’* doping
concentrations. The intensity of emission increases gradu-
ally with Ce3* doping content increasing and reaches a max-
imum value at x = 0.01, after that, it decreases dramatically
with the further increase of Ce®* doping concentration, which
may be attributed to the concentration quenching effect. Fig-
ure 2(b) shows the PL and PLE spectra of the as-prepared

063301-2



Chin. Phys. B Vol. 29, No. 6 (2020) 063301

BPO:0.01Tb** phosphor. Monitored at 545-nm emission, the
PLE spectrum displays several narrow weak bands between
280 nm and 400 nm, which can be attributed to f—f transitions.
Under the excitation wavelength of 372 nm, the PL spectrum
of BPO:0.01Tb3* sample includes the Dy~'F j transitions of
Tb>* ions, namely 484 nm (°D4—"F), 545 nm (°D4—’Fs), and
584 nm (°D4—'F4). Obviously, the peak intensity at 545 nm
is the highest in the whole the emission spectrum, which can
serve as a green emission. The BPO:0.01Tb3* phosphor emis-
sion intensity is very weak, since the f—f transition cannot ef-
fectively absorb UV light. However, due to the introduction of
Ce3* ions, the 5d—4f transition of an electric dipole is allowed
to take place, and thus UV light can be strongly absorbed. The
dashed lines in Figs. 2(a) and 2(b) indicate that there is an
overlap between the PL band of Ce** and the f—f absorption
of Tb>*. According to the formula given by Dexter:[2%-2!]

Poy = 21/h|(S.A" |Hss |S", A) /SAgs(E)gA(E)dE, (1)

where Psy4 is the energy transfer rate, and Hyg is the interaction
Hamiltonian, the matrix element indicates the interaction be-
tween the initial state |S*,A) and the final state (S,A*|; the inte-
gral represents the spectral overlap between the PLE spectrum
of Tb3*+ and the PL spectrum of Ce>*. From the observations
from Fig. 2(a), Fig. 2(b), and Eq. (1) it can be concluded that
the energy transfer can occur from Ce3* to Tb*>* in the BPO
matrix. This is further confirmed by the PLE and PL spec-
tra of BPO:0.01Ce**, 0.01Tb** phosphor in Fig. 2(c). Under
the excitation at 315 nm, it is clearly shown that the PL spec-
trum of BPO:0.01Ce*, 0.01Tb3* co-doped sample displays
both the characteristic Ce3* broad band emission and the Tb3*+
sharp emission lines. The green emission in BPO:0.01Ce>",
0.01Tb3* is enhanced compared with that in BPO:0.01Tb3*,
which is due to the occurrence of energy transfer from Ce3*
to Tb>*.
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Fig. 2. PL and PLE spectra of (a) BPO:0.01Ce>*, (b) BPO:0.01Tb>*, (c)
BP0:0.01Ce>t, 0.01Tb3>*. Inset in panel (a) shows variation of emission
intensity with Ce>* doping concentration.

A series of Ce>", Tb** co-doped phosphors are prepared
by varying the Tb>" concentration (y) at a fixed Ce3* con-
centration of 0.01. Figure 3(a) shows the PL spectra of the
BPO0:0.01Ce**, yTb** (y = 0.00-0.10) phosphors. It can be
seen that the emission intensity of Ce3* gradually decreases
with Tb3* concentration increasing, whereas the emission in-
tensity of Tb3* gradually increases and then begins to decline
after reaching a maximum value at y = 0.01 due to concentra-
tion quenching. Hence, the optimal composition of Ce3* and
Tb3* co-activated phosphor is the BPO:0.01Ce>*, 0.01Tb>*,
which shows the strongest green emission. According to
Fig. 3(a), figure 3(b) gives the curve of the emission intensity
of Ce** and Tb** versus Tb>T concentration. A change in
the doping ion emission intensity can lead the energy transfer
process to occur between Ce3* and Tb>*. In order to further
understand the detailed information about the energy trans-
fer process between Ce®" and Tb>™, the lifetimes of Ce3* in
the BPO:0.01Ce3*, yTb3* (y = 0.00-0.10) are illustrated and
calculated in Fig. 3(c). The decay curves of BPO:0.01Ce>",
yTb3* can be well fitted to a single exponential function. The
following formula can be obtained:20-2?]

1= lyexp(~/7), @)

where I and Iy are the luminescence intensities at time ¢ and
0, and 7 is the decay lifetime. Based on Eq. (2), the life-
time values of Ce3T ions are determined to be 21.03 ns,
10.46 ns, 9.16 ns, 8.85 ns, 8.13 ns, 7.38 ns, and 3.14 ns for
the BPO:0.01Ce>*, yTb3* (y = 0.00-0.10) samples. As the
content of Tb3T increases, the decay lifetime of Ce3t jons
decreases, which proves that there is energy transfer between
Ce** and Tb** ions in the BPO matrix. The energy trans-
fer efficiency between the Ce>* ions (sensitizer) and the Tb>*
ions (activator) is calculated from the decay lifetime through

using the following equation: (2224

nr= 1_75/7507 3)

where 1t is the energy transfer efficiency, the 7y, and 7, de-
note the lifetime of the sensitizer Ce*" in the absence and
presence of Tb*, respectively. The dependence of the lumi-
nescence lifetime of Ce** and 1 on Tb?* ion doping con-
centration are shown in Fig. 3(d). The value of 1t increases
gradually with the increase of the Tb3* dopant concentration,
and reaches a highest value of 85% at y = 0.10, which is
higher than those for the reported Ce3*, Tb3* co-doped phos-
phors such as Ca3AlgSi;017N4:Ce’ T, Tb> (63.2%),!! and
CagMgLu(PO,)7:Ce*, Tb3*+ (74%).126]

As is well known, the energy transfer mechanism can be
attributed to exchange interaction or electric multipolar inter-
action. To determine which interaction dominates in the en-
ergy transfer process, the critical distance (R;) between the
Ce’* ion and the Th>T ion is evaluated in the BPO phosphor.
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Based on the theory of Blasse, R. can be estimated according
to the following equation: !

24-26]
1/3
Rc:2< Y )/, o)
4y .N

where N is the number of ions that can be substituted into
the unit cell, V is the unit cell volume, and ). is the total
concentration of Ce3* and Tb>T at the time of concentration
quenching. In the BPO host, V = 543.35 A3, N = 3, and
Xc = 0.02. Thus, the corresponding R, is estimated as approxi-
mately 25.86 A. Generally, this critical distance is greater than
5 A, indicating that the energy transfer between Ce3*—Tb3+
is achieved by electric multipolar interaction. Based on the
theory of Van Uitert, the relationship between emission in-
tensity (/) and doping concentration (x) meets the following

equation: 27-28]

BPO:0.01Ce?*, yTh3+ (a)_— 1000
EBly=0 Aex=315 nm-
_ y=0.01 —1800
By =0.02 ]
r By —0.04 600
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y=0. .
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‘ II I j_ 0
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Intensity/arb. units

-1

(i) —K[14Bx27] )
where I/x is the emission intensity per activator concentra-
tion, x is the activator concentration, K and 3 are constants
for the same excitation condition for a given host crystal, Q
represents the interaction type between rare earth ions, here
0 =6, 8, 10, which are corresponding to dipole—dipole (d—d),
dipole—quadruple (d—q), and quadruple—quadruple (q—q) inter-
actions, respectively. The plot of log(//x) as a function of logx
in BPO:0.01Ce3*, yTb>* (y = 0.00-0.10) phosphors is shown
in Fig. 4. The relation between log(7/x) and log(x) is found
to be approximately linear and the slope is about —1.9312,
then the Q is calculated approximately to be 6. This sug-
gests that the major mechanism for concentration quenching
in BPO:0.01Ce>*, yTb3* is a dipole—dipole interaction.

L, BPO:0.01Ce3*, yThi+ (o)

1.0p
—oy=0 7=21.03 ns
0. ——y=0.01 10.46 ns
——y=0.02 9.16 ns
——y=0.04 8.85 ns
0.6 7 ——y=006  8.13ns
——y=0.08 7.38 ns
——y=0.10 3.14 ns

Normalized intensity/arb. units
=
I

7/ns

0 0.02 0.04 0.06 0.08 0.10
Tb3+ concentration

Fig. 3. (a) PL spectra of a series of BPO:0.01Ce3", yTb3+ (y =0.00, 0.01, 0.02, 0.04, 0.06, 0.08, and 0.10) under 315-nm excitation; (b) the intensity of
Ce’* at 348 nm and Tb>* at 545 nm varying with Tb3* doping concentration; (c) decay curve of BP0O:0.01Ce?*, yTb3*+ (x = 0.00-0.10) recorded under
290-nm nano-LED light; (d) luminescence lifetime of Ce>+ and energy transfer efficiency varying with doped Tb>* ion concentration.

4.51 data
—— fitting line

. 4.0f
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~
~
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3.0F slope =—1.9312
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-20 —-18 —-16 —-14 -—-12 -1.0
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Fig. 4. Relationship between log(7/x) and log(x) of BPO:0.01Ce>*, yTb**
(y = 0.00-0.10) phosphors.

The Commission International de L’
(CIE) chromaticity coordinates and the photo images of
BP0:0.01Ce**, yTb3* (y = 0.00-0.10) samples upon 315-

nm and 245-nm excitations are obtained, and the results

Eclairage

are shown in Fig. 5(a). The CIE chromaticity coordinates
of BPO:0.01Ce>*, yTb>T shift from (0.1544,0.0310) to
(0.2302,0.4229) with Tb>* concentration increasing from
y=0t00.01. Accordingly, the emitting color gradually varies
from blue to green with the increase of Tb>* concentration
based on the effect of energy transfer from Ce’* to Tb>*
ions in the BPO hosts. In addition, the energy level scheme
of BPO:Ce®", Tb>T is used to better understand the energy
transfer process (seen Fig. 5(b)). When the Ce>* ions absorb
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UV light, the excitation energy can not only emit blue light but
also be released by the energy transfer process from Ce3* to
Tb>* ions, which can enhance the green emission efficiently.

. Sample x y

0.0310

!0.1544
—10.2302

0.2357

0.4229
0.4137
[0.2405 0.1017
0.3957
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. 10
4f 2F7 ) = 4T,
4f 2F5/2 Y g
Ced+ Th3+

Fig. 5. (a) CIE chromaticity diagram and picture of BPO:0.01Ce>*, yTb3*
(y = 0.00-0.10) under 315-nm excitation and a 254-nm UV lamp, respec-
tively, and (b) schematic energy level diagram of Ce?* and Tb3* in the BPO
host.
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3.3. Thermal stability

For high power LEDs, the thermal stability of the phos-
There-

fore, it is important to study the dependence of the lumi-

phor is a very important performance parameter.
nescence property of material on temperature. To investi-
gate the influence of temperature on luminescence intensity,
the temperature-dependent PL emission spectra (77 K—473 K)
of green-emitting phosphor BP0:0.01Ce*, 0.01Tb>* under
315-nm excitation are obtained and displayed in Fig. 6(a). The
results indicate a weak decrease in emission intensity of Ce3*+
and Tb** with temperature increasing from 298 K to 473 K
due to thermal quenching via phonon interaction. Figure 6(b)
shows the detailed tendency of the emission intensity varying
with temperature. It can be seen that the PL intensity just de-
creases to 95% of the initial intensity (298 K) at 423 K. For the
temperature quenching phenomenon, it is explained by config-
uration coordinate model as shown in Fig. 6(c). In Fig. 6(c),
the electron intersects the ground state curve and the excited
state curve at point 7. When the temperature is high enough,
the electrons in the excited state at point B are likely to absorb
more energy to arrive at point 7. However, T is both an ex-
cited state and a ground state, so it is possible for the electrons
go back to point A along the T—D-A curve. In this process, the
system returns from the excited state without radiation to the
ground state equilibrium point, which is the quenching phe-

nomenon of temperature.

II: excited
state
B AE
C
Ar) .
Py I: ground state
—/ D
—+
" (©)

—-3.0r

—4.0r

°
(d)

24 26 28 30 32 34 36 38 40
(1/kT)/eV—t

—-5.0F

Fig. 6. (a) Temperature-dependent PL spectra of the BPO:0.01Ce?*, 0.01Tb*>* under 315-nm excitation; (b) normalized intensity versus temperature;
(c) schematic configuration coordinate model; (d) plot of In[(ly/I) — 1] versus 1/kT.

063301-5



Chin. Phys. B Vol. 29, No. 6 (2020) 063301

The activation energy (E,) is another parameter to evalu-
ate the thermal stability performance of the as-prepared phos-
phor. The E, can be acquired from the following formula pro-

posed by Arrhenius:[2%-30]

L\ E,
In <I) =1InA T (6)

where [ is the initial luminescence intensity, / is the lumi-
nescence intensity at different test temperatures, E, is the ac-
tivation energy, k is the Boltzmann constant (k = 8.626 x
1073 eV/K), and T is the temperature. The curve of In[(Io/I) —
1] versus 1/kT of the BPO:0.01Ce3*, 0.01Tb** phosphor is il-
lustrated in Fig. 6(d). E, can be extracted from the slop of the
plot. The value of E, was calculated to be 0.14 eV, which is
close to the commercial phosphor YAG:Ce3* (E, =0.136 eV)

phosphor. 3]

4. Conclusions

In summary, BPO:Ce**, Tb3* phosphors are synthesized
successfully via the co-precipitation method followed by calci-
nation at 1000 °C for 2 h in a 95%N,-5%H; atmosphere. The
luminescence properties and energy transfer behavior of the
BPO:Cet, Tb>* are investigated in detail. The color of the
obtained phosphors can turn from blue to green by adjusting
the relative doping concentration of Ce3* and Tb3* ions in the
BPO host. By fluorescence spectrum and life decay curve, the
Ce’* and Tb>* ion experience the dipole—dipole interaction
during energy transfer in the BPO host, and the energy trans-
fer efficiency can reach 85%, and the critical distance is calcu-
lated to be 25.86 A according to the concentration quenching
method. The novel BPO:Ce*, Tb3* phosphors have excel-
lent thermal stability and luminescence properties. So, it is
clear that the novel BPO:Ce>", Tb** phosphors exhibit high
potential as phosphors in phosphor converted white light n-UV
LEDs.
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