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a b s t r a c t

This paper reports the photoluminescence (PL) properties of Tb3+ in NaBa4(BO3)3, as well as the time-
resolved luminescence properties. The PL excitation spectrum exhibits intense f → f transition absorption;
the PL emission spectrum shows the strongest 5D4 → 7F5 emission at 540 nm. The relative intensity of
5D3 emission is much weaker than that of 5D4 emission even in the samples with lower Tb3+ concentra-
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tion. The 5D3 → 5D4 cross-relaxation produces a marked increase in the 5D3 decay rate with increasing
Tb3+ concentrations and introduces a non-exponential component into the initial part of the decay. The
dipole–dipole interaction is found to be responsible for the cross-relaxation. The decay curves of 5D4 → 7F5

transition exhibit an initial rise phenomenon. The two exponential fitting indicates that the initial slow
rise is attributed to the 5D3 → 5D4 cross-relaxation process.
uminescence
ime-resolved optical spectroscopies

. Introduction

Recently, high quality phosphors have attracted more attention
ue to their practical application in the fields of display, X-ray
creens, fluorescent lamps, solid state lighting, and so on [1–8].
are earth ions have been playing an important role in the phos-
hor materials due to their abundant emission colors based on their
f–4f or 5d–4f transitions [9]. Among them, the emission spectrum
f Tb3+ ion often shows an intense line emission near 544 nm aris-
ng from the 5D4 → 7F5 transition [10–14]. So Tb3+ activated “green”
hosphors are combined with Eu2+ activated blue phosphors and
u3+ activated red phosphors to provide “trichromatic” lighting
echnology, a high-efficiency white light for standard illumination
ses in indoor lighting [15].

Borates are good matrix for rare earth ions activated phosphors
ue to their low synthesis temperature, easy preparation and high
uminescence efficiency [3,16–19]. The stoichiometric formula of
orates MM′

4(BO3)3 (where M = Li+, Na+ or K+ and M′ = Ca2+, Sr2+

r Ba2+) have been reported by Wu et al. MM’4(BO3)3 belongs to
rthorhombic or cubic structure depending on the kind of cations
20,21]. Recently, these kinds of compounds attract more atten-
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tion due to their potential application [3,20,21]. However, the PL
properties of Tb3+ in these matrixes have not been reported.

In this paper, the NaBa4(BO3)3:xTb3+ phosphors have been
prepared by solid-state reaction, and the PL and time-resolved
luminescence properties were also investigated in detail.

2. Experimental

NaBa4(BO3)3:xTb3+ samples were prepared according to the standard solid-
state technique [21]. High-purity starting materials Na2CO3 (Aldrich, 99.9%), BaCO3

(Aldrich, 99.9%), H3BO3 (Aldrich, 99.9%), and Tb4O7 (Aldrich, 99.99%) were used. The
well mixed materials were annealed at 700 ◦C for 12 h in CO weak reducing atmo-
sphere with an intermediate grinding. Na+ was added as a charge compensator. The
structural characteristics of samples were checked by X-ray diffraction (XRD) pat-
terns using a Philips XPert/MPD diffraction system with Cu K� (� = 0.154 05 nm)
radiation. All the samples are single phase. The PL emission and excitation spectra
were measured by Fluorolog-3 Fluorescence Spectrophotometer with 450 W Xenon
lamps. The luminescence decays were measured by monitoring the given emis-
sion from the samples under 266 nm pulsed laser excitation. Decay profiles were
recorded by the 500 MHz digital oscilloscope (LeCroy 9350A) in which the signal
was fed from PMT.

3. Results and discussion

The PL emission and excitation spectra of NaBa4(BO3)3:0.10Tb3+

phosphor are shown in Fig. 1. The sharp excitation lines at 317, 350,

370, 377, and 485 nm are observed from the excitation spectrum of
the 5D4 → 7F5 transition. These excitation lines can be ascribed to
the transitions from 7F6 to 5DJ, 5GJ, 5L10, 5D3, and 5D4, respectively.
The excitation band near 300 nm could be ascribed to the Tb3+

4f8 → 4f75d1 transition. In addition, NaBa4(BO3)3:xTb3+ phosphors
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Table 1
Parameters for Inokuti–Hirayama mechanisms for NaBa4(BO3)3:xTb3+

(�ex = 266 nm, �em = 415 nm).

Concentration, x I0 (a.u.) �0 (�s) C/C0

0.01 0.00716 70 0.71169
0.02 0.00569 70 0.85558
ig. 1. PL excitation spectrum (a, �em = 540 nm) and emission spectrum (b,
ex = 375 nm) of NaBa4(BO3)3:0.10Tb3+ phosphor.

how intense f → f transition absorption, which may be attributed
o the uneven components mix a small amount of opposite parity
ave functions (e.g., 5d) into the 4f wave functions; so the par-

ty selection rule is relaxed [9]. Tb3+ ion with 4f8 configuration has
omplicated energy levels, so luminescence spectrum consisting of
any lines due to 5DJ → 7FJ′ is observed. The emission spectrum

f the NaBa4(BO3)3:0.10Tb3+ sample under 375 nm UV excitation
hows the 5D3 → 7FJ as well as the 5D4 → 7FJ emission lines. Among
he emission lines, the 5D4 → 7F5 emission line at about 540 nm is
he strongest one. The reason is that this transition has the largest
robability for both electric-dipole and magnetic-dipole induced
ransitions [15]. However, the relative intensity of 5D3 emission is

uch weaker than that of 5D4 emission even in the sample with
ower Tb3+ concentration (0.1 mol%). It is well known that the inten-
ity ratio of the emission from 5D3 to that from 5D4 depends not
nly on the Tb3+ concentration [22–24], but also on the host mate-
ial [15]. In borate hosts, the relative intensity of 5D3 emission is
uch weaker than that in other hosts, such as phosphates, silicates,

nd aluminates [25–27], which maybe have a relation to the energy
f phonons [15]. The Tb3+ concentration dependence on intensity
f 5D4 → 7F5 transition has also been investigated. The intensity

ncreases with increasing Tb3+ concentration, and the concentra-
ion quenching does not take place even if Tb3+ concentration x is
qual to 10 mol% (i.e., NaBa4(BO3)3:0.10Tb3+).

ig. 2. Decay curves of 5D3 → 7F5 transition under pulsed laser excitation for
aBa4(BO3)3:xTb3+ phosphors (�ex = 266 nm, �em= 415 nm).
0.04 0.00495 70 1.08976
0.06 0.00412 70 1.24018
0.08 0.00516 70 1.35298
0.10 0.00520 70 1.40895

Fig. 2 depicts the decay curves of 5D3 → 7F5 transition of Tb3+

under excitation at 266 nm laser light. For the lower concentration
(x = 0.005), the decay is nearly exponential with a time constant
of about 35 �s. As Tb3+ concentration increases, the initial part
of the curves becomes non-exponential and the time constants
decrease gradually (� = 22 �s for x = 0.10). The possible reason
could be that the 5D3 → 5D4 cross-relaxation produces a marked
increase in the 5D3 decay rate with increasing Tb3+ concentrations
and introduces a non-exponential component into the initial
part of the decay [28]. For the decay of 5DJ → 7FJ transition, the
rigorous migration effect is found in the 5D4 → 7F5 decay, whereas
no energy migration could be found in the 5D3 → 7F5 decay [29].
So energy migration can be neglected. In order to determine the
interactions responsible for the non-radiative relaxation from the
5D3 level, the decay analysis of 5D3 → 7F5 transition can be carried
out on employing the direct energy transfer based on the well
known Inokuti–Hirayama model [30].

I(t)
I0

= exp

[
−

(
t

�0

)
−

(
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C0

)
�

(
1 − 3

S

)(
t

�0

) 3
S

]
(1)

where �0 is the radiative lifetime of an isolated excited Tb3+ ion,
� (1 − 3/S) is Euler’s gamma function, C is acceptor ion concen-
tration, C0 is critical concentration defined as 3/(4�R3

0) and S is
the multipole interaction parameter. Many papers have reported
that a dipole–dipole interaction is found to be responsible for the
cross-relaxation at room temperature [28,29,31,32]. In the case of
dipole–dipole interaction, the value of S is 6, and � (1 − 3/S) = 1.77.
The fit of the decay curves of NaBa4(BO3)3:xTb3+ samples regard-
ing dipole-dipole interaction indicates that the best agreement
between experimental data and theoretical fits is obtained. The fit-
ted results of NaBa4(BO3)3:xTb3+ (x = 0.01, 0.02, 0.04, 0.06, 0.08 and
0.10) samples are given in Table 1. The �0 value is about 70 �s for
5D3 → 7F5 transition of isolated Tb3+ ions in NaBa4(BO3)3:Tb3+. The
critical distance for the d–d interaction is found to be about 10 Å.

The decay curves of 5D4 → 7F5 transition of Tb3+ under exci-
tation at 266 nm pulsed laser are represented in Fig. 3. It can be
seen that the decay curves show a nearly single exponential decay
and does not vary obviously with increasing Tb3+ concentration. A
single exponential fit yields a decay time 1.9 ms. The lifetimes of
5D4 → 7F5 transition do not change indicating that concentration
quenching does not happen within the range of Tb3+ contents. Hao
et al. has also observed similar phenomenon in CaSc2O4:Tb3+ phos-
phor [24]. Moreover, it is noted that the decay curves of 5D4 → 7F5
transition exhibit an initial rise phenomenon (marked with red
circle in Fig. 3). We attempted to fit these curves with double expo-
nential equation [22,33]:

I(t) = I0

[
exp

(−t

�1

)
+ A exp

(−t

�2

)]
(2)

where I and I0 is the luminescence intensity, t is the time, �1 is

a decay time, �2 is a decay and/or rise time, A is the ratio of the
two parts of the function. When A < 0, the second term represents
rising, and for A > 0, the second term represents a further decay.
The results of the fitting indicate that the best agreement between
experimental data and theoretical fits is obtained. The result of
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Fig. 3. Decay curves of 5D4 → 7F5 transition under pulsed laser excitation for
NaBa4(BO3)3:xTb3+ phosphors (�ex = 266 nm, �em = 544 nm).
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ig. 4. Simulated decay curve of using equation (2) for NaBa4(BO3)3:0.005Tb3+ phos-
hor (the inset shows the initial intensity of 5D4 → 7F5 transition).

aBa4(BO3)3:0.005Tb3+ sample is shown in Fig. 4. The values of
arameters are �1 = 1.89 ms (decay time), �2 = 40 �s (rise time) and
= −0.7833. The initial slow rise with initial intensity (40%) of the

D4 emission is due to the feeding process of the 5D4 population. It is
ed about 40% of the 5D4 population from nearby Tb3+ ions through
he fast cross-relaxation process between Tb3+ (5D4 → 5D3) and
b3+ (7F6 → 7F0) [32]. On the other hand, 60% of 5D4 population
omes directly by non-radiative relaxation process from the 5D3
evel having decay time of about 40 �s corresponding to the rise
ime of the 5D4 level.
. Conclusions

In NaBa4(BO3)3:xTb3+, the intense f → f transition absorption
s observed comparing with the major Tb-doped phosphors; the

[
[

[
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5D4 → 7F5 transition at 540 nm is the strongest emission, and the
relative intensity of 5D3 emission is much weaker than that of
5D4 emission even in the sample with lower Tb3+ concentra-
tion. The decay curves of 5D3 → 7F5 transition can be well fitted
by Inokuti–Hirayama model, and the dipole-dipole interaction is
responsible for the cross-relaxation. The derived critical distance
for the d–d interaction is 10 Å. The decay curves of 5D4 → 7F5 tran-
sition can be fitted by double exponential function, indicating that
the initial slow rise with 40% of initial intensity of the 5D4 emis-
sion is attributed to the feedings from higher energy levels and the
cross-relaxation process between two Tb3+ ions.
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