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Abstract

We present an efficient way to search a host for ultraviolet (UV) phosphor from UV nonlinear optical (NLO) materials. With the
guidance, NazLa,(BO3); (NLBO), as a promising NLO material with a broad transparency range and high damage threshold, was
adopted as a host material for the first time. The lanthanide ions (Tb*" and Eu®")-doped NLBO phosphors have been synthesized by
solid-state reaction. Luminescent properties of the Ln-doped (Ln = Tb®>*, Eu®") sodium lanthanum borate were investigated under UV
ray excitation. The emission spectrum was employed to probe the local environments of Eu®* ions in NLBO crystal. For red phosphor,
NLBO:Eu, the measured dominating emission peak was at 613 nm, which is attributed to *Dy—'F, transition of Eu?". The luminescence
indicates that the local symmetry of Eu®" in NLBO crystal lattice has no inversion center. Optimum Eu® " concentration of NLBO:Eu®*
under UV excitation with 395 nm wavelength is about 30 mol%. The green phosphor, NLBO:Tb, showed bright green emission at 543
with 252 nm excited light. The measured concentration quenching curve demonstrated that the maximum concentration of Tb>" in
NLBO was about 20%. The luminescence mechanism of Ln-doped NLBO (Tb*>* and Eu®") was analyzed. The relative high quenching

concentration was also discussed.
© 2005 Published by Elsevier Inc.
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1. Introduction

Lanthanides have abundant 4f electron configurations,
when a lanthanide ion is embedded into a host lattice, some
well-localized energy states belonging to the 4f" ground
configuration and 4/"~’5d excited configuration of Ln’"
are introduced between the valence and the conduction
bands of the host. This will introduce excitation and
emission spectra of the transitions occurring between the
Ln*" quasi-atomic levels. Lanthanide-doped compounds
have played an outstanding role as phosphors in lighting,
flat panel displays, optical telecommunication [1], and as
the active material in solid-state lasers [2]. It is well known
that a fine phosphor, which can be used for illumination or
PDP, requires strong UV absorption, high conversion
efficiency, wide color gamut and good thermal and
chemical stabilities. The properties of the phosphors such
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as VUV transparency and absorption, optical damage
threshold depends strongly on the structure of the host
materials [3]. So, the important step is to find good host
materials in order to obtained desirable phosphors used for
illumination and PDP. However, how to search a good
host material is a challenge in the face of thousands upon
thousands compounds.

With the development of science and technology, many
nonlinear optical crystals have been found for ultraviolet
(UV) and vacuum ultraviolet (VUV) generation [4]. It is
well known that the requirements for nonlinear optical
(NLO) crystals are as follows: wide transparency range for
operating wavelength, high laser-induced damage thresh-
old, low material cost, and good chemical stability, etc.
These requirements fulfill the preconditions for an ideal
UV and VUV phosphors as well. So searching an ideal host
for phosphors from NLO crystals may be an efficient way.
Among NLO materials, borate has attracted much atten-
tion not only owing to their excellent chemical-physical
properties and low cost, but also a number of compounds
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with different structure can be selected. Furthermore, the
B-O covalent bond has no absorption in UV region
because of its large covalent bond energy, and the borate
always has high damage threshold owing to their wide
band-gap of crystal [5]. With the guidance of above, borate
NLO materials were adopted as our research emphases.

Nas;La,(BO); (NLBO), is found to be a promising
NLO material recently [6]. The NLBO crystal belonged
to the orthorhombic system, space group Amm2(#38),
with lattice parameters @ = 5.1580(10) A, b = 11.350(2) A,
c=173230(15)A, a=B=7=90°, Z=2, V =428.71(15) A3
(Fig. 1a) [7]. The structure of NLBO crystal could be
described as a three-dimensional framework. It was made
up of isolated BOj triangles held together by the La(1)Oo,
Na(1)Og, Na(2)Osg, and Na(3)Og4 polyhedron. Its excellent
performances such as wide transparency range
(2002500 nm), high damage threshold and chemical and
physical stabilities suggest that it may be a good host
material for phosphors. Furthermore, the structure of the
compound will be maintained when the La®" ion is
replayed by other RE*" owing to their smaller radius
compared with that of lanthanum. Until to now, the study
about lanthanide-doped NLBO has not been reported to
our knowledge. NLBO has many advantages such as
environmental benignity, potential low-cost synthesis, and
high thermal stability, etc. So, NLBO intrigues us to
investigate the properties of RE*"-doped NLBO phos-
phors as a good potential host.

It is well known that the commonly used doping ions are
Eu'® and Tb’" because of their high luminescence
intensity in numerous phosphors attribute to the abundant
d-f electron transitions. In particular, the Eu’" ijon
provides a convenient approach to the study of the
luminescence properties of rare-earth ions. First, the
luminescence line spectrum is relatively easy to analyze
since the strongest transitions originate from an energy
state not split by the crystal field. Secondly, the study about
some particular features of the energy level scheme of this
ion, such as the even number of electrons and large energy
gap between the ground state 'F septuplet and the excited

(b)

Fig. 1. (a) The structure of NLBO, (b) the structure of LaOg group.

levels is a representative problem. Consequently, the Eu®"
ion has been extensively used to probe the local environ-
ment of dopant sites.

In our present work, we synthesized NLBO:Ln**
(Ln =Tb>", Eu®") phosphors by solid-state reaction.
The luminescent ions corresponding environment in NLBO
crystal lattice was analyzed using Eu®" jons as a probe.
The luminescent properties of NLBO:Ln® " (Ln = Tb>*,
Eu’") phosphor, the luminescence mechanism, and the
concentration quenching of Ln> " -doped NLBO were also
investigated.

2. Experiment

In this work, phosphor samples of NLBO:Ln>" were
prepared by using solid-state reaction techniques. The
chemical equation can be expressed as follows:

6H3;BO;3 4+ xEu,03 + 2(1 — x)La, 03 4+ 3Na,CO;
= 2Na3La2(1_x)Eu2x(B03)3 + 3C02 + 9H20

3Na,CO;3 + 2(1 — x)La,O3 + 6H3;BO3 + X/ZTb407
= 2Na3La2(1,x)Tb2X(BO)3 + 3C02 + 9H20 + X/402

All of the used reagents were analytical purity.

Preparation of the red phosphors was carried out in the
following steps. The analytical grade Eu,O;, Na,COs,
La,03, and H3BO; of different weight ratio were weighed,
mixed homogeneously in an agate mortar, and then packed
into a crucible. The temperature was raised slowly to
500 °C in order to avoid ejection of powdered raw material
from the crucible due to the decomposition of H;BO3 and
Na,COj3. After preheating at 500 °C for 10h in a muffle
furnace, the products were cooled to room temperature,
and ground up again; the mixture was sintered at 8§50 °C
for 24 h, and then cooled to room temperature. The purity
of sample was characterized by X-ray powder diffraction.
The synthesis method of green phosphors was the same as
that of red phosphors except that Tb,O; was used instead
of EU203.

Y, 305:Eug, was synthesized by solid-state reaction at
1250 °C for 5h in order to compare with NLBO:Eu.

The phase identification was carried out by powder
X-ray diffraction using a Brucker D8-advance X-ray
Diffractometer with Cu Ko radiation (4 = 1.5418 A), the
operation voltage and current keeping at 40 kV and 40 mA,
respectively. The 26 range used was from 10° to 70° in steps
of 0.02° with a count time of 0.2s. The samples with
different Eu®" concentration were prepared by above
synthesis method. Fluorescent spectra were recorded with a
Hitachi F-4500 Fluorescence Spectrophotometer. Scan
speed was 15nm/min. PMT voltage was 700 V. Scanning
electron microscopy (JSM6301F) was used for the ob-
servation of particle morphology. All samples were
measured at the same condition.
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3. Results and discussion

In order to compensate for the volatilization of boron
oxide at high temperature, H;BO3 should be excess about
1-5% during the synthesis process.

The synthesis of purity phase NLBO:Eu is very
important in order to determine the exact local symmetry
of active ions in NLBO using Eu® " as a fluorescent probe.
The primarily impurity is LaBO; during the synthesis
process. LaBO3; would be created easily if excess H3;BOj is
up to of 5%. Reaction temperature is another considerable
factor for obtaining the pure phase NLBO:Eu. Reaction
progress would be incompletely if temperature is lower
than 800°C, and the prepared phosphors would be
decomposed partially if temperature exceeds 950 °C. The
experiments show that the optimum range of reaction
temperature is about from 800 to 900°C. The phase
transition phenomenon between NLBO and LaBO; was
observed under 800-900 °C. NLBO was obtained when
LaBOs3, H3BO;5 and Na,CO;3 with molar ratio 4:6:3 were
mixed thoroughly, and then heated at 850 °C for 20 h. So,
the synthesis of pure phase NLBO was determined by the
moderate initial charges ratio.

It is well known that rare earth ions have similar radius,
coordination structure and physical-chemical properties.
When one La*" is replaced by Eu’" or Tb® ", the crystal
structure does not change dramatically. Fig. 2 shows the
XRD patterns of the as-prepared samples. The effective
radius of La*", Eu’" and Tb> " in LnOy group are 121.6,
112.0 and 109.5 pm, respectively [8]. The lattice parameters
of NLBO will reduces gradually with doping concentration
of Eu*" or Tb?" increasing. The varieties of unit cell
constant of NLBO-Ln were calculated and the results were
given in Table 1. As can be seen from the XRD patterns, all
of the diffraction peaks are shifted to high angle slightly
along with the increasing of Eu’ " or Tb*" doping levels.

3.1. NLBO:Eu’* Phosphor

The strong red emission peak in the emission spectrum
(Fig. 3) suggested that the Eu® " -doped NLBO phosphors
were synthesized successfully. The emission spectra of
NLBO:Eu consist of lines mainly located in the wavelength
range from 570 to 705nm. These lines correspond to
transitions from the excited state >D, to the ground state
"F;(J =0, 1, 2, 3, 4) of the 4/° configuration of Eu’", as
marked in Fig. 3. Luminescence originating from transi-
tions between 4f levels is predominant due to electric dipole
or magnetic dipole interactions [9]. In accordance with
Judd—Ofelt theory, transitions to even J-numbers have
much higher intensity than those to corresponding
neighboring odd J-numbers. The intensity of electric dipole
transitions depends strongly on the site symmetry in a host
crystal. Magnetic dipole f~f transitions are not affected
much by the site symmetry because they are parity-allowed.
The intensities of different *Dy— 'F; transitions and the
splittings of these emission peaks depend on the local
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Fig. 2. XRD pattern of NLBO:Ln (Ln = Eu, Tb).

symmetry of the crystal field of Eu®* ion. If Eu® " occupies
an inversion symmetry site in the crystal lattice, the orange-
red emission, magnetic dipole transition Dy —F, (around
590nm) is the dominant transition. On the contrary, if
Eu’" does not occupy the inversion symmetry site, the
electric dipole transition *Dy— 'F, (around 610-620 nm) is
the dominant transitions. In Fig. 4, as can be seen that the
strong red emission lines at 612nm originating from the
electric dipole transition Dy — 'F, are the dominant bands
in the measured spectrum. So the site in NLBO occupied
by Eu®" has no inversion symmetry. The emission peak at
around 580 nm is attributed to the Dy — 'F, transition. It is
known that the Dy — "F, transition is very sensitive to the
local environment of Eu®" ion. According to the parity
selection rule, optical transitions between the °D, and 'F,
levels (AJ = 0, and from J = 0 to 0) are strictly forbidden
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Table 1
Unit cell variety of NLBO with doped-Eu®* or -Tb®" concentration
increasing

aA) b (A) c(A)

Th (%)

0 5.1580 11.3502 7.3230

5 5.1508 113112 7.2893
10 5.1291 11.2865 7.2601
15 5.1328 11.2503 7.2482
20 5.1279 11.2358 7.2054
25 5.1235 11.2314 7.2292
Eu (%)

0 5.1580 11.3502 7.3230

5 5.1549 11.3503 7.2778
10 5.1404 11.3027 7.2947
15 5.1323 11.2553 7.2556
20 5.1210 11.2350 7.2299
25 5.1063 11.2236 7.2281
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Fig. 3. The emission spectrum of NLBO:Eu (30 %) EX slit: 2.5nm;
EM slit: 2.5nm.
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Fig. 4. The excitation spectrum of NLBO:Eu (30 %) EX slit: 2.5nm;
EM slit: 2.5nm.

if the Eu®" ion occupies an inversion symmetry site in the
crystal lattice. However, if the site occupied by Eu®" has
no inversion symmetry—Cy, C,, or C,, symmetry, the
uneven crystal field components can lead to the mixing of
opposite parity states into the 41" configuration levels. The
>Do—"F, transition (electric dipole transition) become no
strictly forbidden and gives rise to weak lines in the
emission spectra. The *Dy— 'F, transition has only one
emission peak when Eu®" occupies one lattice site. In the
other words, the number of emission peaks equal to that of
the lattice sites occupied by Eu®*. As depicted in Fig. 2,
there is one emission peak at around 580nm, which
indicated Eu®" occupied only one lattice site in NLBO
crystal. So, it is affirmed that the local symmetry of Eu®™"
belongs to one of the symmetry—Cy, C,, and C,,. It is
reported that NasLa, (BO;); crystals belong to C,, point
group, the coordination number of La®* is 9. The structure
of LaOgy group is depicted in Fig. 1b. There is a 2-fold axis
in LaOg group. Combined with the experiment data,
we conclude that the local symmetry of Eu®* in NLBO
may be C,.

The measured excitation spectrum of NLBO:Eu was
showed in Fig. 4. The excitation data of the main red
fluorescence (Aem = 613nm) was recorded from 200 to
500 nm. The broadband centered at 287 nm is attributed to
a charge-transfer (CT) transition, which occurs by electron
delocalization from the filled 2p shell of the O*~ to the
partially filled 4f shell of Eu®*. Several intense and sharp
lines were exhibited in the range of 300-500 nm in Fig. 4.
These correspond to the direct excitation of the europium
ground state into higher excited states of the europium
f-electrons. The sharp absorption lines attributed to the
bands of f-f transitions of Eu®", whose positions agree
with other Eu®"-doped materials [10]. The most intense
peak at about 395nm corresponding to the 7F0,1—>5L6
transition.

In Fig. 3, the inset was the emission spectrum of
Y,03:Eu and NLBO:Eu. As can be seen, the red light
intensity of NLBO:Eu (4., = 395nm) was about 1/4 that of
Y,03:Eu (Aex = 254 nm).

The composition with the highest luminescence intensity
was determined by varying the europium content of NLBO
phosphors (Fig. 5 right). The quantum yield shows a
maximum at a doping level of about 30 mol% europium
and then decreases at higher europium concentrations. This
partial quenching of the luminescence at high europium
concentrations is a typical property of lanthanide-doped
systems and is observed if the mean distance between
neighboring europium ions decreases below a critical value.

3.2. NLBO:TbH’* phosphor

The excitation and emission spectra of NasLa; g,Tbq ig
(BO); and Zn,Si04:Mn (commercial phosphor) are showed
in Fig. 6. The excitation spectrum of NasLa; g,Tbg 135(BO)3
(left- hand side of figure) is taken at an emission
wavelength of 545nm, its emission spectrum (right-hand
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Fig. 5. Concentration quenching curves of Eu®*and Tb>", respectively.
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Fig. 6. Excitation and emission spectrum of NLBO:Tb and emission
spectrum of Zn,SiO4:Mn EX slit: 1.0nm; EM slit: 1.0 nm.

side of figure) is taken with an excitation wavelength of
252nm. It is known that Tb>* ion has a reasonable green
emission resulted from the °D,—’F, (J =6, 5, 4, 3)
transition [11] between 450 and 700nm. In emission
spectrum, there are seven peaks locating at 490, 545, 552,
554, 583, 591, and 621 nm, which are associated with the
transition from’D,— "Fg (490 nm), D, — "Fs (545, 552 and
554nm), °D4s—’F, (583 and 591nm), and °D,—’F;
(621 nm) respectively. The red curve in Fig. 6 was the
emission  spectrum of NasLa;g,Thg3(BO); and
Zn,Si04:Mn (commercial phosphor), it showed that the
green light intensity of NLBO:Tb was about two times that
of Zn,SiO4:Mn under the nearly same excitation wave-
length.

In general, the luminescent intensity is proportional to
the concentration of activators which could be excited by
incident photons. As increasing the concentration of the
activator, however, the emission intensity is saturated and
begins to decrease at over a critical quenching concentra-
tion. Fig. 5 (left) shows the concentration quenching curve
of Tb>" ijons doped in Na;Lay(BO);. The phosphor
showed the strongest green emission intensity when Tb®*
ion doping concentration increasing to 20 mol%.

Herein we discuss the excellent luminescence properties
of NaszLa; sTby»(BO); in detail. When excited by a normal
continuous wave Xe source, using the minimum excitation
slit and 700 V PMT Voltage, the emitting bright green light
with unexpectedly high fluorescent intensity was observed.
In the emission spectrum, we also noticed that there are six
peaks in the measured range from 510 to 700nm. As a
green phosphor, the intensity of orange emission (583 and
591 nm) of as-prepared phosphors is very weak than that of
the green one (545, 552, and 554 nm), leading to a good
monochromaticity. The position of the broad excitation
peak at around 252nm meeting with 253.7nm UV
irradiation of free-Hg light leads to the efficiency and
completely absorption the irradiation energy of Mercury-
free fluorescence lamp (Fig. 7).

Comparing the emission spectrum of NLBO:Eu with
that of NLBO:Tb (Fig. 8), we noticed that the intensity of
green emission peak (545 nm) is about 12 times of the main
peak (613nm) of the europium-doped sample. Its differ-
ence in intensity may be related to the different electronic
structures of the doping rare-earth ions and their interac-
tion with the host lattice. Because all samples were
synthesized under the same condition and their crystallinity
of as-prepared phosphors were almost identical.

This phenomenon should be explained from the excita-
tion mechanisms of both samples. In Fig. 4, the observed
excitation bands between 300 and 500 nm attribute to the

Aey= 254 nm

Ex slit: 1.0 nm
Em slit: 1.0 nm
Voltage: 700V

T Aoy =395 nm

Intensity (a.u.)

S

500 550 600 650 700

Fig. 7. Comparison the emission spectrum of NLBO:Eu (5%) with that of
NLBO:Tb (5%).
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ZnsSi0:Mn
10 pm

Fig. 8. SEM pictures of phosphors.

4f—4f intra-configuration transitions, which are generally
electric dipolar transitions forbidden by the parity selection
rules and forced by the crystal field configuration mixing.
In Fig. 6, the broad and intense band was centered
at 252nm under 545nm excited light sources for
NasLa; gTby»(BO); phosphors. The broad and intense
excitation peak corresponds to the inter-configuration
transitions from 4/ ® to 41 75d" levels [12], which is caused
by the dipolar electric parity allowed transitions. Further-
more, the f~d transition is crystal-field sensitive due to the
large radial extension of 5d orbitals, and the energy transfer
process between the 54 and 4f levels may be assisted by
host phonons [12]. So, the bands of £-f transitions of Eu® "
exhibited weaker and shaper absorption peaks compared
to the f~d transition peaks.

In experiments, we also noticed that the quenching
concentration of active ions in NLBO:Ln (Ln=Tb>",
Eu®") was very high, this was related to the structure of
NLBO. The nearest La’"— La’" distance and second
nearest La>"—La’" in NLBO reported were 3.755A and
4.842 A, respectively [6]. The interacted effect of
La’*—La®* was reduced owing to the relatively large
distance between La® " —La’". So, the probability of energy
transfer between Ln’'—Ln®" was also decreased when
La®* was replaced by active ions such as Eu’" or Tb**,
the quenching concentration of active ions was relatively
increased.

SEM pictures of Zn,SiO4:Mn, Y,05:Eu, NLBO:Tb and
NLBO:Eu are given in Fig. 8. As can be seen, the particle
size distribution and surface of Zn,SiO4:Mn are relatively
narrow and smooth than that of NLBO:Tb and NLBO:Eu,
respectively. It is well known that the well-crystallined and
the morphology of the particles are the important factors
for increasing brightness of phosphors. In our further
work, sol-gel method and the way using feasible flux in
solid-state synthesis process will be employed to improve
the crystal morphology.

With the development of plasma display panel (PDP)
and VUV spectroscopy, lanthanide-doped borate phos-
phors have been attracted much attention owing to its
excellent merits such as low cost, high luminescent
efficiency excited by UV light and, etc. Just as well-known
nowadays used phosphors for PDP: green phosphor
GdMgB50;0:CeTb (CBT) and (Y,Gd)BO;:Tb, and red
phosphor (Y,Gd)BOs:Eu [13], the as-prepared NLBO:Ln
(Ln =Tb>", Eu’") phosphors may be a candidate for
PDP, and before this, the VUV excitation and emission
spectra should be measured.

It is well known that the well-crystallined and the
morphology of the particles are the important factors for
increasing brightness of phosphors. In our further work,
sol-gel method and the way using feasible flux in solid-state
synthesis process will be employed to improve the crystal
morphology.

4. Conclusions

A new phosphor, NLBO:Ln (Ln =Tb>", Eu’"), was
designed and synthesized by solid-state reaction for the first
time. The excitation and emission spectra of the as-
prepared phosphors were measured. In the excitation
spectrum curve, the most intense peak at about 395nm
corresponded to the 7F0,1 —3L¢ transition and a wide band
around 287nm attributed to a CT transition. The
predominating emission peak was at 613nm, which
indicated that the local environments of Eu’" ions in
NLBO crystal had no inversion symmetry. We conclude
from the experiments data that the Eu’" ions may possess
C, symmetry. The maximum Eu®*-doped concentration in
NLBO under UV excitation with 395 nm wavelength was
about 30% (molar ratio). The strong absorption band in
the excitation spectrum was at about 252nm, and its
intense green emission peak was at about 545nm. The
measured optimum doped concentration of Tb*>* was
about 20% in molar ratio. In view of the luminescent
characteristics of the prepared phosphors, NLBO:Ln
(Ln =Tb*", Eu’") may be a promising phosphors
candidates for high efficiency fluorescence lamps and other
related application.
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