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A new family of chloroborate compounds, which was investigated from the viewpoint of rare earth ion activated phosphor materials,
have been synthesized by a conventional high temperature solid-state reaction. The crystal structure and thermally stable
luminescence of chloroborate phosphors Ba,Ln(BO;),Cl:Eu** (Ln = Y, Gd, and Lu) have been reported in this paper. X-ray
diffraction studies verify the successful isomorphic substitution for Ln>" sites in Ba,Ln(BOj;),Cl by other smaller trivalent rare earth
ions, such as Sm, Eu, Tb, Dy, Ho, Er, Tm, and Yb. The detailed structure information for Ba,Ln(BO5),Cl (Ln =Y, Gd, and Lu) by
Rietveld analysis reveals that they all crystallize in a monoclinic P2,/m space group. These compounds display interesting and
tunable photoluminescence (PL) properties after Eu**-doping. Ba,Ln(BO3),Cl:Eu** phosphors exhibit bluish-green/greenish-
yellow light with peak wavelengths at 526, 548, and 511 nm under 365 UV light excitation for Ba,Y(BO;),Cl:Eu**, Ba,Gd(BO;),Cl:
Eu**, and Ba,Lu(BO;),Cl:Eu”", respectively. Furthermore, they possess a high thermal quenching temperature. With the increase
of temperature, the emission bands show blue shifts with broadening bandwidths and slightly decreasing emission intensities. It is
expected that this series of chloroborate phosphors can be used in white-light UV-LEDs as a good wavelength-conversion phosphor.

1. INTRODUCTION

The introduction of the halogen ions (such as F~, Cl™, Br
and ) into some conventional inorganic oxide compounds has
great potential for the exploration of technologically important
materials with special functional properties. For example, metal
oxyfluorides began with the fluoride substitution into solid-state
metal oxide phases shown to decrease the synthesis and sinter-
ing temlperatures and to modify the physical and chemical pro-
perties.” Halo-containing phosphor host compounds, such as
halophosphate, haloborate, halosilicate, haloaluminate, and so
on, have received remarkable attention in inorganic materials
science, because these compounds possess plenty of structural
types and adjustable cation coordination environments. Particu-
larly, these compounds exhibit promising optical properties by
doping of rare earth activators.”” > As one of the hot issues in the
exploration of solid-state lighting techniques, rare earth doped
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halo-containing phosphors, which show excellent luminescence
properties under UV or blue light irradiation, have received con-
siderable attention over past decades due to their potential appli-
cations in solid-state lighting and displays.>® Therefore, more
and more attention has been paid to the development of new
halo-containing phosphors which can be excited in the near-
ultraviolet (n-UV) and blue light range.

Considering that the optical transitions of Eu** are dipole-
allowed transitions and the absorption and emission bands of Eu”*
are very broad, the luminescence of many kinds of Eu*" activated
halo-containing phosphors usually results from the ground
4f765%5d° level to the excited 4f°6s°5d* configuration, and the
emission depends strongly on the crystal field around the dopant
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ions in the host lattice.”'® By exploring a suitable system to acco-
mmodate Eu>* ions, some previous reports have found that multiple
emission colors can be realized in some novel halo-containing
material systems.””® In addition, as the phosphor-conversion
luminescent materials in white LEDs, phosphors are generally
required to have high conversion efficiency, appropriate emission
colors, as well as high chemical stability. Meanwhile, they are
desired to show small thermal degradation for achieving long
lifetime of LEDs, which generally work at about 120 °C. That is
to say, suitable phosphor systems used in white LEDs should
have good thermally stable luminescence.""

Recently, we have made efforts to explore novel halo-contain-
ing phosphors used in white LEDs, including the preparation of
some multicolor emission phosphor systems, as well as their spectral
and chemical stability modifications.”*'>~'* Herein, we present the
synthesis, crystal structure, and luminescence properties of a new
family of chloroborate phosphors Ba,Ln(BO;),CL:Eu”" (Ln =Y,
Gd, and Lu). We have incorporated different trivalent rare earth ions
in the host lattice. Rietveld analysis reveals that the successful
isomorphic substitution for Ln*" sites in the Ba,Ln(BOj;),Cl host
can be implemented only for the smaller lanthanide ions (such as Y,
Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu), and they all crystallize
in a monoclinic P2,/m space group. Among them, Ba,Ln(BO3),Cl
(Ln =Y, Gd, and Lu) compounds display interesting and tunable
photoluminescence (PL) properties after Eu** doping, and they
exhibit bluish-green/greenish-yellow light under 365 nm UV
light excitation with peak wavelengths at 526, 548, and 511 nm
for BaZY(BO3)2Cl:Eu2+, BazGd(BO3)2CI:Eu2+, and Ba,Lu-
(BO3),CL:Eu”", respectively. All the as-prepared Ba,Ln-
(BO;),CL:Eu”* (Ln = Y, Gd, and Lu) phosphors also possess a
high thermal quenching temperature, which enables them to be
good wavelength-conversion phosphors for use in white-LEDs.

2. Experimental Section

2.1. Sample Preparation. A series of powder samples of
Ba,Ln(BO;),Cl:0.03Eu** (Ln =Y, La, Ce, Pr, Nd, Sm, Eu, Gd,
Tb, Dy, Ho, Er, Tm, Yb, Lu) were synthesized by the high
temperature solid-state synthesis method. The starting materials,
BaCO; (99.9%), Ln,O3 (99.99%) (except for CeO, (99.99%)
and Tb,0; (99.99%)), H3BO; (99.9%), BaCl, - 2H,0 (99.9%),
and Eu,05 (99.99%), were mixed stoichiometrically with an excess of
5 mol % of H3BO; as a flux and ground thoroughly in an agate mortar.
The typical mixture for the synthesis of Ba,Y(BO5),Cl:0.03Eu”" con-
sisted of 1.47 mmol BaCOj3, 0.5 mmol Y,Oj3, 0.5 mmol BaCl, - 2H, 0O,
3.15 mmol H3BOj3, and 0.015 mmol Eu,O5. The mixture was fired for
3 h at 1000 °C under CO reducing atmosphere.”

2.2. Sample Characterization. Thermogravimetry— differential
thermal analysis (TG—DTA) for the mixture (such as BaCOs,
Y,03, H3BO;, BaCl,:2H,0) used in the synthesis of Ba,Y-
(BO;),Cl was performed on a SHIMADZU model DTG-60AH
TG-DTA instrument in static air with a heat rate of 2 °C/min
from room temperature to 1250 °C. Powder X-ray diffraction
(XRD) data were recorded by an X-ray powder diffractometer
(SHIMADZU, XRD-6000, Cu Ka radiation, 40 kV, 40 mA.).
The continuous scanning rate (26 ranging from 10° to 70°) used
for phase identification was 4°(26)/min, and step scanning rate
(26 ranging from 3° to 115°) used for Rietveld analysis was 8 s/
step with a step size of 0.02°. The diffraction patterns were ana-
lyzed with the profile refinement program TOPAS version 2.1
(Bruker AXS)."> Room temperature PL spectra were recorded by
using a Hitachi F-4500 fluorescence spectrophotometer with a
photomultiplier tube operating at 400 V, and a 150-W Xe lamp
was used as the excitation lamp. The room temperature decay
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Figure 1. XRD patterns of as-prepared Ba,Ln(BOj3),Cl host com-
pounds and JCPDS card (79-0967) of Ba,Yb(BO3),Cl: (a) (1) Ln =Y,
(2)Ln=La, (3) Ln=Ce, (4) Ln=Pr, (S) Ln =Nd; (b) (6) Ln=Sm, (7)
Ln = Ey, (8) Ln = Gd, (9) Ln = Tb, (10) Ln = Dy; (c) (11) Ln = Ho,
(12) Ln = Er, (13) Ln = Tm, (14) Ln = Yb, (15) Ln = Lu.

curves were recorded on a JOBIN YVON FL3-21 spectro-
fluorometer, and the 370 nm pulse laser radiation was used as
the excitation source. The temperature-dependent luminescence
properties were measured on the same F-4500 spectrophot-
ometer, which was combined with a self-made heating attach-
ment and a computer-controlled electric furnace.

3. Results and Discussion

3.1. Phase Identification and Crystal Structure. Powder
X-ray diffraction profiles of Ba,Yb(BO5),Cl and Ba,Yb(BO3),Cl
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Figure 2. Rietveld analysis patterns for X-ray powder diffraction data of (a) Ba,Y(BOj3),Cl, (b) Ba,GdBO3),Cl, and (c) Ba,Lu(BOj3),Cl samples. The
solid lines are calculated intensities, and the crosses are the observed intensities. The short vertical lines show the position of Bragg reflections of the
calculated pattern. The difference between the observed and calculated intensities is plotted below the profiles.

were readily identified according to the JCPDS cards 79-0967
and 79-0966, respectively. Both of them have a similar crystal

10136

structure, which crystallizes in a monoclinic unit cell with the
space group P2;/m. In the present study, we tried to synthesize
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Table 1. Results of Structure Refinement of (a) Ba,Y(BO3),Cl, (b) Ba,Gd(BO3),Cl, and (c) Ba,Lu(BOj3),Cl Samples and the

Comparison with Ba,Yb(BO3),Cl

Ba,Y(BO;),ClI (this work)

cryst syst monoclinic monoclinic
space group P2,/m P2,/m
v 382.41 389.83
V4 2 2
cell params a=6424 A a=6467 A
b=5307A b=5336A
c=11279A c=11354A
p =95.98° p=9577°
profile range 520 =12 $=20 =12
GOF 2.86 2.76
R factors R-Bragg 2.92% R-Bragg 2.95%
Ryp 7.52% R,p 8.06%
R, 5.43% R, 5.61%
Reyp 2.63% Reyp 2.92%

Ba,Gd(BO;),Cl (this work)

Ba,Lu(BOs),Cl (this work) Ba,Yb(BO;),Cl (ICSD-65934)

monoclinic monoclinic
P2,/m P2,/m
374.95 376.77

2 2
a=6382A a=6397 A
b=5273 A b=5279 A
c=11206 A c=11222A
B =96.16° f=96.17°
5=<20=12

2.99

R-Bragg 2.52%

Ry 8.67%

R;, 5.74%

Rexp 2.90%

Ba,Ln(BO;),Cl (Ln=Y, La, Ce, Pr,Nd, Sm, Eu, Gd, Tb, Dy, Ho,
Er, Tm, Yb, and Lu) compounds in order to explore a new class of
chloroborate phosphors. On the basis of the carefully controlled
solid-state synthesis conditions’ exploration, the suitable reac-
tion temperature for the formation of these chloroborates was
1000 °C, as given in the TG-DTA curves in Figure SI in the
Supporting Information. The XRD patterns of Ba,Ln(BO;),Cl
compounds are shown in Figure 1. The comparison of the XRD
patterns indicates that most of the 15 trivalent rare earth ions,
except for La**, Ce®", Pr’*, and Nd**, can enter the framework
structure of Ba,Ln(BO3),Cl, and the entire patterns for the other
11 kinds of barium chloride borate compounds could be well
indexed similar to that of Ba,Yb(BO5),CL'*"” It is proposed
that, owing to the well-known “lanthanide contraction” effect,
La>" has the largest ionic radius, which will in turn restrain the
phase formation in the rigid Ba,Ln(BO3),Cl cell. The same
phenomena can be found in Ce**, Pr**, or Nd**-substituted
Ba,Ln(BO;),Cl host. As also shown in Figure la—c, the diffrac-
tion peaks of the other 11 kinds of Ba,Ln(BO3),Cl compounds
similar to that of Ba,Yb(BO;),Cl shift toward the smaller 26
diffraction direction except for Yb**- or Nd**-substituted Ba,Ln-
(BO3),Cl compounds. It should be ascribed to the successful
introduction of larger radius ions of Y**, Sm*, Eu**, Gd*, Tb*",
Dy3+, Ho™, Er**, Tm*, compared to that of Yb**, into the
Ba,Ln(BO3),Cl structure, which leads to the expansion of
the lattice volume. In order to confirm the structure, Rietveld
structural refinements of powder diffraction patterns for Ba,Ln-
(BO3),Cl (Ln =Y, Gd, and Lu) compounds were performed, as
shown in Figure 2. The structural parameters reported on
Ba,Yb(BO5),Cl were used as initial parameters in the Rietveld
analysis. Structural refinements of the three kinds of Ba,Ln-
(BO3),Cl (Ln = Y, Gd, and Lu) were all performed by a
monoclinic space group of P2;/m. The refined unit cell para-
meters and residual factors are summarized in Table 1. For com-
parison, the parameters of Ba,Yb(BO3),Cl are also listed in Table 1.
For the Ba,Y(BO3),Cl compound as an example, the residual
factors are R-Bragg = 2.92%, Rip = 7.52%, and R, = 5.43%
(Table 1). The unit cell parameters obtained for Ba,Y(BO3),Cl
are a=6.424 A, b=5307 A, c=11.279 A, and 8 = 95.98 °, which
are larger than those for Ba,Yb(BOj3),Cl The larger cell parameters

are attributed to the larger-sized Y atoms as compared with the
Yb atoms.

Considering that Ba,Ln(BO3),Cl (Ln = Y, Gd, and Lu)
compounds have the similar crystal structure type, the crystal
structure description for the three kinds of typical Ba,Ln(BO;),Cl
(Ln = Y, Gd, and Lu) can be given by the same framework
diagram. Figure 3 shows the projections of the structures of the
Ba,Ln(BO;),Cl (Ln =Y, Gd, and Lu) along different directions.
All the bond distances and angles are in the normal range, and the
detailed information is given in the Supporting Information. As
given in Figure 3, the purple part in the packing diagram rep-
resents the Bal polyhedron, the red one represents the Ba2
polyhedron, and the blue one represents the LnO- polyhedron.
The structure unit of Ba,Ln(BO;),Cl (Ln = Y, Gd, and Lu) is
constructed by isolated BOj; triangles and (Ba—O, Cl) and
(Ln—0) polyhedra, which is similar to the crystal structures of
homologous compounds Ba,Ln(BO3),Cl (Ln = Ho, Yb). How-
ever, the bond distances of Ba—O and Ba—ClI for the Ba,Ln-
(BO3),Cl (Ln =Y, Gd and Lu) compounds in the present work
are in the ranges 255.0(9)—302.3(2) and 315.8(4)—319.7(8)
pm, respectively. All values are in agreement with the typical
values of Ba—O and Ba—Cl bonds (Ba,Bs0,Cl-0.5H,0: Ba—O
262.3—307.3 pm, Ba—Cl 298.1—320.1 pm)."” The B atoms are
triangularly coordinated forming BO; groups which are isolated
from each other. They share edges or corners with Ba polyhedra
to form a three-dimensional network (see Figure 3). Figure 4
shows the ball-and-stick representations of the Ba,Ln(BO;),Cl
(Ln =Y, Gd, and Lu) compounds, emphasizing the coordination
environments, in which two Ba(1)OsCl, polyhedra are con-
nected by sharing edges on two Cl atoms and two Ba(2)O5Cl,
polyhedra are connected by sharing edges on two O atoms,
respectively. It can be seen that LnO; polyhedra are irregular with
site symmetry C,, and all these polyhedra form the network
structure by edge sharing of O and Cl atoms. Therefore, in the
structure of Ba,Ln(BO;),Cl (Ln =Y, Gd, and Lu), the Ba atoms
occupy two different sites (Ba(1) and Ba(2)), and they have a
complex coordination: Ba(1) is 9-fold coordinated by SO and
4C1, while Ba(2) is 10-fold coordinated by 80 and 2C1, as given
in Figure 5. It clearly demonstrates that two different Ba>* ion
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Figure 3. Proposed crystal structure model of the Ba,Ln(BO;),Cl (Ln =Y, Gd, and Lu) compound: (a) view along [100], (b) view along [010],
(c) view along [001]. The purple part in the packing diagram represents the Bal polyhedron, the red one represents the Ba2 polyhedron, and the blue

one represents the LnO; polyhedron.

Figure 4. Ball-and-stick representations of the Ba,Ln(BO3),Cl (Ln = Y, Gd, and Lu) compound emphasizing the coordination environments of
(a) Ba'OsCl, polyhedra by sharing edges on two Cl atoms and (b) Ba’04Cl, polyhedra by sharing edges on two O atoms.

(@

Figure 5. Coordination spheres of the two different Ba>" positions in Ba,Ln(BO3),Cl compound: (a) Ba(1) is 9-fold coordinated by SO and 4C1 and

(b) Ba(2) is 10-fold coordinated by 80 and 2C1.

sites Ba(1) and Ba(2) in the Ba,Ln(BOj3),Cl crystal structure can
be occupied as the emission centers after Eu** doping.

3.2. Photoluminescence Properties of Eu?* in Ba,Ln-
(BOs3),Cl (Ln =Y, Gd, and Lu). The photoluminescence excita-
tion (PLE) and emission (PL) spectra of Ba,Ln(BO;),Cl:0.03Eu>"
(Ln =Y, Gd, and Lu) are shown in Figure 6a. It is found that
Ba,Ln(BO;),Cl:Eu”" phosphors exhibit bluish-green/greenish-
yellow light for the naked eyes upon 365 nm UV excitation, as

shown in the digital photographs (Figure 6b). The broadband
emission spectra with peak wavelengths at 526, 548, and 511 nm
can be found and show full width at half maximums (FWHMs) of
97, 108, and 91 nm, for Ba,Y(BO;),Cl:Eu**, Ba,Gd(BO;),Cl:
Eu", and Ba,Lu(BO5),Cl:Eu”" phosphors, respectively. All the
broad emissions in the Ba,Ln(BO;),Cl:Eu*" samples are essen-
tially assigned to the 4£%6s°5d" —4f'65>5d" transition of the Eu®*
ion on the single cation ions site. However, two different Ba>"ion

10138 dx.doi.org/10.1021/ic200988w |Inorg. Chem. 2011, 50, 10134-10142



Inorganic Chemistry

(a)

?.."" =511 nm (Lu)
548 nm (Gd)
526 nm (Y)

A =365nm
o

Intensity (a.u.)

{ [SNETN S S SO U WG i TR (O L |

T ¥ Lomd
200 250 350 400 450 500 550 600 650

(b) Wavelength (nm)

Ln=Gd

Figure 6. (a) PLE and PL spectra and (b) digital photographs under
365 nm UV light of Ba,Ln(BO5),Cl:0.03Eu”" (Ln =Y, Gd, and Lu)
phosphors.

sites Ba(1) and Ba(2) in the Ba,Ln(BOj3),Cl crystal structure
have been verified in the above crystal structure description. By a
careful identification, we can find a very weak emission peak near
420 nm, which should correspond to the second Ba®" ions sites,
as also mentioned in G. Blasse’s previous work."” It is proposed
that the emission peak near 420 nm is quenched at room
temperature, so that we can hardly find the obvious emission
intensities.'® In order to further understand the origin of the
dominant emission band above 500 nm for three kinds of
Ba,Ln(BO;),Cl:0.03Eu>" phosphors, the well-known experien-
tial equation given by Van Uitert has been used to qualitatively
analyze the present experimental result."®

According to the report of Van Uitert,"” for Eu** in suitable
matrices, the following experiential equation, eq 1, provides a
good fit to the emission peak and excitation edge data. On the
basis of this, the problem about which kind of crystallographic
site substituted by Eu** in Ba,Ln(BO;),Cl can be investigated
theoretically.

/v
E = Q|} _ (E) 10—near/80] (l)

In eq 1, E represents the position of the d-band edge in energy for
rare earth ions (cm '), Q is the position in energy for the lower
d-band edge for the free ions, and it is 34 000 cm” ! for Eu**, and
Vis the valence of the “active” cation, here V = 2. ea s the electron
aflinity of the atoms that form anions.  is the number of anions in
the immediate shell about this ion, and r is the radius of the host
cation replaced by the “active” cation. Considering that the ea
value in the present Ba,Ln(BOj3),Cl host is very complex, we can
hardly obtain the specific value to calculate the d-band edge.
However, ea value should be fixed in each of the Ba,Ln(BO;),Cl
hosts, and a qualitatively analysis is thus conducted as follows.
According to eq 1, while Ba™ is substituted by Eu**, the emission
band positions shift toward the long wavelength direction if the

value of coordination number 1 of Ba** in Ba,Ln(BO;),Cl host
decreases. That is to say, the observed Eu”" emission above
500 nm in the Ba,Ln(BO;),Cl host should come from the 9-fold
coordinated Ba(1) site. In the structure of Ba,Ln(BOs3),Cl,
Ba(1) is 9-fold coordinated by SO and 4Cl, while Ba(2) is 10-
fold coordinated by 80 and 2Cl. When Eu®* replaces the Ba(1)
position with 9-coordination (5O, 4Cl), the broad-band emis-
sion peaks at 526, 548, and 511 nm can be observed at room
temperature for Ba,Y(BO,;),Cl:Eu”*, Ba,Gd(BO;),Cl:Eu’",
and Ba,Lu(BO;),Cl:Eu** phosphors, respectively. However,
the weak emission bands at or near 420 nm were ascribed to the
Eu”" luminescence substituted Ba(2) position with 10-coordination
(80, 2C1), and quenching behavior at room temperature may be
ascribed to thermally activated energy transfer to the Eu”* center
with the long wavelength emission band.

As for the emission difference of Eu>* among Ba,Ln(B0O3),Cl
(Ln =Y, Gd, and Lu) host lattices, it should come from the
electronic configurations properties of rare earth ions in the host.
As mentioned above, the broad emissions in the Ba,Ln-
(BO;),ClL:0.03Eu*" are assigned to the 4f°6s°5d"—4f 6s>5d°
transition of the Eu** ion. It is well-known that the 5d wave
function has lar§e spatial extension, and it depends on the sur-
roundings of Eu** ions. Thus, the different crystal lattice enviro-
nment is a critical parameter for the optical properties of the Eu**
ions. In Ba,Ln(BO;),Cl host, the LnO; polyhedra are irregular
with site symmetry C,, and the effective ion radius of 7-fold
coordinated Y**, Gd**, and Lu** ions are 0.096, 0.100, and
0.090 nm, respectively. As the immediate neighbor ions around
the Eu** emission centers, there are two possibilities which can
cause variation among the broad-band emission peaks at 526,
548, and 511 nm for Ba,Y(BO;),Cl:Eu**, Ba,Gd(BO;),Cl:Eu**,
and Ba,Lu(BO;),Cl:Eu*" phosphors.9 One is that the covalent
degree of chemical bonds increases with the increasing ion radius
from Gd**, to Y>*, to Lu*" in the Ba,Ln(BO;),Clhost, leading to
the decrease of the energy difference between 4f and 5d energy
levels. The other reason is related to the strong nephelanxetic
effect, which is also supported by the observed FWHMs of 97,
108, and 91 nm for Ba,Y(BO;),Cl:Eu*", Ba,Gd(BO;),Cl:Eu**,
and Ba,Lu(BO,),Cl:Eu*" phosphors, resulting in a decrease of
the energy gravity between 4f and Sd energy levels. The above
two evidence prove that the Ba,Gd(BOs),Cl:Eu** should have
the biggest Stokes shift, and the red-shift wavelength is 183 nm,
while the Ba,Lu(BO3),Cl:Eu** phosphor has the smallest one
of 146 nm.

Typical excitation spectra of Ba,Ln(BOj3),Cl:0.03Eu”* phos-
phors are also presented in Figure 6a. Although the three
excitation spectra corresponding to Ba,Y(BOs),Cl:Eu**, Ba,Gd-
(BO5),CL:Eu”", and Ba,Lu(BOs;),Cl:Eu®" phosphors were
monitored by different wavelengths of 526, 548, and 511 nm,
they display the same spectra profiles showing a broad peak from
250 to 450 nm, which can be attributed to 4f°6s°5d" —4f"6s>5d°
transition of Eu®" ions. As for the monitoring peaks above 500 nm
for Ba,Ln(BO3),Cl:0.03Eu>" phosphors, they were all ascribed
to the Eu’" luminescence substituted in the same crystallo-
graphic Ba(1) position with 9-coordination. The point symmetry
of Ba(1) site is C,. When the Eu®" ion occupies a lattice site with
C, symmetry, a stlitting into five 5d bands is expected in the
excitation spectra.”” Due to the serious overlap, only two dominat-
ing Sd bands (at about 275 and 355 nm) can be observed in the
excitation spectra of Ba,Ln(BO;),Cl:0.03Eu** phosphors, and
both of them contain some shoulder excitation bands at the edge

of the dominated peaks.
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Figure 7. Emission spectra of (a) Ba,Y(BO5),Cl:0.03Eu”", (b) Ba,Gd-
(BO3),Cl:0.03Eu™", and (c) BayLu(BO3),Cl:0.03Eu>" phosphors at dif-
ferent temperatures from 20 to 300 °C under the excitation of 365 nm.

The room temperature lifetimes of Eu®" emissions at 526, 548,
and 511 nm corresponding to BazY(BO3)2Cl:0.03Eu2+, Ba,Gd-
(BO4),Cl:0.03Eu>", and Ba,Lu(BOs),Cl:0.03Eu>" phosphors
under the excitation of 355 nm were measured. The PL decay
curves of the Eu”* emissions and the corresponding fitting curves
are presented in Figure S2. The decay curve can be well fitted
with a second-order exponential decay model by the following
equation:

I(t) = Ay exp( —t/t)) + Ay exp( —t/t) (2)

Here, I is the luminescence intensity, A; and A, are constants, t is
the time, and ¢, and ¢, are the lifetimes for the exponential com-
ponents. The values of ¢; and ¢, are listed in Figure S2. Further,
the ezfgective time constant (#*) can be calculated as the following
eq 3.

t* == (Altlz + Aztzz)/(Altl —|— Aztz) (3)

On the basis of eq 3, the decay times were determined to be
1.68, 1.40, and 127 us for Ba,Y(BO;),Cl:0.03Eu’", Ba,Gd-
(BO4),Cl:0.03Eu*", and Ba,Lu(BO3),Cl:0.03Eu”" phosphors,
respectively. Considering that Eu** located in this series of
Ba,Ln(BO3),Cl compounds should have a similar chemical enviro-
nment, the measured decay time is nearly the same, and the
fluorescence lifetime results also show that they are short enough
for potential applications in solid-state lighting.*"

3.3. Thermally Stable Luminescence of Eu®* in Ba,Ln-
(BO3)>Cl (Ln =Y, Gd ,and Lu). The thermal quenching property
is one of the important technological parameters for phosphors
used in solid-state lighting because it has considerable influence
on the light output and color rendering index. The temperature
dependence of the PL emission spectra of Ba,Y(BO,),Cl:0.03Eu>",
Ba,Gd(BO;),Cl:0.03Eu>", and Ba,Lu(BO3),Cl:0.03Eu>" phos-
phors excited by 365-nm UV light are illustrated in Figure 7. It
shows that this series of Ba,Ln(BQ3),Cl:0.03Eu”" phosphors
have excellent thermal stability. Especially, upon heating the
phosphor samples in a temperature range from 20 to 200 °C, an
abnormal increase of the emission intensity is apparent for the
Ba,Y(BO;),Cl:0.03Eu”" phosphor. This interesting phenomen-
on will be discussed below. For the Ba,Gd(BOj;),Cl:0.03Eu*"
and Ba,Lu(BO;),Cl:0.03Eu®" phosphors, the emission intensi-
ties decrease gradually. Additionally, an obvious blue shift above

AE
total energy
Eu?*:4/%65"5d" Eu2** Eu(1)**
S bbb AR 2% AE;
excitation F __L_.2 s I AE,
250-450 nm
- .
emission]
Eu?":4f 65’54’ emjfsion2
< X, _1_1

configurational coordinate

Figure 8. Schematic illustration of a configurational coordinate diagram
of the ground state (Eu™": 4f7), two split excited states (Eu(1)>* and
Eu(2)**), and AE, showing the energy barrier of the transition Eu(2)*
state to Eu(1)**, and AE, showing the energy barrier of the transition
Eu(l)2+ state to Eu(2)2+.

30 nm is observed from 20 to 200 °C for the three kinds of
Ba,Ln(BO;),Cl:0.03Eu”" phosphors. In most cases, the peak
positions of emission spectra are red-shifted with increasing tem-
perature, and the red-shift behavior can be explained by the Varshini
equation for temperature dependence®>*®

aT?

E(T) = Ep — ———
(T) = Eo T + b

(4)
where E(T) is the energy difference between excited states and
ground states at a temperature T, E; is the energy difference at
0K, and a and b are fitting parameters. At a high temperature, the
bond lengths between the luminescent center (e.g, Eu*") and
its ligand ions increase, resulting in the decreased crystal field.
Therefore, it will cause the split of degenerate excited state or
ground state, which results in the decrease of the transition
energy. So the emission peak is red-shifted with the increase of
temperature.”> However, the emission spectra in this series of
Ba,Ln(BO;),Cl:0.03Eu®" phosphors are blue-shifted with in-
creasing temperature. The temperature-induced blue-shift can-
not be described by eq 4. This blue shift can be explained in terms
of the thermally active phonon assisted excitation from a lower
energy sublevel to a high energy sublevel in the excited state of
Eu”"” > 1t is proved that there should be two different Eu*"
ion sites in the Ba,Ln(BOj3),Cl crystal structure. Figure 8 shows
the schematic illustration of a configurational coordinate diagram
of the ground state (Eu”*: 4f'6s°5d") and two split excited states
(Eu(1)** and Eu(2)*") in the present phosphor system. Since
Eu(1)*" and Eu(2)*" ions experience different crystal field strengths,
the 4£°6s°5d" excited states are located at different energy levels.
The excitation state transformed to the ground state with dif-
ferent energy values when they were excited by the near UV light
from 250 to 450 nm.>* For the two emission centers, the barrier
AE; can be overcome and the low-energy emission (Eu(1)) is
dominant at low temperatures. At a high temperature, the thermal
back-transfer over the barrier AE, is possible, and consequently
the high energy emission (Eu(2)) is dominant. Thus, the blue-
shift behavior is observed. This mechanism has been proposed in
the discussion of the temperature dependent spectra of Ca,SiO,:
Eu”*,* and further supported to be valid for NaCaPO,:Eu*".**
Therefore, the blue-shift behavior should be common in these

10140 dx.doi.org/10.1021/ic200988w |Inorg. Chem. 2011, 50, 10134-10142



Inorganic Chemistry

Cammcie

1204
)
5110-
§ 100 4
904
0 0 100 150 200 250 300
» Temperature ("C)
~ 141 (b " In=Y
Tl ® Y
3 1.0-‘ e - _5.90“'/‘_' Ln=Lu
2 08 e
1 =
g 04 R ¥
= 024 -
oy 0 T T T T T T T T
0 50 100 150 200 250 300
Temperature ('C)

Figure 9. Temperature dependence of the FWHMs of the (a) emis-
sions and (b) integrated emission intensities of Ba,Ln(BO;),Cl:0.03Eu*"
(Ln =, Gd, and Lu) phosphors.

silicates, phosphates, and the present chloroborate phosphors con-
sidering that there are the same multisite structures for Eu*" ions.
In order to further illustrate the variation of the temperature
dependent emission spectra for the Ba,Ln(BO;),Cl:0.03Eu™*
phosphors, Figure 9 shows the temperature dependence of
the FWHMs of the (a) emissions and (b) integrated emission
intensities of Ba,Y(BO;),Cl:0.03Eu’", Ba,Gd(BO3),Cl:0.03Eu**,
and Ba,Lu(BO;),Cl:0.03Eu*" phosphors. In Figure 9a, the
FWHM of this series of Ba,Ln(BOs),Cl:0.03Eu”" phosphors'
emission increases gradually with increasing temperature. It is well-
known that the thermally activated luminescent center is strongly
interacting with a thermally active phonon, contributing to the
variation of the FWHM of emission spectrum.” At a high tempera-
ture, the population density of phonon increases, and the electron—
phonon interaction is dominant, and consequently the FWHM of
emission spectrum is broadened. Furthermore, the nonraditive tran-
sition probability by thermal activation is also strongly dependent on
temperature resulting in the decrease of emission intensity. How-
ever, the present Ba,Y(BO5),Cl:0.03Eu”" phosphor is not such a
case. As given in Figure 9b, it represents the temperature depen-
dence of the integrated emission intensity normalized with respect
to the value at room temperature. It can be clearly seen that the
Ba,Ln(BO5),Cl:0.03Eu”" phosphors have a comparatively good
temperature quenching effect. When the temperature increases up
to 150 °C, the normalized emission intensity is found to be 136%,
90%, and 79% of the initial value for Ba,Y(BO;),Cl:Eu**, Ba,Gd-
(BO3),Cl:Eu**, and Ba,Lu(BO;),Cl:Eu*", respectively. Especially,
the as-prepared Ba, Y (BO,),Cl:0.03Eu** phosphor has the abnor-
mal temperature dependent emission property. Emission inten-
sity of BazY(BO3)2C1:Eu2+ increases from room temperature to
200 °C, and then it decreases slightly. The emission spectra
variation of Ba,Y(BO,;),Cl:0.03Eu”" from room temperature
to 300 °C, and then to 100 °C, is also given in Figure S3. It is
found that the temperature dependent emission spectra of
Ba,Y(BO,),Cl:0.03Eu>" have reversible variation behavior from
300 to 100 °C compared to the increasing temperature range.
Such an excellent thermal property is very attractive in our
present work. We proposed that the reason should be related

o k- 4 BaGd(BO,),CLEu"
\ v BaZIM(BO’)ICl:EuH

- _l_\ *
:e . - 0.27 eV
= 2 o /" 019ev
£ A  data -y
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fitting line

16 18 20 22 24 26 28 30 32

1000/T (K)

Figure 10. Activation energy for thermal quenching of Ba,Gd(BOj3),-
Cl:0.03Eu”" and Ba,Lu(BO;),Cl:0.03Eu>"" phosphors.

to the different temperature dependence photoluminescence
behavior originating from the two existing emission centers.
First, we have excluded the influence of the temperature depen-
dent structure by comparatively studying the phase structure of
Ba,Y(BO;),Cl at room temperature and after heat treatment of
200 °C, as given in Figure S4. No obvious difference in their XRD
patterns can be found. Therefore, the increase of the emis-
sion intensity with increasing temperature should be ascribed to
the difference of luminescence efficiency from the two emission
centers, and the emission centers at the short wavelength side
play the key role in this process, as also found for the blue-shift
behavior. However, its detailed luminescence mechanism and
process are intriguing enough to warrant further exploration in
the future work.

Iy

o) :

kT

IT:

In order to understand the temperature dependence of emis-
sion intensity and to determine the activation energy for thermal
quenching, the Arrhenius equation was fitted to the thermal
quenching data of the Ba,Gd(BO;),Cl:0.03Eu”" and Ba,Lu-
(BO3),Cl:0.03Eu”* phosphors, as shown in Figure 10.>%*” As
demonstrated in eq S, the probability of thermal activation is
strongly dependent on the temperature, resulting in the decrease
of emission intensity. In eq S, I is the initial emission intensity, I
is the intensity at different temperatures, AE is activation energy
of thermal quenching, cis a constant for a certain host, and k is the
Boltzmann constant (8.629 x 10> eV). Figure 10 plots the
relationship of Ln[(Io/It) — 1] versus 1000/T for the two
kinds of phosphors, which is linear with a slope of —3.08
(Ba,Gd(BO;),Cl:0.03Eu™) and —2.27 (Ba,Lu(BO;),CL:0.03Eu™").
According to eq S, the activation energy AE was calculated to be
0.27 and 0.19 €V, respectively. Usually, AE is related to the
energy gap between the lowest energy Eu”*(4£°6s°5d") excited
level and the bottom of the conduction band, which is connected
with thermally activated energy transfer processes. Compared
with the previous reports on the calculated activation energy
corresponding to the thermally stable phosphors,*® Ba,Gd-
(BO;),Cl:0.03Eu”* and Ba,Lu(BO3),Cl:0.03Eu>" phosphors
have a high or comparable activation energy value.
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4. CONCLUSIONS

In this work, we present a systematic study on the synthesis,
structures analysis, and photoluminescence properties of a series
of novel chloroborate phosphors Ba,Ln(BO5),Cl:Eu*" (Ln =,
Gd and Lu), especially those phosphors showing thermally stable
luminescent properties. The successful isomorphic substitution
for Ln*" sites in Ba,Ln(BO3),Cl host by other trivalent rare earth
ions, Sm, Eu, Tb, Dy, Ho, Er, Tm, Yb, has been found, and the
crystal structures for Ba,Ln(BO3),Cl (Ln =Y, Gd, and Lu) were
refined by the Rietveld method. Under 365 UV light excitation,
Ba,Ln(BO;),Cl:Eu’* phosphors exhibit bluish-green/greenish-
yellow light with Iz)eak wavelengths at 526, 548, and 511 nm for
Ba,Y(BO3),Cl:Eu**, Ba,Gd(BO;),Cl:Eu**, and Ba,Lu(BO;),Cl:
Eu’", respectively. Furthermore, this series of Ba,Ln(BO3),Cl:
Eu”" phosphors have high thermal quenching temperatures, and
their emission bands show a blue-shift with broadening band-
width. The more important and interesting phenomenon is that
Ba,Y(BO3),Cl:0.03Eu”" phosphor has an abnormal temperature
dependent emission property. The emission intensity increases
from room temperature to 200 °C, and then decreases slightly.
The present results suggest that our exploration in the novel
chloroborate phosphor Ba,Ln(BOs;),Cl:Eu** are helpful for
understanding the crystal structure and photoluminescence
properties and developing new materials as the wavelength-
conversion phosphors for use in white-light UV-LEDs.
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