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Bay(1.4Z1,8130;, (BZSO): xEu?* (x = 0.005-0.06) phosphors have been prepared by high temperature solid state reaction. By X-ray
powder diffraction, the structural properties including phase purity were analyzed through Rietveld analysis. The BZSO: Eu** phosphors
exhibit broad excitation band ranging from 200 to 450 nm, and an intense asymmetric green emission band centered at 501 nm under
excitation of 365 nm. The optimum doping concentration of Eu*" was found for x = 0.03. The detailed energy transfer mechanism among
Eu®" in BZSO is found to be dipole—dipole mechanism, and the critical distance (Rc) for Eu®" ions calculated by the concentration
quenching and spectral overlap methods are 20.45 and 25.83 A, respectively. Furthermore, the unexpected blue shift (from green to cyan)
in emission and the increase on the thermal quenching barrier upon cation substitutions (Ca>*/St*" for Ba®") in BZSO: 0.03Eu®" system
have been investigated, which is due to the variation of the crystal field strength that the 5d orbital of Eu®" ion experiences. The
underlying mechanism is ascribed to the differences between the average structure and the local coordination environments on activator
ions (Eu®"), as confirmed by the refinement results. Considering the merits of near-UV light excitation, broad band emission, and good
thermal stability, these materials have potential application as WLEDs phosphors.
ss surrounding  crystal field and strongly affected by the
1. Introduction polarizability of the host crystal, thus, the excitation and emission
energies are tunable in a wide range through modulate the host
composition and crystal structure.> ** ?* On the other hand,
silicate-based phosphors have attracted much attention due to
their structural diversity, visible light transparency, higher
thermal stability and relatively easy preparation.”>’ Thus, in this
study, we report a green emitting Ba,Zr,Si;0,, (BZSO) phosphor
host doped with Eu?*, which is formed from the framework of
ZrOg¢ octahedras and SiOj, tetrahedras sharing vertexes.® 3 This
ss sample presents an intense broad excitation band from 200 to 450
nm which overlaps with the emission of the NUV LED chip,
while a broad asymmetric emission band peaking at 501 nm is
obtained under 365 nm excitation. There are two different
emission centers (Eu?") in the crystal structure of BZSO: Eu*’,
¢ confirmed by the Rietveld refinement analysis. Meanwhile, the
detailed energy transfer mechanism among Eu®" and the critical
distance (R¢) for Eu®* have been clarified in detail. In addition, an
abnormal blue shift in emission is found in BZSO: 0.03Eu*" with
gradual substitution of Ba®" with smaller Ca**/Sr*", accompanied
by better thermal stability from Ca®* to Sr*', then to Ba®" for
BZSO: 0.03Eu®". The underlying mechanism has been revealed
to be the differences between the average structure and the local
coordination environments on Eu" ions, which may significantly
contribute for exploring novel phosphors in future research.

Over the decades, white light emitting diodes (WLEDs), as one
promising solid-state lighting sources, has aroused another
revolution to overtake conventional incandescent or fluorescence
lamps on the illumination, considering their fascinating
advantages such as energy savings, small size, eco-friendliness,
high brightness and a long lifetime.'"'° Recently, most of
commercial lamps combine the blue InGaN chip with a yellow-
emitting Y3Al;015: Ce®™ (YAG: Ce®") garnet-based phosphor to
obtain white light. Unfortunately, the drawbacks of this method
are low color rendering index (CRI < 75) due to the lack of red
component and the corresponding high correlated color
temperature (CCT), which makes such devices undesirable for
indoor use.> ''""'* An alternative strategy to obtain white light with
high CRI may be based on a combination of a near ultraviolet
(NUV) LED chip (365-410 nm) with red, green, and blue
emitting phosphors. However, the bottleneck of this method is the
scarcity of efficient phosphors, owing to the large Stokes shift
between excitation and emission in the NUV excitable
phosphor.' '® Therefore, it is vital to develop some novel
phosphors with high stability, high efficiency and ultrasensitivity
in NUV region from the practical viewpoint.> " ¥

Eu®" ion, as one of the most widely used activator in
phosphors, has broad excitation band covering the emissions
from NUV LED chips and an emission band ranging from the
blue region to the red region due to the parity-allowed 4f-5d
transitions.'*** Because the 5d orbitals of Eu®" are sensitive to the
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2. Expermental
2.1 Materials

BaCOs;, SrCO;, CaCOs, ZrO, and SiO, were purchased from
Beijing Chemical Company. The Eu,0; (99.999%) was
purchased from Science and Technology Parent Company of
Changchun Institute of Applied Chemistry. All chemicals were
used directly without further purification.

[

2.2 Preparation

A series of Bay(.yZr,Si30, (BZSO): xEu®" (x = 0.005-0.06)

10 powder samples were prepared by conventional solid state
reaction process. Firstly, the stoichiometry contents of BaCOs,
Eu,03, ZrO, and SiO, with the purity higher than 99.99% were
ground in an agate mortar for 45 min for a good mixing. The
mixture was calcined in aluminum oxide crucible at 1200 °C for 4

15 h under a reducing atmosphere of N, (90%) and H, (10%). The
sintered samples were grounded for 30 min to form a
homogeneous mixture. Then, the mixture was fired again at
1400-1500 °C for 6 h under a reducing atmosphere of N, (90%)
and H, (10%), yielding the resulting phosphors.

20 2.3 Characterization

The X-ray diffraction (XRD) patterns were performed on a D8
Focus diffractometer in the 26 range from 10° to 100° operating
at 40 kV and 40 mA with graphite-monochromatized Cu Ka
radiation (A = 0.15405 nm). The Rietveld analysis of the XRD
»s was done using the General Structure Analysis System (GSAS)
program.®’’ The photoluminescence (PL) measurements were
recorded with a Hitachi F-7000 spectrophotometer equipped with
a 150 W xenon lamp as the excitation source. The luminescence
decay curves were obtained from a Lecroy Wave Runner 6100
Digital Osilloscope (1 GHz) using a tunable laser (pulse width =
4 ns, gate = 50 ns) as the excitation source (Contimuum Sunlite
OPO). The temperature-dependent properties of the phosphors
were measured with a Horiba-Jobin-Yvon Fluorolog-3 FL3-211
spectrometer equipped with a 450 W xenon lamp as the excitation
ss source. All the measurements were performed at room
temperature (RT).

3

S

3. Results and discussion
The XRD pattern of the Ba,Zr,Si301,: 0.03Eu®* (BZSO: 0.03Eu?")
40 sample was first defined by Rietveld refinement implemented
with the structure model, which was built with crystal structure
information identified by previous reports.”® * 3! The observed,
calculated, and the difference patterns of the XRD refinement of
BZSO: 0.03Eu*" is shown in Fig. la. The final refinement
ss converged with weighted profiles of Ry;= 6.05% and R,,, = 7.76%,
thus ensuring the phase purity of the sample. As the
crystallographic data of BZSO: 0.03Eu®" shown in Table S1, this
compound exhibits a cubic crystal system with space group P2,3
(No. 198), Z = 4, and its cell parameter is a=b = c = 10.24278 A,
50 V =
literatures.”® ** In the typical crystal structure of BZSO as

1074.62 A°, basically agreeing well with previous

displayed in Fig. 1b, two Zr atoms occupy only the 4a site
coordinated by six O atoms to form two kinds of ZrOg octahedra.
The Si atom forms SiO, tetrahedra with the occupation of 125
ss site. The three-dimensional structure of BZSO is formed from the

framework of ZrOg octahedra and SiO, tetrahedra sharing the o>
vertexes.> Notably, there are two distinctive Ba atoms with
different coordination numbers as depicted in Fig. 1b. The Ba(1)

~~~
)
Nt

60

BZSO: 0.03Eu?*

* Raw data

Calculated line

——— Background line

o3 —— Bragg positions

Relative intensity (a.u.)

4 — Difference
0 [T IIJIhIIII (LRI R0 00 OOREHR OPRTR Y O R A
- - Y A r YRR 0 0 | SRy _]
] T Y, T & T ¥ T L] T ¥ T L T ® T z 1
10 20 30 40 50 60 70 80 920 100

2 Theta (Degree)

Fig. 1 (a) Experimental (cross), calculated (solid line), and
difference (bottom) results of powder X-ray diffraction (XRD)
o refinements of Ba,Zr,Si;0;y: 0.03Eu”". Bragg reflections are
indicated with tick marks. (b) Crystal structure representation of
Ba,Zr,Si;0;, and the two different Ba®" sites are depicted with
twelve- and nine-coordination by oxygen atoms, respectively.

os and Ba(2) atom both occupy the 4a site in the center of BaO,,
polyhedron (CN = 12) and BaOy polyhedron (CN = 9),
respectively. Considering the similar ionic radii and valence, the
Eu**
occupying the Ba*" sites.*

w  As shown in Fig. 2, the fine structure of BZSO: 0.03Eu*" is
further examined by high resolution transmission electron

ions are expected to dissolve in the host by randomly

microscopy (HRTEM). It is obvious that the particles have
smooth morphology with diameters in the scale of microns. The
selected area electron diffraction (SAED) pattern in Fig. 2b
105 presents strong concentric ring patterns that can be indexed to the
(310), (311), (421) and (520) planes of BZSO, respectively,
indicating the polycrystalline nature of the sample. It can be seen
that continuous lattice fringes with a d spacing of 0.308 nm
correspond to the distance of the (311) plane of BZSO in Fig. 2c,

110 which is consistent with the results of SAED.
Fig. 3a depicts the photoluminescence excitation (PLE) and
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emission (PL) spectra of BZSO: 0.03Eu”*" sample. The observed
excitation spectrum consists of three absorption bands peaking at
272 nm, 331 nm and 370 nm, which can be attributed

Fig. 2 (a) TEM 0.03Eu*, (b)
20 corresponding SAED pattern and (¢) HRTEM images of the
selected area.

to the 4f7-4f°5d" transitions of Eu®" from the ground state to the
different splitting levels of the 5d state. **¢ Under the excitation
25 of 365 nm, the BZSO: 0.03Eu®* phosphor produce very broad
asymmetric emission band peaking at around 501 nm with the
full-width at half maximum (FWHM) about 3751 cm’!, which
corresponds to the typical 41°5d'-4f" transition of Eu®* ion.””*’
The inset of Fig. 3a shows the corresponding CIE chromaticity
30 diagram (0.191, 0.412) and digital photograph for the BZSO:
0.03Eu®" sample monitored at the wavelength of 365 nm, which
indicates that this material can be potentially used as a green
phosphor for WLEDs. Generally, the electron-vibrational
interaction of the Eu®" 5d states is influenced by the following
35 parameters: the Stokes shift AES , the Huang-Rhys factor S and
effective phonon energy A® ¥* In order to facilitate the
analysis, the following equations could be applied:

AE = (2S-1)ho (1)

h 1/2
I(T) = 2.35ho| S coth (—‘” 2
2T

40 Taking the Stokes shift as 5292 cm™ and the full-width at half
maximum (FWHM) about 3751 c¢m™, the value of the Huang—
Rhys factor S and effective phonon energy /() can be calculated
as 3.68 and 832 cm™', respectively.*® ** As is known to all, the
energetic position of the 5d-band edges (E) for the Eu®" ion is
45 sensitive to electron-electron repulsion between the center ion
and its surrounding anions, which can be estimated from the
relation

E(cm—l) — Q[l _(%)I/VXIO-(nEar)/SO] (3)

where E is the position of the emission band of rare-earth ions
so (cm™), Q is the position in energy for the lower d-band edge of
the free ion (34000 cm ™' for Eu®"), V' is the valence state of the
Eu®" ion (¥ = 2), n is the number of anions in the immediate shell
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around Eu?" ion, which is the coordination number of Eu, E, is
the electron affinity of the anions around the Eu®" ion (in eV), and
r is the ionic radius of the host cation replaced by Eu*" (in A).***
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Fig. 3 (a) The PLE and PL spectra of BZSO: 0.03Eu®" sample, (b)
The PL intensity of BZSO: xEu®* samples as a function of Eu®"

doping concentrations, (c) The plots 1g //x vs 1g x of the BZSO:

xEu?" phosphor, under the excitation of 365 nm.

On the basis of the above analysis, it is apparently that the value
of E (cm™) is directly proportional to the product of # and 7. Thus,
it is reasonable to assign that the emission bands at 494 nm
(20243 cm’™") and 545 nm (18348 cm™) correspond to Ba(1)O,
(CN = 12) and Ba(2)Oy (CN = 9), respectively, basically agreeing

This journal is © The Royal Society of Chemistry [year]
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well with the XRD refinement results. where E is the energy of maximum spectral overlap, P is
The influence of doping concentration of Eu®' ions on the oscillator strength of the Eu*" ion (0.01 for an allowed 4f-5d

emission intensity of the obtained BZSO: xEu>* phosphor is transiti E EVAE i
ansition) and fs( ) fa( ) is the spectral overlap

5 100 ¢

integral from the normalized excitation and emission spectrum of

B 2+
BZS0: 0.03Eu BZSO: 0.03Eu*'."> 2 3 The values of E and

lﬂ =365 nm, xm =501 nm

6

S

- E E)dE were calculated to be 3.05 and 0.85 eV’
= I= A exp(-t/t )+A exp(-t/r)) .[ SE)o(E)

" N 60 - ©=1.057 ps from the spectra, respectively. Thus, the Rc was calculated to be
2 25.83 A, which is consistent with the result obtained through the
‘7 O Experiment Curve trati hi thod
s 40 - Fiteing Cive concentration quenching method.
= © (a) { BZSO: 0.03Eu*, 0.05Ca?*

— 20 4

15

0

lIIII TELELE e
1 L S Y I T | 1 1
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Decay time (ps)

Fig. 4 Decay curves of BZSO: 0.03Eu®* sample (Ao, = 365 nm,
Aem = 501 nm).

20

displayed in Fig. 3b. It is apparently that the optimum doping
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spontaneous energy transfers from one activator to another, 2 Theta (Degree)
leading to nonradiative transitions.***® The critical distance R
g € % (c) { BZSO: 0.03Eu?, 0.058r%

3 between Eu”" ions can be roughly calculated by concentration

S

quenching method using the equation
R.~2[3¥ /42X .N]" @

where V is the volume of the unit cell, X is the critical
concentration of doped ions, and N is the number of the host 35
cations in the unit cell.*”>*® For BZSO: 0.03Eu*", N=8 and V' =
1074.62 A3, Xc is 0.03 for Eu®", therefore, the critical distance
(Rc) was calculated to be about 20.45 A. Since the typical critical
distance is about 5 A for exchange interaction, which is much
smaller than the obtained result 20.45 A, thus, the exchange %
w interaction can be ruled out.*>' Therefore, the energy-transfer

3

&

“dge = 0:246 nm

2.nm
—

Relative intensity (a.u.)

o TR T e R T T

mechanism is attributed to the interaction of multipolar- — %, 1
multipolar, which can be easily deduced from the following 10 20 30 40 50 60 70 80 90
equation 2 Theta (Degree)

. os Fig. 5 The Selected Rietveld refinement to XRD patterns for
I k1 o/377! o "
o [1+B()" ] ) BZSO: 0.03Eu®, mCa>* (a) m = 0.05, (b) m = 0.10 and BZSO:
0.03Eu*", nSr** (¢) n = 0.05, (d) n = 0.10, respectively. The insets
are corresponding HRTEM images.

a

4s where the values of # are 6, 8 and 10 corresponding to dipole-
dipole, dipole-quadrupole and quadrupole-quadrupole interaction,

respectively, I is the luminescence intensity, x is the As displayed in Fig. 4, the decay curves of BZSO: 0.03Eu**

could be well fitted to double exponential functions as I =

i ! ) : g Ajexp(-t/t)) + Aexp(-t/ty), from which the average lifetime of
so above analysis, the value of 8 in our experiment is approximately Eu" (41°5d'-4f transition) was calculated to be 1.057 us.'s %
equal to 6 after calculation shown in Fig. 3c, which means that

10

=3

concentration of activator, K and S are the constants for a given
excitation wavelength and crystal structure.’* According to the

' ) ; o The double exponential decay dynamic is in agreement with the
the concentration quenching mechanism of BZSO: xEu™ |/ fyct that there exist two types of cation sites in the host lattice.
phosphors is dipole—dipole interaction. Furthermore, the Rc could The average lifetimes were determined to be 2.091, 1.151, 1.135,
be also obtained through spectra overlap method with the formula 0.965, 0.882, and 0.826 us for x = 0.005, 0.01, 0.02, 0.04, 0.05

o 4. 8x10 e,

S

and 0.06 in BZSO: xEu”", respectively. The lifetime decreases in
jf (E)f,(E)dE (6), the BZSO: xEu”" system with the increase of Eu®" concentration,
110 which due to the fact that the distance between Eu®" ions shortens

« R°=0.63x10’
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at higher doping content, thus the interactions become stronger.*®

@

I 1 —&—BZS0:0.03Eu”", mCa™

10.233 i
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2+ 2 .
Ca’"/Sr™" concentration
Fig. 6 Unit cell parameters of BZSO: 0.03Eu*’, Ca®'/Sr**

obtained from Rietveld refinement data present both a contraction

—
0.03

in the (a) lattice parameter and (b) cell volume as the
concentration of Ca>"/Sr*" increases, reflecting the effects of the
cations substitutions.

Although the 4f°5d'-4f" transitions of Eu*" ions have intrinsic
characteristics that contribute to the optical properties, these
transitions are parity-allowed and sensitive to the crystal fields of
the surrounding ions. Thus, this dependence on the crystal field
enables tuning of the emission color.> & ** 3 By employing
isovalent substitutions with varying sizes (Ca®*/Sr** for Ba>"), we
could alter the local environment for Eu®" ions in BZSO:
0.03Eu®" and thereby the luminescence properties. Firstly,
Rietveld refinement with GSAS program has been performed to
obtain more detailed information to investigate how substitution
(Ca®/Sr** for Ba®") affects the BZSO: 0.03Eu®" crystal structure.
As the selected samples shown in Fig. 5, the observed, calculated
and the difference results from the refinements are consistent
with the Bragg reflections, which indicates the formation of a
single phase. The inset HRTEM images present a very uniform
contrast, verifying that these single-phase samples are highly
crystalline and without significant defects. Table S2 summarizes
reliability factors and lattice parameters of BZSO: 0.03Eu®",
mCa®" (m = 0.01-0.10) and BZSO: 0.03Eu*", nSr*" (n = 0.01-0.10)
samples. In all cases, the structure refinements converged with
final R, about 6% and R,, about 8%, which revealing a good
quality of fit. As the lattice parameters for BZSO: 0.03Eu®",
mCa® and BZSO: 0.03Eu*', nSr*" phases determined from
Rietveld refinement analysis plotted in panels a and b in Fig. 6,
all lattice parameters show smooth evolution and the volumes of
lattice decrease with the increasing of contents of Ca*" or Sr**
according to the Vegard’s rule, due to the fact that larger Ba®' is
substituted by smaller ions of Ca®" and Sr**.** ¢ Comparing with
the Ca”" series, the Sr**-doped series have lager lattice parameters
and volumes because of the different ionic radii (r¢, < rg,).

Fig. 7 shows the emission spectra of BZSO: 0.03Eu®", mCa
and BZSO: 0.03Eu*", nSr**, with m and n corresponding to
various molar concentrations (0-0.10) of Ca®** and Sr*,

2+

respectively, under the excitation of 365 nm. It is obvious that
there is a continuous blue shift from 501 nm to 472 nm for Ca?'-
doped and 501 nm to 480 nm for Sr*'-doped samples,
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respectively. The emission, Stokes shift, centre of gravity, crystal
filed splitting and the CIE coordinates for BZSO: 0.03Eu*",
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Fig. 7 The variation of emission position of (a) BZSO: 0.03Eu*",

mCa>" and (b) BZSO: 0.03Eu*’, nSr*" with changing Ca®/Sr**

concentrations. The inset shows the corresponding CIE

chromaticity coordinates and the photographs of BZSO: 0.03Eu",

0.10Ca*" and BZSO: 0.03Eu**, 0.10Sr*", respectively, under 365

nm excitation.

T
400 650

mCa®" and BZSO: 0.03Eu®", nSt*" are summarized in Table S3.
As shown inset of Fig. 7, the chromaticity coordinates for BZSO:
0.03Eu*, mCa®" and BZSO: 0.03Eu*, nSr*" phosphors can be
tuned in the range from (0.191, 0.412) to (0.165, 0.243) and from
(0.191, 0.412) to (0.163, 0.274), respectively, which means that
the emission color between green and cyan in the visible region
of the spectrum can be easily obtained by varying the divalent
metal ions, such as: Ca>* or Sr**, like the photographs of BZSO:
0.03Eu*", 0.10Ca*" and BZSO: 0.03Eu?", 0.10Sr*" displayed inset
of Fig. 7a and b. The overall tendencies of Stokes shift and
emission energy in the BZSO: 0.03Eu**, mCa®>* and BZSO:
0.03Eu®’, nSr*" systems are plotted in Fig. 8. In summary, the
tendency of increase in emission energy with the increasing of m
or n is unexpected and contrary to the traditional theory about
crystal field strength.**>7 Generally, the progressive replacement
of Ba®* by smaller Ca**/Sr*" ions is expected to be followed by
shorter metal-ligand distance, resulting a stronger crystal field
environment, which can be proved by the decreasing of lattice
parameters and volumes shown in Fig. 6, thereby causing red

This journal is © The Royal Society of Chemistry [year]
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shift in emission, meanwhile, decreasing the emission energy.* >

Such abnormal blue shift emission properties should be clarified

1400
5200 —O—BZSO0: 0.03Eu’", mCa™ F
. —&—BZS0: 0.03Eu™", nSr™ P 1200
5000 L
"5 e 1000_~
54800 L £
P . 800 —
= 4600 Fo=
] - 600 .
5] <
< 4400 L 5
8
) ] 400
4200 -
. 200
&
4000 -
T T T T T 0
0.00 0.02 0.04 0.06 0.08 0.10

2 2 .
Ca”'/Sr” concentration (m or n, mol)

Fig. 8 The overall tendencies of Stokes shift and emission energy
in the BZSO: 0.03Eu®", mCa®" and BZSO: 0.03Eu™, nSr*
systems a function of Ca*'/Sr** doping

concentrations.

are plotted as

in more details. Accordingly, we propose the underlying
mechanisms of the differences between the average structure and
the local coordination environments on activator ions (Eu®") for
this unusual blue shift emission.

Generally, the luminescence properties of phosphors are
influenced by their size and morphology. However, it is obvious
that the size and morphology of BZSO: 0.03Eu*" varied little with
introduction of Ca®/Sr**, as the SEM shown in the Fig. SI,
which is ascribed to the high temperature solid state reaction
method. Thus, it can be concluded that the variation of the
luminescent property is mainly due to the change of local
environment around the activator. Firstly, bond valence sums
(BVS), shown in Fig. 9, were calculated from refinements of X-
ray diffraction data to help determine the microstructure of Ba®"
sites.” ¢ Ba®" on both Ba(1) and Ba(2) sites have comparable
BVS, which are under-bonded with a value smaller than +2,
while Si*" is highly over-bonded with a value greater than +4.
Macroscopically speaking, this structure causes one site to be
under-bonded and one site to be over-bonded, which is
deleterious to the stability. However, taking into account the
refined bond length of Ba-Si and Ba-Zr, it is able to balance this
situation and achieve an optimum condition by the formation of
subunits of Ba-O-Si due to the fact that the bond length of Ba-Si
is smaller than Ba-Zr. Thus, the BVS of these subunits has been
calculated as shown in Fig. 9, which is consistent with the
optimum value displayed in green line. This means that these
subunits help to form a highly rigid substructure, which would
have a great influence on the PL properties. To clarify the local
environments of Eu®" sites, the effect of Ca®>"/Sr*" incorporation
involved in the Eu®" activators can be analyzed by the variations
of ionic radii and cell volumes, as shown in Fig. 10. It is obvious
that the decrease of cell volume is relatively small compared with
the decrease of ionic radii with the introduction of Ca'/Sr*".
Thus, it can be deduced that microenvironment of activators is
expanded to some extent so as to compensate for the decrease of
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ionic radii in comparison with the Ba,Zr,Si;0, host.®! So, we
can conclude that the blue shift of the Eu?* emission with
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Fig. 9 The bond valence sums (BVS) of Ba(l), Ba(2) and Si
atoms in the BZSO: 0.03Eu®", mCa" and BZSO: 0.03Eu™", nSr*"
systems. BVS analysis indicates that the formation of Ba-O-Si
subunits is an optimal bonding environment for activators.

increasing Ca®>"/Sr*" concentrations was ascribed to the decrease
of the crystal field strength that the 5d orbital of Eu®" ion
experiences due to the differences between the average structure
and the local coordination environments on activator ions.”

As the introduction of Ca**/Sr*" ions, the crystal structure of
the BZSO: 0.03Eu®" system would change to some extent, thus,
the local of the Eu®'-substituted sites are
significantly changed due to bond-length changes between the
activator cation and the ligand anion.® ® According to the
equation

environment

zZe*r!
6R’

where Dq is a measure of the crystal field strength, Z is the

A=Dg = @)

charge or valence of the anion, e is the charge of the electron, r is
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Fig. 10 The variations of cell volumes and ionic radii in the
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=

BZSO: 0.03Eu*", mCa®" and BZSO: 0.03Eu*", nSr** systems.

the radius of the d wavefunction and R is the distance between
the central ion and its ligands.** ®° As discussed above, when
Ba®" is substituted by a smaller Ca®" ion, the crystal site of Eu?" is
expanded, and the magnitude of the crystal field decreases. Thus,
the 5d band of Eu?' is increased and there is a continuous blue
shift in the emission along with the increasing of Ca>" content.
On the other hand, previous works have shown that the
introduction of impurity ions would increase the polyhedral

£ @
g
3 .
£ o
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o
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Tallnlctlnll
see M. ®
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o I
g 3
H) g g g p
3 2 2 g
{ ] AR
v Af7
Free Eu” ions
Crystal field strength

35 Fig. 11 Local structural coordination of Eu®" ions in host lattices
of (a) BZSO: 0.03Eu*", (b) BZSO: 0.03Eu*", mCa®>" and (c)
BZSO: 0.03Eu®*, nSr*" series. (d) The corresponding model for
the crystal field strength and emission energy of 5d energy level
of Eu®" in strong and weak crystal fields.

distortion index (D), which can cause an increased crystal field
strength and red shift.”> ® However, in our system, the calculated
D is consistent regardless of the Ca®" concentration, such as
0.0343 for Ba(1) and 0.0401 for Ba(2), based on the equation

n

D:lz|ll lav‘ ®)

ns 1,
where /; is the distance from the central atom to the ith
coordinating atom and /,, is the average bond length, due to the
highly rigid substructure of Ba-O-Si subunits as proved above.**
% Therefore, the observed expansion in local environments and
consistent distortion index cause weak crystal field strength, thus,
resulting blue shift in the PL properties as Ca>" content increases.
As for BZSO: 0.03Eu”", nSr*" system, due to the fact that the
radius of Sr** lies between Ba®" and Ca®', the crystal field
strength is stronger than Ca>" doped samples, thus, the blue shift

A

-
S

ss is smaller compared with the BZSO: 0.03Eu*, mCa®" system and

the similar mechanism will not be discussed in details here. In
addition, we have measured the decay curves of BZSO: 0.03Eu”",
mCa®* (m = 0.03-0.10) and BZSO: 0.03Eu*", nSr** (n = 0.03-0.10)
samples, and the obtained life times have been listed in the Table
S4. The measured decay time is nearly the same, which indicates
that they are short enough for potential applications in WLEDs.

As the scheme shown in Fig. 11a, the centre Ba>" ions is
surrounded by coordinated O* ions that also linked with other
neighboring cations, such as Si*", zr*", and outer Ba®>" ions. Once
introduction of activator ion, Eu?" would randomly occupy Ba>*
positions in the host lattice, thus, resulting in the green emission.
In the BZSO: 0.03Eu”, mCa® and BZSO: 0.03Eu’’, nSr’
system, the Ba>" cations are replaced by smaller Ca®* and Sr**
cations at the second-neighbor sites of the Eu®* ions when m and
n increase, which would have a dominant effect on the PL
properties. Generally, the ionic potential can be used to evaluate
the attractive force of the central cations towards the anions,
which can be estimated using the following formula (¢ = Zlr
where Z is the electric charge number of ion, and r is the ion
radius (pm).*” As is known, the ionic radii of Ba®*, Ca*" and Sr**
is in the sequence of #(Ba®") > r(Sr*") > #(Ca"), so the p(Ca*>") >
@(Sr*") > p(Ba>"). Thus, the Ca>" has the highest attractive force
towards O, followed by the Sr** ions. When Ba®" is substituted
by a smaller Ca>* ion, the bond length between Eu®>" and 0% (L,)
becomes longer and the magnitude of the crystal field strength
decreases, thus, resulting in the blue shift in the emission.
Considering the circumstance of Sr**-doped series, the blue shift
in the emission is smaller than in the Ca®" series due to the fact
that o(Sr*") lies between ¢(Ca’") and ¢(Ba®") and L; is shorter
than L,, thus the crystal field strength is in the middle. The
corresponding models for the crystal field strength and emission
energy of 5d energy level of Eu®" are shown in Fig. 11d.

The thermal stability of phosphors is an important index for
the practical application of WLEDs.®®  Temperature-dependent
of relative emission intensities for BZSO: 0.03Eu®*", BZSO:
0.03Eu®’, 0.058r*" and BZSO: 0.03Eu®’, 0.05Ca®* phosphors
under 365 nm excitation in the temperature range of 300-500 K is
compared in Fig. 12a. It is obvious that the normalized emission
intensities of all three samples decrease with increasing of
temperature. Taking BZSO: 0.03Eu”" for example, the emission
band has a slight blue shift towards higher energy side shown in
Fig. 12b. This phenomenon can be ascribed to the thermally
active phonon-assisted tunneling from the excited states of the
lower-energy emission band to those of the high-energy emission
band in the configuration coordinate diagram.*® A decay of 52%
for BZSO: 0.03Eu™", 47% for BZSO: 0.03Eu’", 0.05Sr*" and 40%
for BZSO: 0.03Eu®, 0.05Ca*" at 405K was observed,
respectively. Comparing with the BZSO: 0.03Eu*", 0.05Ca*"
sample, the emission intensity of BZSO: 0.03Eu®*, 0.05Sr*"
decreases much faster with increasing temperature, while slowly
than that of BZSO: 0.03Eu”*, which means that the co-doping of
Sr** and Ca®* makes a contribution to the thermal stability. The
temperature dependence of the emission intensity is described by
a modified Arrhenius equation

This journal is © The Royal Society of Chemistry [year]
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Fig. 12 (a) The variation of PL intensity of BZSO: 0.03Eu*,
BZSO: 0.03Eu*", 0.05Ca*" and BZSO: 0.03Eu*", 0.05Sr*" as a
function of temperature and (b) the temperature dependence of
emission spectra of BZSO: 0.03Eu*" excited at 365 nm. (c) the
corresponding activation energy for thermal quenching.

4

o

where It and [, are the intensities of the initial and different
temperatures respectively, 4 is a constant for a certain host, AE is
the activation energy of thermal quenching and k& is the
Boltzmann constant (8.617x10° eV K™).** 7 Fig. 12¢ plots

ss Ln[(Io/I1)-1] versus 1/T for BZSO: 0.03Eu*", BZSO: 0.03Eu*",
0.05Ca** and BZSO: 0.03Eu*", 0.05Sr>" phosphors, respectively.
Accordingly, AE was calculated to be 0.194 eV (AE}), 0.253 eV
(AE,) and 0.242 eV (AE3), respectively. Considering the truth that
these samples adopted the same cubic crystal system with space
o group P2,3 (No. 198), the difference in thermal stability is in
relation with the change in Stokes shift, which can be explained
by the configuration coordinate diagram in Fig. 13.2"7' Normally,
the total energy of a system is the sum of the ion energy and
electron energy. For simplification, the activators (Eu®" for our
s system) and the corresponding neighbor ions are always selected,
ignoring the effects of other ions. The R represents the Stokes
shift, which is in close relation with the interatomic distance
between the Eu®* and the coordination anions.® The ground and
the different three excited states of Eu®" can be described with
70 parabolas. After absorption the excitation energy, undesirable

Energy =~ —— BZSO: 0.03Eu”
A ~——— BZSO: 0.03Eu§:, O.OSSIZZ*+
Eu?*: 5445 —— BZSO0: 0.03Eu*, 0.05Ca’
CZ
7S Eu: aff
C3
80
AE,
Cl
o A
excitation R AE, AE,
85
o3
¢/ stokes shift
>R

Configurational Coordinate

o Fig. 13 The configuration coordinate diagram presents the
thermal quenching of Eu®’ in three different local environments
caused by Stokes shift in BZSO: 0.03Eu**, BZSO: 0.03Eu",
0.05Ca*" and BZSO: 0.03Eu™", 0.05Sr™".

nonradiative relaxation (phonons) occurs, then emission takes
place at the bottom of the excited state by radiative transitions.
However, under high temperature, thermal activation can happen
due to the electron-phonon coupling and the energy reaches to the
crossing point (C) between the excited and ground states.”" * In
this case, nonradiative relaxation occurs by heat dissipation rather
than radiation emission, which could quench the luminescence.
With the decrease in Stokes shift, the thermal activation energy
increases in the sequence AE, > AE; > AE,, which means that
smaller Stokes shift results in lower thermal quenching
behavior.?' Therefore, doping of Ca®>" and Sr** is beneficial to
improve the thermal stability of BZSO: 0.03Eu®" system,
especially Ca®" ions.
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4. Conclusion
In summary, a bright green-emitting (peaking at 501 nm)
Ba,Zr,Si30;,: Eu®" phosphor has been developed in a reduced
atmosphere using high temperature solid state reaction method,
s which has a broad excitation band ranging from 200 to 450 nm,
matching with the emission of NUV LED chips. The crystal
structure of BZSO: Eu®* was determined by the Rietveld
refinement analysis. The energy transfer among the Eu®* ions has
been proved to be via a dipole—dipole mechanism, and the critical
10 distance (Rc) for Eu*" ions calculated by the concentration
quenching and spectral overlap methods are 20.45 and 25.83 A,
respectively. In addition, through the replacement of Ba** by
smaller Ca®" and Sr**, the overall blue shift in emission (from
green to cyan) and increase in quenching barrier height take place
15 due to the decrease of crystal field strength caused by the
differences between the average structure and the local
coordination environments on activator ions (Eu®") confirmed by
the refinement results. This research not only unveils the relations
of composition-structure-property, but also may serve as a
20 guideline for developing tunable luminescence in single-phased
materials.
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Tunable luminescence (from green to cyan) and the increased thermal stability have been obtained in BZSO: Eu®* system
through the cation substitutions of Ca>*/Sr** for Ba>".
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