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Luminescence properties of novel emission-tunable NaSr (4.
v)Ba,(BO3)s: yEu®* phosphor for white light emitting diodes

Jun Huang’, Jian Dai*, Degang Deng ™, Hua Yu®, Yinqun Li*, Youjie Hua®, Shilong Zhao®, Chenxia
Li*, Shiging Xu"®

Abstract: A serious of emission-tunable NaSr..,yBa(BOs)s: yEu®* phosphors have been prepared by a conventional solid-
state reaction method. The structure of NaSr...,)Ba(BO;3)3: yEuz’ have been investigated by Reitveld refinement of X-ray
diffraction (XRD) patterns. The results indicated that the as-prepared samples showed the same crystals structure of
NaSr,(BOs); with cubic unit cell and space group of la-3d. With the increase of Ba®" concentration, the Sr** sites were
replaced by Ba®* completely and the lattice parameter of unit cell increased from a = b= ¢ = 15.0710 A to 15.7266 A. Both
emission spectra and decay curves of NaSr; o3(BO3)s: 0.02Eu*" and NaBaj; 95(BO3)s: 0.02Eu’" showed the existence of two
different Eu*" emission centers named Eul and Eu2. Eu2 was six-coordinated and Eul was eight-coordinated of oxygen.
With the increase of Eu*" concentration in NaSrs,Ba(BO;);: yEu*" sample, the emission intensity increased and reached the
maximum at y=0.02. Then the concentration quenching phenomenon emerged due to the electric dipole-dipole interaction.
Upon the cation substitutions (Sr** for Ba®") in the NaSt..,,Ba,(BO3)s: yEu®* host, the emission peaks of Eu** blue-shifted
from 609 nm to 544 nm and the thermal stability decreased, which was ascribed to the change of the covalency and the
crystal field strength that the 54 orbital of the Eu*" ion experiences. The CIE chromaticity coordinates of the obtained
phosphors can be continuously tuned from orange-red (0.4795, 0.4070) to yellow-green (0.3432, 0.4665) by adjusting the
Ba’" concentration. The results demonstrate that the emission-tunable NaSr..,,Ba,(BO;);: yEu®* phosphor have a potential

application for white light emitting diodes(w-LEDs).

1 Introduction

In the past several years, much more attention have been
focused on the white light emitting diodes (w-LEDs) due to the
advantages of high stability, energy saving capabilities and long
working lifetime.' As a next generation lighting source, the w-
LEDs have high promise to take place of the traditional
fluorescent and incandescent lamp. Due to the strong
absorption in the blue region and intense emission in the yellow
region, the cerium-doped yttrium aluminum garnet (YAG: Ce*")
phosphor was widely used in the w-LEDs. However, for the
lacking of red emission, the w-LEDs packaged with YAG: Ce**
phosphor exhibit poor color rendition and high color
temperature. In order to obtain more selections for white LEDs,
a new fabricated type of tunable emitting phosphors coupled
with near ultraviolet (n-UV) chips has been developed. This
combination method exhibited favorable properties, including
excellent Color Rendition Index (CRI) values, tunable
Commission Internationale de L'Eclairage (CIE) chromaticity
coordinates and tunable Correlated Color Temperature (CCT).”
13 Unfortunately, the emission tunable range of the phosphor
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with a single activated ion has been reported is limited to blue
to yellow. Therefore, the development of color tunable
phosphors from red to yellow is an important challenge.

The rare earth doped orthoborate phosphors which possess
many advantages, such as significant absorption in the near
ultraviolet (n-UV), good chemical stability, and relatively low
sintering temperature, have been studied extensively.'*'’ As a
novel orange-emitting borate phosphor, the LiSr, (BO;)s: xEu*
phosphor has been reported in the literature. > %' However, the
NaSry.,.,Ba,(BO;3);: yEu*" which shows the similar crystal
structure with LiSr, (BOs);: xEu?" was hardly researched. In
this paper, a kind of emission-tunable (from orange-red to
yellow-green) phosphor of NaSr,.,.,Ba(BO3);: yEu2+ has been
studied The
photoluminescence properties were studied deeply and the

systematically. crystal  structure  and
optimal composition was achieved for application in white

LEDs.

2. Experimental

2.1 Sample preparation

The traditional high-temperature solid-state reaction method
was used to synthesize the NaSr.,.,)Ba(BOs);: yEu2+ phosphor
samples. The SrCO; (99.99%), BaCO; (99.99%), H;BO;

(99.99%), Na,CO; (99.9%) and Eu,O; (99.99%) were used as
starting materials. Firstly, the stoichiometric amounts of the
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staring materials were mixed in an agate mortar, then grinded
thoroughly. Finally the mixture was sintered at 1000°C with
reductive atmosphere (95% N,/5% H,) for 4h in a high
temperature tube furnace.

2.2 Characterization

The structures of all the synthesized samples were characterized
by X-ray diffraction (XRD) using a Bruker Axs D2 PHASER
Diffractometer, with Cu Ka radiation (A = 1.5405 A). The XRD
data was collected between the 26 range of 10 - 80° in the step
scan mode with a measurement time of 1 s/step and a step size
of 0.02° at room temperature. The emission and excitation
spectra of the samples were collected by using a PL3-211-P
Fluorescence Spectrometer (HORIBAJOBIN YVON, America)
with an excitation source of a 450 W xenon lamp at room
temperature. The diffuse reflectance spectra of the undoped
samples were collected by a UV-3600 UV-Vis spectrometer
(Shimadzu, Japan) and the reference material is BaSO, powder.
Rietveld refinements on the XRD data were analyzed by the
software of TOPAS.

2.3 White LED fabrication

White LED was fabricated by following steps. Firstly equably
blend the LED packaging epoxy resin and NaSr,¢sBa(BOs);:
0.02Eu®" phosphor. Secondly put the mixture into a substrate

which can be used to control the shape and thickness of the film.

Thirdly placed the substrate into an oven and baked at 60 °C
for 4 h. Finally a luminescent thin film was obtained, and
pasted the luminescent thin film up a 450 nm blue LED chip.

3 Results and discussion
3.1 Crystal structure
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Figure 1 Powder X-ray diffraction patterns of NaSry_.,Ba,(BO;);: yEu®" with different x,

y values

The XRD patterns of the NaSry,,Ba,(BO;);: yEu*" with
different x, y values were shown in Figure 1. The single phase
of NaSr,(BO3); (x = 0,y = 0) and NaBay(BOs); (x = 4,y = 0)
were observed and all of the obtained diffraction peaks were
matched well with the standard card of NaSry(BO;); (ICSD #
170862) and NaBay(BO;); (ICSD # 170863). With the increase
of Ba*" ions concentration, the positions of the diffraction peaks

2| J. Name., 2012, 00, 1-3

shifted toward lower angle, which was due to the substitution of
larger Ba®" ions for the smaller Sr** ions.”*? In addition, there
was no obvious effect on the structures of the hosts when the
activator ions Eu*" were doped into the host. The clear crystal
structure provided a good foundation for further study.
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Figure 2 Observed (black), calculated (red), and difference (blue) synchrotron XRD
profiles for the Rietveld refinement of (a) NaSrjos (BOj3);:0.02Eu** and (b)
NaBamx(Boz)]:OAOZEuzi Bragg reflections are indicated with tick marks.

Figure 2 showed the Rietveld refinement results of
NaSr; 05(BO;);:  0.02Eu*"  and NaBa;og(BOs);:  0.02Eu®’
phosphors, the XRD profiles were indicated as difference (blue),
calculated (red) and observed (black), respectively. The single
crystal structures data of NaSry(BO;); (ICSD # 170862) and
NaBa,(BOs3); (ICSD # 170863) were used as the original model
to refine the experimental crystal structures. NaSr;gg(BO3);3:
0.02Eu’" and NaBas ¢5(BO5);: 0.02Eu®* crystallized in a cubic
unit cell with the same space group /a-3d. In NaSr; ¢3(BO3);3:
0.02Eu’" host the lattice constants @ = b = ¢= 15.0710 (A) and
cell volume=3423.15 (A®). In NaBas o5(BO5);: 0.02Eu®" host
the lattice constants a = b = ¢ = 15.7266 (A) and cell
volume=3889.61 (A%). It showed that when the value of doped
activator ions y = 0.02, the host of the sample remain a single-
phase structure. The detailed refinement results were showed in
Table 1.

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 9



Please do not adjust margins

Journal Name ARTICLE

Table 1 Rietveld refinement and crystal data of NaSr; og.\Ba,(BO3)3: 0.02Eu? phosphors

Compound x=0 x=3.98
Formula NaSr; 05(BO3)s: 0.02Eu** Na}?&;ﬁg 2)s
Cryst.syst. Cubic Cubic
Space group La-3d(230) La-3d(230)
Crystal density 6.642 7.534
(gem™)
Unite,Z 16 16
aA)=bAR)=c(A) 15.0710 15.7266
V(A% 3423.15 3889.61
Reyp (%) 461 3.57
Rup (%) 5.13 4.01
R, (%) 4.46 3.54
GOF 1.57 1.23
Both the NaSry(BOs); and NaBay(BOj); hosts have two
different coordination environments: Ba?>* or Sr*" eight-

coordinated with oxygen and six-coordinated with oxygen (see
the inset in Figure 2). The ionic radius of Sr** was 1.18 A
(coordinated number, CN = 6) and 1.26 A (CN = 8). The ionic
radius of Ba®" was 1.35 A (CN = 6) and 1.42 A (CN = 8). The
ionic radii of Eu*" were 1.17 A (CN = 6) and 1.25 A (CN = 8).
Because of the similarity in ionic radius, the Sr*" and Ba*" ions
sites would be occupied randomly by the Eu®"ions in the
NaSry(BO;); and NaBa,(BO3); hosts. which would form eight-
coordinated Eul and six-coordinated Eu2 sites.?*>> Meanwhile,
when Sr** or Ba®*' ions were replaced by Eu®" ions, two
different emission centrers would be obtained by Gaussian
fitting in the emission spectra.

analysis of XRD, it was clear that the Sr** and Ba®" ions
substituted each other completely.
3.2 Diffuse reflection spectra
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Figure 4 Diffuse reflection spectra of undoped NaSr,Ba,(BO3); samples.

The diffuse reflection spectra of the undoped NaSr,.
Ba(BO;); samples were shown in Figure 4. In the visible
range (400 -700 nm) the sample of NaSr, Ba (BO3); showed a
high reflection. The undoped NaSr,_Ba (BO;); samples showed
energy absorption in the 200 - 425 nm range and have a sharp
drop between 200 nm and 245 nm. The absorption edge shifted
toward short wavelength with the increase of Ba?' ions
concentration.

Table 2 Band gap of NaSrsBay(BOs)s,and spectral parameters of NaSr; .
Ba,(BO3)3: 0.02Eu*" phosphors.
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Figure 3 Relationships of lattice constants and cell volume versus the content of Ba®*
ions in NaSryBa,(BO3); host.

Excition Emission Stocks

Sample Band maximum Maximum shift FWHM
* gap (£) (nm) (nm) (em™) (om)
0 5.86 390 609 9221 134
0.5 5.83 395 585 8222 122
1 5.54 397 570 7645 116
2 5.49 396 562 7459 107
3 5.41 397 550 7007 102
3.98 5.38 397 544 6807 92

Figure 3 showed the linear relationship of the refined lattice
constants and cell volume of the NaSr,_ Ba,(BO;); host. For the
ionic radii of Ba*" ions was bigger than that of Sr** ions, the
lattice constants and cell volume increased gradually with the
increase of Ba®" ions concentration. Combining with the

This journal is © The Royal Society of Chemistry 20xx

The band gap energy (absorption edge) of NaSr, Ba (BO;);

host had been calculated by following equation:>®

[F(R,)V]" = A(hv—E,) "

where £, is the value of band gap, 4 is a proportional constant, &v is
the photon energy, for an indirect transition n = 1/2 or for a direct
transition n = 2, and the Kubelka-Munk function F(R,) is defined

3.5127

F(R)=(1-R)’/2R=K/S o

J. Name., 2013, 00, 1-3 | 3
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Here, S is the scattering coefficient, K is the absorption
coefficient and R is the reflection coefficient. From the liner
extrapolation of [F(R.,)hv]* = 0, the value of E, was increased
from 5.38 eV to 5.86 eV (see Table 2) with the increasing
content of Ba?" ions in the NaSr,_Ba,(BO5); phosphor.

3.3 Photoluminescence properties

588 628
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Figure 5 Excitation (left) and emission (right) spectra of (a) NaSrs 0s(BOs)s: 0.02Eu*"
(Aex: 390 nm, Aey: 609 nm) and (b) NaBaj; o3(BO3)3: 0.02Eu?’ (hex: 397 nm, Aep: 544 nm)
phosphors, fitted curve (red solid line) and deconvoluted Gaussian components (green
solid lines).

Figure 5 shows the emission and excitation spectra of (a)
NasSr; 05(BO3);: 0.02Eu?", (b) NaBas o5(BO5);: 0.02Eu*", and the
deconvoluted Gaussian components. Due to the 4/ —4/°5d'
transition of the Eu?" ions, the excitation peaks show a broad
range from 300 nm to 470 nm. As the excitation range of the
near ultraviolet LED chip is 380 nm - 420 nm and the blue LED
chip is 450-460nm, so they match well with these broad
excitation band phosphors. The emission spectra of the
NaSr; 05(BO3);:  0.02Eu**  and NaBajeg(BO3)s:  0.02Eu®”
phosphors show a broad range from 500 nm to 750 nm and 450
nm to 670 nm respectively, which are attributed to the
4f°5d' —4f" transition of the Eu?" ions. The FWHM (full width
at half maximum) of the emission spectra of the NaSr; 93(BO3);:
0.02Eu*" phosphor is about 134nm, which is wider than other
rare earth doped orthoborate phosphors. Although the wide
FWHM will decrease the intensity of the emission spectra but it
can increase the rendering index which is more important to a
white LED. The FWHM of the emission spectra of the
NaBajs 05(BO5);: 0.02Eu*" phosphor is about 92nm, which is
similar to other phosphors(see details in Table 2). The emission
spectra of the NaSr;¢3(BO;);: 0.02Eu*" and NaBaj; ¢3(BO3);:
0.02Eu®" phosphors were decomposed into two Gaussian
profiles with peaks at 588 nm (17 006 cm™ ), 628 nm (15 924
cm™ ) (Fig. 5a, solid lines of green), and 543 nm (18 416 cm™ ),
608 nm (16 447 cm™ ) (Fig. 5b, solid lines of green)
respectively, by using the Gaussian deconvolution. The two
peaks were caused by two different emission sites, which could
be identified as the Eu®" ions occupied the six- and eight-
coordinated coordination environments of the Sr**/Ba®" ions in
the host.

4| J. Name., 2012, 00, 1-3

Moreover, the local environment of Eu’' ion is a very
important factor to its emission position. There is an empirical
relation between the local structure and the energetic position of
the emission in various compounds. This formula applies
equally to 5d level positions of Eu®" ions, for the similarity of
the Ce*” ion and Eu*" ion in 5d levels. The equation is given as

follows: 82

1 nxE, xr

E=0x[1-())' 10" % ]

3)

where E, represents the electron affinity of the atoms that form
anions, 7 (A) is the radius of the host cation replaced by the
Eu?' ion, n represents the number of anions in the immediate
shell about this ion, V represents the valence of the Eu®" ion, 0
represents the position in energy for the lower d-band edge of
the Eu?’ free ions, and E represents the real position of the d-
band edge in energy for the Eu®" ion. There are two Ba®'/Sr*"
sites in NaM; ¢3(BO3)3: 0.02Eu* (M=Ba, Sr) structure. Most of
th e parameters in the equation (3) keep invariable, so that the
relationship between observed position of the d-band edge for
Eu?
relationship. As a result, Eu®" ions center showing emission

ions and the coordination number n is a proportional

peak at 543nm and 585nm occupied the eight-coordinated
Ba?'/Sr*" site respectively, and the other Eu®’ ions center
showing 608nm and 628nm was related to the six-coordinated
Ba?'/Sr*" ions site, respectively.
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Figure 6 Decay curves of Eu®" emission in NaSr;.95(BO3);: 02Eu?" phosphor monitored
at (a) 588nm, (b) 628nm, and the NaBas 93(BO3)s: 0.02Eu?' phosphor monitored at (c)
534nm, (d) 608nm.

Figure 6 demonstrated the fluorescence decay curves of
NaSr; 03(BO3);:  0.02Eu*" NaBaj 93(BO5);:  0.02Eu®
phosphors in different coordination environments, eight-
coordinated and six-coordinated respectively. The following

and

formula can be used to calculate the decay times:

I=Aexp(-t/7)+ A4, exp(-t/t,) @

Where 7; and 7, are exponential components of the decay times,
A; and A, are constants, ¢ is time, and / is phosphorescence

This journal is © The Royal Society of Chemistry 20xx
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intensity. The following formula can calculate the average
decay times (z*):*°

<t >= (A7 + A,T) (AT, + A1) )
Through quote the relevant experimental data, the value of the
average decay times (z*) are 910.56 ns (monitored at 588 nm)
and 927.31 ns (monitored at 628nm) for NaSr;¢3(BO;);:
0.02Eu*" phosphor, and 683.58ns (monitored at 543 nm) and
753.53 ns (monitored at 608nm) for NaBa; ¢g(BO3);: 0.02Eu*".
It is again prove that the Eu?" ions occupied two different Sr**
and Ba?" ions positions by the results above.

7 ——y=0.005
—y=0.01
——y=0.02

Intensity(a.u.)

7 — O

500 600 700
Wavelength (nm)

2+

Figure 7 Emission spectra of NaSr;,Ba(BO;);:;yEu™" sample under 395nm UV light
excitation.

Figure 7 represents the emission intensity of NaSr;.
,Ba(BOs);:  yEu”" phosphor with the Eu®*
concentration. With the increase of the Eu®' ions content, the
emission and excitation intensity enhanced gradually. When the
Eu’" concentration at the value of y=0.02, the emission intensity
The concentration quenching
emerged when the Eu?' content over 0.02 and the emission
intensity comes into a decrease tendency. The multipole-
multipole interaction, radiation reabsorption or exchange
interaction are three different ways may cause the non-radiative
energy transfer between different Eu®* ions.>'*? A formula
proposed by Blasse can be used to calculate the critical distance
for energy transfer in NaSr; ,Ba(BO;);:vEu”" for Eu** ion.*

various

reaches a maximum value.

1

R. = 2(47[L)3 ©)
7N

where N is the number of available sites (cations) that can be
occupied by activator ion, y, is the critical concentration of the
Eu®' ion, V is the volume of the unit cell, and R, is the critical
distance at the critical concentration between the nearest Eu*
ions. Herein V=3535.1 A3, N=16, and 2~0.02 in the NaSr;.
,Ba(BO5);: yEu*". The calculated critical distance R, is 27.63 A.
According to Dexter’s theory, the electric multipolar
interactions can cause the non-radiative energy transfer between
Eu’" ions.>* When the energy transfer occurs between the same
active ions, the intensity of the multipolar interaction can be

This journal is © The Royal Society of Chemistry 20xx

determined by the emission intensity. The following equation
can express the emission intensity (/) per activator ion in the
host:**-¢

1 k

1+8(2)°

Where under the same excitation condition in the same host

V4
M

crystal k£ and f are constants, Y is the critical concentration of
the activator ions, according to the previous report, =3 is for
the energy transfer between the nearest-neighbor ions, while
6=10 is for quadrupole-quadrupole (¢-q) interaction, 6=8 is for
dipole-quadrupole (d-q) interaction, and 6=6 is for dipole-
dipole (d-d) interaction. Figure 8 presents linear relationship
between log(I/yEu’") and log(yEu"), and the value of slope
liner is equivalent to -6/3. Its calculated slope is -1.74, so the
value of 0 is 5.22, which is close to 6. The result illustrated that
the concentration quenching mechanism between Eu®" ions in
the NaSr; ,Ba(BO3);: yEu2+ host was confirmed to be dipole-
dipole interaction.
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Figure 8 Relationships of log(Z/yEu®") versus log(yEu®") in NaSr;,Ba(BO;3);: yEu®"
phosphor.
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Figure 9 Emission and excitation spectra of NaSr; o3 .Ba,(BO;)3: 0.02Eu?’
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The excitation and emission spectra of NaSr; g5, Ba,(BO3);:
0.02Eu*" are shown in Figure 9. With the increase of Sr**
substituted by Ba®" ions, an obvious blue-shift of the emission
spectra could be observed, which changed from 609 nm (x=0)
to 544 nm (x=3.98) (see details in Table. 2). There is no distinct
change in the excitation spectra.

The following two factors should to be considered for the
blue-shift of the emission spectra. The Nephelauxetic effect can
cause a higher 4/°5d"' band position.””® The electronegativity of
Sr (0.95) is higher than that of Ba (0.89).>° With the increase of
the of Ba® the difference of
electronegativity between anion and cation increased, and
hence the covalency decreased in the host. That is, the blue-
shift of the emission of Eu*" can be explained by covalent
nature decrease depend on the Nephelauxetic effect.

concentration ions,

Table 3 Average distance (R,,) between the activator (Sr*"/Ba*") and the neighboring
anions (OZ') in NaSr,Bay(BO;); samples

of 5d
band

4f ——

7 e— 7 e——
af Nephelauxetic 4f Crystal filed
effect effect
Dominant Dominant

Figure 10 Schematic diagram of energy band change of Eu®" in the NaSr; og.,Ba,(BO3)3:
yEu®* host.(A represents the crystal filed splitting of the 5d level of the Eu*" ions.)

The schematic diagram for the effects of crystal filed

splitting and covalency (Nephelauxetic effect) on the energy
level of Eu®" ions were shown in Figure 10. In this system,
the crystal field splitting and Nephelauxetic effect have

Compound x=0 x=0.5 x=1 x=2 x=3 x=3.98
Average
distance 2.6124  2.6634 2.6893 27130 2.7478  2.7727
(Ra)(A)

common influence on the 5d level when the Sr** was replaced
by Ba®' site.*® As the concentration of Ba®>* ions increased, the
covalency decreased and the position of 4/°5d' level of Eu®*

The crystal filed splitting is another important factor to the
blue-shift phononemon.** The polyhedron have a great
influence on the crystal field splitting which can be denoted by
the &, value.*'"*> A great blue-shift may due to a small g4 value.
Dorenbos P. concluded that Eu®* in a larger coordinating
polyhedron would have a smaller crystal field splitting of 5d
levels.****¢ The &5 value has an empirical relationship with the
average distance (R,,):
By R

poly™ “av

Eot ®)
where Q is 2 for Eu*', R,, is average distance between the Eu**
ion and the neighbor anions, and f,,, is a constant which its
value depends on the type of the coordinating polyhedron. S,
values are in the ratio 0.42, 0.79, 0.89, and 1, for tricapped
trigonal prismatic coordination, dodecahedral, cubic, and
octahedral, respectively. ¥’ With the increase of the average
distance (R,,) (see Table 3), ¢, is likely to decrease, which
causes a blue-shift of the emission of NaSr;qz..Ba(BO3)s:
0.02Eu*" phosphor.
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increased in the host. On other hand, the 5d lowest level
increases due to crystal filed splitting decrease. Therefore, the
emission band change is due to the influence of the crystal filed
splitting and covalency.

1004 @ m x=3.98
: o e x=3
‘ > A x=2
80 « > v x=1
4 x=0.5
= 1 - » x=0
= "y
S 604 & »
2 n Y < >
£ é
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Figure 11 Relationships for the emission intensity of NaSr;s.Ba(BO;)s: 0.02Eu>"
phosphors and operating temperature (K)

Thermal stability is an important factor for luminescent
materials, due to the quenching effect of temperature, the
emission intensity of most of the luminescent materials
decreases with the increase of temperature.**>° Figure 11 shows
the relationship between temperature and emission intensity of
the NaSr; 5..Ba (BO3);: 0.02Eu?" phosphors. The emission
intensity was collected, processed and monitored at 400nm
under a continuously change of operating temperature (K) to
analysze the thermal stability of the phosphors. With the
increasing of the Ba>" contents in NaSr; o5, Ba (BO;);: 0.02Eu*"
host, the thermal stability of the phosphors decreased gradually.

This journal is © The Royal Society of Chemistry 20xx
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Figure 12 Plots of In[(Ip/Ir)-1] and 1/kT for NaSr;es(BO;)s: 0.02Eu>" and

NaBaj 5(BO3)s: 0.02Eu™".

Furthermore, the activation energy AE (the energy that a
electron needed to raise from the relaxed excited level to the
host lattice conduction band) of the activator ion, can be

obtained by following formula:>!->

AE
I. =11+ cexp(-—)]"
T 0 kT ©

here k represents the Boltzmann constant (8.629x107° eV K™),
AE represents the activation energy, ¢ is a constant, I
represents the intensity of the emission spectrum at the
temperature of 7, and [, represent the initial emission intensity.
The relationship between 1/k and TIn[({)/I7)-1] for
NaSr; 95(BO3);: 0.02Eu*" and NaBaj; 5(BO3);: 0.02Eu®" are
shown in Figure 12. According to equation (9), the value of the
AE is calculated to be 0.486 eV for NaSr; o3(BO;);: 0.02Eu?"
and 0.423 eV for NaBaj¢g(BO3)s: 0.02Eu*". The calculated
value AE of NaSr; o5(BO;);: 0.02Eu®" phosphor is bigger than
that of NaBaj3(BOj3);: 0.02Eu? phosphor. Therefore, the
thermal stability of NaSr; og(BO3);: 0.02Eu?" phosphor is better
than NaBas o3(BO3);: 0.02Eu*" phosphor.

NaBa_ (RO, :0.02Eu™"
NaSr

s
,oo(BO,),:0.02Eu

R

Figure 13 Configuration coordinate diagram of NaSr3 ¢5..Ba,(BO;3)3: 0.02Eu®" phosphors.

This journal is © The Royal Society of Chemistry 20xx

Figure 13 shows the configuration coordinate diagram of
NaSr; 05(BO3);:  0.02Eu**  and NaBa;eg(BO3);:  0.02Eu®"
phosphors. The energy E is plotted versus the metal-ligand R,
and R is the structural parameter which changes during the
vibration. The curve of g represent the ground state, the curves
of e and e’ represent the excited state of the Eu*" ions emission
in NaSr;05(BO3);:  0.02Eu’" and NaBaj¢g(BO5);:
0.02Eu”", respectively. The electronic transitions can be

center

considered as four steps.’’ Firstly, an electron is promoted from
the ground state A to the excited state B. Secondly, the electron
relaxes from the excited state B to the bottom of the excited
state C/C'. It is a non-radiative process. Thirdly, the electron
relaxes from the bottom of the excited state C/C’ to the ground
state D by photo emission. At the last, the electron relaxes from
ground state position D to the lowest ground state position A.

When Sr** site was substituted by Ba®", the 5d levels crystal
field splitting of Eu®" ions is decreased, the excited state of the
Eu®" emission center changed from curve e to e’, and the
bottom of the excited state C up to the C’. As a result, the
emission peaks shift toward shorter wavelength and the Stokes
shift decreased (as shown in Table 2). Furthermore, the a-a’ and
b-b’ represent the FWHM of emission spectra. The distance
between a-a’ is larger than b-b’. It means that the FWHM of
emission spectra are narrowed when Sr*" ions were substituted
by Ba’" ions. In other hand, the cross point B did not change
evidently when Sr*" was substituted by Ba®" ions. It can be
certified by the hardly change of excitation peaks of NaSr; gg.
Ba(BO3);: 0.02Eu*" (see Table 2). However, when the
temperature increase, electron—phonon coupling can cause the
thermal activation and the energy reaches the crossing point
(F/F’) between the ground and excited states.’® In this
situation, non-radiative relaxation occurs by heat dissipation
and quench the luminescence.®® With the increase of Ba** ions
content in the NaSrsos.Ba(BO5);: 0.02Eu** phosphors, the
thermal activation energy decreased (AE,<AE;) which can
verify the result of the AE that concluded from Figure 11 and
Figure 12.
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Figure 14 Variation in CIE chromaticity coordinates as a function of x in NaSr; s
+Ba,(BO;)3: 0.02Eu?". The inset shows the luminescence of NaSr; 93..Ba,(BO;)s:
0.02Eu*" photos taken under 365nm excitation.(x=0, 0.5, 1, 2, 3 and 3.98).

Figure 14 shows the CIE chromaticity coordinates for the
NaSr; 95, Ba (BO;3);: 0.02Eu’" phosphors with different value of
x. The inset shows the NaSr;qg,Ba,(BOs);: 0.02Eu®" photos
taken under 365nm excitation. The corresponding chormaticity
coordinates(x, y) is turning from (0.4795, 0.4070) to (0.3432,
0.4665). The color hue can turn continuously from orange (544
nm) to yellow-green (609 nm). Therefore, the NaSrg.,.
1»Ba(BOs)3: yEu** phosphor has a great property of situation
tunable emission, and it has a great potential that be applied as
a color conversion material for light emitting diodes.

Intensity (a.u.)

T T T T T T T T T 1
350 400 450 500 550 600 650 700 750 800 850

Wavelength (nm)

Figsure 15 Electroluminescence spectrum of the white LED consisting of the
NaSr,4sBa(BO3);: 0.02Eu hosphor and a 450 nm blue LED chip under a
applied current of 100 mA. The inset shows thefji)hoto raph of (a) 450 nm blue
LED chip, (b) epoxy resin mixed with phosphor film (c) prepared LED , (d) LED
in operation, respectively.

Figure 15 shows the electroluminescence spectrum of the
white LED consisting of the NaSr,3Ba(BO;);: 0.02Eu*"
phosphor and a 450 nm blue LED chip under a applied current
of 100 mA. The inset shows the photograph of (a) 450 nm blue
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LED chip, (b) epoxy resin mixed with phosphor film (c)
prepared LED, (d) LED in operation, respectively. The white
LED had CIE color coordinates of (0.3563, 0.3576) with a
color-rendering index of 85.3 around the correlated color
temperature of 5083 K. This result confirms that the NaSr; gg.
Ba(BO3);: 0.02Eu®" have potential for application in white
LED.

4. Conclusions

In summary, the continuously tunable-emission Eu** doped
NaSr,_Ba,(BO;); phosphor have been synthesized successfully
by a conventional high temperature solid-state reaction in the
reductive atmosphere with a relatively lower temperature. The
crystal structure and luminescence properties were investigated
systematically. With the increase of Ba®" ions in the NaSr,.
Ba,(BO;); host, the lattice constants and cell volume increased
gradually, while the crystal structure remained cubic unit cell
which can be confirmed by the X-ray diffraction patterns and
Rietveld refinement. From the analytical data of the crystal
structure, the band structure and the emission spectra, the
continuously tunable emission from longer to shorter
wavelength have been proved to be the combined effect of the
crystal filed splitting and Nephelauxetic effect. The
concentration quenching of Eu?' ions emission in NaSr;.
,Ba(BO3)s: yEu*" host lattice is due to the electric dipole-dipole
interaction. Due to the decrease of the AE, the thermal stability
of NaSr;,Ba(BO3);: yEu*" become lower with the increase of
Ba®* ions content. The emission colors of the obtained
phosphors can be continuously tuned from orange-red (0.4795,
0.4070) to yellow-green (0.3432, 0.4665) by adjusting the
doping substitution content of Ba®>" ions. The packed white
LED had CIE color coordinates of (0.3563, 0.3576). This
results demonstrate that the NaSry.,.,)Ba(BO;);: yEu2+
phosphor has a great potential that be applied as a color
conversion material for light emitting diodes.
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