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Text and Figure for Table of Contents

It is demonstrated that Eu** doped Srs(PO4)sCl blue-emitting phosphors (prepared by
conventional high temperature solid-state reactions) feature good thermal ability, high
color purity and can be efficiently excited by near-UV light. Particularly, the warm
w-LED device based on the phosphors has a high color-rendering index (R, = 94.65) at
a correlated color temperature of 3567.84 K with CIE coordinates of (0.3952, 0.3709).
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Summary

A series of Eu** doped Srs(PO,)sCl blue-emitting phosphors was prepared by
conventional high-temperature solid-state reactions. The crystal structure, electronic
structure, reflectance spectra, thermal stability and quantum efficiency of the
Srs(PO.)sCl:Eu®* phosphor, as well as its application in white near-UV light-emitting
diodes have been investigated. The optimization of the lattice parameters and the
electronic structure of Srs(PO4)3Cl host matrix have been calculated based on density
functional theory (DFT). The crystal structure of Srs(PO4)sCl:Eu** was confirmed by
X-ray diffraction. The concentration quenching of Eu ions in the Srs(PO4)sCl host is
determined to be 1.0 mol% and the physical mechanism of concentration quenching can
be explained by the dipole—dipole interaction. Through the theoretical calculation, the
color purity of the as-prepared Srs(PO4)sCl:Eu** phosphor is much better than the
commercial compound, blue emitting BaMgAl;qO7:Eu®* (BAM:Eu?"). Particularly, a
near-UV white LED was fabricated by using a InGaN-based near-UV LED chip (395
nm) and a mixture of Srs(PO.)sCl:Eu®*, green-emitting (Ba,Sr),SiOsEu®* and
red-emitting CaAlSiN3 phosphors. The obtained LED device exhibits an excellent
color-rendering index (R, = 94.65) at a correlated color temperature of 3567.84 K with
CIE coordinates of (0.3952, 0.3709). The above results suggest that the
Srs(PO,)sCl:Eu®* phosphor is a promising blue-emitting phosphor for the application in

near-UV white light-emitting diodes.
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Introduction

In recent years, white light-emitting diodes (w-LEDs) have attracted significant
attention owing to their satisfactory advantages of energy saving properties, long
lifetime, high efficiency as well as high material stability.>* Because of this, w-LEDs
are considered to be a potential candidate for the replacement of conventional
incandescent and fluorescent lamps and treated as the next-generation solid-state
lighting systems.®* Typically, a commercial w-LED is generated by the combination of
a blue InGaN based-LED with a yellow-emitting Y3Als0:2:Ce** (YAG:Ce®*) phosphor.
However, due to the deficiency of sufficient red emission in the visible spectrum, this
type of white LEDs has several disadvantages such as a low color-rendering index (CRI)
and high correlated color temperature (CCT). Particularly, the white light generated in
this way is different from the nature light and thus some primary applications are
restricted.® In order to solve this issue and generate white light with excellent CRI
values and suitable CCT for solid-state light systems, another approach of pumping
trichromatic (blue, green and red) phosphors with a near-UV light chip (350-420 nm)
has been widely investigated. " >**

Nowadays, Eu®* ion is the most frequently used activator in the phosphor, and its
emission and absorption spectra usually consist of a broad band due to transitions from
the 4f" ground state to the 4f°5d excited state.® Furthermore, Eu®* ion can emit light
from the UV to the infrared with board band emitting luminescence on different host

matrices since the involved 5d orbital of Eu®* ion is external and strongly influenced by
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the crystal filed."> Due to these excellent properties, Eu®* ion-doped phosphors have
been widely studied in LED applications.*** Previous works show that Eu®*
ion-activated phosphates have low synthesis temperature, high thermally stability and
high luminescence efficiency.!”*® For example, KMga(PO4)3:Eu**,° LizSc(PO4)s:Eu®* ®
SrgMgGd(PO,)7:Eu**,® have been demonstrated as useful luminescent materials for the
fabrication of high-performance LED devices.

In 1974, Wu and co-workers firstly reported the crystal structure of Srs(PO,)sCl
phosphate.> Subsequently, Dhoble firstly reported the luminescence properties of
Srs(PO.)sCl:Eu®* phosphor in 2000.* Afterwards, Kang et al. reported the improved
luminescence of Srs(PO.)sCl:Eu®* phosphor prepared by flame spray method in 2003.%
In 2014, Kang et al. reported the luminescence properties of Srs(PO,)sCl:Eu®*
nanobundles using a facile and mild hydrothermal process.?* However, to the best of our
knowledge, there is no report dedicated to the electronic structure, decay lifetime and
temperature-dependent luminescence characteristics of Srs(PO4)sCl:Eu®* phosphor as
well as the fabrication of Srs(PO.)sCl:Eu®* pumped near-UV LED devices. In this work,
the crystal structure, electronic structure, reflectance spectra, thermal stability and
quantum efficiency of blue-emitting Srs(PO4)sCI:EU** phosphor, as well as its
application in near-UV white light-emitting diodes have been investigated

systematically. The white LEDs were fabricated by using a InGaN-based near-UV LED

chip (395 nm) and a mixture of Srs(PO4);Cl:Eu**, green-emitting (Ba,Sr),SiO:Eu®* and
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red-emitting CaAISiN3 phosphors, and the optical properties of LED devices were also
studied. The results suggest that the Srs(PO4)sCl:EU** phosphor is a suitable
blue-emitting candidate for the application in near-UV white light emitting diodes.

2. Materials and Method

2.1 Synthesis of Srs.(PO,)sCl:xEu®*

A series of samples with a general formula of Srs(PO4)sCI:xEu** (x = 0, 0.005,
0.01, 0.02, 0.03, 0.05 and 0.07; i.e. O at. %, 0.5 at. %, 1 at. %, 2 at. %, 3 at. %, 5 at. %
and 7 at. %) was prepared by solid state reactions as follows. NH;H,PO,4 (AR), SrCO;
(AR), NH4CI (AR) and Eu,03 (4N) were used as starting materials. These materials
were weighed according to the stoichiometric ratio of the formula and ground together
in an agate mortar. Thereafter, the mixtures were transferred to corundum crucibles
accordingly and then these corundum crucibles were placed in a big high-purity graphite
crucible. The high-purity graphite crucible was put into a muffle furnace and
precalcined at 400 °C for 1 h, and subsequently further sintered at 1050 °C for 5 h.
Finally, the furnace cooled down to room temperature naturally and the mixtures were

ground in an agate mortar.
2.2 Characterization

The crystalline phase of the synthesized Srs(PO,)sCl:Eu®" was verified by X-ray
diffraction (XRD) patterns using Panalytical X-Pert PRO diffractometer with a Cu Ka
(40.0 KV, 30.0 mA) radiation (A=1.5418 A). Photoluminescence excitation (PLE) and

emission (PL) spectra were measured by Hitachi F-7000 spectrofluorometer equipped
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with a 150 W Xenon lamp as an excitation source. The diffuse reflectance spectra were
measured by Cary 5000 UV-VIS-NIR spectrophotometer. The photoluminescence
decays were recorded by using a standard Edinburgh Instruments FLS920 spectrometer
with Tsuna-mi plus GWU system pumped by YAG:Nd laser. The internal QEs of these
samples were measured using a standard Edinburgh Instruments FLS980 spectrometer
equipped with an integrating sphere attachment. The measured samples were placed in
the integrating sphere and the Xe lamp was employed as the light source to pump the
samples. The QE was obtained by comparing the spectral intensity of the light source
and the emission intensity of the sample. The meter of Keithley 2611 was used to
supply a current of 350 mA for illumination of the fabricated LEDs and the
electroluminescent spectra of the fabricated LEDs were measured by using the SP320
spectrometer with an integrating sphere manufactured by Instrument Systems Inc. All
the above-mentioned measurements were conducted at room temperature. The
temperature-dependent PL spectra within the temperature range of 300—500 K were

measured by Edinburgh Instruments FSP920 spectrometer.
2.3 Computational details

All the calculations of the Srs(PO4)3Cl host matrix was performed using the
projector-augmented wave (PAW) method within the density functional theory (DFT),
as implemented in the Vienna ab initio simulation package (VASP) *% Exchange and
correlation functional was treated within generalized gradient approximation (GGA) of

the Perdew-Burke-Ernzerhof (PBE) formula.?® Wave functions were expanded in plane
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waves up to a kinetic energy cutoff of 520 eV. The lattice vectors (both unit cell shape
and size) are fully relaxed together with atomic coordinates until the
Hellmann-Feynman force on each atom less than 0.01 eV//A. Brillouin-zone integrations
were approximated by using special k-point sampling of Monkhorst-Pack scheme with a
7 X7 %7 mesh.

3. Results and discussion

3.1 Optimization of lattice parameters and electronic structure of Sr5(PO,)3Cl host

The optimization of the geometry of the Sr5(PO4)3Cl host matrix was investigated
using the DFT calculations. The calculated results were summarized in Table 1. The
results indicated that the calculated lattice parameters and cell volume of Srs(PO4);Cl
agree well with the experimental results reported by Wu and co-workers #* (the
differences between experimental and theoretical values for a, ¢c and V are within 1.38%,
0.94% and 3.57%, respectively).

In general, if a host matrix has a band gap more than 3eV, it will be an appropriate
canditate for luminescence materials since this high band gap is able to accommodate
both the ground and excited states of luminescent ion centers.® The band structure of
Sr5(PO,)sCl along high symmerty points of the Brillouin zone of the hexagonal crystal
is shown in Fig. 1.*° One can see that Srs(PO4)sCl has a wide indirect band gap of

approximately 5.01 eV from the top of valence band at M point to the bottom of
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conduction band at I point. From the calcuation results, we can infer that Sr5(PO4);Cl is
a suitable host matrix to accommodate Eu* ions as emitting centers.

To further undertand the detailed composition of the energy bands, the density of
states of Sr5(PO,4)3Cl was calculated. Fig. 2 shows the calculted total density of states of
Sr5(PO,)sCl and projected density of states for Sr, P, O and CI atoms. It is clearly
observed that the conduction band is mainly composed of Sr-4d, P-2p, O-2p and CI-3p
states ranging from 4.1 to 8 eV (the bottom of conduction band is dominated by Sr-4d
state) and that the valence band is mainly compsed of O-2p and Sr-3p below the Fermi
level (the top of valence band is dominated by O-2p state). The results suggest that the
host absorption at near-UV region for the Sr5(PO,4)3Cl host is dominated by the charge

transitions from the O-2p to Sr-4d states.

3.2 Crystal structure and morphology characteristics of the Srs(PO,)sCl:Eu®*
phosphors

Fig. 3 depicts the XRD patterns of Srs.(PO4)sCl:xEu** (x = 0, 0.005, 0.01, 0.02,
0.03, 0.05 and 0.07) samples (the standard data card ICSD#174336 of Sr5(PO,4)3Cl s
provide as a reference). It can be found that all the XRD patterns agree well with the
standard data card and that introducing of Eu** has not brought about obvious change in
the Srs(PO4)3Cl host structure. Fig. 4 (a) shows the crystal structure of Srs5(PO4)sCl
viewed along the c-axis. It can be found that Sr5(PO,4)3Cl has a phase of hexagonal

structure with a space group of P 63/m (176). Fig. 4 (b) presents the coordination
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environment of Sr** ions, indicating that Sr** jons in Srs(PO,)sCl have two ways of
coordination (one is six-fold coordinated by O® ions and the other is surrounded by five
O% and two CI" ions). In this case, we believe that Eu®* ions (r = 1.17 A for CN = 6 and
1.20 for CN = 7) will randomly substitute Sr** (r = 1.18 A for CN =6 and r = 1.21 A for

CN =7) sites.

3.3 Luminescence properties of Srs(PO,)sCl:Eu®* phosphors

Fig. 5(a) shows the diffuse reflectance spectra (DRS) of pure Srs(PO4)sCl host
matrix and a typical Srsee(PO4)sCl:0.01Eu®* sample. It can be found that the
Sr5(PO,)sCl has a broad absorption from 190 to 400 nm and a high reflection ranging
from 400 to 700 nm. The band gap of Srs(PO,4);Cl host can be obtained from the
following equation: ® %

[F(Reo)hv]* = C (hv — Ej) (1)

where F(R,,) is the Kubelka-Munk function (R, is equal t0 Rsgmpie /Rstandara ), NV 18
the energy per photon, C is a constant, E, is the value of the band gap, and n is a
transition coefficient (for an indirect allowed transition, n equals to 0.5; for a direct
allowed transition, n equals to 2; for a direct forbidden transition, n equals to 3). F(R,)
can be formulated to the following equation: *

K _ (1-R)?
s~ R 2)

F(R,) =
where K, S and R are the absorption, scattering and reflectance parameters, respectively.

As mentioned before, the Srs(PO,4)3Cl is calculated to be an indirect band gap material
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by using DFT, so we set the n value as 0.5. As shown in Fig. 5(b), the band gap energy
of Srs(PO4)3Cl host is estimated to be about 5.03 eV from the extrapolation of the linear
line for [F(R,)hv]™ = 0. The result is consistent with DFT calculation of a band gap
of 5.01 eV. The DRS of the Srsge(PO.)sCl :0.01Eu®* sample shows strong broad
absorption ranging from190 to 440 nm, which fits well with the excitation spectrum,
indicating that Eu®* ions were well introduced to the Srs(PO,)sCl host.

The PL excitation (Aem = 444 nm) and PL emission (Aex= 245, 277, 341, 365, 385

and 405 nm) spectra of the Sr4.99(PO4)3Cl:0.01Eu** phosphor are also shown in Fig. 5(a).

The PLE spectrum shows a broad emission band from 240 to 420 nm, which originates
from the transition from 4f’ (3S;1,) ground to 4f°5d*-excited level of Eu®* ion.*® The PL
spectra of the Srs.ee(PO,)sCl:0.01EU®* phosphor under various excitation wavelengths
present the similar profile with a broad blue emission band ranging from 410 to 490 nm
peaking at 444 nm, which is attributed to the lowest relaxed 4f°5d" level to the 4f" (3S7))
level of Eu®* ions. As we know, the emission position of Eu®* ions is highly related to
its local environment. In the Srs(PO,)sCl host, there are two sites for Eu®* ions to
occupy. Thus, deconvolution of PL emission spectra was used to identify two emission
bands correlated with the occupation of Eu** ions. Fig. 6 shows the deconvoluted PL
emission spectra of the Sr,.g9(PO4)3Cl:0.01Eu?* phosphor using two Gaussian equations
with reasonable fitting values. One can see that two peaks are present in the

deconvolution of the emission band: one is located at ~442 nm and the other is located

10
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at ~455 nm. In general, any small change in the crystal disorder or lack of charge
neutrality will influence the local environment of Eu®* ions, so it is different to assign an
emission band to a particular crystallographic site.** However, we can use the famous
empirical theory by Van Uitert to infer it. According to the Van Uitert theory, the
position of the d-band edge in energy for rare earth ions (E) (cm™) can be calculated
using the following equation:*®**
E=0 [1 - (%)w X 10—<n'Ea'T)/80] (3)
where Q stands for the position in energy for the lower d-band edge for the free Eu®*
ions (cm™), n is the number of anions in the immediate shell around the Eu®* ion, V is
the valence of the Eu®* ion, E, is the electron affinity of anion atom (in eV), and r is the
radius of the host cation replaced by the Eu®* ion (in A). By substituting specific
coordination numbers into the empirical formula with the corresponding n, E; and r
values, we can be infer that the Sr** ions with seven coordination numbers can be
assigned to the deconvoluted Gaussian curve peaking at 442 nm (22624 cm™), while the
Sr®* ions with six coordination numbers can be assigned to the deconvoluted Gaussian
curve peaking at 455 nm (21978 cm™).

Moreover, the emission chromaticity coordinates for the spectrum under 277 nm
light excitation of Srs.ge(PO4)3Cl:0.01Eu®* have been calculated by using the CIE 1931

color matching functions.*® * Fig. 7 shows the CIE chromaticity diagram of the

Sr4.09(PO4)sCl:0.01Eu?* phosphor and the commercial blue phosphor BaMgAl;,07:Eu?*

11
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(BAM:Eu®"), respectively. The CIE chromaticity coordinates of Srs.ge(PO4)3CI:0.01Eu**
and BAM:EU** are determined to be (0.1540, 0.0230) and (0.1417, 0.1072),

respectively.’ Since the color purity of phosphor is an important feature to evaluate

37, 38

phosphor chromaticity property, the color purity of luminescent materials can be

calculated using the following equation: *®*

JE—)Z+(y—y)?

V&xg—x)%+(yg—yi)?

Color purity =

(5)

where (X, y) is the color coordinate of the light source, (x;, i) is the CIE of equal-energy
illuminant with a value of (0.3333, 0.3333), and (Xg, Yq) is the chromaticity coordinate
corresponding to the dominant wavelength of the light source. The CIE coordinates (X, y)
of Srage(PO4)sCl:0.01EU*" and BAM:EU*" are (0.1540, 0.0230) and (0.1417, 0.1072),
respectively. The dominant wavelength points of Srsge(PO4)sCl:0.01Eu?* and
BAM:Eu®" are determined to be 453.4 and 473.3 nm, respectively, and we can obtain
that the (xq, yg) chromaticity coordinates for Srs.gg(PO4)sCl:0.01Eu?* and BAM:Eu?* are
(0.2075, 0.0465) and (0.1416, 0.14607), respectively. By substituting the coordinates of
x, Y), (% Vi), (Xa, Vo) to Eq. (5), the color purities of Srsge(PO4)sCl:0.01Eu** and
BAM:Eu*" are determined to be 99.0% and 88.0%, respectively. This result indicates
that Srs(PO4)sCl : Eu** phosphor is a deep blue phosphor and features a higher color
purity compared with commercial blue phosphor BAM:Eu?*. The inset of Fig. 7 shows

the digital image excited at 365 nm in the UV lamp for the Srsgee(PO.)sCl:0.01Eu**

12
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phosphor, which indicates that Srs(PO4):Cl:Eu** is a suitable candidate as a
blue-emitting phosphor for the application in w-LEDs.

The PLE (Aem = 444 nm) and PL (Aex= 277 nm) spectra of Srs(PO4)sCI:XEU" (x =
0.005, 0.01, 0.02, 0.03, 0.05 and 0.07) as a function of the concentration of Eu®* ions are
shown in Fig. 8 (a) and (b). One can see that all the PLE and PL spectra of
Srs.x(PO4)sCl:xEu?* samples are similar. The excitation and emission intensity initially
increases with the increase of the content of Eu®" ions until a maximum intensity is
reached when x = 0.01, and then it decreases with a further increase of the content of
Eu®* ions due to concentration quenching of Eu?* ions.** The occurrence of
concentration quenching at a higher Eu®* content is caused by the energy consumed via
energy transfer from one activator to another.*” The concentration quenching process is
dependent on the critical transfer distance (Rc) , which is the shortest average distance
between the nearest activator Eu”* ions at a critical concentration x.. Hence, it is
necessary to obtain the critical transfer distance (R.) for further understanding the
mechanism of concentration quenching. Blasse pointed out that, if V is the volume of
the unit cell, X is the optimal concentration, N is the number of cations in the unit cell,

the critical transfer distance can be calculated using the following formula: **

K14
4nx N

R =2(—)/3 (6)
For the Srs(PO4)sCl host, the values of N ,V and x. are 10, 606.58 A® and 0.01,

respectively. Using Eq.(5), R is obtained to be 22.63 A. As we know, the typical critical

13
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distance of the exchange interaction is about 5 A and the exchange interaction only
matches the energy transfer of forbidden transitions. Thus, the electric multipolar
interactions are dominant in the energy transfer process. According to the Dexter theory,

the interaction mechanism can be inferred by the equation as follows: 2

I/ = K[1+ B0 W)
where K and P are constants for the same excitation condition of a given host crystal; X
is the activator concentration; Q = 6, 8, and 10 is for dipole—dipole (d-d),
dipole—quadrupole (d-g), and quadrupole—quadrupole (g-q) interactions, respectively.
The curve of Ig(1/x) versus Ig(x) is shown in Fig. 9. From Fig. 9, one can see that the
plot is linear and that the slope of the fitted straight line equals to -1.6692. The value of
Q deduced from Eg. (6) is 5.0076, which is approximately equal to 6. This result
indicates that the major mechanism for the concentration quenching of the Srs (PO,)sCl:
Eu?* phosphor is the dipole—dipole interaction.

In order to further confirm the concentration quenching effect of
Srsx(PO4)sCl:xEu?* phosphors, room-temperature photoluminescence decay curves for
the Sr5-X(PO4)3CI:xEu2+ (x = 0.005, 0.01, 0.02, 0.03 and 0.05; Aex = 277 nm, Aey, = 444
nm) phosphors were also investigated. As shown in Fig.10, the decay curves can be

fitted to a single-exponential decay model by the following equation:*?

I(t) = 1o + Ay exp(=t/7) (8)

14
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where [ and I, are the luminescence intensities at times t and 0, respectively, A; is
a constant and  is the decay time. The lifetimes for Srs.(PO4)sCl:xEu** (x = 0.005, 0.01,
0.02, 0.03 and 0.05) are calculated to be 492.87, 527.93, 520.38, 501.11 and 469.59 ns ,
respectively. One can see that the decay time initially increases from 492.87 ns at
x =0.005 to 527.93 ns at x = 0.01, and then shows a tendency of decrease with a further
increase of the content of Eu®* ions, reaching a value of 496.59 ns at x = 0.05. This
result confirms that there exists an efficient energy transfer between Eu®* ions and this
causes concentration quenching with an increased content of Eu?* ions. Moreover, we
can find that all the measured decay times are reasonable for the 5d-4f transition of Eu**

in solids (~1us).6

3.4 Thermal quenching properties of Srs(PO4)sCl:Eu?* phosphors.

The thermal stability of the phosphor is an important technological parameter in
evaluating its potential for the LED application due to its influence on the light output,
service life and color rendering index.*** Since the most used commercial InGaN-based
near-UV LED chip is 395 nm emitting chip due to its low price and high efficiency,*
we used a 395 nm InGaN-based near-UV LED chip to fabricate w-LED device in this
work. The temperature-dependent emission spectra of the Srsgee(PO4)sCl:0.01Eu**
phosphor measured at 300 to 500 K under 395 nm light excitation were shown in
Fig. 11. It can be found that the intensity of emission gradually decreases from 100% to

77.68% (taking the intensity of emission measured at 300 K as a unity) when the

15
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measured temperature increases from 300 to 500 K. The inset of Fig. 11 shows the
comparison of the thermal luminescence quenching of Sr4.¢e(PO.)sCl:0.01Eu®* phosphor
and commercial blue BAM:Eu?* phosphor. It can be found that the emission intensity
measured at 423 K (150 °C) drops to 87.61% of the initial value measured at 300 K,
while the emission intensity of the commercial BAM:Eu®" phosphor decreases to 88.31%
of the initial value measured at 300 K. The result indicates that Srs(PO4)sCl: Eu*
almost features the same thermal stability as commercial blue BAM:Eu*" phosphor,
confirming the good stability of this phosphor and the potential application in the
high-power LEDs.

To further investigate temperature-dependent thermal quenching phenomenon, the
activation energy for the thermal quenching has been estimated via using the Arrhenius

equation:*>*

Iy
1+4c exp - %)

I(T) = (9)

where ¢ is a constant, k is the Boltzman’s constant with a value of 8.62 x 107 eV/K, Iy
is the initial emission intensity measured at room temperature, 1(T) is the emission
intensity measured at different temperatures, and AE is the activation energy for the
thermal quenching. The plot of In[(lo/1)-1] versus 1/(KT) is shown in Fig. 12, and a
straight line is used to fit this curve up to 500 K. The activation energy AE for the

thermal quenching is obtained to be 0.194 eV using Eqg. (9). The high activation energy

16
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achieved in this work indicates that this phosphor features a good thermal stability and

is an excellent candidate for the application in high-power LEDs.

3.5 Quantum efficiency and electroluminescent properties of fabricated white
LEDs

Quantum efficiency of phosphors is another important factor in evaluating its
potential for the LED application.*” The Srsge(PO4)sCl:0.01Eu?* phosphor was
investigated by the absolute quantum efficiencies. The measured internal QE of the
Sr4.09(PO4)sCl:0.01Eu** phosphor was estimated to be 80.53 % under the 395 nm
excitation. This relatively high internal QE obtained by 395 nm excitation confirms that
the Srs(PO.,)sCl:Eu®* phosphor is suitable for the application in 395 nm InGaN-based
near-UV LED chip. Table 3 concludes excitation wavelength, emission peak, and
internal QE of Srs(PO4)sCl:Eu?*, some latest reported Eu?* doped blue-emitting
phosphors and commercial blue phosphor BAM:Eu?*.% 3 “® |t can be found that the
internal QE achieved in our work is superior to some latest reported Eu®* blue
phosphors. However, the internal QE is relatively lower compared with the commercial
blue phosphor BAM:Eu*" with an internal QE of 88.99%.° Hence, the luminescence
performance of the Srs(PO4)sCl:Eu?* phosphor can be improved in future work since the
QE of phosphors highly depends on the preparation conditions, crystalline defects,

particle size and morphology.*®

17
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To substantiate the potential application of the Srs(PO,)sCl:Eu®* phosphor, a
near-UV white LED was fabricated by using a InGaN-based near-UV LED chip (395
nm) and a mixture of Srs(PO.)sCl:Eu®*, green-emitting (Ba,Sr),SiOsEu®* and
red-emitting CaAIlSiN3 phosphors. The electroluminescent spectrum of the fabricated
w-LED, which was driven using a current of 350 mA and a voltage of 3.29 V, is shown
in Fig. 13. The CCT, R, and CIE color coordinates of this fabricated w-LED are

detected to be 3567.84 K, 94.65 and (0.3952, 0.3790), respectively. The R, of the

fabricated w-LED was obtained from the full set of the 14 CRIs and is shown in Table 2.

These warm CCT value (3567.84 K) and high R, (94.65) indicate that Srs(PO4)sCl:Eu**
is a potential candidate as a green phosphor for the application in the near-UV warm
white light emitting diodes.

4. Conclusions

In conclusion, a series of Eu?* doped Srs(PO4)sCl blue-emitting phosphors was
synthesized by conventional high-temperature solid-state reactions. The lattice
parameters and he electronic structure of the Srs5(PO4)sCl host matrix were investigated
using DFT calculations. The calculated results show that the band gap of Srs5(PO4);Cl
host matrix matches well with the experiment and that Srs(PO,4)sCl is a suitable host
matrix to accommodate Eu®* ions as emitting centers. The concentration quenching of
Eu?* ions in the Srs(PO4)sCl host is determined to be 1.0 mol% and the mechanism of

concentration quenching can be explained by the dipole—dipole interaction. The color
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purity of the as-prepared Srs(PO4)sCl:Eu?* phosphor is determined to be 99.0 %, which
is higher than that of the commercial blue emitting BAM:Eu?*. The measured
temperature-dependent emission spectra suggest that the Srs(PO,)sCl:Eu®* phosphor has
an excellent thermal stability. Moreover, the obtained LED device exhibits an excellent
color-rendering index (R, = 94.65) at a correlated color temperature of 3567.84 K with
CIE coordinates of (0.3952, 0.3709). Our results display that the Srs(PO4)sCl:Eu*
phosphor is an excellent candidate as a blue-emitting phosphor for the application in
near-UV w-LEDs.
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Table Captions:

Table 1 Optimized crystal parameters of Sr5(PO4)3Cl using the DFT calculations

Table 2 Full set of the 14 CRIs and R, of the fabricated w-LED
Table 3 Excitation wavelength, emission peak, and internal QE of Srs(PO.)sCl:Eu®",

some latest reported Eu?* doped blue-emitting phosphors and commercial blue phosphor

BAM:Eu®*.
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Figure Captions:

Figure 1 Calculated band structure of Srs5(PO4)sCl. The Fermi level is set at zero

energy.

Figure 2 Total and partial (Sr, P, O, Cl) density of states for Srs(PO,4)sCl.

Figure 3 XRD patterns of as-prepared Srs.(PO.)sCl:xEu®* (x = 0, 0.005, 0.01, 0.02,
0.03, 0.05 and 0.07) phosphors. The standard data card ICSD#174336 of Srs5(PO4)sCl

is provide as a reference.

Figure 4 Crystal structure of Srs(PO,4)sCl: view of the Sr5(PO4)3Cl along the c-axis(a);

coordination geometry of anions around the Sr** ions(b).

Figure 5 (a): Excitation and emission spectra of Srs.g9(PO4)3Cl :0.01Eu**(kem = 444 nm
for excitation and Xex = 245, 277, 341, 385 and 405 nm for emission); Diffuse
reflectance spectra (DRS) of a pure Srs(PO4)3Cl host matrix and a typical
Sr4.09(PO4)sCl :0.01EU** sample. (b): Absorption spectrum of Srsge(PO4)sCl :0.01Eu*

calculated by the Kubelka-Munk equation.

Figure 6 Deconvoluted PL emission spectra using two Gaussian equations for the
Sr4.09(PO4)sCl:0.01Eu?* phosphor  (Aex = 277 nm). Inset shows the geometry of anions

around the Sr** ions with six and seven coordination numbers.
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Figure 7 CIE chromaticity coordinate diagram of the Srs.¢e(PO4)sCl:0.01Eu?* phosphor
and the commercial blue phosphor BaMgAl1c07:Eu®* (BAM:EU?). The inset shows a
digital image excited at 365 nm in the UV lamp of the Srsge(PO4)sCl:0.01Eu**
phosphor.

Figure 8 PLE (Aem 444 nm) (@) and PL (Aex = 277 nm) (b) spectra of

0.005, 0.01, 0.02, 0.03, 0.05 and 0.07) as a function of the

Srs(PO4)sCl:XEU?* (x

concentration of Eu?* ions.

Figure 9 Plot of Ig(1/x) versus Ig(x) in Srs.«(PO4)sCl:XEu®" phosphors (Aex = 277 nm).

Figure 10 Decay curves of the Eu®* emission in the Srs.(PO.)sCl:xEu®* (x = 0.005, 0.01,

0.02, 0.03 and 0.05) phosphors detected at 444 nm.

Figure 11 Emission spectra Of Srso0(PO4)sCl:0.01EU** measured at different
temperatures (Aex=395 nm). The inset shows the relative emission intensity as a function

of the temperature.

Figure 12 Arrhenius fitting of the emission intensity and calculated activation energy

for the thermal quenching of Sr.6e(PO.)sCl:0.01Eu?".
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Figure 13 Electroluminescent spectrum of a InGaN-based near-UV LED chip (395 nm)
comprising of a mixture of Srs(PO,)sCl:Eu®*, green-emitting (Ba,Sr),SiOs:Eu®* and
red-emitting CaAISiN3 phosphors driven by a current of 350 mA and a voltage of 3.29

V. The inset shows the photo of the fabricated w-LEDs package.
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Tables:
Table 1
Sr5(PO4)Cl
Crystal system hexagonal
Space group P 63/m
VA 2
Cell ratio a/b =1.0000 b/c = 1.3682 c/a = 0.7309
Lattice Parameters Experiment Theory
a(A) 9.8590 9.9957
c (A 7.2060 7.2737

V (A% 606.58 629.38
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Table 2

Rl R2Z R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 R13 R14 R,

99 97 96 93 98 97 91 8 63 94 91 94 96 97 94.65
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Table 3
Phosphor Excitation wavelength Emission peak Internal QE (%)
(nm) (nm)

Sr5(PO4)sCl:Eu?* 395 444 80.53
KMg4(PO4)s:Eu®*® 365 450 50.44
RbBaPO,:Eu*" 4 380 430 79.80
SrsMgSi,Og:Eu®* 48 380 455 78.30
BAM:Eu* &% 365 462 88.99
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