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A novel yellow-emitting phosphor, Nas;K(Si;_,Al,)3O;¢+s:Eu**, peaking at 555 nm was synthesized
and evaluated as a candidate for white-emitting LEDs. The structure refinement, luminescence
properties of Na;K(Si;_Al,)gO016+s:Eu>" phosphors as well as their thermal quenching and the
fabrication of white-emitting LEDs were for the first time investigated. By partially substituting Si**
with AI**, the emission peak was shifted from 553 nm to 573 nm, giving a greenish yellow—yellow color,
due to the splitting of the 5d energy level of Eu?*. By using a near-UV LED (395 nm) and a mixture of
yellow-emitting NasK(Si; _,Al,)3O;¢+s:Eu** phosphor and blue-emitting BaMgAl;(O;7:Eu** phosphor
as light converters, we constructed an intense white-light-emitting LED. The white-light-emitting LED
exhibited an excellent color-rendering index R, of 90 at a correlated color temperature of 5952 K with
CIE coordinates of (0.33, 0.29). The results of the white-emitting LED package combining 395 nm near
UV chip with Y/B phosphors demonstrated the potential of the yellow-emitting

Na3K(Si;_ Al )30+ Eu** phosphor for UV LED application.

1 Introduction

Recently, the field of solid-state lighting based on GaN semi-
conductors has seen remarkable breakthroughs in efficiency.’
Essentially, it is expected that white-light-emitting diodes (LEDs)
can offer advantages of significant power saving, long lifetime,
high luminous efficiency, and environmental friendliness.>* The
conventional way involves combining a blue-emitting LED with
a yellow-emitting Y3Als01,:Ce** (YAG:Ce*") phosphor which is
relatively easy to fabricate and commercialized.** Although
a blue-emitting LED chip with the yellow-emitting YAG:Ce**
phosphor has high efficiency (>100 Im W), the white LED
based on the YAG:Ce** phosphor exhibits a poor color
rendering index (CRI = 70 to 80) and a high correlated color
temperature (CCT = 7750 K)© because it lacks a red component
which is not suitable for applications requiring high CRI prop-
erties, such as residential and medical lighting.”®

In recent years, white-emitting LEDs fabricated using near-
ultraviolet (n-UV) LED or ultraviolet LED with three primary
color emissions mixed from three individual phosphors have been
investigated to improve the CRI and to tune the CCT." However,
the white-emitting LEDs which adopt UV-pumped R, G, and B
phosphors have problems with the low efficiency of the phosphor
that converts UV light into red, green and blue colors. White LEDs
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fabricated using an n-UV LED coupled with a blend of yellow-and
blue-emitting phosphors have exhibited favorable properties,
including tunable CCTs, tunable Commission International de
I’Eclairage (CIE) chromaticity coordinates, and excellent CRI
values.'! Therefore, it is important to develop new yellow-emitting
phosphors for n-UV LED applications. Eu**-doped phosphor
generally shows superior absorption in the spectral region of 250—
400 nm, and because the 4/~5d transition of the Eu** ion is sensitive
to the crystal field and covalency, the Eu**-doped silicate has
strong absorption in the UV-to-visible spectral region and exhibits
broad emission bands from blue to red.'>'* Many yellow-emitting
phosphors with Eu** activated for n-UV LEDs have been reported,
including Sr3;B,O4:Eu?","* Ca,BO;CL:Eu*",'® Li,SrSiO4:Eu®*,'®
S1,Si04:Eu?",'7 CasSi04Cly:Eu**,Mn**,'® Ba,Mg(POy),:Eu?* *°
and Sr3(Al,05)Cly:Eu?*.2° To the best of our knowledge, the crystal
structures and luminescence properties of NazK(Si;_ Al )s-
Oj6+s:Eu** have not yet been reported in the literature. The
nepheline, Na3;K(Si;_,Al,)3O¢+5, can be regarded as derived
from that of tridymite by the replacement of one-half of the silicon
ions by aluminium, and for charge balance alkali ions have to be
incorporated into channels of the (Al-Si)O4 tetrahedral frame-
work. In tridymite the channels parallel with the hexagonal c-axis
exhibit six-fold symmetry, whereas in nepheline only the channel in
the origin retains the high symmetry. The adjacent ones, however,
are distorted.?"? Thus the nepheline unit cell contains one wide
channel of high symmetry where K ions are located and three kinds
of distortions of channels which contain the smaller sodium ions.
In this paper, we present an investigation of the luminescence of the
yellow-emitting Nas;K(Si;_Al,)sO;615:Eu*" phosphor, where 6 is
oxygen nonstoichiometry varying from —0.4 to +0.24 depending
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on the x value. In addition, white-light n-UV LEDs possessing
excellent CRI (R,) values and warm correlated color temperatures
were fabricated using a phosphor blend of blue-emitting BaM-
gAl)0;7:Eu*" and yellow-emitting NazK(Si;_,Al)gO16.5:Eu**
and their optical properties were investigated.

2 Experimental
2.1 Sample preparation

The powder samples of NasK(Si;_ Al,)3O16.5:Eu*" (0.4 = x =
0.6) were prepared by the solution method using proper amounts
of aluminium nitrate nonahydrate (AI(NO3);-9H,0 = 98%,
Aldrich), sodium nitrite (NaNO3; = 99.99%, Aldrich), potassium
nitrate (KNOj; = 98%, Aldrich), tetraethyl orthosilicate (TEOS,
99.999%; Aldrich), and europium(in) chloride hexahydrate
(EuCl;-6H,0, 99.99%; Aldrich) as starting materials. All mate-
rials were dissolved in water (solution A) except for TEOS, which
was mixed with ethanol (solution B). After two types of solutions
(A and B) were prepared, they were thoroughly mixed together.
The mixtures were subsequently heated in an oven at 120 °C until
the solvent dried up completely. The dried powders were then
annealed at 1300 °C in a reducing atmosphere of H,/N, (5%/
95%) for 3 h.

2.2 Characterization

Room temperature photoluminescence (PL) spectra were recor-
ded using an F-7000 Hitachi fluorescence spectrophotometer, PL
System, equipped with a xenon lamp (500 W) as an excitation
source scanning the wavelength of 400-800 nm. The X-ray
diffraction (XRD, Philips X’'Pert) data were obtained over
a range of 20° = 26 < 120° at steps of 0.026° with Cu-Ka radi-
ation. Crystal structure refinement employed the Rietveld
method which is implemented in the General Structure Analysis
System (GSAS) software suite.”® For time-resolved PL
measurements, a streak camera C4334 (Hamamashu, Japan) was
used to excite the phosphor at a wavelength of 374 nm.

2.3 Fabrication of white-emitting LEDs

The white-emitting UV LED was fabricated using a mixture of
silicon resin, yellow-emitting Na3;K(Sig 50Alg.458)3016.05:Eu**
phosphor and blue-emitting BaMgAl;(O;7:Eu** (BAM:Eu*")
phosphor, which were dropped onto a 395 nm UV chip.

Optical properties such as luminescence spectra, color-
rendering index (R,), color temperature (CCT) and Commission
International de I’Eclairage (CIE) color coordinates of the white-
emitting LEDs were characterized using a Xe lamp (500 W) with
a DARSA PRO 5100 PL system (PSI Scientific Co. Ltd., Korea)
and evaluated under forward biases of varying constant currents
in which the light output was collected and measured using an
integrating sphere.

3 Results and discussion

3.1 XRD refinement and crystal structure of
NazK(Si;_Al,)gO161s

Fig. 1 shows the data (circles), fitted (red line), and difference
(bottom) XRD profiles for the Rietveld refinement of the
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Fig. 1 Rietveld refinement of the powder XRD profile of Naz;K-
(Sig.sAly 5)3s016:Eu**. Data (circles), fitted (red line), and difference
profiles are displayed along with expected reflection position.

(Nag 95Eu0.05)3K(Sio.sAlg.5)s016  phosphor.  (Nag.osEug.05)3K-
(Sig.sAly 5)s016 crystallized in a hexagonal unit cell with space
group P63 and cell parameters a = b = 10.052(2) A, ¢ =8.4075(7)
A, and cell volume = 849.52 A*. The refinement finally converged
to R, = 4.95%, Ry, = 3.02% and x> = 3.28 is listed in Table 1.
Structural parameters of the (NaggsEugos)3K(Sig.sAlys)sO16
phosphor are shown in Table 2. Fig. 2a and b show a schematic
of the Na;K(Sig sAlg5)30;6 crystal structure and the coordina-
tion environment of the Na atom, respectively. The substitution
site of the Na* ion for the Eu®* ion is one which has site symmetry
1. Structurally, nepheline can be described as a stuffed tridymite.
This subset of the feldspathoid group consists of minerals with
the same framework structure as SiO, tridymite; sixfold rings of
SiO, tetrahedra join to form sheets, which stack in an ABAB
sequence to give a framework. Charge balance is maintained by
alkali cations—usually Na and K—which are located in the large
cavities in the framework. The aluminosilicate framework
collapses around these stuffing cations to minimize the
coulombic energy. The majority of natural nephelines have
a slight excess of Si over Al, balanced by vacancies on the K
sites.?*

Table 1 Rietveld refinement and crystal property data of Naz;K
(Si;_Al)gO16+5:Eu*" phosphors. The numbers in parentheses are the
estimated standard deviations of the last significant figure

Formula Na3K(Si0.5A10'5)8016
Radiation type CuKa

26 range (degree) 20-100
TIK 295
Symmetry Hexagonal
Space group P65

alA 10.052(2)
A 8.4075(7)
VA 2

R, 4.95%

Ryp 3.02%

X 3.28
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Table 2 Refined structural parameters for Na3;K(SigsAlys)sOie
obtained from Rietveld refinement using X-ray powder diffraction data
at room temperature. The numbers in parentheses are the estimated
standard deviations of the last significant figure

x y z g° 100x Usso/A??
Na  0.9951(6) 0.4446(4)  0.9986(1) 1.0 0.602(1)
K 0 0 0.0090(3) 1.0 4.177(2)
All 173 2/3 0.2045(1) 0.5 0.443(2)
Sil 173 2/3 0.2045(1) 0.5 0.443(2)
AR 173 2/3 0.8205(1) 0.5 6.044(1)
Si2 13 2/3 0.8205(1) 0.5 6.044(1)
A3 0.0928(1)  0.3286(2)  0.3156(2) 0.2 0.779(2)
Si3  0.0928(1)  0.3286(2)  0.3156(2) 0.8 0.779(2)
Al4  0.0996(1)  0.3465(1)  0.6951(1) 0.8 3.300(1)
Si4  0.0996(1)  0.3465(1)  0.6951(1) 0.2 3.300(1)
Ol 0301921  0.693610 0.9847(2)  0.333 0.333(1)
02 0.0340(1) 0.32692)  0.5083(2) 1.0 6.217(2)
03 0.1678(2) 0.5167(1)  0.7329(1) 1.0 0. 585(2)
04 0.1702(1) 0.5112(1)  0.2378(2) 1.0 0.170(1)
05  0.22351) 0.2837(1)  03112(1) 1.0 6.937(1)
06  022252) 0.2589(1)  0.6923(1) 1.0 2.031(1)

“ Constraint on occupancy: g(All) + g(Sil) = g(Al2) + g(Si2) = g(Al3) +
2(Si3) = g(Al4) + g(Si4) = 1.0. ® Constraint on isotropic thermal factor:
Uiso(All) = Uiso(Sil)a leso(Alz) = Uviso(SiZ)a Uiso(AB) = Uiso(Si3)’
Ulso(Al4) = (]180(814)

(a) (b)

s » : y
" o @@ ®
X—» a .4
Fig. 2 (a) Unit-cell representation of Na3zK(SigsAlys)sO16 and (b)
coordination geometry of the EuOg polyhedron therein. Black, light gray,

blue, and orange spheres represent Na, K, Al/Si, and O atoms, respec-
tively. Blue spheres are shared by Al and Si atoms.

3.2 Photoluminescence of NazK(Si;_,Al,)gO6z+s

Fig. 3 shows the PLE and PL spectra of the Na3;K(Si;_,Al,)s-
Oj6..5:Eu** phosphor depending on the AI** content (x value) in
the host lattice. By varying x value the non-stoichiometry (indi-
cated as a +0) of oxygen ions varied and the non-stoichiometry of
oxygen ions is expected to influence the luminescence properties
of Na;K(Si;_,Al,)3O16.5:Eu** phosphors such as position
luminescence spectrum and intensity. The PL emission intensity
was enhanced and the central emission wavelength was red-
shifted with changing x value. The emission intensity strongly
depended on the stoichiometry of the NazK(Si;_.Al)s-
Oj16.24:Eu** phosphor. At x = 0.48 mol the ¢ value is almost
ignored and the value is close to the stoichiometry of the
Na3zK(Sig.sAlp 5)3016:Eu** composition. The 6 value strongly
affected emission intensity. With increasing x value, the non-
stoichiometry of oxygen ions became a —¢ value and oxygen
vacancies formed acting as luminescent killer sites and decreased
emission intensity was observed with increasing x.
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N
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Fig. 3 Dependence (a) excitation, (b) emission, and (c) normalized
emission spectra of the Na;K(Si;_,Al,)sO1¢+s:Eu** phosphor (0.44 = x
= 0.60 mol) on concentration of AI**.

Such red-shift was attributed to the change of the surrounding
environment of the Eu®* ions due to the lattice distortion origi-
nated from oxygen vacancies. The 4f7 — 4/°5d transition of Eu**
is strongly dependent on the host lattice because the outermost
5d orbit is very sensitive to its crystal-field surroundings. As with
incorporation of AI** in Si** sites, it was the case that the tetra-
hedral symmetry around Eu®** lowered. Due to the lowered
symmetry, crystal field splitting of 5d band Eu®* increased so that
the emission band of Eu®* shifts to a longer wavelength.?

When Si** sites were substituted with AI** ions, no phase
change was observed up to 0.56 mol of AI** contents; however, at
AI** contents higher than 0.60 mol, an impurity phase,
Naj 45Al; 455105504, Was observed. Fig. 4 shows powder XRD
patterns of the Na3;K(Sij_,Al,)gO16:5:Eu*" phosphor. As the
amount of AI** ions was increased in the host lattice, the main
diffraction peak of (202) shifted to lower diffraction angles
from 29.60° for Na3K(Si0_56A10,44)801(,,24:Eu2+ to 29.40° for
Na3zK(Sig.40Alg.60)s015.6:Eu**. This change of the XRD patterns
indicates the distorted lattice by substitution of Si** with Al**
ions. As a result, the emission band of Na;K(Si;_,Al,)s-
Oj¢+5:Eu* was changed as shown in Fig. 2. The corresponding
luminescence properties and calculated lattice parameters of
NazK(Si;_,Al)gO016.s5:Eu*" phosphors are given in Table 3. In
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Fig. 4 Powder XRD patterns for NazK(Si;_ Al,)gO6.5:Eu®" phos-
phors with various x values.

general, the temperature dependence of phosphors used in
phosphor-converted W-LEDs is important because it exerts
considerable influence on the light output and color-rendering
index. For application in LEDs, the thermal stability of
phosphors is one of the important issues to be addressed.
Temperature dependence of relative emission intensities for
Na;K(Si;_,Al)gO06:5:Eu*" as a function of AP** content (x)
under 395 nm excitation is shown in Fig. 5. The relative emission
intensity decreases with an increase in temperature and the
thermal degradation of the Naz;K(Si;_,Al,)gO¢.s:Eu*" phos-
phor becomes enhanced with increasing AIP* contents (x).
Observed were decays of 94%, 85%, 75% 73% and 65% at 150 °C
depending on increase in AI** contents (x) for Nas;K(Si;_,Al,)s-
Oj¢+s:Eu?*, respectively. The thermal degradation of Naz;K-
(Si;_ Al )gO016.6:Eu** phosphors occurs due to the nonradiative
transition from the excited state to the ground state. At low
temperatures the radiative transition from nearly the bottom of
the excited state to the ground state occurs and no temperature
dependence is observed. However, when temperature increases,
the excited state obtains thermal energy and cross-over to the
ground state and as a result nonradiative transition becomes
more dominant. The process enhances with increasing tempera-
ture and the luminescence intensity becomes weak at high
temperatures. With the increase of the AI** ion content, the
number of oxygen vacancies of the host lattice strongly increases,
which destroys the lattice structure®® due to the requirement of
charge neutrality during substitution of Si** with the AI**ion. The
oxygen vacancies behave as nonradiative recombination centers
and the nonradiative defects are largely responsible for rapid
thermal quenching of Eu?** luminescence. Therefore, thermal
activation energy (AE) is required to raise the electron from the
relaxed excited level to the host lattice conduction band.?” It can

m x=044 O x=048 & -

Normalized PL Intensity (a.u.)
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0_5 1 1 1 1 1 1 1 -
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Fig.5 (a) Temperature dependence of relative emission intensity and (b)
the activation energy (AE) of NazK(Si;_,Al,)sO6.s:Eu’"phosphors
under 395 nm excitation as a function of the AI** contents (x).

also be assumed that the thermal quenching as in eqn (1) origi-
nates from energy transfer to defect centers (killer centers) by
a nonradiative recombination process. The thermal activation
energies (AE) of Na3;K(Si;_,Al,)gO6.s:Eu** phosphors were
calculated by

Iy
—AE
1+ Ae —_—
+ Aexp ( T )
where Iy and I(T) are the emission intensities at room tempera-
ture and testing temperature, respectively, 4 is a constant and & is
the Boltzmann constant (8.617 x 10~ eV K™"). In Fig. 5b, the

plot of In [Io/I[(T) — 1] vs. I/(kT) indicates a linear relation. The
AE was obtained to be 0.3915 eV and 0.2300 eV for

I(T) = 0]

Table 3 Emission bands, Stokes shift, normalized PL intensity as well as CIE coordinates and lattice parameters of Na;K(Si;_,Al,)gO¢-s:Eu**

phosphors
Lattice parameter/A
Normalized PL

X Aem/nM Stokes shift/cm™! intensity (%) CIE (x, y) a ¢

0.44 553 13167 43 (0.4188, 0.5408) 10.0343 8.3628
0.48 555 13 232 100 (0.4272, 0.5360) 10.0439 8.3885
0.52 564 13 520 97 (0.4427, 0.5227) 10.0904 8.3941
0.56 570 13 707 89 (0.4588, 0.5091) 10.1310 8.3969
0.60 573 13798 70 (0.4609, 0.5057) 10.2105 8.3995
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Na3K(Si0‘56AIO_44)8O16,24:Eu2* (X = 044 mol) and Na3K-
(Sig.40Alg 56)8015.76:Eu** (x = 0.56 mol) phosphors, respectively.
The probability of nonradiative transition via thermal activation
strongly depends on temperatures. The probability of non-
radiative transition per unit time («) is expressed in the equation

below:?®
—AE
o = sexp (W) 2)

where s is the frequency factor (s7'), k is the Boltzmann constant,
T is the temperature, and AF is the activation energy for a non-
radiative transition. Because s, k and AFE are constant, it is clear
that lower activation energy leads to greater probability of
nonradiative transition, thereby causing a decrease in the emis-
sion intensity of the phosphors depending on the x value. It turns
out that the thermal stability of the Na3zK(Sigs,-
Al .43)3016.0s:Eu*" phosphor is comparable to that of the
Y3Al50,,:Ce** phosphor reported in the literature.?3° The
results demonstrated that the WNaz;K(Sij_,Al)gO1¢.4:Eu?
phosphor could be a promising candidate phosphor for LED
application. As can be seen from Fig. 6a and b, PL intensities of
the phosphor increased with increasing Eu®* content up to 5 mol
% while decreased PL intensity was observed at Eu** contents
higher than 5 mol% due to a well-known concentration
quenching. At critical concentration, the average shortest
distance between activator ions is equal to the critical distance
R, and the critical distance R, is suggested by Blasse,*!

1
3V \3
Re=2 (47CXCN) 3

where V'is a volume of the unit cell, X is the critical concentration,
and N is the number of cations in the unit cell. Taking the values of
V =2849.52 139, X.=0.05,and N = 2, the R turned out to be 25.32
A. From the results, it was confirmed that the energy transfers
between Eu** ions in the Na3;K(Si;_ Al,)gO6.s5:Eu** phosphor
were mainly electric dipole-dipole interactions and the optimized
concentration (0.05 mol) obtained in this study was accurate. In
order to explain the concentration quenching in more detail,
normalized decay curves for the Nas_,K(Sij_,Al,)sO;6.6:,Eu*
(0.01 = y = 0.06 mol) phosphor under laser excitation at 374 nm
are presented. These decays were analyzed at the maximum of
Eu?* emission at 550 nm. The measured lifetime (1) of Eu** 5d —
4f emission at 550 nm decreases with increasing Eu** concentra-
tion (y). In particular, the lifetime of Eu** decreased from 1.56 ps
to 1.46 ps when the doped Eu?* concentration increased from 0.02
mol to 0.06 mol. The measured lifetime is related to the total
relaxation rate by:3%%

1 1
7:*+Anr+Pt (4)
T To

where 1, is the radiative lifetime, A4, is the nonradiative rate due
to multiphonon relaxation, and P, is the energy transfer rate
between Eu?" ions.

With increasing Eu** concentration, both the energy transfer
rate between Eu?*~Eu?* and the probability of energy transfer to
luminescent killer sites (such as defects) increased. As a result, the
lifetime shortened with increasing Eu** concentration. As the
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Fig. 6 Concentration dependence of relative emission intensity and
decay curves of Eu** emission for Nas;K(Sij 55Alp.45)s016.0s:Eu*" phos-
phors under 374 nm excitation, monitored at 550 nm.

Eu** concentration quenching results from energy transfer
processes between Eu®* ions, the observed decay investigation
results also further support that concentration quenching occurs
in the Na;_ K(Si;_,Al,)sO1646:,Eu** (0.01 = y = 0.06 mol)
phosphor.

3.3 Electroluminescence (EL) of NaszK(Si;_,Al,)gO6+5:Eu**

In order to further investigate the potential of NasK(Si;_ Al )s-
Oj6.15:Eu** which has an internal quantum efficiency of ~51% in
application of UV LED-pumped white-emitting LEDs, shown in
Fig. 7 are the electroluminescent (EL) spectra and the CIE color
coordinates (x, y), CCT and R, of white-light UV LED with
different driving currents. The EL spectra clearly show a near-
UV band around 395 nm, a blue-emitting band corresponding to
the BaMgAl;(0;7:Eu** (BAM:Eu**) phosphor around 450 nm,
and yellow-emitting bands corresponding to the NazK(Sig s,-
Al 48)8016.05:Eu** phosphors around 575 nm. Upon increasing
the current from 10 mA to 50 mA, the EL intensity increased
depending on the current. The deviation of CIE color coordi-
nates was quite small. The Ax and Ay are calculated to be 0.0052
and 0.0098, respectively, as shown in Fig. 7b. The CIE color
coordinates, correlated color temperature (CCT) and average
color-rendering index R, were (x, y) = (0.33, 0.29), 5952 K and
90, respectively. The full set of R, and the average R, are listed in
Table 4.
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Fig. 7 (a) EL spectra and (b) the CIE color coordinates of blue-emitting
BAM:Eu** and yellow-emitting Na;K(Sig s,Al45)sO016.0s8:Eu**  in
conjunction with a near UV LED chip (A = 395 nm) with different
driving currents; the insets show the photos of the LED package.

Table4 Full set of 8 components of the CRI and the R, of a 395 nm UV
LED pumped with Na3K(Siy 5pAlg45)s016.08:Eu** + BaMgAl;(O;7:Eu?*
(BAM:Eu**) phosphors

R, R, Ry R, Rs Rs R; Ry R,

91 93 92 89 91 86 90 88 90

4 Conclusion

In this paper, a new yellow-emitting phosphor, NazK(Si; _Al,)s-
Oj6.5:Eu**, which can be efficiently excited over a broad spectral
range from 250 to 450 nm was synthesized by a wet chemical
reaction method. We have successfully investigated their lumi-
nescence properties as a function of the AI** contents and it is
found that the red-shifted PL emission wavelength depending on
APP* content due to the splitting of the crystal field originated
from crystal distortion. Moreover, the optimal doping concen-
tration of Eu** was 0.05 mol and the critical distance was esti-
mated to be 25.34 A based upon the concentration quenching
method. A warm white-emitting LED with CCT = 5952 K, R, =
90, and CIE = (0.33, 0.29) was fabricated using a mixture of

yellow-emitting Na3K(Si0,52Alo'48)8016'08:Eu2+ phOSphOr and
blue-emitting BaMgAl;oO7:Eu** phosphor pumped by a 395 nm
near-UV chip. These results indicate that the yellow-emitting
Na;z;K(Si;_Al,)gO1616:Eu** phosphor can serve as a new
promising candidate for application in white-emitting LEDs.
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