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17166 phosphors for indoor lighting applications
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Bhasker Gahtori®® and D. Haranath®

Single-phase cool white-light emitting BaNb,Og:Dy** phosphors have been synthesized via a conven-
tional solid-state reaction method and characterized using X-ray diffraction (XRD), scanning electron
microscopy (SEM) observations and spectrofluorophotometric measurements. XRD and Rietveld structural
refinement studies confirm that all the samples exhibit pure orthorhombic structure [space group -
C2224(20)]. SEM observations reveal the dense particle packaging with irregular morphology in a micron
range. The as-prepared phosphors exhibit blue (482 nm) and yellow (574 nm) emissions under 349, 364,
386 and 399 nm excitations corresponding to *Fg/» — ®Hy (J = 15/2, 13/2) transitions of Dy** ions. The
energy transfer mechanism between Dy*" ions has been studied in detail and the luminescence decay
lifetime for the 4F9/2 level was found to be around 146.07 ps for the optimized phosphor composition.
The calculated Commission Internationale de L'Eclairage (CIE) chromaticity coordinates for the optimized
phosphor are (x = 0.322, y = 0.339), which are close to the National Television Standard Committee
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(NTSC) (x = 0.310, y = 0.316) coordinates. The values of CIE chromaticity coordinates and correlated
color temperature (CCT) of 5907 K endorse cool white-light emission from the phosphor. The study
reveals that BaNb,Og:Dy** phosphor could be a potential candidate for near ultra-violet (NUV) excited

www.rsc.org/dalton white-LED applications.

1. Introduction

In recent years, rare earth ion doped inorganic luminescent
materials have been extensively studied in the fields of
materials science, physics, chemistry and life sciences due to
their various potential applications in display devices (e.g,
cathode ray tubes, vacuum fluorescent displays, and field emis-
sion displays), lighting gadgets (e.g., fluorescent tubes and
white-light emitting diodes), solid-state lasers, biological label-
ling, X-ray, medical devices, ionization radiation and so on."?
Among them, white light emitting diodes (w-LEDs) have been
considered to be the next generation illumination sources in
the field of solid-state lighting instead of traditional incandes-
cent and currently implemented fluorescent lamps due to
their numerous advantages such as small size, high energy
efficiency, energy-saving, robustness, high brightness,
fast switching, longer life time (>100000 h) and environ-
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mental friendliness.* Currently, two approaches have been
implemented to achieve white light through solid-state light-
ing (SSL). The first one is a phosphor-free SSL approach
employing RGB-LEDs, which consist of red, green and blue
monochromatic LEDs to obtain white-light. The main draw-
back of this approach is that every LED must be adjusted by
individual power supply to balance the emission intensity of
each color. However, the second approach involves phosphor
integrated to the SSL device. The phosphor-converted (pc) LED
uses an ultra-violet (UV)/near ultra-violet (NUV) light in combi-
nation with single/multiple phosphors that convert a part of
the light emitted by the UV/NUV LED into white-light.>” At
present, most of the commercially available w-LEDs are based
on the second approach because of the simplicity in operation.
The combination of blue LED (InGaN) coated with yellow-
emitting (Y3Al;04,:Ce®") phosphor is one of the widely used
approaches currently to produce w-LEDs. However, this
approach encounters some serious issues such as the halo
effect of blue/yellow color separation, color dependence on
chromaticity, and poor color-rendering index (<65) due to the
lack of green and red-emitting phosphor components at
long wavelength regions, which limits the LED applications
further.® On the other hand, UV/NUV LED coated with multi-
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color-emitting phosphors is an alternative approach to obtain
white-light emission with an excellent color-rendering index
(>90) as the luminous efficiency of NUV/UV chip pumped
w-LEDs is higher than the blue chip.” However, UV/NUV excit-
able multiple color-emitting phosphors have some disadvan-
tages such as low luminous efficiency due to blending together of
blue, green and red-emitting phosphors and different degra-
dation schedules of each phosphor.”'® Therefore, single phase
phosphor has become a necessary pre-requisite for the fabrica-
tion of w-LEDs using UV/NUV LED chips to overcome the pro-
blems mentioned above. There are different methodologies to
obtain white light emission from a single phase host lattice by (i)
doping a single rare earth (RE) ion, (ii) doping of two or more RE
ions, which are excited simultaneously, (iii) co-doping of different
ions and controlling the emission via energy transfer processes,
and (iv) controlling the concentration of the defect and reaction
conditions of defect related luminescent materials.'!

Alkaline earth niobates have emerged as novel materials
with huge technological and scientific importance due to their
excellent non-linear optical, photocatalytic, piezoelectric, ionic
conductive and photorefractive properties for the applications
involving acoustic transducers, delay lines in filters, optical
modulators, beam deflectors etc.'*'* Among all inorganic
phosphors, oxide based phosphors are a preferred choice for
display and SSL applications due to their exceptional chemical
stability, inertness and moisture resistance. Moreover, rare-
earth doped alkaline earth niobate phosphors have attracted
much attention and have been applied for light emitting diode
(LED) and plasma display panel (PDP) applications.'* The
metaniobate ceramics, with the general formula M>'Nb,Og
(M>* = divalent alkaline earth or transition metals) are sub-
components of the complex perovskite family, A(M;/3Nb,3)O3
and they mostly exist in an isostructural form of orthorhombic
structure with a columbite mineral group with the exception of
the M = Sr, Ba and Pb analogues, which crystallize in different
orthorhombic structures.”>™” In this quest, barium meta-
niobate (BaNb,Os) has been selected as a host lattice due to its
smaller band gap and exhibits higher charge generation under
UV light irradiation compared to other binary niobates. More-
over, BaNb,Og has been widely used as a high quality refrac-
tory material for photocatalytic and microwave dielectric
applications in recent years.'® The luminescent properties of
various rare-earth ion doped niobate phosphors have been
investigated and reported elsewhere.'*'°>* However, to the
best of our knowledge, luminescent properties of Dy’" ion
doped BaNb,O, phosphors have never been reported in the lit-
erature. Hence, in the current study, the said phosphor has
been chosen to be synthesized and investigated thoroughly for
the first time. In addition, it is well-known that Dy** ions with
4f° electronic configuration have complex energy levels and
various possible transitions between f-f levels that are highly
selective and exhibit sharp line spectra.”” It gives emission in
blue and yellow bands and the intensity ratio of these two
emission bands depends on the host crystal structure.”*>*

In the current work, a series of Dy’” ion doped single-phase
BaNb,Os phosphors have been prepared by a solid-state reac-

This journal is © The Royal Society of Chemistry 2015

View Article Online

Paper

tion method to explore their possibility as potential phosphors
for white-LEDs by investigating photoluminescence and colori-
metric properties in detail.

2. Experimental procedure

Ba(l_x)NbZOG:ny3+ (where x = 0.01, 0.1, 0.5, 1.0, 1.5, 2.0 and
2.5 mol%) were synthesized by the conventional solid-state
reaction method. The precursor chemicals namely, BaCO;
(Fisher Scientific, 99%), Nb,Os (Fisher Scientific, 99.9%) and
Dy,0; (Sigma Aldrich, 99.9%) all of AR grade were taken as
starting materials. A stoichiometric amount of precursor
materials was thoroughly mixed using an agate mortar and
pestle for an hour with acetone as a dispersing medium. The
raw powder sample was kept in an alumina crucible and then
heated in a programmable muffle furnace at 625 °C for an
hour to remove CO, and then sintered at 1200 °C at a heating
rate of 6 °C min~* for 5 hour under an air atmosphere. Finally,
the sample was naturally cooled to room temperature (~25 °C)
in the furnace itself.

The structure of the prepared sample was determined
through XRD. The crystalline phases were identified by using a
X-ray diffractometer (Rigaku make, model-Mini flex-IT), using
nickel-filtered Cu K, radiation (4 = 1.54056 A) in the range of
20° < 20 < 60° and the accelerating voltage was maintained at
30.0 kv and the tube current at 15 mA. The FullProf suite pro-
gramme was used to reveal the structural refinement. The mor-
phological observations were carried out by SEM (Hitachi,
Model-S-3700N). The photoluminescence excitation (PLE) and
photoluminescence (PL) spectra were recorded using a Shi-
madzu spectrofluorophotometer (model: RF-5301PC) fitted
with a Xenon flash lamp. The lifetime measurements were
carried out using a time-resolved luminescence spectrometer
(model-F900 Edinburgh), equipped with a time correlated
single photon counting system and a microsecond xenon flash
lamp as the source of excitation.

3. Colorimetric theory

The color of any object (self-luminous or reflecting) can be
conveniently specified via Commission International de L’
Eclairage (CIE) chromaticity coordinates marked on a chroma-
ticity diagram.>® These color coordinates are calculated from
the PL emission spectra using X(1), () and z(4) color matching
functions defined in the CIE 1931. For a specified power spec-
tral density P(1), the degree of stimulation required to match
the color of P(4) is given by three equations:

X = | 2(2)P(1)d2
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where X, Y, and Z are the tristimulus values. The tristimulus
values provide stimulation (i.e. power) values for each of three
primary (red, green, blue) colors to match the color of P(1).

The tristimulus values specifying the color are stored in the
ratio of the primary colors and not in the specific amounts of
each individual primary color, the number of dimensions used
to match the color of P(4). This was done for the CIE 1931 XYZ
space, and the resultant CIE 1931 x—y chromatic diagram
is the most commonly used tool, to describe color, in spectro-
scopy today. From (X, Y, Z), the (x, y) chromaticity coordinates
are calculated as:

P X
T X+Y+Z
B Y

y7X+Y+Z

Further, the quality of white light is evaluated from the
chromaticity coordinates using McCamy’s relation,®® by first
evaluating the ratio between the inverse slope line and the
chromaticity epicentre as:

_(x—xe)

a ¥ =Ye)
where x. = 0.3320 and y. = 0.1858. Then the Correlated Color
Temperature (CCT) was evaluated as:

CCT = —449n° + 3525n% — 6823.31n + 5520.33

The color purity or color saturation of a light source is the
distance in the chromaticity diagram between the (x, y) color-
coordinate point of the test source and the coordinate of the
equal-energy point divided by the distance between the equal-
energy point and the dominant wavelength point. The color
purity is thus given by:

\/(x - er)Z + 0 *yee)z
\/(xd - xee)2 + (yd 7yee)2

where (x, ¥), (Xee, Yee) and (xq, yq) represent the chromaticity
coordinates of the light source under test, equal-energy
reference illuminant and dominant-wavelength point,
respectively.””

Color purity =

4. Results and discussion
4.1 Structural and morphological analysis

The crystal structure of the BaNb,Os compound was reported
for the first time by Sirotinkin et al. in 1990, and has an ortho-
rhombic [space group €222, (20)] structure with cell para-
meters a = 7.880 A, b = 12.215 A, ¢ = 10.292 A and Z = 8.® The
phase purity of the as-prepared phosphors was characterized
using XRD. Fig. 1 illustrates the XRD patterns of undoped and
Dy*" ion doped BaNb,Og phosphors that are in agreement
with the PDF-4 + (ICDD) standard card no. 04-012-8861. It was
found that there is no change in peak positions among all
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Fig.1 Powder XRD patterns of Ba(l,X)NbZOG:ny3+ (x = 0.0, 0.1, 0.5,
1.0, 2.0 mol%) phosphors.

XRD patterns, which indicate pure phase formation for
undoped and doped BaNb,O4 phosphors with respect to their
corresponding (4kl) planes. This fact could be due to the large
ionic radius of Ba*" (1.42 A) than Dy*" (1.02 A) and Dy*" ions
may occupy Ba>" sites when they enter into the BaNb,O4 host
lattice. Hence, no additional peaks were found up to 2 mol%
doping of Dy,03, which means that Dy** ions were successfully
substituted for Ba®>* ions without changing the crystal structure
of the host lattice.

The average crystallite size (D) and strain (¢) of the samples
were calculated using the most reliable Williamson-Hall (W-

KA
H) equation®*° [ﬂ cos = (3) + 4e sin 9}, where K = shape

factor (0.94), D is the average crystallite size, 1 is the wave-
length of CuKu radiation, € is Bragg’s diffraction angle of the
planes and p is the corrected full width at half maximum
(FWHM). The average crystallite size of Ba;_Nb,Og:xDy*" (x =
0.0, 0.1, 0.5, 1.0 and 2.0 mol%) samples was found to be in the
range 44 and 55 nm. The strain present in the lattice was calcu-
lated and the values for x = 0.0, 0.1, 0.5, 1.0 and 2.0 mol%
Dy3+ ion doped BaNb,Og sintered at 1200 °C were found to be
0.081, 0.114, 0.113, 0.061 and 0.091, respectively. Further the
average crystallite size calculated by Debye-Scherer’s formula®'
[D = KA/fj cos 6] was found to be in the range 40 and 89 nm and
is in good agreement with the calculations performed using
the W-H method.>® The Rietveld refinement of undoped
BaNb,Os was carried out using FullProf software shown in
Fig. 2 and the resulting parameters are summarized in
Table 1. The results indicate a good agreement between the
observed and calculated diffraction patterns of orthorhombic
phase [space group C222; (20)] without any anonymous
peak.’* The unit cell parameters were determined and are
found to be a = 7.8707 A, b = 12.2096 A, ¢ = 10.2881 A and cell
volume (V) = 988.680 A®, which are close to those reported by
Sirotinkin et al.®® The refinement finally converges to good-
ness-of fit parameters (y’) = 4.2%, Ryp = 31.0% and R, =
25.6%. Fig. 3 shows the orthorhombic structure of a BaNb,Oq
lattice projected onto the b—c plane.

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 Experimental, calculated and difference in X-ray diffraction
patterns of BaNb,Og powder after Rietveld refinement.

Table 1 Calculated crystallographic data of BaNb,Og by the Rietveld
refinement method

Formula BaNb,Og
Radiation Cu Ka

26 (°) 20-60
Symmetry Orthorhombic
Space group €222, (20)
a(A) 7.8707

b (A) 12.2096
c(d) 10.2881
a(®) 90

50) 90

7 (©) 90

zZ 8

R, 25.6

Rup 31.0

x 4.2

V(A% 988.680
Density (mg m™?) 5.62

Fig. 4(a) and (b) represent SEM micrographs of 0.5 mol%
Dy** ion doped BaNb,O, phosphor. The micrograph reveals
an inhomogeneous and uneven dense morphology in the
micrometer range. The typical crystalline particle size is in the
range of 4-6 micrometers in dimension. It is obvious that,
micrometer sized crystalline powder would be more suitable to
produce an efficient white light for solid-state lighting
applications.**

4.2 Photoluminescence studies

Fig. 5 illustrates the PLE spectrum of the Ba(l_x)Nb206:ny3+
(x = 0.5 mol%) phosphor by monitoring the emission wave-
length at 574 nm. The PLE spectrum consists of seven sharp
peaks due to intra 4f-4f transitions located at 326, 349, 364,
386, 427, 454 and 474 nm, which are attributed from the
ground state ®°Hy;/, to the different excited states (°P;/,"M;55),

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 Crystal structure of BaNb,Og in the b—c plane.

Fig. 4 (a and b) SEM micrographs of Bay_yNb,Og:xDy** (x = 0.5 mol%)
phosphor sintered at 1200 °C.

6P7/2: (4111/2,6P5/2), (4F7/2;4I13/2)1 4G11/2, 4115/2 and 41:‘9/2,
respectively.*>°

Fig. 6(a) shows the PL emission spectra of Bag_,Nb,Og:
xDy** (x = 0.01, 0.1, 0.5, 1.0, 1.5, 2.0, 2.5 mol%) phosphors

with different doping concentrations of Dy** ions at 386 nm

Dalton Trans., 2015, 44, 17166-17174 | 17169
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Fig. 5 Photoluminescence excitation spectra (lem = 574 nm) of
Ba(l,x,NbZOG:ny3+ (x = 0.5 mol%) phosphor.
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Fig. 6 (a) Emission spectra (lex = 386 nm) of BaNb,Og:Dy** phosphor
at different mol% concentrations of Dy** ions. (b) Emission spectra of
Bay_nNb20e:xDy** (x = 0.5 mol%) phosphor at different excitations (lex
= 349, 364, 386, 399 nm) (in the inset).

excitation wavelength. Emission spectra exhibit two intense
peaks at 482 and 574 nm and a very weak peak at 664 nm
corresponding to the *Fg/, — ®Hysp, *Foj = ®Hysj, and “Fojp —
®Hy, ), transitions, respectively.’® The *Fo;, — ®Hjs/, transition
belongs to the magnetic dipole allowed and its intensity
does not depend on the crystal field of the host.>” On the
other hand, the intensity of the hypersensitive transition
(AL = 2; AJ = 2) "Fo, — °Hys,, belongs to a forced electric
dipole transition, which is allowed in the case where Dy** ions
are located at the local sites with non-inversion center
symmetry.***® In Dy** doped BaNb,Os phosphor, the
intensity of yellow emission (*Fo, — °His,) is stronger than
blue (*Fo;, = ®Hjysjz) that confirms the location of the active
ions (Dy**) in low symmetry environment without the inver-
sion centre in the host. As the radius of Dy’" ions is less than
Ba”", Dy’" ions can easily enter into Ba>" sites having low sym-
metry. This is in good agreement with the results obtained

17170 | Dalton Trans., 2015, 44, 17166-17174
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from XRD analysis.*’ Moreover, the emission spectra of the
sample Bau_x)NbZOé:nye'+ were measured at 349, 364, 386 and
399 nm excitations as shown in the inset as Fig. 6(b). A similar
profile of emission lines has been observed with different
intensities for each excitation. The emission intensity at
386 nm excitation is considered as optimum as its intensity
is higher than the emission intensity observed for other
excitation wavelengths. This may be due to relatively higher
absorption at that wavelength.

The branching ratio () is a critical parameter to calculate
the relative intensities of emission lines originating from the
"Fq, excited state. The branching ratios for yellow and blue
transitions originating from “Fo;, were calculated by taking
the integral under respective emission bands. For all Dy** ion
concentrations, the sum of the branching ratios for the corres-
ponding emission bands *Fo/, — ®Hys/, and *Foj, — ®Hyy) was
found to be unity (45, + fs574) suggesting that both the tran-
sitions have wide possibility of attaining stimulated emission
with higher efficiency.*> Moreover, it could be noticed that the
emission band *Fo;, — °H;5, is broadened and also observed
that this transition splits into a maximum number of J + 1
Stark components in the blue emission region (450-500 nm),
where J is the total angular momentum of electrons.****

As shown in Fig. 6(a), the emission intensity increases
initially with an increase in concentration of Dy’" ions and
reaches to a maximum at x = 0.5 mol% and then gradually
decreases beyond 0.5 mol% due to the concentration quench-
ing phenomenon. As the doping concentration of Dy** ions
increases, the distance between luminescent centres decreases
that increases the possibility of non-radiative energy transfer.*®
The concentration quenching phenomenon resulted mainly by
the non-radiative energy transfer among Dy*" ions. In the
present system, the energy transfer mechanism from one Dy>"
ion to another depends on the critical distance between Dy**
and Dy’* ions. Hence, it is necessary to calculate the critical
distance (R.) between the adjacent Dy** ions. According to
Blasse*>™ the critical distance could be expressed as:

3V |3
R.~ 2
AnX.N

where V is the volume of unit cell, X, is the critical/optimised
concentration (mole) of the activator ions and N is the number
of cations per unit cell. By analyzing the experimental data,
the values are found to be V = 988.68 A, N = 8 and X, = 0.005.
The calculated critical energy transfer distance is 36 A for the
current system. Van Uitert’® has pointed out that energy trans-
fer is generally associated with exchange interaction, radiation
re-absorption, or multipolar interactions. The exchange inter-
action is usually accountable for the energy transfer for the for-
bidden transition and the critical distance of about 5 A.*”
Since, the distance between adjacent Dy’* ions is larger than
5 A, as a result the exchange interaction becomes ineffective
and multipolar interaction will become important in this case.
According to Dexter’s theory, when the doping amount of the
activator is large enough, the luminescence intensity 7 and the

This journal is © The Royal Society of Chemistry 2015
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Fig. 7 Relationship of log(//x) with log(x) in BaNb,Os:Dy** phosphor
under 386 nm excitation.

mole fraction of activator ions x could be related as
follows:*%>°

log(I/x) = fglog x+A

where A is the constant and Q represents interaction type
between rare-earth ions. If Q = 6, 8 and 10, the interactions
may be corresponding to the electric dipole-dipole (d-d),
dipole-quadrupole (d-q) and quadrupole-quadrupole (q-q)
interactions, respectively.”’ Depending on the emission
spectra of Ba(l_x)Nb206:ny3+ excited at 386 nm, the corre-
lation between log(Z/x) and log(x) is shown in Fig. 7. The calcu-
lated value of Q is 4.95, which is close to 6 discloses that the
concentration quenching mechanism in the BaNb,Og:Dy**
phosphor occurs due to electric dipole-dipole (d-d)
interactions.*>*?

The radiative emission process explained is that the radi-
ation excites the Dy*" ions to the higher excited levels and then
quickly relaxes to the *Fy, level by non-radiative and radiative
transfers from the “F, excited level as shown in the schematic
energy level diagram in Fig. 8. The upward and downward
arrows indicated in this figure represent excitation and emis-
sion, respectively. The possible non-radiative channels
explained in Fig. 8 could be: (i) the possible resonant energy
transfer (RET): (*Foj, + ®Hys;o — ®Hysn + *Fop) by considering
the energy match rule, and (ii) cross relaxation channels
(CRC1, CRC2 and CRC3) among Dy*" ions are responsible
for de-population of Fy, energy levels by non-radiative
such as (4F9/2 + ®Hyspp = Fiay2,"Hop + 6F5/2), (4F9/2 + °Hyspp —
®Fo/2,°Hypp + °F55) and (*Foj, + *Hyspp = °Fujp + °Fi1p2, *Hop) for
as-prepared phosphors.*"*>3?

Further, the luminescence intensity ratio of yellow to blue
(Y/B) is essential for white-light emission. The calculated (Y/B)
ratio for the optimized excitation wavelength of 386 nm was
found to be close to unity for all doping concentrations. There
has been slight variation in the value of the ratio near to unity

This journal is © The Royal Society of Chemistry 2015

View Article Online

Paper
30_‘ Dys'energy level diagram "
281 £ I m.P
26 [ Nmmd}ativ\:unsitiom e 6
F
- l AT S ]
24[ N o
22 :_ 7 ‘l 1z
< 20[ : ) T Fua
e FE|E|E| E|E | := 3| 8| 8
S Brelzle] gz | g8 58
= )75 TR Bl i E
° e D] I B 3 : E ;
o o ¢ 7 + Ls - :Fm
120 e R AR
E - ; '; ' \ Fm
o 100 v B 3
c E ' H
woosf T Py
- " : : 1t T an
i3 s Ry
) ]
[ *H
- 1} o ' 1ar
2 ¢
ol | | : 4
Excitation Emission RET & Cross Relaxation

Fig. 8 Partial energy level diagram illustrating excitation, emission and
energy transfer mechanisms of Dy** ions in BaNb,Og phosphors.

for other three excitation wavelengths namely, 349, 364 and
399 nm, which confirms excellent stability of the color coordi-
nates against different excitations and concentrations. The
intensity ratio being almost constant was attributed to
the local environment around Dy** ions and is invariant with
the varying concentrations of Dy** ions.*

4.3 CIE chromaticity coordinates

Fig. 9 shows the CIE chromaticity coordinates for the opti-
mised sample calculated from the emission spectra measured
under different excitations. The CIE chromaticity coordinates
for optimized phosphor were found to be (0.312, 0.343),
(0.319, 0.364), (0.322, 0.339) and (0.312, 0.342) for corres-
ponding excitations at 349, 364, 386, 399 nm, respectively and
are indicated in Fig. 9. Excellent white-light chromaticity co-
ordinates (0.322, 0.339) were observed for 386 nm excitation,
which are very close to the standard equal energy white-light
point (0.333, 0.333). The CIE chromaticity coordinates under

CIE 1931 - Chromaticity Diagram

k=349 nm
# k= 364 nm
# A,=386nm
% =399 nm
© White Point
e EEP)

&1

CIE y coordinate ——»

CIE x coordinate ——»

Fig.9 CIE chromaticity diagram for Dy** ion doped BaNb,Og
phosphor.

Dalton Trans., 2015, 44, 17166-17174 | 17171


http://dx.doi.org/10.1039/c5dt02436f

Published on 27 August 2015. Downloaded by National Physical Laboratory (NPL) on 06/11/2015 04:25:31.

Paper

Table 2 Y/B ratio, CIE chromaticity coordinates and CCT for BaNb,Og:
Dy** phosphors at various doping concentrations

Aex = 386 nm

X (Dy** concentration

in mol%) Y/B ratio (x,) CCT (K)
0.01 1.11 (0.329, 0.339) 5689
0.10 1.06 (0.322, 0.338) 6000
0.50 1.01 (0.322, 0.339) 5907
1.00 1.05 (0.314, 0.341) 6373
1.50 1.06 (0.320, 0.340) 6056
2.00 1.11 (0.331, 0.332) 5623
2.50 1.07 (0.312, 0.319) 6652

optimized excitation (e = 386 nm) for different Dy** ions con-
centration are given in Table 2. It is interesting to note that the
optimized Bag;_yNb,04:xDy*" (x = 0.5 mol%) phosphor sample
exhibited superior white luminescence coordinates compared
to different Dy*" doped phosphor hosts such as CaMoO4:Dy**
(0.28, 0.27),** Sr;Gd(PO4);:Dy*" (0.25, 0.29),"> YPO.:Dy** (0.36,
0.42)** and found to be extremely close to commercial pe-LED
(Blue LED + YAG:Ce®") and National Television System Com-
mittee (NTSC) white-light emission having (0.32, 0.32) and
(0.310, 0.316), respectively.

The calculated CCT values for Dyz'+ ion doped BaNb,Oq
phosphors were found to vary between 5689 and 6373 K and
falls in the cool-white region. The calculated CCT was 5907 K
for the optimized concentration (x = 0.5 mol%) of BaNb,Og:
Dy** phosphor, which represents cool-white emission and is
very close to the “ideal white” region of the chromaticity
diagram. The higher value of CCT indicates better visual acuity
and greater brightness perception as compared to lower
values.®* The CCT values lie in the cool white-light region
signifying the possibility of the phosphor for application in
w-LEDs for outdoor illumination.

Using the chromaticity coordinates given in Fig. 9 for the opti-
mized concentration of as-prepared phosphor, the color purity
was calculated and found to be around 7.89 x 1072, 5.39 x 10”2,
5.39 x 107> and 7.89 x 1072 corresponding to 349, 364, 386, and
399 nm excitation wavelengths, respectively. The low value of the
color purity indicates the purity for white-light emission.>”*** The
above-mentioned results indicate that the as-prepared phosphor
can be considered as a potential candidate for fabrication of
w-LEDs based on NUV chips as the excitation source.

4.4 Luminescence decay curve analysis

The room temperature luminescence decay curve has been
plotted for Ba(;_Nb,04:xDy’" (x = 0.5 mol%) phosphor and is
shown in Fig. 10. It represents the decay curve measured for
*Fg;, — °Hys, emission for phosphor when excited under
386 nm wavelength. To understand the behaviour of lumines-
cent decay, the decay curve was fitted with different equations
and the best fit was observed for the bi-exponential
equation:>>>°

I=Ae" 4 ppet/m
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= BaNb,0, :Dy” (0.5 mol%)
Bi-exponential fit

| &,,=574 nm

Adj. R-Square 0.99537

Normalized Intensity (a.u.)

Residuals Value
Al 0.23881 0.01432
t1 10.35792 1.27731 Hy
Az 0.74621 0.00818 ."
t2 149.0852 2.98319 =
T T T T T T T T T T T
0 100 200 300 400 500 600

Time (us)

Fig. 10 Luminescence decay curve (lem = 574 nm) of Bay_,y)Nb,Og:
xDy** (x = 0.5 mol%) phosphor under 386 nm excitation.

where I is the luminescence intensity; ¢ is the time; 7; and 7,
are the decay times for the exponential component and A; and
A, are the fitting parameter constants, respectively. Thus, the
average lifetime in the case of bi-exponential fitting can be
determined by using the equation:*!

Alle +A21'22

T =
&g AlTl + A2T2

The fluorescent lifetime 7, for the *Fo), level for the opti-
mized phosphor sample was found to be ~146.07 ps. Gener-
ally, the PL decay curves can be influenced by energy transfer
between Dy** ions. If there is no interaction between the rare-
earth ions, the decay curves are usually fitted to a single expo-
nential function. The bi-exponential fitting behaviour shows
the possibility of interaction between Dy*" ions in the BaNb,Oq
lattice as discussed in the previous sections.

5. Conclusions

Single-phase BaNb,Oq:Dy’* white-light emitting phosphors
were successfully synthesized using the solid-state reaction
method. The crystallinity and pure phase of the as-prepared
phosphors were examined by XRD and Rietveld refinement
studies. All the prepared samples exhibited single-phase with
an orthorhombic structure. The excitation spectra indicate that
the phosphors could be effectively excited by NUV LED chips
having an excitation wavelength of 386 nm. In order to deter-
mine the optimized doping concentration of BaNb,Og:Dy>*
phosphors, concentration dependent luminescence measure-
ments were carried out. 0.5 mol% of Dy** has been found to be
the optimum doping concentration under different excitation
wavelengths. The blue (482 nm) and yellow (574 nm) emission
bands corresponding to *Fo, — °H; (J = 15/2, 13/2) transitions
and the value of Y/B ratio close to unity have been successfully

This journal is © The Royal Society of Chemistry 2015
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achieved. The combination of these emission bands emits
white-light and the CIE chromaticity coordinates for the opti-
mized phosphor are (x = 0.322, y = 0.339) with a CCT value of
5907 K, which are close to the standard white-lamp colori-
metric point in the cool white region. All the above-mentioned
results indicate that the Dy*" ion doped BaNb,O, phosphor
could be used as a practical potential luminescent material for
NUV based w-LED applications.
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