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HIGHLIGHTS

® Eu>* -doped Ba;YP30;, nanophosphors have been fabricated via solution-combustion route for the first time.
® Phase and structure morphology of the powder sample was determined by Rietveld analysis using XRD pattern and TEM image.

® The CIE color coordinates confirm intense red emission with high color purity.

® These nanophosphors are appropriate aspirant for solid state lighting.
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Eu®*-doped Ba;YP;0;, nanoparticles were prepared by the solution-combustion method. Rietveld refinement
confirmed that the system crystallizes in cubic structure with 1-43d (2 2 0) space group. Spherical shaped
particles in nano range were observed which are responsible for improved luminescence. The 4.9 eV optical
band-gap of the host shows that it as a good aspirant for lanthanide activators. The Photoluminescence emission
spectrum demonstrates prevailing emission peak assigning to *Dy—’F, transition at 612 nm of Eu®* ions when

energized at a wavelength of 394 nm. CIE color coordinates (x, y) exposed red emission, making this nano-
phosphor a potential candidate in NUV excited WLEDs.

1. Introduction

Trivalent lanthanide-doped phosphors have gained the attention of
the scientists in the discipline of life, chemical, physical and material
sciences as a result of their potential applications in plenty of devices,
for example, sensors innovation, bio-imaging, optoelectronics, lumi-
nescent solar collectors, color display and laser cooling [1-5]. Fur-
thermore, special concern has been given regarding the investigation of
White Light Emitting Diodes (WLEDs) owing to the attributes like less
energy usage, budget-friendly, environmentally favorable and solid-
state-lighting diligence [6-10]. Currently, WLEDs bearing remarkable
color temperature and high color rendering index are being produced
utilizing a near ultra-violet (NUV) LED coated by red, green and blue
phosphors [11-14]. Besides, a unique endeavor has been paid to ex-
plore trivalent europium doped red-light emitting nanophosphors due
to the sharp spectral bands acquired on account of 4f electrons intra-
configurational transitions [15,16]. An extensive array of host lattices

* Corresponding author.
E-mail address: dineshdalal8@rediffmail.com (D. Kumar).

https://doi.org/10.1016/j.cplett.2020.137657

has been investigated to fabricate prominent nanophosphors. However,
no attempt has been made to examine the surface morphology and
optical assets of BasY;  Eu,P30;5 nanoparticles. The standard cubic
BasYP30;,, has 1-43d (2 2 0) space group with lattice parameters a
(A) = 10.4655, a = B = y = 90° and unit cell volume equivalent to
1146.25 A® [17,18].

Nowadays, a few wet-chemical methods, for example, the sol-gel
approach, microwave-assisted synthesis, solution-combustion method,
solvothermal method, and hydrothermal technique are broadly em-
ployed to fabricate nanoparticles of desirable scale [19,20]. In this case,
the solution-combustion technique has been utilized knowing the fact
that it is a novel procedure for the synthesis of phosphor with excellent
crystallite size and also this method produces a high-quality controlled
homogenous product in a less duration of time deprived of employing
highly expensive temperature furnaces. The obtained powdered sam-
ples are homogenous, single-phased and highly pure [21-24]. To the
best of our knowledge, this is the first study to fabricate
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BasY; ,Eu,P301, nanophosphor via a urea-based solution-combustion
method. In this work, the optoelectronic examination of red-emissive
and single-phase BasY; ,Eu,P30;15 nanophosphors, as well as their
crystal morphology, was explored. We have further examined the im-
pact of trivalent europium ions concentration in BasYP30;, on the ac-
count of crystal structure parameters. The Rietveld refinement of
BazYy 10Eu0.00P301> divulged that it solidifies in a cubic lattice with I-
43d (2 2 0) space group. The produced excitation and emission spec-
trum investigated the photoluminescence attributes of the powders
recommending their potential application in WLEDs utilizing near
ultra-violet LED chip excitation. For the assertion of particle measure in
nanoarray and their surface morphology of the synthesized europium
doped nanophosphors, we have used the Powder X-ray diffraction
(PXRD) and Transmission Electron Microscopy (TEM) techniques to
examine BasY;..Eu,P30,5. Furthermore, the results obtained from the
TEM micrograph were well justified with the particle size evaluation
using the Scherrer's equation. The PL excitation spectra of these nano-
phosphors demonstrate absorption at 394 nm ascribed to the “Fy — Lg
transition. Moreover, these phosphor samples find usage in plasma
display panels working under NUV and Eu®** doped phosphate-based
solid-state laser.

2. Experimental
2.1. Material and synthesis

Lanthanides-doped BasY; ,Eu,P30;15 (x = 0.01-1.00) nanocrystals
were prepared utilizing the solution-combustion technique. The raw
materials required for the fabrication of luminescent material were Y
(NO3)2'6H20, Ba(NO3)2, EU(N03)3'6H20, (NH4)2HPO4 and NH2CONH2.
The raw materials were measured stoichiometrically and mixed in the
least volume of triple-distilled water in a beaker. Also, the quantity of
urea required was determined by utilizing reducing and oxidizing va-
lencies of the fuel and the oxidizer [25]. In the solution-combustion
method, urea served as a fuel and was oxidized using nitrate ions
[26-28]. Now, the solution was placed in an oven maintained at 500 °C.
In the beginning, the sample solution experiences quick dehydration
and effervescing followed with disintegration and releasing of the
gases. These gases burn with a fire producing voluminous flaky solid
material. The attained material was then cooled and fine-grained. The
obtained material was then cooled and pulverized. At last, powders
were calcined at 1300 °C for 3 h in a furnace and cooled to room
temperature, and the samples were used for different characterizations.

2.2. Materials characterization

A series of synthesized nanophosphors of BazY; ,Eu,P30;,, calcined
at 1300 °C temperature was portrayed utilizing an Ultima-IV powder X-
ray diffractometer (PXRD). The diffraction patterns were measured
from 26 = 20° — 60° with a scanning pace of 2° min~* utilizing Cu Ko
radiation (A = 1.5404 1°\) at 40 mA and 40 kV cylinder current and
cylinder voltage, respectively. The quantitative and the qualitative
phase investigation of the BazYg 10Eug 9oP3012 Were scrutinized uti-
lizing Rietveld refinement by “FULLPROF” program. The surface mor-
phological attributes were achieved by using a Technai G® Transmission
Electron Microscopy (TEM) instrument. Diffuse Reflectance Spectrum
(DRS) was recorded by employing Shimadzu UV-3600 assembled with
an integrated sphere. To examine the band-gap energy of the host
sample when measured at 200-800 nm wavelength range BaSO4 was
used as a standard reference. Photoluminescent excitation (PLE) and
photoluminescent emission (PL), lifetime decay curve and color co-or-
dinates of the BasY;.,Eu,P30,5 (x = 0.10-1.00) powder samples in the
UV- visible range were examined utilizing a Hitachi F-7000 fluores-
cence spectrophotometer fitted with Xe-lamp as the excitation source.
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Fig. 1. XRD profile of BasYP50;:xEu®™ (x = 0.01-1.0) nanophosphors along-
with standard data of BazYP30;,.

3. Results and discussion
3.1. Structural analysis

Fig. 1. displays the X-ray diffraction profile of a synthesized series
BasY; Eu,P30;:5 (x = 0.10-1.00) nanocrystals calcined at 1300 °C. The
outcomes, when compared with the standard JCPDS data, affirm that
there are no detectable impurity peaks in the XRD profile patterns even
at high doping concentration, representing that the synthesized samples
are of single-phase and the trivalent europium ions have entered the
BasYP30,, host effectively without altering the crystal structure pro-
totype. To study the crystal structure and phase information of the
nanophosphors, we did the Rietveld refinement utilizing the “FULLP-
ROF”  program.  Fig. 2. showing that nanophosphor
(BasYg.10Eug.0oP3012) solidifies into a cubic structure with the I-43d
(2 2 0) space group. The refined unit cell parameters were resolved to
bea (A) = 10.5656, a = B = y = 90°, V = 1179.46 A3 and Z = 4
along with the final residual factors converged to Rp = 9.5%,
Rwp = 11.78% and x> = 3.83. The refined parameters direct that the
powder sample is well crystallized, and the attained structure is reli-
able. In the Rietveld plot (Fig. 2), black dot demonstrates the pattern
fitting of the theoretically observed XRD profile while red crosses ex-
hibit experimentally calculated X-ray diffraction profile; the blue line
shows the level of deviation from the experimental data to the theo-
retical one.
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Fig. 2. Rietveld refinement of BazYy 10Eug.90P3012 nanocrystals XZ = 3.83, Ryp
(%) = 11.78, R, (%) = 9.5.
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Fig. 3. The typical crystal structure view of BazYy 10EU0 9oP3012 (@) the 3-dimensional unit cell, Coordination situation of (b) Ba/Y/Eu atoms and (c) P atom in
BasYP30,, and (d) Partial enlargement structure diagram exhibiting the coordinative environment of few cations occupying Wyckoff positions 16¢c when viewed

through a-axis.

Table 1
Comparison of crystal structure data of Ba3Y( 10Eug.90P3012 nanophosphor with
standard BazYP301.

Formula BazYP30;, (Published) BasYo.10Eu0.90P3012
Formula Weight 785.80 842.545

Symmetry Cubic Cubic

Space Group 1-43d((220) 1-43d(220)
a=b=c(@) 10.4655 10.5656

a = B = y (degree) 90 90

Volume (A% 1146.25 1179.46

z 4 4

Density (g/cmB) 4.54 4.74

Pearson Code tI76 tI76

Wyckoff Sequence i2h5ba i2h5ba
Table 2

Refined positions of all atoms and occupancy data for the BazYg 10Eu0.90P3012
nanocrystal.

Atom  Ion Type Wyckoff  Fill x/a y/b z/c

Label positions

Ba Ba®* 16¢ 0.7450 0.06341 (2) 0.06341 (2) 0.06341 (2)
Y Y3+ 16¢ 0.0123 0.06341 (2) 0.06341 (2) 0.06341 (2)
Eu Eu®* 16¢ 0.2427 0.06341 (2) 0.06341 (2) 0.06341 (2)
P Pt 12a 1 0.3750 0 0.25

01 0%~ 48e 0.381  0.29570(5)  0.03420(6)  0.11550(8)
02 0%~ 48e 0.719 0.20640(5) 0.06580(5) 0.15620(5)

According to the Rietveld refinement results, there are three au-
tonomous crystallographic atomic sites, including Ba/Y/Eu, 1P and 10
atom. Fig. 3 demonstrates the typical 3d- crystallographic cubic unit
structure of the BasYy ;0Eug 9oP30;2 nanophosphor. The blue sphere
signifies Ba, Y and Eu atoms sharing the same Wyckoff position at site
16¢ and adopt an irregular [Ba/Y/EuO;g] polyhedrons. Phosphorous
(green sphere) are existing in the form of irregular POg units lodging
Wyckoff 12a site. Table 1 shows the detailed crystal structural com-
parison of the host and as-synthesized nanophosphors. In BasYP30;,
crystal structure, Eu®" particles are relied upon to supplant Y>* par-
ticles and can be enlightened with the rise in unit cell volume from
1150.36 A® to 1179.46 A% upon doping of BasYP;0;, host matrix with
90 mol% of trivalent europium ion, which can be understood as of

bigger ionic radii of Eu®* than Y™ ions. Table 2. displays the Refined
positions and occupancy data of all the atoms for BazYg 10Eug.90P3012
nanocrystals. The crystallites size (D) of all the synthesized nanopho-
sphor were appraised employing FWHM (full-width at half-maxima) of
the uttermost diffraction peak (3 1 0) by the assistance of Scherrer's
equation:

_ 0.9411
(B2(26) — B2(26))2Cos(6)

(€8]

where D implies the average crystallite size, A is the X-ray wavelength
with the value of 0.15406 nm, 6 represents the diffraction angle, 35;(26)
and 0(26) are the FWHM (in radian) of the standard silicon and syn-
thesized sample, respectively [29,30]. The determined mean crystallite
magnitude (D) for BasYy 19Eug 9oP3015 is 52 nm.

To further examine the morphology and particle size approximation
in BagYP30,5: Eu®* sample powder had been inspected by TEM in-
vestigation. The Fig. 4. represents the TEM micrograph of the sample
BasYg.10Eug.99P3015 calcined at 1300 °C, which demonstrates the small
size synthesized crystals with semi-spherical shape and agglomeration

50 nm
_—

Fig. 4. TEM image of Ba3Yy 10Eug 9oP3012 clearly shows the semi-spherical
surfaced particles with agglomeration on the scale of 50 nm.
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Fig. 5. The relationship between the absorption coefficient and photon energy
for BazYP30;, host matrix and (inset) corresponding diffuse reflectance spectra.

in nano-range. The TEM micrograph evaluation exhibits the typical
grain size varying in the range of 35-55 nm, which is in a great con-
currence by the value appraised with Scherrer's relation. The obtained
nano-scaling array of the synthesized particle plays a vital role in the
luminescence proficiency, which might be ascribed to less internal
scattering and the high surface is to the volume ratio [31].

Moreover, the optical absorption coefficient of Ba3YP3015 and the
value of the optical band gap were assessed. The dependable diffuse
reflection spectrum is exposed in the inset of Fig. 5 and was utilized in
the form of Kubelka-Munk mathematical function to measure the extent
of the energy band-gap (E,). So, the values of band-gap can be esti-
mated by the given below equation [32,33]:

[F(Reohv]® = C(hv — E,) (3]

where hv signifies the energy of the photon, C represents a pro-
portionality constant, n is 0.5, 2, 1.5, 3 implies allowed indirect, al-
lowed direct, forbidden direct and forbidden indirect electronic tran-
sitions, respectively and E; means band gap (eV). Further, the F(R..)
(diffuse reflectance) is utilized to appraised the individual absorption
value by using the Kubelka-Munk function as [34,35]:

(1 _Roo)2 — E

FRo) = 2R., S 3)

where K represents the absorption coefficients, S denotes the scattering
coefficients, and R.. corresponds to the reflection coefficient (relative
magnitudes of Reample and Rgiandara). The E, value of BazYP301, can be
attained by extrapolation of the straight line of F(R..) hv vs hv asso-
ciated to the energy axis displayed in Fig. 5. Thus, it exposed experi-
mental band-gap energy of 4.92 eV.

3.2. Optical properties

Fig. 6. demonstrates the photoluminescent excitation (PLE) spectra
of BaYP50,5: xEu®* (x = 0.20, 0.30, 0.40, 0.50, 0.60, 0.70, 0.80, 0.90
and 1.00) nanophosphors when monitored at A, = 612 nm ascribed to
5Dy—’F, emission transition of Eu®>* ion in the host matrix. The ob-
served excitation profile divulged indistinguishable spectroscopic
spectra, irrespective of change in Eu®" concentration (x), which com-
prises a few sharp excitation peaks somewhere in the range of 300 to
500 nm. The observed sharp excitation peaks at 319, 361, 381, 394,
414, 465 and 487 nm were attributed to the “Fo— ®Hg, Dy, °Gs, °Le,
D3, °D, and °D; transitions of Eu®*, correspondingly and are intra-
configurational 4f—4f forbidden transitions which show that the pro-
duct can be efficaciously excited by near-UV LED chip and has a
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Fig. 6. Excitation spectrum of BasY; yEuP301> (x = 0.20-1.0) nanophosphor
studied at Ao, = 612 nm.
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Fig. 7. Emission spectrum of BazY; yEu,P30;5 (x = 0.30-1.0) nanophosphor
monitored at Aoy = 394 nm.

potential for the commercial solid-state LEDs [36,37].

Furthermore, photoluminescence emission (PL) of Ba3zYP30;s:
xEu®" (x = 0.30-1.00) nanophosphors were recorded when adjusted at
excitation wavelength (A.,) 394 nm as shown in Fig. 7. The two dom-
inating emission peaks focused at 612 (red light), and 591 nm (orange
light) play a significant role in the photoluminescence phenomenon.
The ®Dy—"F, transition belongs to the forced electric-dipole transition.
It is hypersensitive to the site symmetry of the activated ions. At the
same time, another little less intense emission peak of *Do—’F; tran-
sition is ascribed to the magnetic-dipole transition of Eu®* ions, which
is found to be insensitive to the crystalline position of the Eu®* ion.
Along with two main peaks in the PLE spectra, four weak peaks are
observed at 470, 510, 552 and 651 nm and are attributed to °D,—"F;,
5D;—7F,, °Do—"F, and ®Dy—"F; transitions, respectively [38-40]. The
schematic energy level diagram of Eu®* in the BazYP50, 5 host matrix is
shown in Fig. 8, showing excitation of the electrons at 394 nm to the °Lg
and °Dj levels of Eu®* ion. The electrons lying in °Le and various levels
of ®Dj first relax non-radiatively to the °D, level followed by radiative
transitions to “F; (J = 0, 1, 2, and 3) levels of Eu®™ ions.

As a series of Eu®*-doped BasYP;0;, nanophosphors were fabri-
cated, and their optimal dopant concentration along with luminescent
properties was explored. All the powder samples of the series displayed
trademark emissions related to Eu®* with comparable spectroscopic
profiles, while their PL intensities varied when Eu®" ions concentration
was increased. Fig. 9 displays that PL emission intensities increase dully
with increments in the dopant ion concentration from 20 to 100%j;
hence it predicts the no-concentration quenching.

Furthermore, the room-temperature decay profiles for the samples
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of BasY;,Eu,P30:2 (x = 0.10-1.00) nanophosphors subjected to
Aex = 394 nm were obtained as displayed in Fig. 10. The attained decay
data was found to be well-fitted with the double exponential function as
[41,42]:

I(t) = [Alexp(—g) + Azexp(—fi)] @
1 2

where t is the time, A; and A, are the constants of intensity and t; and
T, represent the two different decay times once intensity declines to 1/e
of the initial intensity. Based on this data, the average lifetime decay
(tavg) can be appraised by utilizing the following equation:

S AT + AT3)
M (AT + An) 5)

Usually, the double-exponential fit is elucidated on the foundation
of two dissimilar chemical surroundings of the dopant ions. But, in
these samples, due to the equivalent bonding outlines and (Eu-O) in-
terionic distances, the decay process of these particular nanophosphors
can be precise by the surface consequence rising after the nano-scaling
of the luminescent samples, as described in earlier research works
[43,44]. The phenomenon of fast and slow deactivation can be sub-
jected to the locations of the activator ion in the host. It was found that
in the cases where crystallite magnitude of the luminous material
dwells in nanoarray, depth aspect dominates. The dopants ions existing
on the surface were denoted to fast relaxation (t;), while the dopant
ions located deeply were accountable for the dilatory relaxation action
(t2). The subsequent lifetime (tayg) of 5Dy state is the mean of decay
times, i.e. t; and t,. The decay times for the whole sequence of
BasYP;0;,: Eu®™ nanophosphors are listed in Table 3.

The CIE (Commission Internationale de I’Eclairage) 1931 chroma-
ticity coordinates (x, y) were evaluated to appraise the emission color of
BasY;.,Eu,P30;, (x = 0.10-1.00) nanophosphors. MATLAB software
package installed with the CIE color calculator program was used to
assess the color coordinates and are shown in Fig. 11. The attained CIE
color coordinates for all the fabricated phosphors excited with the
394 nm wavelength lie in the red region offering a range of display and
lighting applications. The fundament of the European Broadcasting
Union (EBU) and standard of NTSC reveal the color purity of the lu-
minescent material as an essential parameter to assess the possibility of
the fabricated nanophosphors for WLEDs and displays.

The color purity of the powder was evaluated by using the below-
given relation [45]:

1
® 90 mol% _ Vo =x)*+ 0 -y
e N —_— Color purity = = =
3 xponential Fi \/(Xd — )P+ Oy —») 170
<
:;; 014 Where, (x;, y; = 0.310, 0.316) are the color coordinate of white
g ’ illumination, (x4, y4 = 0.684, 0.315) is the CIE coordinate of the
] dominant emission wavelength and (x, y) stands for the CIE
=
-an] Table 3
%‘ 0.01 4 Photoluminescence lifetime (ms) of °Dj, states, CIE 1931 chromaticity index and
£ u’ and v’ coordinates for BazY; yEu,P30:2 (x = 0.20-1.0) nanophosphors.
)
2 Eu®* Concentration (mol Life-Time CIE Color w’, v)
) .“ %) (ms) coordinates
()
0.001 T T T T T T T
0 2 4 6 8 10 12 14 16 10 2.35 (0.5403, 0.3230) (0.373, 0.502)
. 20 2.21 (0.5473, 0.3402) (0.366, 0.511)
Time (ms) 30 2.13 (0.5503, 0.3313) (0.375, 0.508)

. ) e see 40 2.07 (0.5691, 0.3390) (0.384, 0.523)
Fig. 10. The luminescence decay curve for 612 nm (°Dy—"F5 of Eu” ") emission 50 1.97 (0.5979, 0.3397) (0.407, 0.520)
of BazYo.10EU0.90P3012 nanophosphor. 60 1.88 (0.6932, 0.3394) (0.488, 0.538)

70 1.74 (0.625, 0.3401) (0.429, 0.525)
80 1.64 (0.6398, 0.3198) (0.460, 0.518)
90 1.53 (0.6612, 0.3189) (0.481, 0.522)
100 1.41 (0.6531, 0.3203) (0.472, 0.521)
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BasY;  Eu,P30:, (x = 0.20-1.0) nanophosphors.
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chromaticity coordinate of the sample. In this present work,
BasYo.10EU0.00P3012 powder sample owing the value of (x, y) =
(0.6612, 0.3189) exhibits the color purity around 99.29%. Also, ac-
cording to the latest CIE 1976 standard u’ and v’ coordinates were as-
sessed by utilizing the Egs. (8) and (9), respectively. Whereas, Fig. 12
displays the chromaticity coordinates in terms of u’ and v’ uniform
color space for BasYg 10EugooP30;2 nanophosphor sample. The ap-
praised data of the CIE co-ordinates (x, y) and u’, v’ co-ordinates values
of the luminescent powder samples are presented in Table 3 [46,47].

Y= 4x
—2x + 12y + 3 (8)

— 4y
—2x + 12y + 3 9
where n = &=% implies the inverse slope line; x, = 0.3320,

y. = 0.1858 re;;resents the epicenter; and (x, y) signifies the chroma-
ticity CIE coordinates of the samples. These outcomes exposed that the
Eu® " -activated BasYP30;5 nanophosphors owned decent CIE chroma-
ticity coordinate and high color purity, and thus can be considered as a
good aspirant in the field of WLEDs as a red-emitting luminescent
material.

4. Conclusion

Single-step urea assisted solution-combustion method had been
successfully used to fabricate a series of BazY; ,Eu,P30;5 (x = 0.10 —
1.00) nanocrystals. The Rietveld refinement scrutiny disclosed that
BasYy 10EUp 90P3012 nanophosphor sample formed in single-phase
cubic structure with the I-43d (2 2 0) space group and lattice

0 0.1 02 W,

0.4 0.5 0.6

Fig. 12. Chromaticity diagram and coordinates in the terms of u” and v’ uniform color space according to CIE 1976 for Ba3Yy 10Eu¢ 9oP3012 nanophosphor.
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parameters were found to be a = b = ¢ = 10.5656 A,
a=p=vy =090,V =1179.46 A% and Z = 4, the refinement para-
meters are observed to be Rp = 9.5%, Rwp = 11.78% and x2 = 3.83.
Because of the integration of Eu>" ions in the host and integral in the
same lattice sites as Y°© ions, the cell volume of the unit increased.
Surface morphological investigations revealed semi-spherical shaped
particles in the nano range accountable for visible luminescence in the
visible region. The Photoluminescence emission spectrum exhibited a
prevailing emission peak at 612 nm attributed to *Dy—"F transition of
Eu®" ions when monitored at 394 nm wavelength and unveiled as a
noteworthy red component for WLEDs. The Photoluminescence spec-
trum shows that there is no-concentration quenching in the Eu®*-doped
Ba3YP30,, red-emitting nanophosphors. So, the results of CIE color
coordinates (x, y) imitated red emission, making this nanophosphor an
effective applicant in NUV excited WLEDs.
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