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Morphological and photoluminescence study of NaSrBsOg: Th**
nanocrystalline phosphor

Vaishali Raikwar (3%, Vinod Bhatkar® and Shreeniwas Omanwar®

aDepartment of Physics, R. ). College, Mumbai, India; "Department of Physics, Shri Shivaji Science College, Amravati, India; “Department
of Physics, SGB Amravati University, Amravati, India

ABSTRACT ARTICLE HISTORY
Nanocrystalline green-emitting phosphor NaSrBsOs: Tb*" was synthesized by a facile and Received 10 June 2018
time-efficient modified combustion method. The phosphor was characterized by powder  Accepted 4 September 2018
X-ray diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy, nanoparticle tracking
analysis (NTA), field emission scanning electron microscopy (FESEM) and photoluminescence NaSrBsOs: Th**; green
excitation (PLE) and emission (PL) spectroscopy. XRD revealed the proper phase formation. ernissisong;‘modi'fied
Williamson-Hall (W-H) analysis gave the crystallite sizes and lattice strain due to peak broad- combustion method:
ening. A nanoplate-like morphology was observed in the FESEM analysis. Upon excitation by nanoplate-like morphology
217 nm UV light, the phosphor showed characteristic green emission ?eaks at 487 nm,

543 nm, 596 nm and 622 nm corresponding to the “Ds—"Fg, *Ds—'Fs, “Dy—'F4 and

*D.—7F5 transitions, respectively. A concentration quenching effect was observed and the

critical concentration was found to be 3 mol % of Terbium.

KEYWORDS

1. Introduction ions for developing phosphors, which are light-emitting
materials. Until recently, reports have concerned
NaSrB;s04:Dy**, NaSrBsOg:Eu’" and NaSrBsOg:Sm™
achieved by the conventional solid-state reaction
method with prolonged heating of 8 h at 800°C [14-
16]. The solid-state method is carried out at relatively
high temperatures, however, requires long annealing
period after synthesis. It also requires intermittent
grinding and washing which can, in turn, add impuri-
ties to the products. A soft chemical method such as
combustion, on the other hand, does not require high
temperatures for the synthesis. It requires only a simple
setup and takes considerably less time for processing.
This method is carried out at relatively low temperature
and requires no absolute control over the synthesis
temperature, The oxidizer and fuel ratio automatically
decide the temperature during synthesis [17]. The same
technique is used efficiently for synthesis of aluminate
[18-20], borate [21-24], silicate [25-27] and phosphate
phosphors [28]. We report here the synthesis and
photoluminescence properties of NaSrB;Og:Tbh**
achieved using a facile, time-efficient and economical
method of modified combustion with urea as fuel for
the first time. The reported phosphor shows uniform
morphology with the good emission intensity required
for purposes of practical application in optical devices.

In this era of advanced technologies, nanoscale materi-
als have become an unavoidable part of the equipment
in almost every field. In fact, the many positive devel-
opments/inventions using nanomaterials so far have
triggered a need for developing more and more nano-
materials and exploring the opportunities in myriad
fields that can contribute to making life better. For the
past three decades, luminescent materials doped with
rare earth ions have been studied and developed glob-
ally for possible applications in fields such as medical
diagnosis, displays, optical communication systems,
mobile phone screens, general lighting equipment
such as tricolor lamps and white light emitting diodes
(WLEDs) [1-5]. Inorganic borates doped with .rare
earth ions have found an important place in various
research fields, moreover, due to their high optical
applications, varied structural types, low synthesis tem-
peratures, high chemical and thermal stability, and low
cost and high luminescence efficiency. Many alkaline
earth metal borates are reported for UV emissions used
in medical applications [6] and various other applica-
tions [7-12]. They have a large band gap and covalent
band energy. Alkaline earth metal borates doped with
terbium are developed mainly due to their superior
color purity, low synthesis temperature, and good
mechanical and electrical properties. Among the alka-
line earth borates NaSrBsOg has not been studied much. 2, Experimental

A Na'SrBSOQ crystal structure wgs ﬁrst_ reportfa_d by \N;li NaSt,. BsOxTh™* phosphors doped with various
etal. in 2007 [13]. Because of their similar radii, the Sr ) . R

) . . molar concentrations of Tb™" (x = 0.005, 0.01, 0.02,
ions in NaSrBsOg can be easily replaced by rare earth ertified as

-
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0.03, 0.05) were prepared by a modified combustion
technique. The synthesis is based on an exothermic
reaction between the fuel and oxidizer. Urea was used
as the fuel and metal nitrates as the oxidizer. For com-
plete combustion the oxidizer-to-fuel ratio should be
one-to-one. All the precursors viz. sodium nitrate,
strontium nitrate, urea and boric acid (as the boron
source) were procured as analytical reagents (AR),
weighed in stoichiometric proportions and dissolved
in a minimum amount of distilled water. Terbium
nitrate was prepared by adding dilute HNOj; to terbium
oxide followed by continuous stirring. The precursor
paste was mixed well to assure homogenization of the
mass. A quartz container containing this paste was
placed in a furnace maintained at around 550°C. After
about 2-3 min a reaction with bright yellow flames
started. The reaction continued for only a few seconds.
As soon as the reaction was over, the quartz container
was removed from the furnace and allowed to cool. The
prepared phosphor was crushed to a fine powder using
a mortar and pestle. The same process flow was fol-
lowed for the different concentrations of Tb>". The
samples were subjected to X-ray diffraction (XRD)
analysis using a Rigaku Miniflex diffractometer with
Cu Ka radiation (A = 1.54059 A®) operating at 40 kV
and 30 mA. The XRD data was collected in the 20 range
from 10° to 70° at room temperature. Fourier transform
infrared (FTIR) spectroscopy was conducted on a
Shimatzu IR Prestige —21 analyser. The measurements
concerning particle size were done with a nanoparticle
tracking analysis (NTA) system that uses a laser to track
the Brownian motion of particles in samples. The mea-
surements of photoluminescence emission (PL) over
the range of 450 to 650 nm and photoluminescence
excitation spectra (PLE) over a 200 to 400 nm excitation
range were conducted with a Hitachi F 7000 fluores-
cence spectrophotometer at room temperature. The

spectral resolution of both the excitation and emission
spectra widths of the monochromatic slits (1 nm) as
well as of measurement conditions such as the photo-
multiplier tube detector’s sensitivity and scanning speed
were kept constant for all the samples. Electron diffrac-
tion X-ray spectroscopy (EDX) for elemental analysis
and field emission scanning electron microscopy
(FESEM) for detecting the morphology of the samples
was conducted on a Hitachi S$-4800 FESEM with a
maximum resolution of 1.0 nm and a variable accelera-
tion voltage of 0.5-30 kV. All the samples were coated
with a thin layer of gold in the FESEM analysis to avoid
charging. The color chromaticity coordinates were
obtained following the standards of the Commission
International de [I’Eclairage (CIE) using Radiant
Imaging Color Calculator 2.0 software.

3. Results and discussion
3.1. XRD analysis

Figure 1 presents the powder XRD pattern of
NaSrB;OQy prepared by the combustion method,
which is in good agreement with the XRD data for
NaSrB;0q reported by Wu et aliin 2007 [13]. The
consistent results for different dopant concentrations
indicate that a single phase polycrystalline NaSrB;Oq
was obtained by the combustion method in this
study. According to Wu et al. NaSrB;Oq crystallizes
in a monoclinic phase with space groups of P2,/c.
The crystal parameters are a = 6.4963 (1) A°,
b = 13.9703(2) A°, ¢ = 8.0515 (1) A° B = 106.900
(1), volume = 699.16 (2)A*), Z = 4, density
d =293 g/cm’,

The fundamental building unit of NaSrBsOy is the
[BsO,]*™ anionic group, which is composed of three
[BO;] triangles. It is composed of separated [BsO,]>"

5 _MM‘__L
=] )
Sl bl g c
= j‘;“;xﬁ-‘,—‘w,iw s EV :"3 LA iaxmw-ﬁu «‘“5;‘ A, s P s A ertlf‘
: TRUE Cons
E i O, B0 v, e & “.i..l\-h.,g Hw&ﬁj%mwew"fé“& f?“«f\m,._,w»“.\, e MNNE .
1 Aok ] L ML, el .. “b . /
MMLMM. ___» Remmiusin g,
Ghab}m * wala Co
10 e (W} 135%4001

28 degrees

Figure 1. XRD pattern for NaSrBsO, (a) undoped and (b) — (f) doped with (0.5, 1, 2, 3, 5) mol % of Th**, respectively.



anionic sheets, with [NaQg] polyhedra acting as the
connections between the sheets. The Sr atoms are
located in the anionic sheets and surrounded by
[BO] groups [13].

Calculation of the percentage difference between
the ionic radii of doped and host matrices gives a
clear picture of site occupancy by dopant ions. The
acceptable percentage difference between the ionic
radii of doped ions and substituting ions should not
exceed 30 % [29]. The calculations of the radius
percentage differences (Dr) between the doped ions
(Tb*>*) and possible substituting ions (Na, Sr, B) in
NaSrBsOq: b’ are summarized in Table 1. The
values are calculated according to the formula:

Rm(CN) — Rd(CN)

Bp= Rim(CN) n

where R,, is the radius of host cations, Ry is the
radius of the dopant ions, and CN is the coordination
number. Thus, it is clear that the Tb>" ionlc radius
(r=1.18 A°, CN = 8) is closest to that of Sr“(r =1.26
A°, CN = 8), making it unlikely that Tb’" would
substitute for Na'(r = 1.02 A° CN = 6) or
B*'(r = 0.11, CN = 3) in the NaSrBs;Oq host. Hence,
it is believed that Tb*" replaces the Sr** site in the
NaSrB;0y host.

XRD peak broadening originates from various fac-
tors, such as crystallite size, lattice strain and instru-
mental configuration. The peak properties can be
analyzed by different methods, including the simpli-
fied integral breadth method, Fourier method and
double Voigt method. The most commonly used
method for calculating crystallite size from the XRD
peak broadening is a simplified expression obtained
by Scherrer [30,31], as follows:

0.97

T'= B cosf @)

where T is the crystallite size of the scattering par-
ticles in nm, X is the x-ray wavelength in nm, and B
(in radians) is the full width at half maximum
(FWHM) of one of the fundamental peaks scattered
at an angle of 0. The crystallite size calculated by the
Scherrer formula was found to be 35 nm. The
Scherrer equation does not take into consideration
the lattice strain factor in calculating the crystallite
size. The Williamson-Hall (W-H) method is a more
accurate method of calculating lattice strain and

Table 1. lonic radii percentage differences between matrix
and doping ions.

lons in the matrix lonic radius r (A°) CN Dr
Th* 1.18 8 -
ek 1.26 8 6.35 %
Na* 1.02 6 —~13.56 %
B 0.1 3 —97273 %
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crystallite size which is conducted according to fol-
lowing equation:

KA
r c0592?+ 4n sin 6 (3)

where Pr is the total peak broadening, 0 is the
Bragg’s angle and 1 is the strain distribution within
the material [32-34]. B, cos 0 is now plotted on the
Y-axis and 4sin 6 on the X-axis giving slope n and Y
intercept KA/T. From the W-H) plot, the Y- inter-
cept can be obtained and used to calculate the crys-
tallite size [Figure 2]. The grain size determined
from W-H analysis is slightly higher than that cal-
culated using Scherrer’s formula. Table 2 sum-
marizes the crystallite sizes calculated by Scherrer
and W-H analysis and the strain calculated from
W-H plots of NaSrBsO, doped with various concen-
trations of Tb*" ions. It is possible that the varying
crystallite sizes may be due to the non-uniform
strain generated in the crystal.

3.2. FTIR analysis

The representative FTIR spectra were recorded for
two samples: NaSrBsOy doped with 1 mol % and
3 mol %. As shown in Figure 3, the frequency
modes were found to be same for molecules of
NaSrB;Qg doped with the two concentrations. The
bands between 450 cm™" and 600 cm™" are due to Na-
O and Sr-O vibrations. The various sharp bands
between 600 cm™' and 824 cm™' are due to over-
lapping BO3; and BO, bending modes. The asym-

0.009 1

0.008 4

mol %
0.007 A mol %
] 2 mol %
(2] =
© 0.006 1
: 1 mol %
0.005 1
] 0.5 mol %
1 —
0.004 g
0.003 + T T .
0.4 0.9 1.4 19

4sinB

Figure 2. W-H plots for NaSrBsO, doped with (0.5, 1, 2, 3, 5)
mol % of Th**

Table 2. Crystallite size and strains of NaSrBsOy doped with
(05, 1,2, 3, 5) mol % of Tb*"

Crystallite size (nm)

NaSrBs0g: Th? Scherrer W-H Lattice strain n (X
*(mol %) Equation analysis 107%)

0.5 28 27.72 1.12

1 26 3465

2 29 46(5@']' ﬁé& as
: ii ARUE CQPY
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Figure 3. FTIR images of NaSrBsOg (a) doped with 1 mol % and (b) 3 mol % of Tb.

metric stretching modes of vibration of BO, cause
bands between 965 cm™ and 1020 cm™". Similarly the
strong band at 1300 cm™' is due to the stretching
mode of the BO; group. A small band at around
3300 cm™' is due to the presence of water content
which arises due to the OH- group of water [35].

3.3. Nanopatrticle tracking analysis (NTA)

NTA is a system for sizing particles from about
30 nm to 1000 nm where the lower detection limit
is size-dependent on the refractive index of the nano-
particles. This technique involves a combination of
laser light-scattering microscopy and charge-coupled
device (CCD) photography, which enables the visua-
lization and recording of nanoparticles in solution.
The corresponding software then identifies and tracks

Count

Particle size/concentration

individual nanoparticles moving under Brownian
motion. The movement of a particle is then related
to a particle size according to a formula derived from
the Stokes-Einstein Equation, as follows:

2TKg
Dy =—— (4)

3mnry
where Kp is the Boltzmann constant and Dt is the
particle diffusion coefficient at room temperature T
in a medium of viscosity 5 with a hydrodynamic
radius of 1, [36]. Thus, NTA converts the distances
moved by the particles to a particle size and plots the
accumulated results in real time as a particle size
distribution profile. Figure 4 reveals the particle size
distribution pattern and cumulative data  for
NaSrB;0g:Tb*" phosphor with an optimized concen-
tration of Tb>" (3 mol %). The average size of

Bified ag
TRUE copy

Figure 4. NTA particle size distribution of NaSrBs0sTb** phosphor for an optimized concentration of TW).
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nanoparticles displayed in the distribution graph is
approximately 36 nm.

3.4. FESEM analysis

Moreover, to study the effect of temperature on grain
size, the sample is heated for 2 H at 650, 750 and 850°
C. The crystallinity increases due to annealing, increas-
ing the grain size. Figure 5 reveals this fact where the
grain size of a sample annealed at 650°C is 675 + 35
nm, that of a sample annealed at 750°C is 860 + 25 nm
and that of a sample annealed at 850°C is 900 + 20 nm.
It is worth noting that grains are made up of several
agglomerated primary crystallites whose sizes are
determined by XRD analysis. The reported phosphor
has a plate-like morphology. The uniform plate-like
structure is a result of the modified combustion synth-
esis method, which is advantageous over the conven-
tional solid-state reaction method. The porous
structure of the sample is attributed to a rapid com-
bustion process and non-uniform distribution of the
temperature and mass flow in the combustion flame
created during an oxidation-reduction reaction that
occurs in the process. The nanoparticles with sizes
around 20-40 nm may form plate-like microstructures
which are an obvious result of agglomeration of nano-
particles. The morphology is a regularly arranged
plate-like structure unlike the one reported earlier in
an NaSrBs;0g host doped with Eu and Dy synthesized
by the solid-state reaction method [14,15]. Hence, it
can be shown that the modified combustion synthesis
method is suitable to prepare NaSrB;Ogy phosphors
with uniform morphology.
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To investigate the presence of Tb ions in the sample
further, EDX spectroscopy was conducted for the opti-
mized sample (Tb concentration 3 mol %). Figure 6
presents an EDX graph for NaSrBsOo:Th™" (3 mol %).
Table 3 confirms the presence of Tb in the proper
proportion and thereby confirms the purity of the
sample.

3.5 Photoluminescence properties

A photoluminescence study was conducted for all the
samples of NaSrB;Og with various concentrations of
Tb*". The PLE spectrum was monitored at 543 nm and
exhibited peak at around 217 nm [Figure 7(a)] which was
attributed to the charge transfer band Tb*'-O*". PL spec-
tra were monitored at 217 nm and contained several
groups of sharp lines associated with *D;—’F (J = 1-6)
electronic transitions of the Tb** ion. Tb** ions absorb
the excitation energy, and transitions from the ground
state to the excited state (5d) occur, after which Tb™" ions
relax to the D, state. The “D; state can be populated by
one of two processes, a non-radiative multi-phonon
relaxation from the 5d levels or a cross-relaxation invol-
ving the 5D3~5’D4 and 7F(;7FU transitions. The intense
emission breoad band has different peaks (from 400 nm
to 650 nm) at 487, 543, 596 and 622 nm, with the max-
imum peak at 543 nm [Figure 7(b)]. Upon excitation by
217 nm UV light, the phosphor shows characteristic
green emission peaks at 487, 543, 596 and 622 nm corre-
sponding to the D,—'Fg, “D,—'Fs, "D,—'F, and
*D,—’F; transitions, respectively. The concentration
quenching effect was observed, and the optimum con-
centration was found to be 3 mol % of Terbium.

fied as

Figure 5. SEM micrographs of NaSrBs0,Tb** annealed at different temperaiures: (a) annealed at 850“5,‘23“33!‘3@?&'&

(c) annealed at 650° C and (d) as prepared.
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Figure 6. EDX graph of NaSrBsOq:Tb*" phasphor for the optimum concentration of Th** (3 mol %).

Table 3. EDX elemental analysis showing the precursors for
NaSrBs0o:Th**(3 mol %) with their weight %.

El AN  Series unn. C [wt %] norm. C [wt %] Atom. Clat %]

B 5 K-series 3.24 24.95 41.48
o} 8 K-series 5.83 44.87 50.42
Na 11  K-series 0.45 343 2.68
St 38 L-series 3.41 26.25 539
Tb 65 L-series 0.03 0.30 0.03

[n discussing the concentration quenching phe-
nomenon, Blasse suggested that concentration quench-
ing is generally associated with an energy transfer
process from one activator ion to another (in this
case the Tb*" ion). The non-radiative energy transfer
process has three causes: (i) exchange interaction, (ii)
radiation reabsorption and (iii) multipolar interaction.
If the activator is introduced solely on one crystal-
lographic site (here the Sr*' site), the critical energy
transfer distance (Rc) is approximately equal to twice
the radius of a sphere with this volume. In an

700 -

600

a
Aem=543 nm

500 A

400 -

300

Intensity a. u.

200 +

100 <

NaSrB;0y host, the critical energy transfer distance
(Re) can be calculated by the following equation:

3V 1/3
=2 ——
R (471 X¢ N) )

where ¥, is the critical concentration of doped ions,
N is the number of cation sites in the unit cell and V
is the volume of the unit cell. For NaSrBsOs,
V = 699.16 A°, N = 4 and the critical concentration
of Tb* in the NaSrB;0, host is found to be 0.03.
Hence the Rc of Tb™" in NaSrBsO,: Tb*" phosphor
is determined to be 22.33 A®. Exchange interactions
depend on a large direct or indirect overlap between
the donor and acceptor, which is in turn responsible
for the energy transfer of forbidden transitions and
shorter critical distances of less than 5A° [37]. Since
Rc is not less than 5 A°, exchange interactions are
not responsible for non-radiative energy transfer

b —— 0.5 mol %
Aex=217 nm 1 mol %
e 2 OI Yo
—— 3 mol %
5 mol %

0 =
200 300 400

500 550 600 6
Wavelength nm

Figure 7. Photoluminescence spectra of NaSr,_Bs0q:xTh*" phosphor (x = 0.05, 0.1, 0.2, 0.3, 0.5).
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Figure 8. Plot of log (I/X) versus log x in NaSrBsOsTb**
phosphor.

from one Tb*" ion to another Tb>" ion in this host.
The second reason that quenching viz. the mechan-
ism of radiation reabsorption is likely to occur is if
the fluorescence spectra of the excitation and emis-
sion overlap. As there is no such overlap observed in
NaSrB;Oq: Th* phosphor (Figure 6), radiation reab-
sorption is not a plausible reason for the concentra-
tion quenching. Thus, the energy transfer process of
Tb*" in NaSrB;Oo: Tb>* phosphor must be due to
multipolar interaction.

To show that the energy transfer process occurs
amongst the nearest ions, an empirical view of the
relationship between emission intensity (I) and acti-
vator concentration (x) can be useful [38-40]:
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I__ K
x 14 px)%?

where k and P are constants for each interaction in a
given host lattice. According to interaction theory, if
0 = 3, the energy transfer occurs between nearest
neighbor dopant ions; if 6 = 6, 8 or 10 the energy
transfer occurs due to a dipole-dipole, dipole-quad-
rupole or quadrupole-quadrupole interaction, respec-
tively. The above relation can be solved further to get

(6)

I , 0
log (J_c) =K — Elogx (7)
where K’ = log K - log p. The optimal concentration of
Tb*" ions in this work is found to be 3 mol %. The graph
of log (1/x) versus log x is plotted for 2, 3 and 5 mol %
concentrations of Th**, as shown in Figure 8. The graph
is fitted for a straight line whose slope is (-8/3) and
from which 0 is calculated. The value of 8 is =3.94,
which is close to 3. This indicates that the concentration
quenching in this sample is the result of energy transfer
between nearest neighbor Th** dopant ions.

3.6. Color chromaticity

The color chromaticity coordinates are calculated for
an optimal sample at 543 nm using Radiant Imaging
Color Coordinates Calculator 2.0 software [41]. The
observed values (0.254, 0.731) are very close to the
Commission Internationale de’lEclairage (CIE) color
coordinates for green color (0.288, 0.710). The calcu-
lated values are shown in the color chromaticity chart
presented in Figure 9. The obtained color coordinates
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Figure 9. Color chromaticity chart for green-emitting NaSrBsOqTh*"
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are located in the green region which indicates the
feasibility of using the reported phosphor as a green-
light-emitting phosphor for optical devices.

4, Conclusion

In conclusion, green color-emitting NaSrBsOy:Tb”"
nanocrystalline phosphor was successfully prepared
by modified combustion synthesis, and its structural
and photoluminescent properties were studied. The
nanocrystalline structure was confirmed by XRD ana-
lysis using the Scherrer formula and the W-H method
of calculating crystallite size. NTA revealed the size
distribution of the optimal sample when the particle
size =36 nm. This proved that the combustion method
is an effective method of producing nanocrystalline
phosphor materials that can be useful in optical appli-
cations. The FESEM images showed an agglomeration
of plate-shaped nanocrystallites. The photolumines-
cent emission spectrum showed intense green emis-
sion peaking at 487, 543, 596 and 622 nm
corresponding to the characteristic Tb*" transitions.
The maximum intensity peak at 543 nm has CIE
color coordinates (0.254, 0.731) which lie within the
green chromaticity range on color chromaticity charts.
The reported phosphor can thus be used in optical
devices as a green color-emitting phosphor.

Highlights

s NaSrB;Oy: Tb’" nanocrystalline phosphor was
synthesized for the first time by modified com-
bustion synthesis at relatively low temperature.

* Nanoparticle tracking analysis (NTA) showed
nanoparticles of average size ~ 36 nm.

 FESEM images showed a nanoplate-like
morphology.

¢ Photoluminescence spectra showing green emis-
sions revealed the feasibility of using this phos-
phor as a green light-emitting phosphor in
optical devices.
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