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Abstract:

This paper reports CaWO,:Sm’" nanophosphors with varying compositions of Sm** (Sm** =2, 5, 7 and

10 at.%). As-prepared (ASP) samples were annealed at 800 °C for 2 h to eliminate unwanted organic

moieties present in the sample and to improve crystallinity. These nanoparticles are characterized

employing X-ray diffraction (XRD), differential thermal analysis (DTA), thermogravimetric (TG)

analysis, Fourier-transform IR spectroscopy (FT-IR), Transmission electron microscopy (TEM), X-ray

photoelectron spectroscopy (XPS), UV-vis spectroscopy, Raman spectroscopy, photoluminescence

o

studies and lifetime decay studies. The as-prepared samples exhibit a spherical morphology having

particle size of ~ 18-25 nm. TG study reveals that the nanophosphors are thermally stable. Excitation

spectra corroborate that these were efficiently excited over a broad wavelength range (250-405 nm). As-
prepared and 800 °C annealed samples of CaWO,:Sm**(Sm*" =2, 5, 7 and 10 at.%) nanoparticles show
blue and green luminescence because of strong host contribution, and warm white luminescence because
of different energy transfer rates from host to Sm®* ions under 250 and 405 nm excitations, respectively.

S

This color tunability is also verified by CIE diagram. The critical distances R, were found to be ~ 19.58
and 19.62 A for ASP and 800 °C annealed 2 at.% Sm**-doped CaWOy,, respectively. Using Van Uitert’s
model the type of interaction between Sm*" ions was confirmed as the dipole—dipole interaction. The
CCT (Color Correlated Temperature) values under 405 nm are in the range ~1950-2900 K. These studies

o

reveal that the emission colors can be effectively tuned by altering the excitation wavelength and

annealing temperature, and these materials may be potential candidates for white light emitting diodes.

KEYWORDS: Energy Transfer, Host Sensitization, Thermal Stability, CIE, CCT, Lifetime.

0 1. Introduction

In recent years, white light based light emitting diodes have
attracted significant attention due to their superiority over
conventional incandescent and fluorescent light sources. wLEDs
have long operating lifetime, higher luminous efficiency,
reliability and higher energy efficiency.'” The present strategy to
produce white light utilizes combination of blue LED with yellow
luminescence from Y;Al;0,,:Ce>" (YAG:Ce) phosphor materials.
However, it has some demerits such as narrow visible range, poor
color rendition; thermal quenching and color degradation at high
temperature generated during LED operation.® Thus, it is required
to develop a phosphor which has high quantum efficiency and
ability to withstand high temperatures generated during the LED
action without compromising the luminescence.

Recently, tungstates compounds have emerged as an important
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family of luminescent materials because of excellent thermal
stability, interesting luminescence behavior, self-activated nature,
good thermal stability, wide emission spectra in visible region
and attractive structural properties.*™® They found their
applications in  optical fibers, laser host materials,
photoluminescence, scintillation detectors and microwave
application.”” Among tungstates, CaWO, is an efficient host
material due to its opto-electrical properties based on its blue
luminescence at room temperature.*® ¢ CaWO, has scheelite
type tetragonal structure having space group I14,/a(88), in which
W ions are isolated from each other and trapped between
tetrahedral O-ion cages while the Ca ion is surrounded by eight
oxygen ions.” The luminescence properties of CaWO, can be
enhanced by doping various rare-earth ions which results in broad
and intense absorption bands. Several papers on the luminescent
properties of CaWO, doped with rare earth ions have been
published.&m’11 However, there are no reports on the efficient
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phosphors with thermally stable blue emissions for white light
LEDs based on CaWO, host matrix. It is well known that Sm*>*
acts as an activator in a variety of hosts such as rare earth oxides,
silicates, tungstates, molybdates and phosphates.'*® @ Sm* -
doped host lattices have found their frequent application as red
phosphors.'*!7 Former workers have studied the effect of Sm®*
ions concentration on the luminescence intensity of various host
lattices.'®2° However, no single-phosphor, single-emitting-center-
converted white light-emitting diodes can simultaneously satisfy
the color temperature and rendition requirements due to the lack
of sufficient red spectral component in the phosphor’s emission
spectrum.

In this regard, synthesis and photoluminescence properties of
thermally stable Sm®'-activated CaWO, phosphors have been
reported for white light-emitting diodes. Substantial approaches
have been employed to synthesize CaWO, and/or CaWO, doped
with Ln®" with regular particle size and morphological control
such as combustion processg, solid state reactions®"?,
Czochralski  technique®, hydrothermal —method***,  co-
precipitation process®® and solvothermal route?’.

However, these chemical routes are not able to produce pure
crystalline materials at low temperature. Herein, we have
synthesized CaWO, doped Sm*" ion ( Sm** =2, 5, 7 and 10 at.%)
nanophosphors using polyol method under urea hydrolysis at low
temperature (~150 °C) using ethylene glycol as reaction medium
as well as capping agent and their luminescent properties have
been investigated in detail as varying concentration of Sm®" ion.
The thermal stability of CaWO,:Sm*" was found to be better than
commercially available YAG:Ce phosphor at temperatures higher
than 300 °C. The emission spectrum of CaWO,:Sn®* shows that
the most intense peak is located at 644 nm, which corresponds to
the electric dipole *Gs;, — SHy), transition of Sm*" in Ca sites
without inversion symmetry. Critical distance R, between Sm’'-
Sm®** calculated by concentration quenching method is 19.6 A.
The decay curves of Sm®" emission were measured to understand
the mechanism behind the energy transfer processes. Color-
tunable emission in CaWO,: Sm®* phosphors can be obtained by
the modulation of excitation wavelength, annealing temperature
and the concentration of Sm®" ions. Also, phosphor-converted
white light-emitting diodes for indoor illumination need to be
warm-white (i.e., correlated color temperature (CCT) <4000 K)
with good color rendition (i.e., color rendering index >80).%®
Here, under 250 nm excitation CaWO,:Sm*"(Sm*" = 2, 5, 7 and
10 at.%) nanoparticles show blue and green luminescence
because of strong host contribution, whereas under 405 nm
excitation samples show warm white luminescence, because of
different energy transfer rates from host to Sm*". The correlated
color temperature obtained for the as-prepared and 800 °C
annealed phosphors under 405 nm excitation ranges from ~ 1900
— 3000 K (warm white light). Thus, a series of emission tunable
phosphors from green to bluish white and to orange-red emission
colors were obtained by controlling the Sm®* ion concentration
and by adjusting the excitation wavelength. To the best of our
knowledge, Sm*" -doped CaWO, nanophosphors emitting in blue,
green and red region have not been reported till now. These
studies suggest that the reported phosphors can be used as a
potential single-emitting-center-converted in white light-emitting
diodes.
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« 2. Experimental Details

2.1 Material Synthesis

CaWO, doped with Sm* (Sm*" = 2, 5, 7 and 10 at.%)
nanophosphors were prepared using ethylene glycol (EG) as both
capping agent and reaction medium at 150 °C. The starting
materials used were calcium chloride (CaCl,, AR), samarium
oxide (Smy0O3, 99.99%, Sigma Aldrich) and sodium tungstate
dihydrate (Na,WO,4.2H,0, AR). In a typical synthesis procedure
of 5 at.% Sm®* -doped CaWO, nanoparticles, 0.019 g of Sm,0,
was dissolved in concentrated nitric acid (HNO;) to form
Sm(NO3);. The mixture was heated at 80 °C to remove the excess
of acid and the process of removal of excess of acid was repeated
five times after addition of deionized water (5 ml).After that
0.237 g of CaCl, and 0.743 g of Na,WO,.2H,0 were dissolved in
distilled water and CacCl, solution was mixed with Sm(NO3); and
25 ml of EG was then added to both the solutions. The pH of the
solution was adjusted to 9-9.5. The mixed solutions were
dropped into Na,WOQ, solution under constant stirring. This
solution is then transferred to a two neck round bottom flask and
was heated upto 150 °C for 3 hours under refluxing condition in a
condenser until precipitation was complete.

The white precipitate so obtained was washed 3 times in
methanol to remove excess of EG and finally it was washed with
acetone and dried at 90 °C for 2 hours in vacuum oven to yield
the final white product. CaWO, phosphors doped with 2, 7 and
10 atomic percentages (at.%) of Sm*" were synthesized by the
same procedure.

The obtained white precipitate was divided in 2 parts. One part
of the sample was annealed at 800 °C in an ambient atmosphere
at a heating rate of 2 °C min™' for 2 hours in an alumina crucible
and the other part was left untreated.

2.2 Characterization

To identify the phase structure, X-ray diffraction (XRD) analysis
was done with a Bruker D8 Advance X-ray diffractometer (Cu
Ka 1 irradiation, A = 1.5406 A) radiation at 40 KV and 40 mA at
4°(20)/min scanning rate. All patterns were recorded over the
angular range 10° < 20 < 80° with a step size of A26 = 0.02. The
surface morphology and particle size of the nano-particles were
characterized by Transmission Electron Microscopy (TEM) using
a Tecnai G” 20 operated at an acceleration voltage of 200 kV. For
TEM measurement, the samples were dispersed in methanol. A
drop of the dispersed particles was put over the carbon coated
copper grid and dried in the ambient atmosphere. Simultaneous
DSC/TGA spectra were recorded using NETZSCH STA 449 F1I.
DSC and TG analyses were carried out using 10 mg of the sample
at a heating rate of 10 °C min™ up to 1000 °C, in nitrogen
atmosphere under a flow of 60 cm® min™. Infrared spectra were
recorded on a Fourier transform infrared (FT-IR)
spectrophotometer (Shimadzu model 8400 S) with a resolution of
2 cm’! and in the range 400-4000 cm™. For IR measurement the
samples were mixed with KBr (Sigma Aldrich, 99.99 %) in 1:5
ratio and this mixture was placed in a sample holder and the
spectra were recorded. The chemical binding energies of the
respective ions in the sample were measured using X- ray
photoelectron spectroscopy (XPS) SPECS, Germany (Mg Ka X-

s ray source, hv = 1253.6eV). UV-vis spectra were recorded using
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UV-2700 Double beam spectrophotometer in the reflection mode.
Raman spectra of the as-prepared and annealed samples were
measured with Renishaw micro-Raman spectrometer attached
with 633 nm laser as an excitation source.

s The photoluminescence (PL) and photoluminescence
excitation (PLE) spectra of the samples were recorded. Lifetime
decay was recorded with Edinburg instrument F-920 equipped
with 100 W s flash xenon lamp as the excitation source.

3. Results and discussion
10 3.1 XRD Study

The XRD patterns of as-prepared and 800 °C annealed Sm®" (2,
5,7 and 10 at.%) doped CaWO,4 nanophosphors are shown in Fig.
I(a) and (b), respectively. It can be confirmed that all the as-
prepared and annealed samples are single phased and their

15 diffraction peaks match well with JCPDS (Joint Committee for
Powder diffractions) card no. 41-1431, a = 5.242 A, ¢ = 11.373
A, V'=312.63 A’ and having scheelite type tetragonal structure
(14,/a).
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Fig. 1 XRD patterns (JCPDS No. 41-1431) of (a) as-prepared and (b)
annealed at 800 °C CaWO,:xSm* nanophosphors with different
concentrations of Sm*>* (a) x = 2 at.% (b) x = 5 at.% (c) x = 7 at.% and (d) x
=10 at.%.

so  Doping concentration does not affect the diffraction patterns
and crystal structure, upto 10 at.% of Sm*" ion doped into CaWOy,
host matrices. This demonstrates the successful substitution of
Sm®" ions in the Ca®" sites. Furthermore, the annealed samples
have sharper peaks as compared to as-prepared samples. This
ss shows improved crystallinity and increase in crystallite size on
annealing. However, with the increase in Sm*" ion concentration
the intensities of diffraction peaks decrease slightly, which
indicates the defects associated with the sample surface and
lattice distortion which has been also confirmed in PL study
o0 (discussed later). Increase in peak intensities are also observed on
annealing. As compared to pure CaWO,, the diffraction peaks
shift towards higher 20 with Sm*" doping in CaWO, matrices
(Fig. 1(a) and (b)). This is due to decrease in unit cell volume due
to ionic radii mismatches between Sm>7(0.958 A) and Ca®"(1.12

s A).Y
The average crystallite size D was calculated using the

Scherrer equation,
0.89 4

= Blose

(1)

Where, D is the average crystallite size, A is the wavelength of

70 the X-rays (0.15405 nm), and 0 and B are the diffraction angle
and full-width at half maximum (FWHM) of the peaks in the
XRD patterns, respectively. The strongest three peaks (7 0 1) at
20 = 18.60°, (1 1 2) at 20 = 28.72° and (2 0 4) at 20 = 47.10°
were used to calculate the average crystallite size (D) of the
75 prepared samples. Table 1 summarizes the average crystallite size
(D), lattice parameters and cell volume of the ASP and 800 °C
annealed samples of CaWO, with different concentrations of

Sm*" ions.

Fig. 2(a) and (b) show the Sm®" ion concentration dependence of

s0 lattice parameters a (A), ¢ (A) and unit cell volume, respectively.
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Fig. 2 (a) Lattice parameters, (b) Unit cell volume and (c) Crystallite size
as a function of Sm>" ions concentration.

In general, solid solutions show linear trends of Ilattice
parameters in accordance with the ionic radius of substituted ion
and its concentration.*® It can be seen that with increase in Sm’**
ion concentration from 2 to 10 at.%, cell volume and lattice
parameters decrease. Crystallite size increases with increase in
Sm* concentration due to the increase in strain by the
replacement of Ca®" ions by Sm® ions of smaller radii (Fig. 2(c)).
It is well known that the uniformity of the size and shape is
controlled by nucleation®’. In the present preparation method,
reaction was started after adding ethylene glycol. During the
heating process, nucleation and crystal growth continued. This
may be the reason for irregular shapes and agglomerated
particles. Also due to diffusion the particles get agglomerated on
annealing this result in increase in crystallite size after annealing.
Rothova et. al*? elaborate the relation between temperature and
grain growth in their paper. Literature™ also supports the results
obtained in our work. In case of as-prepared samples crystallite
size increases upto 7 at.% and then it decreases. Our results are

supported by the observations of Parchur et. al**, Dutta et. al’’
and Singh et. al*®
25 case of crystallite sizes with different doping concentration.

. They have also reported similar disorder in

W-H (Williamson-Hall) fitting method was used to calculate the
strain induced in nanoparticles.’’” The strain & was estimated from

the slope of the linear fit of the plot between 505644 along
the y-axis and 5in &4 along the x-axis. Linear fit to the data for
30 ASP 10 at. % Sm*" -doped CaWO, is shown in Fig.3.

The value of strain was found in the range ~0.0025 to 0.0045 for
ASP and annealed samples. Positive slope values show the
presence of tensile strain in the system. Similar behaviour has
been reported for Gd** co-doped samples in CaMoO,:Eu

35 system.38

0.024

| & 800
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| Strain = 0.0028
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Sind/L

Fig.3 Plotof FC058/ .4 vs Sin&/ A of 800 °C annealed 10 at.%
sSm* -doped CaWO, sample.

3.2 TEM Study

40 Morphology of the synthesized nanophophors was examined
using Transmission electron microscopy (TEM). It was observed
that particles were almost spherical with average particle
diameters ranging between 18-25 nm for 5 at.% Sm*" -doped
CaWO, as-prepared sample (Fig. 4(a)), which is in agreement
with the calculated sizes from XRD studies (Fig. 1(a)). Fig. 4(b)
shows its corresponding SAED pattern shape like fully concentric
rings, implying that the products were polycrystalline. The inter
planar spaces were calculated from the diameters of the rings, and
compared with those of the JCPDS card no. 41-1431, which
confirmed its tetragonal crystal structure. All SAED patterns
show the same (004), (200), (204), (303) and (325) planes, which
are in good accordance with the XRD results.
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Table 1
Unit cell constants, calculated average crystallite size and the strain of as-prepared and annealed at 800 °C CaWO,:Sm*" nanoparticles.

Samples Eu’" (at.%) Cell Parameters c/a Cell Crystal
volume size
a=b(4) c(A) A% (nm)
JCPDS 5242 11373 2.169 312.63
41-1431
2 5.251 11.405 2.171 314.54 12.3
As-prepared 5 5.236 11.400 2.177 311.87 124
7 5.233 11.372 2.173 311.92 17.5
10 5.230 11.361 2.172 311.22 17.0
2 5.258 11.445 2.176 316.46 61.3
Annealed 5 5.241 11.368 2.169 312.29 63.0
7 5.238 11.359 2.168 311.75 66.6
10 5.239 11.362 2.168 311.88 69.1

p— |::1 5]

r
o — (303)

5
Fig. 4 (a) TEM image of as-prepared 5 at.% Sm’* -doped CaWO, (inset shows the expanded view of a single nanoparticle having an average diameter of
18 nm) and (b) corresponding SAED pattern.

3.3 DSC/TGA Study 0.07 101
—DsC 538°C vexo
Fig. 5 shows the simultaneous (Differential Scanning 0.06 108
10 Calorimetry/Thermal Gravimetric Analysis) DSC/TGA curves — 0054 99
along with DTA curves of ASP 7 at.% Sm** doped CaWO,. The E
sample was measured in the temperature range of 35 to 1000 °C % ¥l i
with a heating rate of 10 °C/min under nitrogen atmosphere. The g bt i ;f':
TG analysis in Fig.5 presents a weight loss of 5.15% between 80 Q; 0.02- L 96 é
15 to 300 °C, 1.44% in the range 300-600 °C and no appreciable loss 2 001 P rt
is observed beyond 600 °C for 7 at.% Sm®" -doped CaWO,. The g =
T 000 | 54

mass loss till 300 °C is attributed to complete dehydration of the
powders while the mass loss till 600 °C is due to the evaporation -0.01 -
of organic constituents like EG and methanol.

- 93

Residual Mass: 92.97% (999.8 °C) "

T T T g T T T T 92
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20
Fig. 5 Simultaneous DSC/TG character of as-prepared 7 at.% Sm>" -doped
CaWQ, along with DTG.
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There are three exothermic peaks in the DTA curve in the vicinity
of 100 °C, 300 °C and 600 °C which correspond to evaporation of
water molecules, decomposition of organic molecules and phase

s formation of CaWO,: 7Sm™", respectively. To study the heat flow
as a function of temperature in the inert gas (N,) atmosphere
associated with transitions in CaWO,:7Sm*>" ASP sample DSC
was recorded (Fig.5). The curve shows both exothermic and
endothermic peaks. The peak around 132 °C represents the mass

10 loss due to evaporation of water and methanol. However, the
exothermic peak centred at about 279, 347 and 465 °C signifies
the evaporation of organic compounds in the sample. Whereas,
the large and sharp endothermic DSC (Differential Scanning
Calorimetry) peaks at about 538 and 886 °C indicate the phase

s formation of CaWO,: 7Sm>". These results show that the
prepared nanophosphors are thermally stable and can be used in
lightning and display devices.

3.4 Micro-Raman spectroscopy study

20 Fig. 6 shows Raman spectra at 633 nm in the frequency ranging
from 100 to 1100 cm™ for CaWO,:Sm*" (Sm*" =2, 5, 7 and 10
at.%) nanoparticles synthesized by the Polyol method and
annealed at 800 °C.

The Raman bands observed at ~ 114, 210, 332, 398, 796, 836

s and 912 cm™' are related to CaWO, tetragonal phase. Among
them, there are 3 A, vibrations (210, 332 and 912 cm’™), five B
(86, 218, 332, 401 and 836 cm™) and five £, (114,190, 274, 409
and 796 cm™).**® The peak located at 912 cm™ can be attributed
to symmetric stretching (v;) of W-O while the peak at 332 cm™ is

30 assigned to the symmetric bending (v;) of O-W-0. The peaks at
796 and 836 cm’' are attributed to O-W-O anti-symmetric
stretching (v;) while peaks at 398 and 409 cm™ are assigned to
W-O anti-symmetric bending (v4).**®© The peaks at 190 and
274 cm’! are related to free rotation modes (v, ) of WO, group.

35 According to literature data,*®*! all Raman modes observed for
CaWO,: Sm>" obtained in this work are characteristics of the
tetragonal structure.

(Annealed at 800 °C) o~
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Fig. 6 Room temperature Raman spectra of CaWO,:xSm* nanopowders
40 (a) x=2 at.% (b) x=5 at.% (c) x=7 at.% and (d) x=10 at.% processed by the
polyol method and treated at 800 °C for 2 h

The stretching, torsion and bending vibrational modes of

W-O bonds were not affected by the doping concentration of
Sm* ion, since the Sm*" ion replaces the Ca®>" ion which is

45 located at A site while W atom is located at B site in the scheelite
structure of CaWO, matrix.*

3.5 FTIR study

Fig. 7 Shows the FT-IR spectra of ASP and 800 °C annealed 7
at.% Sm’*- doped CaWOy in the wavenumber range of 400-4000

so cm . The scheelite type structures have 26 modes of vibrations
(Raman + Infrared) which can be shown as:

I'(Raman + Infrared) = 3A,+ 5 A +5B,+3B,+5E+5E, (2)
Where, A,, B, and E, are 13 Raman active modes while the odd
ss modes 4A, and 4E, are 8 Infrared active modes. The three B,
vibrations are silent modes whereas one A, and one E, modes are
acoustic vibrations.*
There are two peaks at 1670 and 3510 cm ' implying H-O-H
bending and O-H stretching vibrations, respectively. This is due
o to the presence of water molecules on the surface of the
nanoparticles. These peaks are absent in case of annealed samples
due to the evaporation of adsorbed water. The strong absorption
peak at 850 cm™' can be assigned to anti symmetric stretching
vibration (vs) due to O-W-O bond in Wi~ tetrahedron. The
os peak at 445 cm™! can be assigned to bending vibration (v,) of O-
W-O bond. The peaks at 850 and 445 cm™' shifted slightly
towards lower wave number by ~ 10-15 cm™' due to the
expansion in lattice of CaWO, host on annealing at 800 °C.
Similar behaviour was also observed in literature.** The presence
70 of C-H stretching vibration from EG molecules adsorbed on the
surface of nanoparticles can be observed by the peak at 2928
cm ' in the as-prepared samples. Thus, the single phase scheelite
structure of CaWO,:Sm®" phosphors are also confirmed by FT-IR
studies.

CaWO‘:?'Sm:“ —— Asprepared
—— 800 °C
=
ot |
] {=2]
g E’ - E‘ - 1% e .rﬁ
=Y a= B o
£ 55 8 5 3 8 2
& 05 £ o o
] = B I = — -
E “ o R Cl) o - e
g Te F© P £ 2
= o) I = ey
o8|l I
St
v T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

2 Wavenumber (cm™)

Fig. 7 FTIR spectra of as-prepared and 800 °C annealed 7 at.% Sm*-
doped CaWO, nanophosphor.

3.6 XPS Study

In order to investigate the chemical composition and valence
so states of the material, a well known X-ray photon spectroscopy

6 | Journal Name, [year], [vol], 00—00
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(XPS) technique has been employed. Observed data of all
elements were charge corrected with respect to Cls, which
appears at 284.6 eV. Cls appears mainly due to adventitious
carbon during the atmospheric exposure. The survey scan of core
binding energy (BE) of Ca, W, O and Sm in the range 0-1100 eV
has been shown in the Fig. 8(a). Fig. 8(b) shows the XPS spectra
of Ca(2p) obtained in the range 343- 355 eV. The peak
corresponding to Ca (2p) had a core binding energy of ~346.78
eV (2ps;) and 350.41 eV (2py,) having FWHM of 1.9 and 2.2
eV, respectively. These results confirm the formal oxidation state
+2 of Ca.*® XPS spectra of W (4f) has been observed in the range
20-36 eV (Fig. 8(c)). The peak corresponding to W(4f) had a core
BE of 30.97 eV (4f7/2) and 33.18 eV (4f5/2) with FWHM of 2.5
and 2.28 eV, respectively.*
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Fig. 8 (a) XPS survey spectra of CaWO,. Peaks corresponding to the core binding energies of individual elements viz, Ca, W and Sm are shown in Fig. (b),
(c) and (d), respectively, (e) XPS spectra of O1s for 800 °C annealed CaW0,:5 at.% Sm™".

XPS spectra of Sm (3d) have been shown in Fig. 8(d). Peak
corresponding to 1082.34 and 1107.56 eV corresponds to 3ds),
and 3d;», respectively. The XPS study clearly reveals the
presence of different elements involved in the Sm doped CaWOy,
nanoparticles.*® The XPS spectrum of Ols is used as a probe for
investigating the presence of oxygen ion vacancies on the surface
of the sample and has been shown in Fig. 8(e). The peaks were
de-convoluted using Lorentzian function. The two peaks well
fitted to B.E.~529.9 and 530.8 eV with FWHM ~2.03 and 2.04

eV, respectively.
30 3.7 UV Study

The energy band gap for ASP and 800 °C annealed 5 at.% Sm®" -
doped CaWO, nanoparticles was calculated by the plot between
(ohv)* and hv (Fig. 9) using the relation given by Wood and
Tauc.”’

(3)

ahy = r'c(hv— EF)R
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Where, k is a constant, o is the absorbance, h is the Planck’s
constant, v is the frequency, E; is the optical band gap and

exponent n has the value 1/2 since the tungstates have an optical
absorption governed by direct electronic transitions due to its
s straight line behavior in the high energy region.”® Therefore, the
energy gap was calculated by extrapolation of the linear portion
of the (athv)? versus hv curve to zero absorption coefficient value.
It was found that the energy gaps for ASP and 800 °C
annealed 5 at.% Sm®" doped CaWO, are 4.64 and 4.38 ¢V,
10 respectively. Fig. 9 shows that energy gap decreases on
annealing, which can be associated with the intermediate
localized states in the band gap due to structural defects.” The
band gap calculations for 800 °C annealed CaWO,:Sm*" (Sm** =
2, 7 and 10 at.%) nanoparticles
15 supplementary information (ESIt) Fig.S1(a)-(c) and estimated to
be ~4.48,4.46 and 4.19 eV.

are shown in electronic
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Fig. 9 Variation of (a¢hv)* vs photon energy (in eV) curve for (a)
as-prepared and (b) 800 °C annealed 5 at.% Sm®* -doped CaWO,.

20

w
S

w
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3.8 Photoluminescence study

3.8.1 Excitation Study

Fig. 10 (a) and (b) show the excitation spectra of as-prepared and
800 °C annealed samples of CaWO,:Sm*> (2, 5,7 and 10 at.%)
monitored at 605 nm. It contain an intense broad band (220-290
nm) with the maximum intensity around 255 nm, which is
assigned to the overlap of charge transfer (CT) absorption from
the oxygen ligands to the central tungsten atom (3%~ —W&%)
within the Wﬂf' groups and also from oxygen ligands to the
samarium ions (0%~ —§m*7.'7%

The f-f forbidden transitions of Sm*" ions around ~345 nm
(*Hs — *Ki71), 363 nm (*Hs, — *Hyp), 376 nm (*Hs, — °Py),
403 nm (*Hs;, — “F+5), 420 nm (*Hs;, — ®Ps)), 439 nm (*Hs, —
4Gop), 463 nm (*Hs;, — *113) and 481 nm (°Hs, — *I;;) are
clearly observed in the longer wavelength region (Fig. 10 (a) and
(b)). It indicates that CaWQ, can act as efficient host and can
sensitize Sm®" with an energy transfer from wal~ groups to
Sm* ions in CaWO,:Sm*>" phosphors. It was observed in the
excitation spectra that in case of as-prepared samples the
luminescence intensity decreases with increase in Sm®" ion
concentration (Fig. 10 (a)), it is due to concentration quenching
effect while in case of annealed samples the luminescence
intensity decrease till 7 at.% of Sm®" (Fig. 10 (b)) and then it
shows some increase due to decrease in non-radiative rates by the
removal of OH molecules on annealing at 800 °C. The peak
intensities corresponding to Sm** ion are relatively high in case of
annealed samples than the as-prepared samples, which
corroborates the decrease in non-radiative processes arising from
—OH molecules on the surface of the nanoparticles.

In case of 800 °C annealed 2 at.% Sm> -doped CaWO,, the
absorption intensity of Sm/W-O CT absorption is 2.6 times
stronger than Hs;, — *F5, transition at 403 nm (FWHM-~ 4.28
nm) which suggests a strong energy transfer from Sm/W-O CT
band to Sm*" ions (Fig.10 (©)).
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Fig.10 (d) shows the excitation spectra of ASP and 800 °C
annealed 7 at.% Sm®'-doped CaWO, nanophosphors at 605 nm
emission wavelength. The position of Sm/W-O charge-transfer
band (CTB) is shifted to higher wavelength by ~ 2-5 nm due to
annealing of the samples at 800 °C than in ASP samples; similar
observations have been reported in Mo—O CTB.?!

This can be explained as follows: when an electron is transferred
from oxygen to W, an electronic transition takes place which
gives rise to the W—O charge transfer band (CTB). In ASP
samples, there are a relatively large number of dangling bonds
over the particle surface and the lattice is less ordered as
compared to that of annealed samples. There is also a higher
degree of ionic bonding between W and O for the as-prepared
samples as compared to that for 800 °C annealed samples, and
this result in lower energy absorption for annealed samples.
Consequently, the position of the W—O charge-transfer band is
shifted to higher wavelength by ~2-5 nm upon annealing of the
samples at 800 °C compared with the as-prepared samples.

The luminescence intensity for *Hs, — *F5, transition at 403 nm
of 800 °C annealed sample increases by 6 times as compared to
ASP sample of CaWO,:7Sm®". This may be due to decrease in
H,0 molecules, non-radiative rates arising from OH group and
EG molecules on the surface of the nanoparticles. Fig. S2+(a),(b),
(see ESIT) shows the excitation spectra of as-prepared and 800 °C
30 annealed samples of CaWO, with different Sm**(2, 5, 7 and 10

at.%) ions concentration monitored at 644 nm and it is also
showing the same pattern as shown by the excitation spectra
monitored at 605 nm (Fig. 10).

3.8.2 Emission study

3 Fig. 11 (a) and (b) show the emission spectra of Sm** (2, 5, 7 and

10 at.%)- doped CaWO, as-prepared samples under excitation at
250 nm (host or W-O CTB).
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Fig. 11 Emission spectra of (a) as-prepared and (b) 800 °C annealed Sm**
(Sm3+: 2,5,7 and 10 at.%) doped CaWO, nanoparticles under 250 nm
5 excitation and (c) Emission spectra (after excitation at 250 nm) of 2 at.%
sm* doped CaWO, nanoparticles for as-prepared and 800 °C annealed
samples.

Fig. 12 (a) and (b) show the emission spectra under 405 nm
(direct Sm®") excitation. The PL spectra show four strong

10 emission peaks at 561, 605, 644 and 703 nm, which originates
from *Gs, — °Hsp, *Gsp — *Hyp, *Gsp — °Hypp and “Gs, —
SH,,), transitions of Sm®*, respectively. It can be observed from
the PL spectra that the doping concentration of Sm** has no effect
on the spectra profile except for luminescence intensity. In the

15 emission spectra the strongest peaks are visible at 644 nm and the
samples show a predominant orange red emission of the
characteristic Sm®>" (*Gs, — °®Hop) transition. The emission
spectra of CaWO,:Sm> (2, 5,7 and 10 at.%) under 364 and 377
nm excitation show similar behaviour (Fig. S3, see ESI ).

20  The emission lines around 561 nm originates due to magnetic
dipole transition (*Gs, — ®Hsp) while the *Gs, — ®Hy, lines
around 644 nm originate due to electric dipole transition (Fig. 11
(a) and (b)). The luminescence intensity of electric dipole
transition is greater than the magnetic dipole transition which

»s shows that Sm®" ions occupied the sites without inversion
symmetry in the host lattice.
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Fig. 12 Emission spectra of (a) as-prepared and (b) 800 °C annealed Sm®
50 (Sm*=2,5,7 and 10 at.%) doped CaWO, nanoparticles under 405 nm
excitation.

The effect of annealing on the luminescence properties of
synthesized phosphors was also studied and it was found that
annealing enhances the luminescence intensity due to decrease in
35 non-radiative rates, removal of ~OH molecules from the surface
of nanoparticles and also due to decrease of lattice defects which
results in the increase in energy transfer from W™ to Sm** and
hence emission intensity increase.
Excitation wavelength*® and annealing temperature
40 parameters which influence the luminescence intensity. It was
observed that in case of as-prepared samples the optimum
concentration was 2 at.% while in case of 800 °C annealed
samples it was 7 at.% (Fig. 12(a) and 12(b)). This is due to the
decrease of mean distance between the neighbouring lanthanide
45 ions below the critical value, which leads to cross-relaxation
among them and thus probability of radiative transition is
reduced.*” After annealing the occupancy of Sm*" ions in the Ca®*
lattice sites increases, which results in the reduction of non-
radiative rates and improvement of crystallinity. This increases
so the optimum concentration. Our results are supported by the
observations reported in literature.”’**®® They have reported
similar disorder in case of samples annealed at higher
temperatures.
Fig.11 (c) shows the emission spectra of ASP and 800 °C
ss annealed samples of 2 at.% Sm®* doped CaWO, nanophosphors.
The excitation wavelength used was 250 nm. It was observed that
the relative intensity of Sm®" with respect to the ASP sample
under 644 nm peak increases up to ~5 times on annealing the

4 are the
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sample at 800 °C. The doping concentrations of dopants play an
important role on the luminescent properties of phosphors. It can
be clearly found that the Sm** doping concentration has no effect
on the spectra profile except for intensity. This is due to the
shielding of 4f electrons of trivalent rare earth elements by the
outer 5s and 5p electrons.” Thus, the f—f transitions of trivalent
lanthanides are weakly affected by the crystal field.

In order to obtain the optimal concentration of Sm*" ion in the
CaWO, host lattice, we have prepared samples with different
Sm** ion concentration. From the emission spectra (Fig. 11(a)
and 12(a)), it can be observed that 2 at.% Sm’" -doped CaWO,
showed the highest luminescence then the luminescent intensity
decreases sharply with further increase in Sm*" ion concentration.

This decrease in the emission intensity shows the occurrence of
energy migration between Sm® in different sites in the lattice by
non-radiative transitions, resulting in concentration quenching.
Exchange interaction, radiation reabsorption, or multipole—
multipole interaction are the processes by which non-radiative
energy transfer from one Sm®* ion to another Sm*" ion occur.™
Blase®, suggested that if the activator is introduced solely on Z-
ion sites, N is the number of Z ions in the unit cell and V is the
volume of the unit cell, X, is the critical concentration, then there
is on the average one activator ion per V/x.N. The critical
transfer distance (R.) that is the critical separation between the
donor (activator) and acceptor (quenching site) is approximately
equal to twice the radius of a sphere with the volume, and it can
be calculated by the critical concentration of the activator ion as
follows:*®

R, =12 4)

1
|:4 H:Jﬁ;]

In our case, by taking x, = 0.02, N =4 and V = 312.63 A’ the
critical distance R, are found to be ~ 19.58 and 19.62 A for ASP
and 800 °C annealed 2 at.% Sm’**-doped CaWO,, respectively.
Therefore, the energy transfer in the present case will occur only
by electric multipolar interaction.”’

Van Uitert has studied the energy transfer interactions between
rare earth ions. In Van Uitert’s model the relationship between
the luminescent intensity (I) and the doping concentration (C) can
be expressed as below:**>

¢
COE(1+fc9

el

(5)

Where, C is concentration of donor, K and [ are constants for a
certain system, Q represents the interaction type between donors,
here Q= 3, 6, 8 or 10, indicating the exchange interaction, electric
dipole—dipole, electric  dipole—quadrupole, or electric
quadrupole—quadrupole interactions, respectively. A nonlinear
fitting by using the formula v = gx/1+ bx® was carried out on
the concentration quenching data shown in Fig. 13 with the same
form as Eq.(5). The value of ¢ after nonlinear fitting comes to be
1.95, which means that Q is approximately 6. Thus, the main
mechanism for the luminescence quenching of Sm*" ions in
CaWO, nanophosphors is the electric dipole—dipole interaction

between Sm>” ions.
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Fig. 13 Dependence of integrated emission intensity of ‘Gs/, = °He/»
transition (644 nm) on the doping concentration of Sm*" in Caw0,:5m**
phosphors. The blue circle points show the experimental data, red solid
line represents the fitting curve to the formula y=ax/(1+bx‘) by using Van

60 Uitert’s model.

The surface defects of the nanoparticles or the Wﬂf ~groups may
be the quenching centers. Generally speaking, the energy transfer
between rare earth ions is an energy migration process: the Sm>*
jons at excited state *Gs), transfer their energies to the Sm®" ions
os at ground state, and then the formers back to ground state and the
latter get into *Gs), state. For an energy migration process, Q
should be equal to 3. Therefore, the Sm** jons cannot serve as the
quenching centers of their own in CaWQ,4 nanophosphors.

3.9 CIE and CCT values

Fig. 14 (a) and (b) show the Commission Internationale de
I’Eclairage (CIE) chromaticity diagram for CaWO,:Sm**(Sm*" =
2,5, 7 and 10 at.%) ASP and annealed at 800 °C phosphors
excited at 250 and 405 nm, respectively. The calculated CIE color
coordinates for all samples are listed in Table 2. Under 405 nm
75 excitation, a red-orange light was observed for all samples. By
changing the excitation wavelength*®® and also the Sm*" ion
concentration, the CIE chromaticity coordinates vary from (0.26,
0.37, presented by point a4) to (0.29, 0.28, presented by point al)
and eventually to (0.45, 0.32, presented by point b1).

It clearly indicates that the color is tunable from green to bluish
white, even to orange-red in the visible spectral region (Fig. 14
(b)). The emission in blue and green region is due to host
CaWO,. The host emission is dominant in case of host or W-O
CTB excitation at 250 nm, while for direct excitation at 405 nm
ss the emission is from Sm*" ions.

This journal is © The Royal Society of Chemistry [year]
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Fig. 14 The Commission Internationale de I'Eclairage (CIE) chromaticity
coordinates for (a) as-prepared and (b) 800 °C annealed samples under

s different (250 and 405 nm) excitations.
Table 2
CIE values for different concentrations of Sm** doped CaWO, phosphors under 250 and 405 nm excitation.
Excitation (nm) Sm* (at.%) CIE
coordinates
As-prepared Annealed (800 °C)
No. X Y No. X Y
2 x1 0.21 0.40 al 0.29 0.28
250 nm 5 x2 0.24 0.37 a2 0.19 0.41
7 x3 0.12 0.44 a3 0.21 0.38
10 x4 0.11 0.39 a4 0.26 0.37
2 yl 0.39 0.28 bl 0.43 0.30
405 nm 5 y2 0.37 0.26 b2 0.37 0.26
7 y3 0.28 0.25 b3 0.45 0.32
10 y4 0.24 0.19 b4 0.39 0.27

2

S

25

The quality of white light is calculated using McCamy empirical
formula in terms of Color Correlated Temperature (CCT) values,
which is expressed as:®'

CCT = —449n’ + 3525n* —6823n + 5520.33 (6)
Where, n = (x — X.)/(y — ¥.) is the inverse slope line, x, = 0.332
and y. = 0.186.

The CCT values for as-prepared and 800 °C annealed samples
are found to be in the range of ~1950-2900 K for different Sm**
ion concentrations under 405 nm excitation. CCT values for 800
°C annealed samples are greater than the as-prepared samples due
to host emission contribution. The typical CCT value for 800 °C
annealed 5 at.% Sm*" doped sample under 405 nm excitation is
found to be 2885 K (warm white light). It suggests that color
temperature of CaWO,:Sm®" nanophosphors can be controlled by
changing the dopant concentration and by annealing the samples.

3.10 Lifetime study

The lifetime decay curves of 2 at.% Sm*" -doped CaWO, samples
recorded under 355 nm excitation by monitoring the emission of
orange red band at 644 nm, are shown in Fig.15. The reduction of
population of higher energy states to 1/e of its initial population
which is associated to the transitions from higher energy to the
lower energy states is termed as the lifetime decay.®

cawo,:2sm** Kgye = 355 nm

S = 644 nm

em

o 800°C
o As-prepared

Normalized Intensity (a.u.)

T

T T T T T T
1000 1500 2000 2500 3000 3500

T
0 500

Time (us)

Fig. 15 Luminescence decay spectra of as-prepared and 800 °C annealed
2 at.% Sm* -doped CaWO, nanoparticles under 355 nm excitation.

3s The decay curves were fitted with both monoexponential and

biexponential equations. The monoexponential decay fit is
expressed as:
=TI
I= Ipe /= (M

Where, Iyand | are intensities at zero time and at time t,

40 respectively, and T is the lifetime for the transition.
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And the bi-exponential function is expressed as:
—ty —ty
I=4d,e nd+ 4,8 /= =)

Where, 1, and T, are the fast and slow components of the
s luminescence lifetimes, A; and A, are fitting parameters. Of the
two exponential fits, the biexponential equation fits better than
the monoexponential one, that is, the goodness of fits of
parameters for ASP 2 at.% Sm®" doped CaWQ, with mono- and
bi-exponential equations were found to be 0.99823 and 0.99945,
10 respectively. This is due to the inhomogeneous distribution of the
dopant ions in the host material and the transfer of excitation
energy from donor to lanthanide activators.
The bi-exponential fitting of as-prepared and annealed at
800 °C 2 at.% Sm’" doped CaWO, phosphor under 355 nm
15 excitation are shown in Fig. 16 (a) and (b). Further, the average
decay lifetimes can be calculated as:

Iin+ g .

Tap = I+ I (%)
The lifetime value of annealed sample (0.764 ms) (Fig. 16 (b))
20 is greater than the as-prepared sample (0.444 ms) (Fig. 16 (a)).
This may be due to increase in particle size and reduction in
surface defects after annealing, also reduction in non-radiative
rates and removal of OH molecules from the surface of the

nanoparticles after annealing.
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Fig. 16 Bi-exponential fitting to the decay curve (Ae = 644 nm) of 2 at.%
Sm* -doped CaWOj, (a) As-prepared and (b) 800 °C annealed samples
under 355 nm excitation.

30 Our results are supported by literature

the lifetime of phosphors increases.The fitted parameter (I;, t;, Lo,
T, Ta and > ) obtained using bi-exponential decay equation for
ASP and 800 °C annealed 2 at.% Sm*" -doped CaWO, under 355
nm are given in Table 3. The average lifetimes of 800 °C

35 annealed Sm®" ions in CaWO,:x at.% Sm*" (x =5, 7 and 10) were
determined to be 0.515, 0.449 and 0.414 ms, respectively. It is
found that the intensity of decay counts decreases with Sm3+ ion
concentration. This may be due to concentration quenching
effect.

4(2)-63.64 that after annealing

40 Table 3 Parameters obtained after bi-exponential fit to the decay data of as-prepared and 800 °C annealed 2 at.% Sm’**-doped CaWO, samples under 355

nm excitation.

Sample Excitation (nm) I (%) T L (%) T, X
(ms) (ms)
ASP 355 42 0.28+0.0022 58 1.31+0.0016 0.9994
Annealed 355 48 0.76+0.0009 52 0.76+0.048 0.9974

4. Conclusions

Sm** (Sm** =2, 5, 7 and 10 at.%) -doped CaWO, nanophosphors
45 were prepared by polyol method. From photoluminescence study,
it corroborates that luminescence intensity shows the optimum
emission for 2 at.% doped Sm® concentration, while for higher
concentration it shows decrement due to the concentration
quenching. The optical band gap values for ASP and 800 °C
so annealed 5 at.% Sm’" -doped CaWO, nano-particles were 4.64

and 4.38 eV, respectively. Emission spectra show the four strong
emission peaks under 250, 364, 377 and 405 nm at 561, 605, 644
and 703 nm, which originates from *Gs;, — ®Hsp, ‘Gs, — *Hyp,
4G5, — ®Hyp and *Gsj, — °H,y transitions of Sm*", respectively.
ss The luminescence concentration quenching of Sm®" doped
CaWO, nanophosphors were studied based on the Van Uitert’s
model, and it was found that the electric dipole- dipole interaction
is the dominant energy transfer mechanism between Sm*" ions in
the CaWO,:Sm*'( Sm*" =2, 5, 7 and 10 at.%) nanophosphors.
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The color coordinates for 800 °C annealed 2 at.% Sm®* doped
CaWO, phosphor were calculated to be (0.45, 0.32). The ratio of
blue to yellow/orange/red intensities can bring many colours.
These phosphors will be useful in production of light emitting

s diodes (LEDs) based on 250 nm excitation. When phosphors
(CaWO,:Sm*") are coated over Hg lamp, this can produce bluish
to white colors. Due to the strong blue and orange-red emission in
visible region under different excitations, these nanophosphors
can be potential candidates to be used in white LEDs.
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