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suggests that they are potential candidates as single-component multicolor-emitting phosphors for lighting and
scintillating applications.
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1. Introduction

Due to the low efficiency, environmental concerns and high cost
associated with conventional incandescent bulb and fluorescent lamp,
phosphor converting light emitting diodes (pcLEDs) have been in high
demand to replace the traditional lamps [1]. As a result, there has been
an upsurge of research activities on design and development of new
luminescent materials with high color purity, high quantum efficiency
and good thermal stability for various applications such as automobile
industry, liquid crystal display, horticultural, or solid state lighting
[2—-4].

Current white light LEDs have a combination of a yellow emitting
YAG:Ce phosphor and a blue emitting LED (InGaN) with high chemical
and thermal stability. For white light or colored phosphors, the si-
multaneous generation of red, green and blue (RGB) is necessary [5].
Based on RGB analogy, characteristic emission from rare-earth ions can
be combined to design white light phosphors for solid-state lighting
which has several advantages such as long lifetimes, lower-energy
consumption, high luminous efficiency and environmentally friendly
characteristics [5-8]. Due to the lack of red component (CRI < 75),
their applicability is more restricted to cool white light which is suited
for outdoor applications, i.e. automobile headlight [1,9]. Therefore,
there has been growing interest among luminescence material scientists
for designing warm white light phosphors for indoor and office lighting
applications [10,11]. Warm white light LEDs with low correlated color
temperature (CCT) (CCT = 3500K) are highly recommended for
human eyesight [10,11]. To the best of our knowledge, there is no re-
port in literature exploiting pyrochlore hosts for warm white lighting
with low CCT. In most of the reports, researchers have seldomly ad-
quired warm white light with low CCT for indoor lighting applications
[11-13]. This limitation causes the problem of glare in the eyes which is
not good for the retina. Therefore, it becomes imperative to develop
single-phased warm white light emitting phosphors with low CCT.

Oxides have been widely explored as phosphor and luminescence
hosts due to their wide band gap, ease of synthesis, easy to handle, and
high structural and thermal stability. This fact also clearly reflects in
their commercial viability in various phosphors such as a YAG:Ce [1,9],
Y-03:Eu [14], Y»,05S:Eu [15], LaPO4:Ce,Tb [16]. Among oxide hosts,
lanthanum hafnate, La,Hf>0,, has barely been explored as a phosphor
host for white light LEDs [17-22]. Also, it provides high stopping power
for X- and y-rays due to its high density of 7.9 g/cm? and the presence of
Hf with Z = 72 [23,24]. La,Hf,0, exists in just one crystal structure -
cubic pyrochlore, space group Fd-3m and a = 10.785 A [25]. With such
properties, lanthanum hafnate is considered a potentially good matrix
for novel high energy radiation detectors - scintillators and X-ray
phosphors. Initially, when highly energetic X-ray beam falls on the
pyrochlore La,Hf>0, NPs, it interacts with the hafnium atom (high Z) of
the pyrochlore lattice (high density) mainly via the photoelectric effect.
This photoelectric interaction generates large quantity of electrons and
holes, making an electronic transport to occur between the pyrochlore
La,Hf>0; NPs. The hot electrons and holes are then thermalized quickly
at the CB and VB edges of the pyrochlore. The electrons in the CB decay
non-radiatively to the bottom of the CB and then recombine with holes
created in the VB. The e-h* recombination energy released can be used
to excite Ln®>" ions leading to the characteristics of Ln®>* emissions. The
trapping and radiative recombination of e-h* pairs can be precisely
controlled, which can be used to create tunable luminescence by al-
tering the band gap of materials.

X-ray luminescence optical imaging has been recognized as a
powerful technique for medical diagnosis due to its deep penetration
and low auto-fluorescence in tissues. With regard to the potential ap-
plications in bioimaging, the light output of the nanophosphors under
X-ray irradiation is a very important characteristic. In the past, the
spectroscopic investigation of La,Hf,0, doped with ions such as Eu®*,
Tb®*, Pr®* or Ce®* proved that the matrix is able to transfer the gained
energy to dopants and produce luminescence with significant intensity
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[23,24,26-29]. Each of the lanthanide ions has characteristic emission
depending upon the energy level diagram. The most prominent visible
emitting lanthanide ions are Dy>* in blue-yellow region, Eu®>*/Sm>*
in orange-red and Tb®* in green region [30]. White light emission in a
single component phosphor using triply co-doped rare earth ions is
reported in Eu,Tb,Dy co-doped borate and Eu,Dy,Tm co-doped tung-
state based compounds which exhibited excellent performance [31,32].
To the best of our knowledge, luminescence study of individually doped
LHO by Dy>* ion and tri-doped La,Hf,0,:Tb**, Eu®*,Dy*" has not
been reported. In addition, there is absolutely no report on the radi-
oluminescence studies of Dy*>* and Tb®>* doped La,Hf,0, for potential
green and near white X-ray phosphors.

Furthermore, rare earth doped oxide nanoparticles for photonics
application have several advantages such as resistance to photo-
bleaching/photoblinking, high color purity, narrow emission, large
stokes shifts, etc [33]. In addition, their emission wavelengths do not
change much because equilibrium geometry of the ground state and
excited state wavefunction is the same. These properties make them
excellent candidate for solid-state lighting and light emitting displays.
Moreover, materials with A,B,O, pyrochlore composition recently have
displayed a variety of advanced applications in solid oxide fuel cells
[34,35], photocatalysis [36,37], thermographic phosphor [38], thermal
barrier coatings [39], X-ray scintillator [23,24], photoluminescence
[40], and nuclear waste host [41], etc. because of their interesting
thermo-, physio- and chemical properties.

Compared to microcrystalline phosphors, nanoparticles are ex-
pected to offer several advantages, such as easy surface modification,
tunable luminescence, superior bioimaging and coating performance,
higher electron-hole overlap integral, etc [42]. For white LED devices,
it is easier to cast nanoparticle powders into films as an important re-
quirement for commercial applications. Moreover, property tunability
is also easier to achieve for nanocrystalline powder compared to mi-
crocrystalline counterpart for white light phosphors in case of color
coordinate and color temperature, etc [42]. Also, non-uniform micro-
crystalline phosphor powder has poor adhesion to substrates and would
lose contact with LED substrates and enclosures [43]. In addition, the
conventional solid-state reaction route for synthesizing normal micro-
crystalline powder requires temperatures in excess of 1,400 K and suffer
from inhomogeneous and coarse particle formation with non-uniform
size distribution. For good luminescence characteristics, phosphors
must have fine size, narrow size distribution, no aggregation, and
spherical morphology. Similarly, several disadvantages have also been
noted for some other synthetic techniques, such as the evaporation of
solvents resulting in phase segregation, alteration of the stoichiometry
due to incomplete precipitation, expensive chemicals, and time-con-
suming processes. Moreover, nanoparticles are preferable for radi-
oluminescence due to their high surface-to-volume ratio (S/V) which
imparts efficient surface loading and multivalent binding to facilitate
specificity [44].

To meet the challenges of multicolor NUV and X-ray phosphors for
warm white lighting and scintillating applications, in this paper, we
have proposed a simple, low temperature molten salt synthesis (MSS)
approach to develop lanthanide-doped La,Hf>0, pyrochlore phosphors.
Once being excited with 265 nm UV light, singly doped La,Hf,0,:Tb>*
NPs mainly emit green light at 540 nm, La,Hf,0,:Eu®>* NPs emit red
light at 612 and 630 nm, and La,Hf,0,:Dy>* NPs emit yellow light at
577 nm and blue light at 478 nm. We report the generation and color
tunability of warm  white light from triply doped
LayHf,0,:Tb®* Eu®*,Dy®* NPs for the production of warm white LEDs
with an effective absorption in the ultraviolet window range. Moreover,
we studied their optical performance under X-ray irradiation. These X-
ray phosphors are expected to display high absorption cross section for
X-ray and intense radioluminescence (RL) in the visible spectrum.
Compared to bulk scintillator, these pyrochlore NPs can exhibit tunable
RL across the visible wavelengths by tailoring the dopant ions.



S.K. Gupta, et al.

2. Experimental
2.1. Synthesis

Commercially available lanthanum nitrate hexahydrate (La
(NO3)36H,0, 99.0%), hafnium dichloride oxide octahydrate
(HfC1,0-8H,0, 98%), europium nitrate pentahydrate (Eu(NO3)35H,0,
99.9%), dysprosium (III) nitrate hydrate (Dy(NOs3)3xH50, 99.9%),
terbium(III) nitrate pentahydrate (Tb(NO3)35H20, 99.9%), potassium
nitrate (KNOs, 99.9%), and sodium nitrate (NaNOs, 98%) were used as
purchased without further purification. Our synthesis protocol includes
a two-step procedure, i.e. coprecipitation process followed by a molten
salt synthesis (MSS) [24,45-48]. For the coprecipitation step, stoi-
chiometric amount of starting reactants, i.e. 5 mmol HfCl,0-8H,0, (5-x)
mmol La(NO3)3-6H,0, and x mmol dopant precursor or their mixture, is
used. The starting reactants were weighted, dissolved in 200 mL of
distilled water (18.2 MQ at 25 ©C), and kept stirring for 30 min. The
mixture was then titrated with 200 mL of 10% ammonium hydroxide
solution (diluted from commercial 28-30% NH,OH aqueous solution)
over a period of 2h. The resulting precipitate was then washed with
distilled water for several times before being vacuum filtrated and then
air dried at room temperature. In the MSS step, the obtained precursor
was mixed with potassium nitrate and sodium nitrate in a stoichio-
metric ratio of (1:30:30) and finely grinded. The resulting mixture was
then annealed at 650 ©C for 6 h with ramp-up and -down rates of 1°C/
min. The final product was washed several times with distilled water
and dried in the oven at 90 ©C overnight. The singly doped
La,Hf,0,:Eu®*, La,Hf,0,:Tb%*, and La,Hf,0,:Dy>" NPs are desig-
nated as LHOE, LHOT and LHOD, respectively.

2.2. Characterization

The structural and morphological characters of the obtained sam-
ples were extensively studied using powder X-ray diffraction (XRD),
scanning electron microscopy (SEM), and Raman spectroscopy. XRD
patterns were recorded using a Rigaku Miniflex X-ray Diffractometer
with a Cu K,; radiation (A = 0.15406 nm, 30kV and 15mA) at a 2-
theta scanning mode in a scanning range of 10° to 90°. The used
scanning step size was 0.05° with a scanning rate of 2*min~*. Raman
spectra were obtained with a Bruker SENTERRA Raman spectrometer
(Bruker Optics SENTERRA R200) that uses solid state laser (785 nm)
with 100 mW power. A Carl Zeiss sigma VP SEM equipped with a field
emission gun operated at 5kV was used to collect SEM images of the
samples.

The actual doping concentration of the NPs (individually doped and
triply co-doped) is estimated using energy dispersive spectroscopy
(EDS). EDS data were acquired using a FEI Talos F200X TEM system
which includes a super-X EDS system with four silicon drift detectors
(SDDs) with a solid angle of 0.9 srad. The EDS data was quantified using
the Velox software incorporated in the Talos with a standard Cliff-
Lorimer (K-factor) method. An absorption correction function was used
to correct for the absorption of X-rays by the samples.

Optical properties of the samples were evaluated using time re-
solved photoluminescence spectroscopy (TRPS), X-ray excited optical
luminescence  (XEOL), and quantum yield measurements.
Photoluminescence (PL) emission, excitation, and lifetime spectra were
recorded using an Edinburgh Instrument FLS 980 fluorometer system
equipped with a steady state xenon lamp source and a pulsed xenon
lamp with a pulse frequency range of 1-100 Hz. A 150 mm BenFlect
coated integrating sphere was used to determine the absolute quantum
yield (QY) of the NPs. The spectral sensitivity of the spectrometer and
the sphere was modified using a calibrated lamp for spectral light
throughput. Finally, XEOL spectra were obtained using a silver X-ray
source tube with a power of 12W (60kV and 200 pA) adapted to the
Edinburgh Instruments FLS 980 fluorometer system.
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Table 1
Nominal and actual dopant concentrations of the LHOE, LHOT and LHOD NPs.

Sample Nominal dopant concentrations Actual dopant concentrations (mol
(mol%) %)
LHOE Eu2Hf207 La2Hf207 Eu2Hf207 La2Hf207
0.5 99.5 0.69 99.31
1.0 99.0 1.64 98.36
2.5 97.5 3.53 96.47
5.0 95.0 5.25 94.75
7.5 92.5 8.30 91.70
10.0 90.0 10.21 89.79
LHOT  Tb,Hf,0, La,Hf,0, Tb,Hf,0, La,Hf,0,
0.5 99.5 6.98 93.02
1.0 99.0 6.99 93.01
2.5 97.5 8.09 91.91
5.0 95.0 11.59 88.41
7.5 92.5 15.63 84.37
10.0 90.0 16.91 83.09
Dy,Hf,0, La,Hf,0, Dy,Hf,0, La,Hf,0,
LHOD 0.5 99.5 0.57 99.43
1.0 99.0 1.01 98.99
2.5 97.5 2.00 98.00
5.0 95.0 4.47 95.53
7.5 92.5 5.22 94.78
10.0 90.0 8.65 91.35

3. Results and discussion
3.1. EDS and XRD measurements

The elemental composition analysis by the EDS technique confirms
that the actual concentrations of dopant ions in the LHO host are
consistent with their nominal ones as tabulated in Table 1.

The powder XRD patterns of the LHOE, LHOT and LHOD NPs
(Fig. la—c, respectively) can be easily indexed to La,Hf>0, (JCPDS #01-
073-0445). There is not much change in lattice parameter for all three
series of samples upon increasing the dopant concentration of lantha-
nide ions (Eu, Tb and Dy) from 0.1 to 10.0 mol% (Table 2) [49]. This is
attributed to closeness in ionic size between 8-ccordinated La®** ion
(1.16 A) and that of Eu®>* (1.06 A), Tb®* (1.04A) and Dy 3* (1.03A)
ion [50].

Using the Debye-Scherrer equation and based on the [222] re-
flection, all the samples have calculated average crystallite size in the
range of 17-25nm. There is systematic decrease of the crystallite size
with increasing dopant concentration from 0.5 to 10.0 mol% for all
three dopants (Fig. 1d). This is mainly attributed to the distortion of
LHO host induced by incorporating dopant ions which can retard the
growth of the doped LHO NPs [51].

3.2. Raman spectroscopy

The Raman peaks from the LHOE, LHOT, and LHOD NPs (Fig. 2a—c)
are presented at 307, 318, 395, 503, 521, and 609 cm ~ ' corresponding
to Fag, Eg, Faq, Aqg, Fag, and Fag modes of pyrochlore structure, re-
spectively [24]. Based on group theory, the ideal pyrochlore phase of
A,B,0; compounds have six Raman active modes in the range of
200-1000 cm ™~ * with five of them involving M— O vibrations and the
one at highest wavenumber related to oxygen sublattice [52,53]. Spe-
cifically, the Raman peaks in the wavenumber region of 300-400 cm ™*
originate from vibrations of the metal-oxygen bonds, i.e. La-O and
Hf-O bonds. The peaks at high wavenumbers of 522 and 609 cm ™!
arise from the stretching of the Hf-O bonds. The Raman band at
394 cm ™ is originated from Fp, mode due to vibrations from both La-O
and Hf-O bonds. The 503 cm ™! peak arises from A;g mode due to the
bending of -O-Hf-O- bond in HfOg octahedra [54]. The small peak
around 783 cm ™! is ascribed to the distortion of HfOg octahedra [55].

The broadening extent of Raman peaks indicates the level of dis-
ordering in a sample. The FWHM of the 307 cm ! peak follows the
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Fig. 1. XRD patterns of the (a) LHOE, (b) LHOT, (c) LHOD NPs. (d) Variation of the crystallite size as a function of dopant concentration of the LHOE, LHOT and

LHOD NPs.

Table 2
Calculated lattice parameter and particle size of the LHOE, LHOT and LHOD
NPs under various molar doping levels.

x 26(°) FWHM (B) Lattice parameters @A) Crystallite size (nm)

La,Hf,0,:x%Eu’®*

0.5 29.08 0.34 10.63 23.37
1.0 29.14 0.34 10.61 23.37
2.5 29.19 0.35 10.59 22.70
5.0 28.66 0.43 10.78 18.92
7.5 29.01 0.42 10.65 18.48
10.0 29.12 0.45 10.61 17.65
La,Hf,0,:x%Tb>*

0.5 29.07 0.37 10.63 21.47
1.0 29.03 0.38 10.65 20.91
2.5 29.06 0.41 10.64 19.38
5.0 29.06 0.42 10.64 18.92
7.5 29.10 0.42 10.62 18.92
10.0 29.38 0.45 10.52 17.65
La,Hf,0,:x%Dy>*

0.5 28.70 0.30 10.77 26.48
1.0 28.69 0.33 10.77 24.07
2.5 28.71 0.35 10.76 22.70
5.0 28.74 0.37 10.75 21.47
7.5 28.77 0.40 10.74 19.86
10.0 28.81 0.40 10.73 19.86

trend of LHOD > LHOT > LHOE. This is possibly related to the dif-
ference of ionic radii (Ar) between La" and the dopant ions, i.e. Ar
(La®"-Dy**) > Ar (La®**-Tb**) > Ar (La®*-Eu™).

3.3. SEM

The LHOE, LHOT and LHOD NPs are spherical in morphology with
an average size of 36-43 nm which is hardly affected by the identity of
dopant ions (Fig. 3). In general, these NPs are highly homogeneous and
monodispersed. Spherical NPs are preferable for high brightness due to
high packing density and low light scattering [56]. Therefore, our
doped LHO NPs are highly desirable as nanophosphors to have desir-
able luminescent performance.

3.4. PL

3.4.1. Excitation spectra

The excitation spectra of the LHOE NPs (Fig. 4a) show a broad band
in the range of 250-315 nm due to O>"—Eu®* charge transfer and fine
features in the range of 320-550 nm from the Eu®* intramolecular f-f
bands. One interesting feature is the highly intense peaks at 393 and
465nm due to “Fo—"L¢ and “Fy—°D, transitions, respectively, which
endow the LHOE NPs as important nanophosphors to be efficiently
pumped by NUV at 393 nm and blue light.

The excitation spectra of the LHOT NPs (Fig. 4b) have the three
peaks at 220, 285, and 310 nm corresponding to transitions from “Fg
level to the split 5d energy levels of Tb®™ ions. The 4d energy levels of
Tb®* have both low spin and high spin states designated
by ’D; and 9Dj energy levels (J = 0-5), respectively [57]. The most in-
tense peak at 285 nm is attributed to the low spin allowed f-d transition
from the “F¢—’Ds. The peaks at 220 and 310 nm are ascribed to the
allowed “F¢—’Ds transition and f-d forbidden high spin “Fg—’D4
transition, respectively [58].
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The excitation spectra of the LHOD NPs (Fig. 4c) demonstrate a
broad band centered at 258 nm ascribed to the 0> —Dy>* charge
transfer transition and three intense peaks at 294, 323 and 351 nm due
to ®Hisa—=*Hirz + *Gosz, ®Hisa—>*Mi7,2, and ®H;s2—°P,,» transi-
tions, respectively [59].

3.4.2. Emission spectra

The LHOE NPs (Fig. 5a) show strong emission at 593, 612, 655 and
710 nm corresponding to *Dy—"Fy, *Dy—"F,, *Dy—F5 and *Dy—"F,4
transitions of Eu®* ions, respectively. The orange emission band at
593 nm is characterized by the magnetic dipole Dy—"F; transition
(MDT) of Eu®* and is not affected by the crystal field strength. The red
emission peak at 612nm arises due to the electric dipole Dy—"F,
transition (EDT) of Eu3+, which is hypersensitive (AJ = = 1) to its
local surroundings. Its intensity and splitting strongly depend on the
symmetry of the crystal field. The integrated PL intensity ratio of the
EDT to MDT known as asymmetry ratio (A,;) gives local structure

information of Eu®* ions. For the LHOE NPs, the peak at 612nm is
more intense than the peak at 593 nm, which suggests low symmetry
around Eu®" in these NPs [24,45,46]. Inset of Fig. 5a shows a digital
image of the red emitting LHOE-5.0% NPs.

The LHOT NPs emit at 487, 543, 584, 623, 648, 673 and 688 nm due
to the °D,—’F; transitions of Tb®* with J =6, 5, 4, 3, 2, 1 and 0,
respectively (Fig. 5b). Similar to the literature, the >D,—"F,., emission
peaks are very weak, and the emission intensity generally follows the
pattern of Dy—"Fg ~ °Dy—"F, ~ °D4—"F3 ~ °D4—"F, [60,61]. Speci-
fically, the green emission band at 543 nm originates from the *D,—"Fs
MDT of Tb®* ions. The blue emission band at 487 nm is due to the
°D,—"F¢ EDT of Tb®*, which is affected by local structure and sym-
metry of Tb®* [62]. The 543 nm band is more intense than the 487 nm
band. It can be postulated that a large fraction of Tb®* ions occupy
relatively symmetric environment in the LHO host. The presence of
both EDT and MDT in the emission spectra of the LHOT NPs suggests
that Tb®* ions are distributed at both La®** and Hf*" sites although the
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majority prefers to stabilize at the symmetric HfO¢ octahedra in the
LHO host. Inset of Fig. 5b shows a digital image of the green emitting
LHOT-5.0% NPs.

The emission spectra of the LHOD NPs consist of three bands at 481,
577 and 669 nm due to *Fg,5—°Hys/2, *Fo,2—>CH13,» and *Fg,5—>°Ho >
transitions, respectively (Fig. 5c). The emission bands at 481 nm and
577 nm arise from MDT and EDT of Dy>", respectively. When Dy>*
ions are situated at sites with relatively low symmetry, the yellow EDT
band at 577 nm is dominant. When the blue MDT band at 481 nm is
intense, Dy>* ions occupy symmetric sites. The yellow emission is more
intense than the blue emission from the LHOD NPs, which suggests the
lack of inversion symmetry around Dy>" in these NPs.

The Commission International del’Eclairage (CIE) chromaticity co-
ordinates of our LHOE, LHOT and LHOD NPs were calculated from the
PL emission spectra (Fig. 5d). Red, green and bluish-green emissions are
clearly seen from the LHOE, LHOT and LHOD NPs, respectively, which
is consistent with the digital images from the nanosized LHOE and
LHOT powders under NUV excitations as shown as the insets of Fig. 5a
and b.

3.4.3. Concentration quenching study

The LHOE, LHOT and LHOD NPs have similar PL emission profiles
relevant to the Eu®*, Tb®* and Dy®* dopants, however, their relative
emission intensity depends on the doping concentration (Fig. 6a). For
the LHOE NPs, the red emission at 612 nm (°Do—"F,) increases as the
Eu®" concentration increases initially from 0.1 to 5.0mol% and

decreases afterwards due to concentration quenching. At high doping
level, neighboring Eu®™" ions are close to each other which leads to
cross-relaxation process between them. Thus, the optimum
Eu* concentration in the LHO host is 5.0 mol%. For the LHOT and
LHOD NPs, concentration quenching happens at 2.5 mol% and 1.0 mol
%, respectively. This phenomenon can be related to different critical
distance values for these three series of NPs.

To get insight on the exact mechanisms responsible for the
quenching mechanism of the LHOE, LHOT and LHOD NPs, the fol-
lowing equation is used to estimate their critical distances (r.):

1
3
=2 3V
47X.N 1

where r. is the critical distance between dopant ions and quenching
sites, V is unit cell volume, X, is the critical concentration of dopant
ions, and N is the number of sites that activator ions can occupy in the
host. The critical distances calculated for the LHOE, LHOT, and LHOD
NPs based on the above formula are 14.4 f\, 30.9 A, and 24.6 [o\, re-
spectively. There is an reverse relation between the critical concentra-
tion and critical distance values for the LHOE, LHOT and LHOD NPs
(Fig. 6b).

There are two main mechanisms for concentration quenching: ex-
change interaction (r. < 5;\) and multipolar interaction (r. > 5[°\)
[63]. The critical distances for these three series of NPs are much larger
than the typical critical distance of exchange interaction, so it could be
concluded that electric multipolar interactions is the main mechanism
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responsible for the energy transfer from one dopant ion to another. To
decipher the exact type of electric multipolar interaction responsible for
non-radiative energy transfer between dopant ions in the LHOE, LHOT
and LHOD NPs, we used the Van Uitert formula based on the variation
of PL emission intensity per unit concentration with the energy transfer
involving same acceptor and donor [64]:

I/x=K[1+ B(x)6/3]! 2

where x is the concentration of dopant ions which is not less than
the critical concentration, I/x is the emission intensity I per phosphor
dopant x, K and f3 are constants for the same excitation condition for a
given phosphor, and 0 value indicates the type of electric multipolar
character responsible for concentration quenching. When 6 = 3, non-
radiative energy transfer proceed via exchange interaction, while 6 = 6
corresponds to dipole-dipole interaction, & = 8 corresponds to dipo-
le—quadrupole interaction, and 6 =10 corresponds to quad-
rupole—quadrupole interaction [65]. Applying the condition of S(x)6/3
> 1, Eq. (2) is simplified into:

log(I/x) = K’ — 6/3logx (K’ = logK — logpB) 3)

By plotting log(I/x) with log(x), the slope of Eq. (3) gives the value
of electric multipolar character 8. For the LHOE, LHOT and LHOD NPs,
the slope values as (—6/3) of the LHOE, LHOT and LHOD NPs are
—2.53504, —1.74559 and —1.73756, respectively (Fig. 6¢). Therefore,
the 6 values are ~8, 6, and 6 for the LHOE, LHOT and LHOD NPs
corresponding to the energy transfer mechanism of the LHOE NPs via a
dipole — quadrupole interaction whereas those of the LHOT and LHOD
NPs via a dipole-dipole interaction.

The QY values of the three best singly-doped phosphors, i.e.
LHOE:5%, LHOT:2.5%, and LHOD:1.0%, are 16.88, 11.05 and 12.46,
respectively.

3.4.4. Luminescence lifetime spectroscopy

The PL decay profiles of the LHOE NPs (Fig. 7a) exhibit biexpo-
nential behavior with Eu®>* doping concentration > 1.0%, which can
be fitted into an approximate function of

I= 1, + Biexp(—t/5) + Baexp(—t/n) 4)

where I is the initial emission intensity at time ¢t = 0, and 7; and 7, are
the short and long lifetime values. At Eu®" doping concentration <
1.0%, the PL decay curve shows monoexponential behavior. This in-
dicates homogenous distribution of Eu®>* ions in the LHO host at low
doping level.

It is possible that at low doping concentration, Eu>" ions are spe-
cifically localized only at asymmetric LaOg scalenohedra. At Eu®*
doping concentration higher than 1.0%, minor fraction (22-27%) of
Eu®" ions tunnel to relatively symmetric HfOg octahedra of LHO host.
The short lifetime component corresponds to the Eu®™* ions surrounding
with more defect states and the long lifetime component corresponds to
Eu" ions surrounding with less defect states [66]. The stabilization of
Eu®" ions at La®" sites does not invoke the need for charge compen-
sating defects whereas that of Eu®>* ions at Hf** sites needs to be
compensated by oxygen vacancies. When trivalent Eu®>* ions occupy
tetravalent hafnium sites, charge compensation takes place by forma-
tion of oxygen vacancies: 2Eu’*" + 3Hf;" < 2Eu},f + V{'. Therefore,
the short lifetime (0.94-1.19 ms) is attributed to Eu>* sitting at Hf**
site whereas the one at La®" is having long lifetime (3.10-3.79 ms).
There is no regular trend of the 7; and 7, values for the LHOE NPs as a
function of Eu®™* doping concentration (Table 3).

The luminescence decay profiles of the LHOT NPs (Fig. 7b) yield
only single lifetime in the range of 0.15 ms to 2.11 ms. Based on the PL
emission spectra of the LHOT NPs discussed earlier (Fig. 5b), Tb®™ ions
are stabilized mostly at symmetric Hf*" sites in the LHO host. Such
short lifetime value is due to the presence of oxygen vacancies as a
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Fig. 7. PL decay profiles of the (a) LHOE (Aex = 393nm and Aep = 6121nm), (b) LHOT (Aex = 285nm and Aepn = 543nm), and (¢) LHOD (Aey = 351 nm and

Aem = 577 nm) NPs.



S.K. Gupta, et al.

Table 3

Calculated PL lifetime values of the LHOE, LHOT, and LHOD NPs.

x 71 (ms)

75 (ms)

LayHf,0,:x%Eu® "

0.5 2.63

1.0 3.01

2.5 1.19 (23%)
5.0 0.94 (27%)
7.5 1.03 (22%)
10.0 0.97 (22%)
La,Hf,0,:x%Tb**

0.5 2.11

1.0 1.49

2.5 1.41

5.0 0.76

7.5 0.67

10.0 0.15
La,Hf,0,:x%Dy>*

0.5 1.042

1.0 0.34 (24%)
2.5 0.11 (34%)
5.0 0.094 (37%)
7.5 0.024 (38%)
10.0 0.019 (42%)

3.79 (77%)
2.57 (73%)
3.26 (78%)
3.10 (78%)

1.34 (76%)
0.82 (66%)
0.64 (63%)
0.345 (62%)
0.323 (58%)

charge compensating defects that provide non-radiative pathways.
Also, the lifetime value monotonically decreases with increasing Tb>*
concentration, which can be attributed to increasing non-radiative re-
laxation rate due to the cross-relaxation processes among Tb®* ions.
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The decay profiles of the LHOD NPs exhibit monoexponential be-
havior when the Dy** doping level is smaller than 0.5% and biexpo-
nential decay afterwards (Fig. 7c). For the latter case, the fast compo-
nent (0.019-0.34 ms) corresponds to the Dy>* ions occupying Hf** site
and the slow component (0.32-1.34ms) corresponds to the Dy>* lo-
calized at La®* site. The population of the fast component gradually
increases from 24 to 42% with increasing Dy>* concentration from
1.0% to 10.0% in the LHOD NPs. Similar to the LHOT NPs, both the fast
and slow decay components decrease as the Dy>* doping concentration
increases due to the cross-relaxation processes among Dy>* ions.

3.5. RL

The light output of the nanoparticles under X-ray irradiation is
another important characteristic to understand its RL properties.
La,Hf,0; is a dense and high-Z material, which has high probability of
absorbing X-ray through photoelectric effect. Unlike fluorescence,
which is single molecule property, scintillation is governed by bulk
property of materials [44]. The XEOL spectra of the LHOE, LHOT and
LHOD NPs (Fig. 8a, b and c) display intense red, green and yellow
emission bands corresponding to *Dy—"Fy, °D4—’Fs and “Fg,,—°H13/2
transitions of Eu*, Tb®* and Dy®™, respectively. The concentration
dependence of the XEOL spectra is in agreement with their PL spectra
(Fig. 6). The schematic showing red, green and yellow color emissions
from the LHOE, LHOT and LHOD NPs under X-ray excitation is shown
in Fig. 8d. To the best of our knowledge, this is the first report of green
and yellow RL emissions from Tb®>* and Dy®* doped LHO NPs. With
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Fig. 8. RL emission spectra of the (a) LHOE, (b) LHOT, and (c) LHOD NPs. (d) Schematic diagram depicting RL emission from the LHOE-5.0%, LHOT-2.5%, and

LHOD-1.0% NPs.
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corresponding to the data points is given in Table 4.

Table 4

Color coordinates and color temperature of the triply-doped

La,Hf,0,:Eu®* , Tb%* Dy** NPs under 254 nm excitation.
Triply co-doped system CIE index CCT
(1) 1.5%Tb, 0.5 %Dy, 0.05%Eu (0.357, 0.475) 4930
(2) 0.5%Tb, 1.5%Dy, 0.05%Eu (0.363, 0.465) 4780
(3) 1.0%Tb, 0.75%Dy, 0.05%Eu (0.366, 0.450) 4690
(4) 0.2%Tb, 5.25%Dy, 0.35%Eu (0.415, 0.526) 2830

the exciting preliminary RL results from these NPs, we plan to make
transparent ceramics out of them for desirable scintillation properties
for applications in the areas of radiation detection, bioimaging, nuclear
safety, security, etc [67].

RL emission on X-ray irradiation takes place after various processes

that initiates once large quantity of electron is created in conduction
bands (CB) and holes in the valence bands (VB). Fig. 9 presents a
probable mechanism for the observed RL in the pyrochlore NPs. The
mechanism of intense X-ray scintillation could be attributed in part to
the strong X-ray stopping power of LHO NPs due to heavy Hf atom.
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Fig. 11. HAADF image, elemental mappings and EDS spectrum of the representative LHO:1.0%Tb,0.75%Dy,0.05%Eu NPs.

3.6. Warm white light emission from the triply-doped LHO NPs

As discussed above, the LHOE-5.0%, LHOT-2.5%, and LHOD-1.0%
NPs emitred, green and blue light (Fig. 5d). Based on RGB mixing
strategy and with the aim to generate warm white light, the LHO host is
triply-doped with these three activators of Eu®*, Tb®", and Dy>*.
Optimization of the doping concentration of these three ions was based
on the results gathered from the emission spectra of the singly doped
LHOE, LHOT, and LHOD NPs. Concentration quenching from these
singly doped systems was considered to narrow down the doping range
and applied to our triply-doped LHO NPs development for warm white
light generation. Specifically, the Tb®>* concentration decreased from
1.5% to 0.2%, but the Dy** and Eu®* concentrations are raised from
0.5% to 5.25% and 0.05% to 0.35%, respectively (Fig. 10).

Color coordinates and correlated color temperature (CCT) are im-
portant parameters to determine phosphor performance. While opti-
mizing triply-doping of the LHO NPs, the CIE color of the LHO:Eu,Tb,Dy
nanophosphors shifted from greenish white to warm white light (yel-
lowish white) (Fig. 10b). Correspondingly, the CCT of the generated
white light was tuned from 4930 to 2830K (Table 4). The
LHO:0.2%Tb,5.25%Dy,0.35%Eu NPs displayed perfect warm white
light with a low CCT value of 2830 K. The QY of this particular triply
doped nanoparticulate sample is found to be 8.11%, which is low
compared to the commercial phosphors. Considering the advantages of
the LHO pyrochlore host such as high thermal stability, structural sta-
bility and low phonon energy, we intend to improve its QY with im-
proving design strategies such as core-shell strategy, co-doping charge
compensator and tuning the doping concentration. Based on the ex-
citing results, we are developing LEDs using these NPs and performing
electroluminescence measurements. The obtained results will be pub-
lished separately in near future.

Formation of nanoparticles in case of the triply co-doped LHO
samples is also confirmed using high-angle annular dark-field imaging
(Fig. 11, top left figure). We have also carried out EDS measurements on
one of the representative triply-doped LHO samples to show our effi-
cient method for preparing triply co-doped Eu, Dy, Tb LHO NPs and the
obtained atomic fractions of the co-doped samples are within the limit
of error. Elemental mapping (Fig. 11) clearly shows uniform distribu-
tion of the dopants and the matrix ions. The representative EDS spec-
trum shows the presence of X-ray lines of Eu, Tb and Dy ions along with

10

those of La, Hf and O ions. We have worked on the actual dopant
concentrations of the LHO:1.0%Tb,0.75%Dy,0.05%Eu sample with
EDS. Given the close overlap of the three dopant peaks, it is worth
noting that the relative quantities of the dopants measured for the co-
doped samples are not accurate.

4. Conclusion

In summary, we explored the luminescence properties of pyrochlore
La,Hf,0, nanoparticles which were singly and triply doped with Eu®*,
Tb®* and Dy®*. The singly doped LHO NPs with Eu®*, Tb®* and Dy*™*
displayed red, green and yellowish-blue emission under near ultraviolet
irradiation, respectively. The non-radiative energy transfer mechanism
of the Tb®* and Dy** doped LHO NPs is a dipole —dipole interaction
whereas that of the Eu®>* doped LHO NPs is a dipole-quadrupole in-
teraction causing concentration quenching. Lifetime spectroscopy sug-
gests concentration dependent site swapping in the Eu®** and Dy**
doped LHO NPs whereas Hf*" is specifically occupied site in the Tb®*
doped LHO NPs. Moreover, triply-doped La,Hf,0,:Eu®",Tb®* Dy>*
NPs exhibit warm white luminescence with low CCT which is highly
beneficial for indoor lighting. By optimizing dopant concentration, the
emission color of the triply-doped NPs can be adjusted from greenish
white to yellowish white and the correlated color temperature can be
lowered. The tunable luminescence properties of these doped lan-
thanum hafnate NPs indicate their great application potentials in solid-
state lighting and multicolor luminescence devices.
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