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ARTICLE INFO ABSTRACT

Keywords: High performance luminescent materials possess low symmetry, high color purity, no charge compensating
Disorder defects, and high quantum yield. In this work, we have synthesized LuyHf;0; (LuHO) and Lquf207:Eu3+
Pyroc}}lore (LuHOE) nanocrystals (NCs) using a molten salt synthesis and confirmed that both are stabilized in defect fluorite
fﬁz;ﬂ;‘gj structure with a high degree of structural disordering. The LuHO NCs depicted green emission under ultraviolet
Luminescence irradiation, which decreases and increases after being treated in oxidizing and reducing environments, respec-
Defect tively, confirming the role of oxygen vacancies in the emission process. The LuHOE NCs (i) show excitation

wavelength-dependent host to dopant energy transfer efficiency, (ii) give a singular red emission with high color
purity of ~95%, (iii) have a dominant occupation of the Lu®" sites by Eu®" ions without the formation of charge
compensating defects (CCDs), and (iv) possess low non-radiative channels with a quantum yield of ~88%. We
believe these LuHOE NCs with singular red emission, high quantum yield, and color purity acquired through

structural disordering and the absence of CCDs warrant further investigation as efficient phosphors.

1. Introduction

Phosphor-converted light emitting diodes (pc-LEDs) are revolution-
izing our lighting technology owing to their high energy efficiency,
robustness, low power consumption, high life span and environmentally
friendliness [1-12]. The existing commercial white light phosphors
exhibit high correlated color temperature (CCT) which has curtailed
their favorable utilization in indoor and office lighting and marked their
suitable employment for automobile lighting [13-18]. Researchers all
around the globe are in continuous search for more efficient red emitting
phosphors with narrow emission profile, low non-radiative channels and
high quantum yield [8-12]. In this context, singular red emission
(600-700 nm) with low orange interference (592 peak from SDO N
transition in case Eu" doped phosphors) is considered ideal for
pc-LEDs. It also holds great promise for bioimaging applications owing
to its deep penetration, low autofluorescence, low scattering, and almost
no damage to tissue [19,20]. Singular red emission has been mostly
investigated in upconversion phosphors (UCPs) and very few studies

have been focused on downconversion phosphors (DCPs) [19-24]. This
is mainly because of the preferable NIR excitation involved in UCPs
compared to UV excitation in DCPs for bioimaging. Therefore, our initial
work here is intended to narrow down the hosts which facilitate singular
red emission as DCPs.

For most of the existing phosphors, these desirable properties are
significantly affected by intrinsic surface defects (especially for nano-
crystalline phosphors), charge compensating defects (CCDs), and lattice
strain [25-27]. Defects are the source of non-radiative pathways, which
adversely affect the emission output and quantum yield of phosphors.
Designing efficient phosphors with minimal lattice strain and no CCDs
requires size and charge matching between hosts and dopants. In this
particular work, we selected trivalent europium ion as a red emitting
dopant owing to its high color purity, long excited state lifetime, high
photostability, and the ability to act as a structural and spectroscopic
probe owing to unique photophysical properties with pure magnetic
dipole transition (MDT, AJ = +1) and hypersensitive electric dipole
transitions (HEDT, AJ = +2). In this context, we have chosen LuyHf>,0,
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(LuHO) lattice as a luminescence host owing to its high structural and
thermal stability, moderate phonon energy, ability to accommodate
large concentration of dopant ions, high radiation stability, wide band
gap, etc. There are three major advantages associated with the selection
of LuHO. First, there is not luminescence interference or background
from Lu®" ion as it has full shell electronic configuration 4f'*. Second,
Eu* doping at Lu®* site does not invoke any CCDs due to the complete
matching of charge. Third, lattice strain arising out of ionic size differ-
ence is minimal due to the close size match of Lu®* and Eu®* ions and
both belong to the lanthanide ion series. Because of its favorable and
unique properties, LuHO has found applications in optical coating,
scintillator, nuclear waste host, medical imaging, phosphor, etc.
[28-33] Related to its application as luminescence host, there are a few
reports where LuHO has been doped with Eu®* and Tb®" to explore the
photoluminescence [29,34,35]. Specifically, Pan et al. have used solu-
tion combustion method (SCM) for synthesizing LupHf>07/Tb which has
several issue compared to our molten salt synthesis (MSS) method [29].
The SCM requires very strict control on fuel/oxidant ratio and involves
the release of poisonous gases such as COx/NOy, so one needs to follow
stringent safety protocol during the synthesis [5]. Papan et al. just re-
ported the quantum yield value of LuHO:Eu®* (LuHOE) without any
detail photophysical characterization [34]. In one of our earlier work,
Pokhrel et al. mainly focused on the effect of varying A site cations of
pyrochlore AyB207 from Y3 - 1a%" = Gd®* = Lu®" on luminescence
properties of Eu>* dopants [35].

Here in this work, we carried out the molten salt synthesis of LuHO
and LuHOE nanocrystals (NCs) employing NaNO3-KNOs as the molten
salt. The phase and structural analysis of the LuHO and LuHOE NCs was
investigated using powder X-ray diffraction (XRD) and Raman spec-
troscopy. Size and morphology of the LuHO and LuHOE NCs were car-
ried out using field emission scanning electron microscopy (FESEM).
The high thermal stability of LuHO as a host was established by carrying
out differential scanning caloriemetry (DSC) and themogravimetric
analysis (TGA). Detailed photoluminescence analysis including excita-
tion, emission, time resolved emission, Stark analysis, and lifetime were
performed on the LuHOE NCs. We have also elucidated several photo-
physical properties such as radiative transition rate (Ag), non-radiative
transition rate (Angr), internal quantum yield (IQY), branching ratios
(#), Judd-Ofelt parameters, etc.

2. Experimental

The LuHO and LuHOE NCs was synthesized by a two-step process
following our previous reports [36,37]. The first step involves
co-precipitation of commercially available lutetium (III) nitrate hydrate
(Lu(NOs3)3exH50, 99.999%), hafnium dichloride oxide octahydrate
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(HfCl,0-8H>0, 98%), and uranyl nitrate hexahydrate (Eu(NOs)3-6H50,
99.999%) without further purification by ammonia aqueous solution to
obtain a single source precursor (1-x%)Lu(OH)s3-x%Eu(OH)3-HfO
(OH)2-nH20. Specifically, the measured reactants for 1 mmol product
were dissolved in 200 ml of distilled water (18.2 MQ at 25°C) and
titrated with 200 ml of ammonium hydroxide solution (10%, diluted
from concentrated NH4OH (aq, 28-30%) during a period of 2 h. After
washing with DI water thoroughly and dried, the formed precipitate was
mixed with NaNO3-KNOs (1:1 in molar ratio) by grinding. The obtained
mixture then was transferred into a crucible and heated at 650 °C to get
the LuHO and LuHOE NCs. Further synthesis and instrumental charac-
terization used in this work pertain to XRD, FESEM, Raman, and PL are
well documented in our earlier work [38,39].

3. Results and discussion
3.1. Phase purity and crystalline size: XRD

The XRD patterns of the LuHO and LuHOE NCs (Fig. 1a) completely
match with LupHf>07 single phase with the Fm-3m space group of the
cubic crystal system. All the (hkl) planes are in line with LupHf>07
pyrochlore with ICDD No. 00-024-1406 having defect fluorite structure
(DFS). We cannot rule out the fact that these superlattice reflections are
present from the LuHO and LuHOE NCs as the lab-scale copper source-
based powder X-ray diffractometer is unable to detect them owing to
low intensity. Therefore, being highly sensitive to metal-oxygen vibra-
tion, Raman spectroscopy was used to probe the structure of these NCs in
this work, which was shown in the next section to distinguish ideal
pyrochlore A2B2060’ and defect fluorite (A/B)20y7 structures. In DFS, A/
B cations, oxygen and oxygen vacancies are all randomly oriented in
disorderly manner. The undoped and doped samples have identical XRD
patterns suggesting Eu>" ion has occupied the LuHO lattice and does not
lead to any new phase, impurity, or structural defect. The peaks are well
defined and broadened depicting the nanocrystalline nature of the
samples. The crystallite sizes calculated using the Debye-Scherer equa-
tion after subtracting the instrumental broadening are 24 and 45 nm for
the LuHO and LuHOE NCs, respectively. While the crystal structure of
the LuHO remained the same after the Eu>* doping as the DFS, doping of
the larger sized Eu®* ion at the small Lu>" site could result in grain
growth plus possible stretching of interatomic distance in the LuHO
matrix.

3.2. Structural analysis: Raman spectroscopy

Raman spectroscopy is one of the most sensitive techniques to probe
metal-oxygen bond vibration, making it highly efficient for structural
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Fig. 1. (a) XRD patterns and (b) Raman spectra of the LuHO and LuHOE NCs.
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analysis. Our earlier work on ordered pyrochlore structure (OPS) sug-
gested that Raman spectrum of such phases consists of 6 peaks corre-
sponding to I'ops = A1g + Eg + 4 Fag [40,41]. On the other hand, DFS
mainly consists of only one Raman band ascribed to I'pps = Fag. This is
attributed to the fact that oxygen ion in DFS is randomly distributed over
8 anionic sites which inherently provide them with high degree of
structural disordering [39,42,43]. Radius ratio of A and B cation (Rap)
also plays an extremely important role in dictating the structure of the
same. If R, is less than 1.46, a DFS is favored, while an OPS is favorable
structure when Ry, is greater than 1.46 [43,44]. The fact that rLuh) =
0.977 A and r(Hf**) = 0.83 A giving a r(Lu®*/Hf*") = 1.18 also implies
that LuHO will form the DFS. The Raman spectra of both LuHO and
LuHOE NCs (Fig. 1b) clearly depicted one broad Raman active vibra-
tional mode pertaining to the Foq vibration ~400 em ™! Eu®* doping into
the LuHO host does not distort its basic fluorite network which is
consistent with the XRD patterns. However, the additional peaks be-
tween 700 and 800 cm ™~ ! may be ascribed to the enhanced disordering of
LuHO upon Eu®" doping.

3.3. Morphology analysis

The FESEM images of the LuHO and LuHOE NCs (Fig. 2a and b,
respectively) clearly show the formation of the LuHO NCs with particle
size of ~35 nm and LuHOE NCs with size of ~50 nm. The particles are
spherical in nanosized domain. Some of them are adhered to each other
forming aggregates with higher degree of aggregation for the LuHOE
NCs.

3.4. Optical properties

3.4.1. PL of the LuHO NCs

The emission spectrum of the air annealed LuHO NCs synthesized by
the MSS method under 250 nm excitation (Fig. 3a in black) displayed a
broad band peaking around 550 nm. DFS is known to possess high
concentration of oxygen vacancies arranged in a random fashion. The
role of oxygen vacancies in the emission process is very prominent on
the basis of previous reports on PL properties of pyrochlore lattices such
as GdzZI'207, NdzZl‘207, Ysz207, L32Zr207, Gdsz207, Lasz207, etc.
[25,42,43,45-48] It is the combined role of neutral and ionized oxygen
vacancies which have been given farfetched explanation for the
appearance of visible emission from above-mentioned pyrochlore lat-
tices. Here it is believed that the defect level of neutral and ionized
oxygen vacancies lies within the band gap of LuHO NCs. Under UV
excitation, the formed photoexcited holes combine with the electrons
tapped inside the oxygen vacancies to give rise the broad peak at 550
nm. The color coordinate diagram of the LuHO NCs (Fig. 3b) shows
bright green emission under UV irradiation.

To confirm the presence of oxygen vacancies and their role in the PL
processes, the as-synthesized LuHO NCs were further annealed in either
oxidizing (100% O-) or reducing (10% Hy + 90% Ar) atmosphere. The
corresponding emission spectra are shown in Fig. 3a in black, green

e
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(oxidized) and red (reduced). It was found that the intensity of the
emission band reduced and enhanced after further annealing of the as-
synthesized LuHO NCs under oxidizing and reducing atmosphere,
respectively. Since oxygen from the oxidizing atmosphere filled up the
original oxygen vacancies substantially, and hence the emission in-
tensity of the green band reduced after the annealing of the as-
synthesized LuHO NCs under oxidizing atmosphere. On the contrary,
hydrogen from the reducing atmosphere drove the formation of more
oxygen vacancies, and hence the emission intensity of the green band
enhanced after the annealing of the as-synthesized LuHO NCs under
reducing atmosphere. The emission intensity of the green band around
550 nm followed the trend accordingly: further annealed LuHO NCs
under reducing atmosphere > as-synthesized LuHO NCs > further
annealed LuHO NCs under oxidizing atmosphere. Hence, this trend
clearly confirms the role of oxygen vacancies in PL of the LuHO NCs.

3.4.2. PL of the LuHOE NCs

The emission spectra of the LuHOE NCs excited under several UV
light wavelengths from 230 to 340 nm (Fig. 4a) demonstrated that the
spectral profile does not change much in terms of Eu>* emission char-
acteristics, which suggests the charge transfer origin of all these exci-
tation wavelengths. All these spectra exclusively show red emitting peak
at 616 nm originated from the HEDT of 5Dy — 7F5 which is known to
appear when Eu®' ion is present in highly asymmetric disordered
environment. The orange peak at 593 nm (MDT, °Dy — ’F,) is extremely
feeble whereas the NIR peak at 710 nm (EDT, Dy — ’F,) is relatively
weak. MDT is known to intrinsically present in emission spectra of Eu>'-
based luminescent materials as it is parity allowed. Its intensity further
enhances when Eu" ion is located at symmetric environment with
center of inversion as the local point group.

More distinguished emission spectral profile of the LuHOE NCs
(Fig. 4b) was recorded upon 395 nm excitation (7F0 - 5L6), which is the
one normally used in commercial applications of red phosphors. Spe-
cifically, the red emission peak is most prominent while the bands at 593
and 710 nm have much less contribution. The PL emission spectra of the
LuHOE NCs displaying highly singular red emission can also be inferred
from color chromaticity diagram shown in the inset of Fig. 4b with the
CIE value of 0.664 and 0.312.

The color purity of the LuHOE NCs was calculated using equation (1)
as reported elsewhere [11]:

(x—x)+ -y’

(s — )"+ (v =)’

Color purity = x 100% (€D)]

where (x, y), (x4, ya) and (x;, y;) are the color coordinates of the sample,
dominant wavelength (616 nm in this case), and standard white illu-
mination, respectively. In this work, (x4, yq) at the dominant wavelength
of 616 nm was (0.681, 0.323) and the standard (xj, y;) coordinate is
(0.310, 0.316) [12]. Accordingly, the calculated color purity of our
LuHOE NCs was 95.41%, which suggest its high potential as an efficient

Fig. 2. FESEM images of the (a) LuHO and (b) LuHOE NCs.
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Fig. 3. PL emission spectra under 250 nm excitation of the LuHO NCs as they were originally synthesized in air and those further annealed under oxidizing and
reducing atmospheres. (b) Color coordinate diagram of the LuHO NCs as originally synthesized in air.
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Fig. 4. PL emission spectra of the LuHOE NCs under (a) different excitation wavelengths spanning from 230 to 340 nm and (b) 395 nm excitation. Inset of Fig. 4b
shows the color coordinate diagram of the LuHOE NCs at the dominant wavelength of 616 nm under 395 nm excitation. (c) Fractional distribution of red and orange

emissions of the LuHOE NCs excited at different wavelengths.

red emitting phosphor for pc-LEDs.

The fractional variation of red and orange emissions of the LuHOE
NCs under different excitation wavelengths was compiled in Fig. 4c. It
can be clearly seen that the red emission of the HEDT peaking around
616 nm is prominently dominant while the orange contribution of the
feeble MDT peak around 593 nm and the NIR contribution of the 710 nm
peak are feeble in the entire spectrum. This observation suggested a

singular red emission from the LuHOE NCs under different excitation
wavelengths spanning across the range of 230-340 nm and at 395 nm.
The fact that orange emission was not completely quenched suggests
that there is more than one emission center: red emission due to hy-
persensitive EDT coming from Eu®* at asymmetric site whereas orange
emission due to pure MDT originated from Eu®t at symmetric site. As
discussed earlier, because of its intrinsic R, around 1.18, LuHO tends to
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stabilize in DFS, which is highly disordered in nature. The local poly-
hedra of Lu®" are in ideal cube configuration and Hf*" polyhedron is in
distorted octahedral configuration. Eu>* doping ions energetically tend
to substitute Lu>* sites due to charge matching and close match of ionic
radius between Eu®* and Lu®" ions. Even though the local symmetry
around Eu®" ion at Lu®* cubic polyhedral is high, the overall symmetry
decreases due to the intrinsic DFS, which has randomly oriented cations,
anions and vacancies in disordered manner. As a result, Eu" ion is
situated in highly asymmetric and distorted global environment with
complete absence of center of inversion. Moreover, other spectral
transitions such as °Dy — “Fo and °Dg — “F3, which are neither allowed
by MDT nor by EDT, are not present in the PL spectra at all. Therefore,
such extraordinary spectral profile leading to singular red emission is
attributed to disordered DFS structure of the LuHO host couple with
enhanced lattice distortion in nanocrystallites.

The PL excitation spectrum of the LuHOE NCs by monitoring emis-
sion at 616 nm corresponding to the HEDT °Dg — F, of Eu®" ion
(Fig. 5a) consists of a broad band spanning of 225-325 nm with several
embedded fine features. The broad band can be attributed to 0%~ —
Eu>" charge transfer band, 0>~ — Hf*" host absorption band, and Hf**
— Eu®'  inter-valance charge transfer band [49-51]. The
intra-configurational f-f peaks observed at 364 and 395 nm can be
ascribed to “Fg,; — °Dy4 and "Fo — °Lg transitions of Eu*, respectively.
Owing to forbidden nature of f — f transitions, these peaks are relatively
weak in intensity compared to the charge transfer band.

The lifetime decay profile of the LuHOE NCs (Fig. 5b) shows bi-
exponential decay behavior with fitting equation is as follow:

I = I, + A exp(—t/7r;) + B exp(—t/n) @

where A and B are the intensities at different time intervals and 77 and 75
are their corresponding lifetimes and I is the background or detector
zero offset. Faster decaying component (71, 364 ps, 17%) may be related
to Eu®* ions which are near the defects or surfaces of the LuHOE NCs,
whereas the slow decay process (72, 2.34 ms, 83%) is related to the Eu®t
localized at Lu®* center [52]. And average fluorescence lifetime would
be 1.79 ms. We clearly rule out any Eu®* ion occupying Hf** site as have
been observed in ideal pyrochlore lattices because Eu®" ion occupying
Hf** site is expected to offer lifetime in the range of few milliseconds
[13,45,48]. As the high feasibility of Eu®* ion occupying Lu®" site based
on the ionic radius and charge matching, Eu>* ion only occupies Lu®*
site in the LuHOE NCs with a fraction being on the surface of the NCs as
suggested by the lifetime spectra, so there is no CCDs present in the
LuHOE NCs at all.

Host to dopant energy transfer is another most important and critical
photophysical parameters which is quite useful in designing tunable
phosphors. The energy transfer efficiency (ETE) is known to depend on
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excitation photon energy [53,54]. In this study, the combined emission
spectra of the LuHO NCs as the host and the Eu®* dopant ion in the LuHO
NCs at different excitation wavelengths (Fig. 6) clearly show that: (i) the
ETE increases with increasing excitation wavelength peaking around
290 nm and then it reduces with further increasing excitation wave-
length; and (ii) the host emission predominates at longer wavelength
zone of 300-340 nm within the employed excitation wavelength range
of 230-340 nm.

4. Radiative properties of the LuHOE NCs

We have also determined the Judd-Ofelt parameters of the LuHOE
NCs after excited at 395 nm to provide information related to PL
quantum yield (PLQY), branching ratios, non-radiative transition
probability, bond covalency and polarizability, which are extremely
important in designing phosphor-converted white light emitting diodes
[55]. Based on several mathematical equations described elsewhere [46,
55,56], the above mentioned parameters were determined (Table 1).
The most intriguing thing which can be inferred from the parameters
listed in this table is the extremely low value of the non-radiative
transition rate (Aygr). It is around 63.4 s7! even though the LuHOE
NCs are nanostructured and expected to have decent amount of surface
defects. The extremely low value of Ang is attributed to the absence of
any CCDs which normally arise in case of aliovalent substitution of
dopant ions in host lattices. Herein, in our LuHOE NCs, Eu>* doping ion
selectively occupies Lu®* site, which has been inferred based on Raman,
PL and lifetime spectroscopy data. As a result, there is no appearance of
invoked CCDs. Radiative transition rate was found to be around 469
cm ™!, which is not abnormally high and is expected in the similar range
in case of nanostructured phosphors. In the end, the low value of Ang
leads to extremely high value of internal QY (IQY) around ~88.1%,
which suggests that the LuHOE NCs have high potential to be exploited
as red phosphors for designing pc-LEDs. This value surpasses the IQY
reported for Eu" doped ideal pyrochlore lattices.

Specifically, the IQY of the Dy level under 395 nm excitation was
calculated using equation (3):

Ar
O A ©

We would like to stress that this is the IQY of phosphor materials and
the exact value may be lower compared to absolute value calculated
using integrating sphere or low temperature measurements.

The PL decay time or the fluorescence lifetime (zf) of any phosphor
system usually reveal the total lifetime of a particular state. That is the
time taken for the particular state population to be 1/e of the initial
value. This decay time, which can be represented as the inverse of
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Fig. 5. (a) PL excitation spectrum of the LuHOE NCs with 616 nm emission and (b) luminescence decay profile of the LuHOE NCs under 395 nm excitation and 616

nm emission.
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Fig. 6. (a) PL emission spectra of the LuHO host + Eu®t doping ion and (b) variation of ETE with excitation wavelength of the LuHOE NCs.

Table 1

Calculated J-O parameters and radiative properties of the LuHOE NCs (Agr =
radiative Rate, Angr = nonradiative rate, £, = the Judd—Ofelt parameter, and f3,
= branching ratio).

Agr Axr QY Q, Q4 h P2 Pa
™ ™ (%) (*1072%) (*1072%) (%) (%) (%)
469 63.4 88.1 4.57 1.28 8.1 85.7 7.2

transition rate from the upper excited state to the ground state consists
of two parts that can be represented as follows.

1t )

here 7R is known as the radiative lifetime and 7yg is the non-radiative
lifetime. However, it is possible to determine both radiative and non-
radiative lifetimes theoretically using the Judd-Ofelt (J-O) calculations
by taking the inverse of Ag and Ag. 7r in this case would be 2.13 ms and
7y Would be 15.7 ms. The PLQY calculated based on 77 and 7z would be
84.03%. This value is different slightly from the one (~88.1%) calcu-
lated based on the radiative and non-radiative transition rates probably
because excited state lifetime is affected more by non-radiative
channels.

The short-range Judd-Ofelt parameter Q, gives information about
covalency, symmetry and structural distortion in the surrounding of
Eu®t ions in the LuHOE NCs whereas the long-range Judd-Ofelt
parameter €4 provides bulk information, i.e. the viscosity and rigidity of
host lattices [57]. This observation wherein the short-range Judd-Ofelt
parameter €25 is much higher than the long-range Judd-Ofelt parameter
Q4 suggested that Eu®t ions, i.e. 29 » Q24 were localized in extremely
disordered structure. It is consistent with the Raman spectroscopic data,
which have already confirmed that the LuHOE NCs are stabilized in the
highly disordered DFS. Moreover, the value of J-O ratio (£22/£24) is as
high as 3.57, which suggests a high asymmetry of Eu>* local environ-
ment in the LuHOE NCs. The fractional distribution of branching ratios
suggests that a high contribution of Dy — ’F transition to the PL
emission of the LuHOE NCs compared to that of the orange band at 593
and the NIR band at 710 nm. These results along with the measured high
PLQY suggest the high color purity of red emission from the LuHOE NCs.

Moreover, the reported values of some of the Eu®"-doped pyrochlore
phosphors listed in Table 2 provide a positive implication of this
particular work. Owing to the absence of CCDs and low non-radiative
channels in our LuHOE NCs, they outperform most of the reported
Eu>*-doped pyrochlore phosphors.

Table 2
Calculated J-O parameters and radiative properties of other europium doped
pyrochlore nanophosphors.

Nanophosphors AnR s 1QY (%) P2 (%)
NdyZr,07:Eu’* [58] 63 89 -
NaYSnMoO;: Eu®* [59] 271 84

Y,Hf,0,:Eu* [34] 205 68

Lu,Ti07:Eu®* [60] 529 61 -
Gd,Zr,07:Eu [47] 258 51 58
LayZr,07:Eu®* [46] 237 62 68
LayHf,07:Eu®" [61] 151 65 62
Gd,Hf,07:Eu®" [39] 188 64 61
Lu,Sn,07:Eut [38] 234 64 64
LuyHf,0:Eu® [This work] 63 88 85.7

5. Conclusions

In this work, LuHO and LuHOE NCs were developed using a molten
salt synthesis method with NaNO3-KNO3 at 650 °C. XRD patterns
confirmed the formation of pure disordered fluorite phase. FESEM im-
ages showed the formation of spherical nanoparticles with some of them
adhered to each other to form aggregates. Raman spectroscopy sug-
gested that both the LuHO and LuHOE NCs stabilize in defect fluorite
structure with random orientations of cations, anions, and vacancies.
TGA and DSC data demonstrated the exceptional thermal and chemical
stability of the LuHO NCs, making them an extremely desirable lumi-
nescence host. The LuHO NCs depicted bright green emission under UV
irradiation due to the recombination of photoexcited holes and electrons
trapped in oxygen vacancies. The presence of oxygen vacancies and their
role in the PL of the LuHO NCs were confirmed by the reduction
enhancement of the green band intensity of the LuHO NCs after further
annealing in an oxidizing and reducing atmosphere, respectively. Host
to dopant energy transfer of the LuHOE NCs was found to be excitation
energy dependent: energy transfer efficiency increased initially peaking
at 290 nm and reduced thereafter, which could offer an opportunity to
design color tunable phosphors by excitation wavelength. Interestingly,
the PL of the LuHOE NCs showed quite strong singular red emission with
weak orange and NIR contributions, which suggested that the global
environment of Eu®* doping ion was highly disordered in defect fluorite
structure combined with their intrinsic nanostructure and crystallinity.
Based on singular emission profile and lifetime spectroscopy, it was
proposed that Eu®"ion occupied Lu* site in significant quantity. Hence,
there was no formation of charge compensating defects. This led to
extremely low non-radiative channels and high quantum yield of 88%.
Exploring Eu* luminescence in DFS offers a new, cheap, sustainable,
and environmentally friendly designing strategy compared to other OPS
based hosts to get rid of some problems in lanthanide doped phosphors
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such as CCDs, cross contamination from 5D0 - 7Fy, and higher non-
radiative channels for advanced optical, display, and lighting
applications.
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