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Understanding the intricacies and fundamental processes of materials involved in dopant- and defect-
based luminescence is of paramount importance for scientists and engineers working towards the
design of solid-state lighting, optoelectronics, scintillators, etc. The lack of such fundamental
information has restricted the design of new oxide-based materials for light-emitting devices and
phosphor-converted materials. Here, we have designed Er,Ti,O; (ETO), Er,Zr,O; (EZO), Eu®*-doped
ETO (EETO), and Eu**-doped EZO (EEZO) via high-energy ball milling. Structural analysis using X-ray
diffraction (XRD) and Raman spectroscopy suggested the stabilization of the ordered pyrochlore
structure for ETO and EETO, whereas EZO and EEZO are stabilized in the defect fluorite structure. The
ETO and EZO samples exhibited bright blue emission under ultraviolet irradiation. X-ray absorption near
edge structure (XANES) analysis completely rules out contributions from Ti** or Zr®* to the host
emission via confirming that they exist as tetravalent ions. Extended X-ray absorption fine structure
(EXAFS) analysis confirms the presence of a high density of oxygen vacancies (OVs) near the Ti and Zr
sites, respectively, in ETO and EZO. The DFT-calculated charge transition levels qualitatively explain the
origin of the blue emission of ETO and EZO with the dominant involvement of ionized oxygen
vacancies. Positron annihilation lifetime spectroscopy (PALS) suggested that few changes in the defect
density or type occurred upon europium doping in EETO. The defect concentration and type change
significantly in EEZO with respect to EZO, which is of significant importance due to the possible
agglomeration of vacancies into large-size defect clusters in EEZO. Surprisingly, in both hosts, red/
orange narrow emission from europium (585-750 nm, Dy — ’F,) was completely absent. Density of
state (DOS) calculations suggested that a possible reason for this is that the Eu f-states are dominantly
distributed around the bottom edge of the valence band (VB), far from the Fermi energy, electronic band

Received 13th December 2020, gap, and top edge of the VB actively participating in the electronic transitions. Similarly, the Eu f-states

Accepted 22nd March 2021 are distributed around the top edge of the conduction band, far from the electronic band-gap region.

DOI: 10.1039/d0ma00978d We believe this work will be quite helpful for selecting suitable hosts and dopants, band gap engineering,
and defect tuning in the pursuit of achieving efficient host-to-dopant energy transfer in Eu®*-doped
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1. Introduction attracting great attention in the global materials science

community.'® High-performance materials towards solid-state
The discovery of more economic and sustainable novel materials lighting, efficient phosphors, and nuclear waste hosts would
with intriguing optical and structural properties has been serve as a boon to humanity in terms of providing cheap and
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environmentally benign energy. A,B,O-type pyrochlore materials
have shown tremendous potential in this direction as multifunctional
materials for a variety of applications, particularly defect-induced
photo/radioluminescence, catalysis, solid oxide fuel cells,
and as a nuclear waste host.”° Globally, there has been a
gradual upsurge in research pertaining to defect- and
dopant-induced luminescence in oxide lattices. However, a
clear understanding of the origin of defect- and dopant-
induced luminescence is still missing. As a result, there is a
lack of motivation in designing new kinds of oxide-based
optical materials.

Nuclear energy is one of the most green, clean and cheap
sources of energy, and most countries are investigating it as an
alternative to other conventional sources such as thermal,
solar, hydel, etc.'® The problem with nuclear energy is the high
radioactivity associated with the used fuel, which can be very
harmful to humanity because it is long-lived and highly
radiotoxic.' Thus, most countries use a waste immobilization
approach wherein the nuclear waste is immobilized in a glass
matrix and stored under the earth’s crust to remediate its
harmful effects.'” However, there are problems associated with
the currently used borosilicate glass, such as low radiation
stability and potential leaching of some of the components
under high temperature and high pressure.”® This is an
undesirable situation and could lead to catastrophe if the waste
enters the public domain. Thus, researchers worldwide have
begun to look for an alternative to borosilicate glass. In this
context, A,B,0, materials with various favourable properties,
such as high radiation stability, negligible leaching, and the
ability to accommodate large concentrations of lanthanides
and actinides at both the A- and B-sites can be used as nuclear
waste hosts."* A,B,0, compounds exist in two different structures,
viz.,, the ideal pyrochlore (IP) and disordered fluorite (DF)
structures, which have the space groups Fd3m and Fm3m,
respectively. The phase transition from the pyrochlore to the
defect-fluorite structure is an order-disorder transition that is very
sensitive to chemical composition and electronic configuration
and can be induced by heating or irradiation."*" IP is normally
formed when the radius ratio falls between 1.46 < r{A*")/r(B*) <
1.78. On the other hand, when the radius ratio is less than 1.48,
the DF phase is more likely to be stabilized. In other words,
when the difference between the radii of the A and B ions is small,
DF is the more favourable structure for A,B,0,. The most important
point to make here is that when the size difference between A and
B is small, they can take up excess radiation by site-swapping and
forming an antisite defect. Each structure has its own advantage;
the IP structure is preferred for luminescence, thermal barrier
coatings, and upconversion, whereas the DF structure is more
suitable for nuclear waste hosts, catalysis, oxygen conductors in
fuel cells, etc."> Moreover, the defect density will also be different
in the two phases, which can have great implications on various
properties such as magnetic, conductivity, and optical properties.
Recently, we have explored Nd,Zr,0, and Gd,Zr,0, both of which
exist in the DF structure, for self-activated emission, luminescence
host and speciation of uranium.'®'” Similarly, La,Zr,0, and
La,Hf,0, pyrochlores, due to their 7(A*")/r(B*") ratios of greater
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than 1.46, exist in the IP structure, and have also been explored for
use as phosphors, scintillators, thermal sensors, etc.'®

In the present work, we have synthesized Er,Zr,0; (EZO) and
Er,Ti,0, (ETO) using a solid-state method after ball milling of
the constituent oxides. They are considered to be interesting
pyrochlore materials and are used in a variety of applications,
such as hydrogen storage," magnetism,”’>*" ceramic
pigments,®* optical materials,> etc. Our aim was to stabilize
both the IP and DF structures by changing the B-site element
from Ti to Zr. We probed the structure and electronic states of
ETO and EZO using synchrotron-based X-ray absorption
spectroscopy (XAS), which comprises the X-ray near edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS)
techniques. Both these structures have an abundance of defects,
which can lead to interesting optical properties. Langlet et al.
reported the temperature-dependent photoluminescence (PL) of
an ETO thin-film, but were not able to clearly establish the origin
of the photoluminescence, and their work was not focussed on
visible spectroscopy.>® The same group also carried out near-
infrared PL spectroscopy of Y,Ti,O,-Er,Ti,O, (YETO) films.>*
Saha et al. explored the PL of Er’" in ETO.”® However, all the
above-mentioned works probed the infrared photoluminescence
due to the Er*" ion, and none probed defect-related visible
emission in either EZO or ETO. We have probed the PL in
undoped EZO and ETO and then corroborated the same using
density functional theory (DFT) calculations. Because of their
favourable properties, such as moderate phonon energy, wide band
gap, structural/thermal stability, and the ability to accommodate a
large concentration of lanthanide dopants, A,B,O; pyrochlores
have traditionally been one of the most sought-after luminescence
hosts. EZO and ETO pyrochlore systems are considered to be
excellent hosts for PL owing to their high structural/thermal/
chemical stability, ability to accommodate large dopants at both
the A- and B-site, moderate phonon energy, and optimum band
gap, dielectric constant and refractive index.”'® It is expected that
upon doping them with europium ions, efficient red emission with
high quantum yield, narrow emission and high color purity will be
obtained. This expectation is based on the fact that both Er** and
Eu®* have same ionic charge and similar sizes, and hence, the
doping should be efficient. In fact, doping an activator ion into a
crystalline host has been found to be the most efficient strategy for
designing advanced, superior and high-performance optoelectronic
devices and light-emitting materials.**>® Despite this, there are no
reports available in literature regarding the photoluminescence
of lanthanide-doped EZO or ETO. Pokhrel et al®® reported the
PL properties of Er,Hf,0,:Eu®’, but were unable to obtain any
europium luminescence for reasons that were not clearly under-
stood. Here, we have changed the lattice to EZO and ETO and
doped them with Eu*" (2.0 mol%) ions to see whether dopant
luminescence would be achieved. In addition to the above-
mentioned XAS and PL studies, powder XRD studies with Rietveld
refinement and Raman studies have been carried out for structural
characterisation of the samples, and positron annihilation lifetime
studies have been carried out to study the defects. We believe that
this work will provide a new dimension in understanding the
defect- and dopant-induced luminescence in pyrochlore oxides

© 2021 The Author(s). Published by the Royal Society of Chemistry
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with a clear-cut design approach in terms of the dopant, choice of
A/B site and vacancy tuning.

2. Experimental

The synthesis, instrumental details and theoretical methodology
are discussed in the ESI,i as S1-S3.

3. Results and discussion

3.1. X-ray diffraction

The powder XRD patterns of undoped and Eu**-doped Er,Ti,0,
and Er,Zr,0; are shown in Fig. 1A and B. The standard stick
patterns of Er,Ti,O; and Er,Zr,0, are also given along with the
respective XRD patterns for reliable comparison and ascertaining
the phase purity. The prominent reflection planes are also marked
in the figure. No additional peaks were found in the XRD patterns,
confirming that the formed samples consisted of a single phase.
The narrow peak profile suggests the highly crystalline nature of
the undoped and Eu**-doped ETO and EZO.

It can be seen from the figure that Er,Ti,O; exhibits reflections
corresponding to odd ki planes due to the pyrochlore superlattice
in addition to the fundamental fluorite reflections. The XRD
pattern of the ETO sample could be modelled as the cubic system
of pyrochlore with the Fd3m space group. Rietveld refinement of
the XRD pattern of ETO was also carried out using the FULLPROF
Suite. The Rietveld fitting of the XRD pattern of ETO, along with
the residuals and Bragg reflections, is given in Fig. S1A (ESIt).
The crystal structure of ETO with the Fd3m space group is given in
Fig. S1B (ESIt). The quality of fit was evaluated based on 7> The
lattice parameters from the Rietveld refinement of the XRD
pattern of ETO are given in Table S1 (ESIt). The quality of the
fit was found to be very good for both EZO and ETO, and the
obtained fit factors such as the profile factor (Rj,), weighted profile
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factor (R.p), expected weighted profile factor (Rex,) and reduced
chi-square (y?) are tabulated in Tables S1 and S2 (ESI}).
The structural parameters obtained are in good agreement with
the reported literature.*!

Unlike the XRD pattern of Er,Ti,O, the pattern of Er,Zr,0,
shows peaks corresponding to only even %kl planes (Fig. 1B).
This shows that the structure is the defect-fluorite-type with
the space group Fm3m. The two cations Er*" and Zr** are
disordered. The Rietveld refinement of the XRD profile of
EZO is given in Fig. S2A (ESIY), along with the crystal structure
of EZO with the Fm3m space group (Fig. S2B, ESIf). The
structural parameters obtained from the Rietveld refinement
of the XRD pattern of EZO are given in Table S2 (ESIY), along
with the refinement parameters to indicate the quality of the fit.

The ionic radii of Er**, Ti*" and Zr** are 100.4 pm (8 CN),
60.5 pm (6 CN) and 72 pm (6 CN), respectively. A smaller
difference between the radii of the A and B cations in A,B,0-
pyrochlores induces a degree of randomness between the
cations of the A- and B-sites, leading to the formation of the
defect fluorite type structure with the Fm3m space group. In the
present case, Er,Ti,O,, with an Er**/Ti** radius ratio of 1.659, is
a pyrochlore with the Fd3m space group or with Er’* and Ti**
occupying the A- and B-sites of the pyrochlore. In the case of
Er,Zr,0,, the Er**/Zr*" ratio is 1.394, and its crystal structure is
observed to be of the defect-fluorite type via XRD. In ETO
(Er,Ti,060’) with the IP structure, Er, Ti, O and oxygen
vacancies (OVs) are all arranged in an ordered arrangement.
On the other hand, in EZO [(Er/Zr),0], the A/B as well as O/OV
sites are all are arranged in a disorderly manner.

3.2. X-ray absorption near edge spectroscopy

The XAS spectra of Er,Zr,0, and Er,Ti,0; at the Er L3 edge are
shown in Fig. 2a. The regions near the absorption edge (XANES
regions) are shown in the inset of Fig. 2a. The edge position,
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Fig. 1 Powder XRD patterns of undoped and Eu**-doped (A) Er,Ti,O; and (B) Er,Zr,0.
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Fig. 2 (a) Normalised EXAFS spectra at the Er L3-edge; the inset shows

the XANES region at the Er L3 edge. (b) The normalised XANES spectrum of
Er,Ti,O5 at the Ti K edge along with Ti metal and TiO, standards. (c) The
normalized XANES spectrum of Er,Zr,O; at the Zr K edge along with Zr
metal and ZrO, standards.

which gives the oxidation state of the absorbing atom, implies
that Er is in same oxidation state in both Er,Zr,0O, and
Er,Ti,O,. The normalized XANES spectrum at the Ti K edge
of Er,Ti,O, are shown in Fig. 2b, along with Ti metal and TiO,
(+4 state) standards. The absorption edge position of Er,Ti,O;,
is at the same position as that of TiO,, suggesting that the Ti in
the sample is in the Ti*" oxidation state. The transition metal
oxides show spectral features (pre-edge) immediately before
the absorption edge due to the transition of 1s electrons to
unoccupied states just below the continuum.?® The pre-edge
peaks are denoted as A, B and C in Fig. 2b. The pre-edge peaks
A, B and C are attributed to the 1s-2t,; and 1s-3e, transitions in
the octahedral field.*® The normalised XANES spectrum of
Er,Zr,0; at the Zr K edge is shown in Fig. 2c along with Zr
metal foil and ZrO, standards. The edge position of Er,Zr,0,
coincides with that of ZrO,, suggesting that the Zr in the
sample is in the Zr*" oxidation state.

3.3. Raman spectroscopy

In the pyrochlores belonging to the Fd3m space group with the
structure A,B,060’, six Raman-active modes (A;g + E; + 4F,5)
were predicted by factor group analysis.>>** The Raman spectra
of the ETO and EETO samples are shown in Fig. 3. The lower
vibration modes are due to the vibration of Er-O and Ti-O
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Fig. 3 Raman spectra of (A) undoped (ETO) and (B) Eu®**-doped (EETO)

Er,Ti,O7. The open symbols represent the experimental data while the

solid lines are fit to the spectra.

(ErOg and TiOg), whereas the higher wavenumber modes are
due to Ti-O stretching. The spectra could be fitted to 9
Lorentzians, marked M1 to M9 in the spectrum. Little difference
between the Raman spectra of the undoped and Eu’*-doped
samples was observed (Fig. 3A and B), which is in agreement
with the XRD results, in which both showed a pyrochlore
structure. The positron lifetime studies (discussed later) also
indicated that no significant defects were created by Eu**-doping
in ETO. Saha et al.>® reported Raman studies of the pyrochlore
Er,Ti,0;, at different temperatures, and the room-temperature
Raman spectrum in the range of 40-800 cm™ " was fitted as the
sum of 15 Lorentzians with support from the low temperature
data. In our case, only the major peaks were considered.
The obtained Raman spectra are in close agreement with the
literature. Based on the literature, the various Raman modes
observed in the present study were assigned to different modes
as follows, although the mode accounting may involve uncer-
tainties due to overlapping modes.*>**7® The M1 at 254 cm ™" is
Fag, M2 at 328 cm™ is a combination of Fyg + Eg, M4 at 454 cm ™!
is Fag, M5 at 518 cm™ ' is A, and M6 at 592 is Fa,. M4 at 400 cm™
is attributed to E, with M3 solely attributed to F,; by Banerji
et al’” The modes beyond M7 are due to higher order overtones
or have contributions from PL.

The Raman spectra of the EZO and EEZO samples are shown
in Fig. 4. The substitution of Ti in the lattice for Zr (ETO to EZO)
should not significantly change the Raman spectrum, as the
Raman active modes in pyrochlores are due to oxygen. Broadening
of the peaks in the Raman spectra of EZO and EEZO is evident
from a comparison of Fig. 4A and B. The much broader Raman
spectra of EZO/EEZO compared to those of ETO/EETO is due to
the defects/disordered structure of former compared to the
ordered arrangement of ions in the latter. Similar changes are
observed between the pyrochlore Y,Ti,O, and the defect
fluorite structure of Y,Tig 4Zr; 60-.>% Although the XRD patterns
shows that the structures of EZO and EEZO are fluorite, some
pyrochlore features are evident from the different modes shown
in the figure and their comparison with the modes observed in
ETO. This suggests that some pyrochlore-like local ordering is

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Raman spectra of (A) undoped (EZO) and (B) Eu®**-doped (EEZO)

Er,Zr,O5. The open symbols represent the experimental data while the
solid lines are fit to the spectra.

still present in Er,Zr,0;. This is also observed in Y,Sn, ,Zr,O;
with Zr substitution as well as the thermally induced structural
evolution in Gd,Hf,0,.">?° Similar short range order and the
partial retention of bands attributed to pyrochlore are also
observed in the supposedly fluorite-type rare earth hafnates of
Dy and Yb under ambient conditions.*’

3.4. Extended X-ray absorption fine structure

The y(R) vs. R plots were generated using the u(E) versus E
spectra following the methodology described in ESI,{ and are
shown in Fig. 5a, and b for Er,Ti,O; and in Fig. 5c and d for
Er,Zr,0,. The structural parameters (atomic coordination and
lattice parameters) of Er,Ti,O; and Er,Zr,0, used for the
simulation of the theoretical EXAFS spectra of the samples

© Experimental data

© 2021 The Author(s). Published by the Royal Society of Chemistry
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were obtained from the XRD results, and the best fit y(R) versus
R plots (fitting range R = 1.0-3.5 A) of the samples are shown in
Fig. 5a-d along with the experimental data. During the fitting,
the bond distances and disorder (Debye-Waller) factors (¢?),
which give the mean square fluctuations in the distances, were
used as fitting parameters and the coordination numbers were
kept constant. The fitting results are tabulated in Table 1 for
Er,Ti,O, and Er,Zr,0,.

The Fourier transform spectrum of Er,Ti,O, at the Er L3
edge shows doublet peaks in the first coordination between
1.0-2.5 A. The spectrum shown in Fourier transform space is
phase-uncorrected, which shows coordination peaks slightly
shifted to lower bond distances. However, during the fitting,
phase correction is applied and the fitting results obtained here
represent actual distances. The coordination peaks between
1.0-2.5 A in Fig. 5a include contributions from two oxygen
coordination shells at 2.18 A and 2.42 A, respectively, with two
and six oxygen atoms in their respective coordination shell.
The coordination peak at 3.0 A is due to contributions from the
next-nearest neighbour shells of Er-Zr and Er-Er at 3.49 A and
3.58 A, respectively. The local structure around the Ti site in
Er,Ti,0; is different compared to that of the Er site (Fig. 5b). The
Ti atoms are coordinated with a single oxygen coordination shell
with six oxygens at a distance of 2.01 A. The peak below 1 A is
due to the background noise, and was not included during the
fitting. The doublet peaks between 2.5-3.75 A are fitted with next
nearest neighbour coordination shells of Ti-Er and Ti-Ti at
3.49 A and 3.60 A, respectively. It can be seen from the best fit
values of oxygen co-ordination (N) given in Table 1 that significant
oxygen vacancies exist near the Ti sites in the Er,Ti,O, sample.

The Fourier transform EXAFS spectrum of Er,Zr,0; at the Er
L3 edge shows quite different coordination peaks from that of

104 © Experimental data (c)
fit
038
s 064
<
€ 04-
=

1R A

R (A)
Fig. 5 Fourier-transformed EXAFS spectra of Er,Ti,O5 at the (a) Er L3 edge and (b) Ti K-edge, and of Er,Zr,O; at the (c) Er L3 edge and (d) Zr K-edge.
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Table1 Bond length, coordination number, and disorder factor data obtained from EXAFS fitting at the Er L3 edge, Zr K edge, and Ti K edge. (Values in

parentheses are nominal values.)

Parameter Path Er,Ti,O, Er,Zr,0-, Path Er,Ti, O, Path Er,Zr,0,
R(A) Er-O 2.18 4 0.01 2.26 % 0.01 Ti-O 2.01 £ 0.01 Zr-0 2.15 & 0.01
N 2.25 + 0.45 7.84 + 0.76 4.98 + 0.36 7.52 + 0.32
] ) (®) (6) (8)
g 0.0060 £ 0.0011 0.0143 £ 0.0011 0.0013 £ 0.0009 0.0048 £ 0.0009
R(A) Er-O 2.43 + 0.01 Ti-Er 3.49 + 0.01 Zr-Zr 3.45 £ 0.02
N 6.75 £ 0.90 6 6
R (6)
o 0.0163 £+ 0.0010 0.0091 + 0.0011 0.0103 + 0.0027
R (A) Er-Ti/Zr 3.49 + 0.01 3.53 = 0.01 Ti-Ti 3.61 &+ 0.02 Zr-Er 3.53 = 0.01
N 6 6 6 6
o2 0.0091 + 0.0011 0.0119 &£ 0.0015 0.0029 + 0.0016 0.0119 + 0.0015
R (A) Er-Er 3.55 & 0.02 3.59 & 0.01
N 6 6
o2 0.0149 + 0.0027 0.0113 £ 0.0017

Er,Ti,O,. This is due to the different crystal structures of
Er,Zr,0; and Er,Ti,O;, which were also confirmed from the
XRD measurements. The Fourier transform spectrum of
Er,Zr,0, (Fig. 5c) shows a single coordination peak as the
first-nearest neighbour, which is due to contributions from
eight oxygen atoms at a distance of 2.26 A. The second peak at
3.0 A has contributions from Er-Zr and Er-Er coordination
shells at 3.52 A and 3.59 A, respectively. Since the Er and Zr
atoms are occupying the same positions in unit cell, which
leads to the same coordination geometry, the Fourier transform
spectra shown in Fig. 5¢ and d are quite similar to each other.
The first peak at the Zr K edge is due to the eight oxygen atoms
at a bond distance of 2.15 A. This Zr-O bond length is smaller
than the Er-O bond length due to the difference in the ionic
radii of the eight-coordinated Er*" and Zr*".*’ The second
coordination peak at the Zr K edge (Fig. 5d) has contributions
from the Zr-Zr and Zr-Er coordination shells at 3.45 A and
3.52 A, respectively. Table 1 shows that the possibilities of
oxygen vacancies are also greater at the Zr sites than at the Er
sites for the Er,Zr,0, sample.

3.5. Positron annihilation studies

The positron annihilation lifetime spectra of all the samples
could be fitted as the sum of three lifetime components using
PALSFit, with the longest-lived component in all cases being
less than 0.5% and having a lifetime of 1 to 1.5 ns. This was
attributed to positronium formation on the powder surfaces
and is not discussed. The other two lifetime components and
their relative intensities are given in Table 2. Two components
are present in all the samples, with 7, being lower than the bulk
lifetime and 1, corresponding to the partial trapping of

Table 2 Positron annihilation lifetimes and intensities in undoped and
Eu®*-doped Er,Ti,O; and Er,Zr,O,

Sample 14 (ps) I (%) 75 (ps) I, (%) Tave (PS)
ETO 157 £ 15 22.7 £ 1.2 265 + 5 77.1 +£1.2 240 £ 6
EETO 151 + 14 24.0 + 1.2 261 £ 5 75.9 £ 1.2 234 + 6
EZO 106 + 11 16.3 £ 0.9 223 £ 3 83.4 +£ 1.0 204 + 4
EEZO 198 + 4 90.2 + 0.9 342 £ 5 9.5 + 0.3 212 £ 5
3080 | Mater. Adv, 2021, 2, 3075-3087

positrons in defect states. The fractional intensity corres-
ponding to the second lifetime component is an indication of
the concentration of positrons trapped in the defects or the
concentration of defects itself for similar trapping rates in the
defects. A similar enhancement in I, with increasing defect
concentration has previously been reported in bismuth-based
pyrochlores.*> The intensity-weighted average positron life-
times were also calculated and are given in Table 2.

The presence of the second lifetime component of approximately
260 ps and significant intensity in both ETO and EETO
indicates the presence of a large concentration of defects. The
differences between the positron lifetimes of ETO and EETO are
insignificant, showing only a marginal reduction in I, or a
minor reduction in the concentration of defects. The two life-
times and average lifetimes in EZO differ from those of ETO, as
the structure of EZO differs from that of ETO, as seen from
XRD. The average lifetime in EZO is close to that of the single
positron component reported by Greg et al in Gd,Zr,0,.**
The intensity of the second component is still large in EZO.
This intensity is reduced significantly with an increase in the
lifetime in EEZO. This shows that either the concentration of
defects decreased significantly, or the type of defects changed
so significantly that the positrons are not trapped in the defects
of EEZO. It was seen that 7, also increased from 223 ps in EZO
to 342 ps in EEZO, representing the possible agglomeration of
vacancies into large-sized defect clusters in EEZO which appear
to be low concentration. The PL emission results (discussed
later) are in agreement with the assessment of defects in these
samples via positron annihilation studies.

3.6. Photoluminescence studies

The emission spectrum of ETO with 250 nm excitation is shown
in Fig. 6A. The emission spectrum consists of various bands
and could be fitted with at least four bands centred at 430, 490,
550 and 608 nm. A small shoulder appeared at approximately
390 nm in the broad band centred at 430 nm, and the intensity
of emission falls sharply below this wavelength. The emission
wavelength is close to the band gap measured in Er,Ti,O; and
other titanate-based pyrochlores.** The 430 nm band is
attributed to defect-induced emission contributed by various

© 2021 The Author(s). Published by the Royal Society of Chemistry
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oxygen-related defects whose energy levels lie just below the
conduction band in these pyrochlores; this band is the most
intense among those observed in the present studies.'® The
large concentration of defects in ETO is evident from positron
annihilation lifetime spectroscopy, as indicated by the high
intensity I, of positron annihilation from the defect states, and
the EXAFS measurements at the Ti K-edge also support this.
The 550 nm band represents a combination of nearby transitions
in Er*’, namely, >Hy;, — “Lis;, and *S;, — “Ijs, while that
490 nm is due to *F5, — *I35,,.>>*> The origin of the small peak at
approximately 610 nm is not very clear, but it is close to the
emission from the “F,, level of Er’* observed as a band near
625 nm by Mondal et al.*® Various emission peaks from the
electronic transitions in Er*" appear as a broad band due to the
crystal field splitting of the ground state due to the field of
the surrounding oxygen atoms.”” The excitation spectrum of
ETO with the emission fixed at 550 nm is shown in Fig. 6B. It is
clearly seen that multiple bands contribute to the emission, and at
least four distinct bands could be observed. The bands are centred
at 231, 247, 261 and 275 nm. The emission spectra were recorded
with an excitation wavelength near each band, and the recorded
spectra are shown in Fig. 6C. No noticeable differences were
observed except for small changes in the relative intensities of the
different bands discussed above, and the emission map with
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varying excitation wavelength was not studied further. The
emission spectrum of Eu**-doped ETO is shown in Fig. 6D.
The four fitted bands are centred at 390, 425, 475 and 540 nm.
The first band at 390 nm appears as a shoulder in the emission of
ETO, but could be fitted as peak due to the lower intensity of the
overlapping band at 425 nm compared to the corresponding band
due to defect-induced emission in ETO. No specific indication of
the emission from Eu®* is observed. The other two bands at
475 nm and 540 nm originate from electronic transitions in Er’".
However, the overlap of small intensities from the emission from
Eu*" in the bands ascribed to Eu** could lead to variations in the
centroids of the bands determined in the EETO samples in
addition to the uncertainty in fitting the bands.

The emission spectrum of Er,Zr,0, with excitation at
250 nm is shown in Fig. 7A. As in the case of ETO, the emission
spectrum could be fitted as the sum of four bands. The four
bands obtained here are centred at 425, 485, 545, and 605 nm.
The emission spectra are very much similar to that of ETO,
including a shoulder on the band at 425 nm, but with small
shifts in the peak positions. The origin of the different bands is
as discussed above. The small changes in the peak positions of
the emission bands between ETO and EZO are due to the
change from Ti to Zr and the resulting changes in the defect
energy levels and crystal field splitting, etc. Even in this case,
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(A) The PL emission spectrum of Er,Ti,O7 with /e, of 250 nm. The open symbols represent experimental data, while the line represents the fitting.

(B) The excitation spectrum of Er,Ti,O; with Jem of 550 nm. The open symbols represent experimental data, while the line represents the fitting. (C)
Emission spectra of Er,Ti,O; with different excitation wavelengths. (D) The emission spectrum of Eu3+—doped Er,TioO7 with e, of 250 nm. The open

symbols represent experimental data while the line represents the fitting.
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(B) The excitation spectrum of Er,Zr,O; with lem at 550 nm. The open symbols represent experimental data, while the line represents the fitting. (C) The
emission spectrum of Eu3+—doped EroZr,0O7 with dex of 250 nm. The open symbols represent experimental data while the line represents the fitting.

the band at 425 nm is the dominant band. The excitation
spectrum of EZO with emission at 550 nm is given in Fig. 7B.
Like in the case of ETO, the excitation spectrum consists of
multiple excitation bands and could be easily resolved into four
bands centred at 228, 245, 263 and 277 nm. The splitting of the
conduction band into sub-bands has been shown in the density
functional theory calculations of the electronic structure in
various A,Ti,O, (A = lanthanide) compounds.*® Minor changes
in the band positions in the excitation spectrum are due to
changes in the energy levels in the band structure due to the
involvement of Zr 4d levels instead of Ti 3d. The emission
spectrum of Eu*'-doped EZO (EEZO) is shown in Fig. 7C.
The emission spectrum beyond 510 nm comprising bands at
approximately 550 and 610 nm from transitions from various
levels in Er** is identical to that in EZO. In the first broad band,
the shoulder at the lower wavelength side could be extracted as a
separate peak due to the lower intensity of the defect emission
band. The band centred at 485 nm attributed to emission from
the “F,, state of Er*" remains, but the other defect band centred
at 425 nm in EZO appears as two peaks centred at 403 and
441 nm. This is an artefact of fitting arising due to the lowering
in the intensity of the 425 nm band due to changes in the defect
types in Eu**-doped Er,Zr,0,, as seen in the positron annihila-
tion studies discussed earlier.

3082 | Mater. Adv, 2021, 2, 3075-3087

The emission lifetime spectra for the emission at 425 nm
were recorded for all the samples and are given in Fig. 8. All the
lifetime spectra yielded a single lifetime except for that of
EETO, in which a small fraction of a long-lived component is
observed. However, it is noted that the average lifetime in this
case is in the same range as those of the other samples; the
individual lifetime values are given in the figure. There is a
marginal reduction in the emission lifetimes of the Eu**-doped
samples with respect to the undoped ones, possibly due to the
opening of the emission channels of Eu®**. The intensity of
the contribution from Eu®** was too low to be deciphered from
the other emissions, and also resulted in only minimal changes
in the emission lifetimes. For the samples, the lifetimes were
approximately 9-12 us, which indicates the involvement of
ionized vacancies in the photoluminescence process. The exact
nature of the defects involved in the PL of EZO and ETO is
confirmed using DFT calculations in the next section.

3.7. Origin of PL in ETO and EZO: DFT calculations of defect
energetics

The cations in the ideal fluorite structure are eight-coordinated
(A4Og), while the disordered defect-fluorite structure has A,0,.
Even though the unit cell is still cubic, one of the oxygen
positions is vacant and each cation is coordinated with seven

© 2021 The Author(s). Published by the Royal Society of Chemistry
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The fitting of the spectra and the emission lifetimes obtained are also indicated in the figure.

Table 3 DFT-GGA calculated structural parameters of ETO and EZO compared to experimental data and previously calculated DFT results

Property Er,Ti,O,, ETO (ordered pyrochlore) Er,Zr,0,, EZO (disordered fluorite)
Lattice parameter (A) 10.119 (10.0762,* 10.071°") 5.2725 (5.193(2),>° 5.1822 [This work])
ErOg bond lengths (A) 2.30-2.56 (2.182, 2.471%°) 2.13-2.49

TiOg/ZrOg bond lengths (A) 2.11-2.15 (1.955") 1.99-2.91

x of Oygr 0.332 (0.420,%° 0.328%") —

Band gap (eV) 3.0 (3.0°") 3.2
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Fig. 9 GGA calculated oxygen defect formation energy (Ef) versus Fermi level (Ef) for the three charge states, Vg, Vq* and Vq*z, in EZO and ETO (left
panel). The defect exhibits two charge-state transition levels: a deep donor level, ¢(+2/+1), at 2.30 and 2.65 eV for EZO and ETO, respectively, and another
deep donor level, £(+1/0), at 3.00 and 2.80 eV for EZO and ETO, respectively. The obtained impurity levels are shown in a conventional band diagram with
respect to the host referred binding energies (HRBE) (right panel).
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anions. ETO stabilizes in the ordered pyrochlore structure and
EZO stabilizes in the disordered fluorite structure. Our
DFT-GGA calculated equilibrium lattice parameters of ETO
and EZO are compared with experimental data®>° and previous
DFT calculations®® (Table 3). The DFT-GGA calculated lattice
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parameters and bond lengths of ETO are within 1% and 5% of
the experimental values, respectively. Moreover, our DFT-GGA
calculated values are in excellent agreement with previous DFT
calculations using the full potential linear augmented plane
wave (FP-LMTO) method.”® Our DFT-GGA calculated lattice
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Fig. 10 Total and partial density of states (DOS) of Eu-doped ETO in the presence of a neutral oxygen vacancy (V) (a), an oxygen vacancy of charge +1 (VoY)
(b), and an oxygen vacancy of charge +2 (Vo ™) (c). Similarly, the total and partial DOS of Eu-doped EZO in the presence of a neutral oxygen vacancy (V2) (d), an
oxygen vacancy of charge +1 (Vo™ (e), and an oxygen vacancy of charge +2 (Vo*?) (f). Fermi energies are shown as vertical lines.
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parameter for EZO is within 1.5% of the experimentally
measured value.

In order to determine the effect of the oxygen vacancies on
the photoluminescence properties, defect formation energies
in various charge states (Vo, Vo' and V™) were calculated. The
oxygen vacancies can be located in the ErOg or TiOg polyhedra.
In order to find the most energetically favourable location for
the oxygen vacancy, two calculations having a neutral oxygen
vacancy (V) were performed, in which the vacant oxygen site
was chosen in the first nearest-neighbour of the ErOgz and TiOg
polyhedra. Our DFT-GGA calculated defect energetics indicated
that the introduction of a neutral oxygen vacancy is preferable
in the TiOg octahedra compared to the ErOg polyhedra, with a
vacancy formation energy difference of 2.47 eV. A similar
exercise was performed for EZO and it was found that the
oxygen vacancy was more favourable in the first nearest
neighbour of Zr. To see how the defect formation energies of
the oxygen vacancies in the dilute limit varied as a function of
the Fermi energy, we have summarized the DFT-calculated
formation energies of ETO and EZO in Fig. 9 (left panel).
The calculated vacancy formation energy values indicate that
the formation of Vy*? defects is favoured in near the valence
band in the 0 to 2.65 eV and 0 to 2.30 eV range (on the Ex-Ey
scale) for ETO and EZO, respectively, over Vo' and VY defects.
This indicates that the oxygen vacancies have a tendency to
donate electrons or behave as a n-type defect. Similarly, the
formation of Vo' defects is most favourable in the 2.65 to
2.80 eV and 2.30 eV to 3.0 eV ranges (on the Ex-Ey, scale) for ETO
and EZO, respectively, followed by formation of V3 defects. The
DFT-GGA calculated electronic band gaps of ETO and EZO are
3.0 eV and 3.2 eV, respectively. We are unable to compare these
band gap values as no experimental band gap has been
reported in the literature. However, the previous FP-LMTO
calculated band gap of ETO matches exactly with our
DFT-GGA calculated value.

Fig. 9 (right panel) shows that the defect exhibits two charge-
state transition levels: a deep donor level g(+2/+1) at 2.65 eV and
2.30 eV for ETO and EZO, respectively, and another deep donor
level £(+1/0) at 2.8 eV and 3.0 eV for ETO and EZO, respectively. In
this case, the impurity levels are defined as the charge-state
transition levels (g(g1/q), from g, to g,), i.e., the Fermi level
locations at which the two charge states of the defect have the
same formation energy. The obtained impurity levels are shown
in a conventional band diagram with respect to the host referred
binding energies (HRBE). The charge-state transition level
situated at 2.80 eV and 3.0 eV, respectively, for ETO and
EZO corresponds to wavelengths of 443 and 413 nm. The
experimental photoluminescence emission spectra show a
bright emission band at 430 nm and 425 nm, respectively. The
DFT-GGA calculated charge transition levels qualitatively explain
the origin of the brightest spectral feature of ETO and EZO.

3.8. No europium emission in EEZO and EETO: density of
state calculations

In our calculations, we considered a 1/88 (1.136%) Eu doping
level in the defective cells of ETO and EZO in order to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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determine the effect of Eu doping on the photoluminescence
properties of ETO and EZO. Previously, it was explained that the
photoluminescence properties of ETO and EZO are dominated
by neutral and/or charged oxygen-defect-related states. Fig. 10
shows the total and partial density of states (DOS) of Eu-doped
ETO and EZO in the presence of a neutral oxygen vacancy (V3),
oxygen vacancy of charge +1 (Vo'™') and oxygen vacancy of
charge +2 (Vo'). Initially, two sets of calculations were
performed in which the Eu atom was doped in the Er and
Ti/Zr positions and the atomic positions were optimized
keeping the volume and lattice shape fixed. It was found that
Eu atom doped at the Er position was more energetically stable.
The DOS shown in Fig. 10 were generated by doping the Eu
atom at the Er position. Fig. 10 shows that the Eu f-states are
dominantly distributed around the bottom edge of the valence
band (VB) far from the Fermi energy, electronic band gap and
top edge of the VB actively participating in the electronic
transitions. Similarly, the Eu f-states are distributed around
the top edge of the conduction band away from the electronic
band-gap region. As a result, the active participation of the Eu-f
states in electronic transitions giving rise to photoluminescence
emission is impossible. This is also corroborated by the fact that
the experimental photoluminescence emission of ETO and EZO
was scarcely affected by Eu doping.

4. Conclusions

In this work, undoped and doped EZO, ETO, EEZO, and EETO
microcrystals with differing structures, defects, and ordering
were synthesized using a ball-milling method. Rietveld-refined
XRD and Raman spectroscopy confirmed the stabilization of
undoped and doped ETO/EETO in the ordered pyrochlore
structure and of EZO/EEZO in the defect fluorite structure.
Synchrotron-based EXAFS measurements and PALS suggested a
large concentration of defects in both samples, although the
nature and concentration of defects in the zirconium material
were quite different than in the titanium counterpart, with the
possible formation of defect agglomerates and clusters in the
former. Based on the PALS results, the effect of europium in
defect evolution was found to be negligible for ETO, whereas it
was substantial in the case of EZO. The undoped EZO and ETO
hosts exhibited blue photoluminescence under UV light with a
few weaker trivalent Er** spectral features in the green-yellow-
red zone also. XANES studies confirmed that Ti and Zr stabilize
in the +4 oxidation state, ruling out any contributions from
trivalent Zr** and Ti*" to the PL of EZO and ETO. The intense
blue emission of ETO and EZO was ascribed to OVs, which were
experimentally probed using EXAFS, and furthermore, the
actual transitions involving OVs were confirmed using DFT
calculated energetics. No characteristic europium emission was
observed after europium doping, which was quite unexpected
and interesting. The density of states calculations clearly
suggest a mismatch between the Eu®* f-state and the host band
gap, inhibiting any kind of host-to-dopant energy transfer, and,
hence, no red europium PL was observed. This work
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demonstrates the role of energy transfer, the band gap, and the
choice of host and dopant in optimizing the optical properties

of

lanthanide-doped pyrochlore phosphors for efficient

optoelectronics and scintillator applications.
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