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ABSTRACT |In this work a strategy for the control of structure

. . . . . . cubic phase
and optical properties of inorganic luminescent oxide-based nano- | stabilization
particles is presented. The nonaqueous sol—gel route is found to be Lu*

suitable for the synthesis of hafnia nanoparticles and their doping
with rare earths (RE) ions, which gives rise to their luminescence
either under UV and X-ray irradiation. Moreover, we have revealed
the capability of the technique to achieve the low-temperature
stabilization of the cubic phase through the effective incorporation
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of trivalent RE ions into the crystal lattice. Particular attention has

been paid to doping with europium, causing a red luminescence, and with lutetium. Structure and morphology characterization by XRD, TEM/SEM,
elemental analysis, and Raman/IR vibrational spectroscopies have confirmed the occurrence of the Hf0, cubic polymorph for dopant concentrations
exceeding a threshold value of nominal 5 mol %, for either Lu*™ or Eu>". The optical properties of the nanopowders were investigated by room
temperature radio- and photoluminescence experiments. Specific features of Eu>™ luminescence sensitive to the local crystal field were employed for
probing the lattice modifications at the atomic scale. Moreover, we detected an intrinsic blue emission, allowing for a luminescence color switch depending
on excitation wavelength in the UV region. We also demonstrate the possibility of changing the emission spectrum by multiple RE doping in minor
concentration, while deputing the cubic phase stabilization to a larger concentration of optically inactive Lu* " ions. The peculiar properties arising from the

solvothermal nonaqueous synthesis here used are described through the comparison with thermally treated powders.

KEYWORDS: hafnia - cubic lattice - lutetium - europium - luminescence - nonaqueous sol—gel - nanoparticle - rare earth

afnium dioxide, or hafnia, possesses
H several outstanding chemical and

physical properties making it at-
tractive for a variety of applications. It has
been studied over the last decades, mainly
in the form of thin films, due to its higher
dielectric constant (e = 25) with respect to
silica, a property suitable for its application
as new generation high-k gate dielectric
in microelectronics.'? As a result of its very
high melting point (over 2700 °C) and its
mechanical resistance,>* hafnia has also found
application in refractory protective coatings of
thermocouples in harsh conditions as in nu-
clear applications.” More recently, hafnia has

LAURIA ET AL.

been considered because of its transparency
in the visible range (band gap = 53—5.9 eV).?
Together with chemical inertness, this makes
HfO, an interesting material for optical appli-
cations, when acting as host for rare earths
(RE) ions meant as luminescent activators.” ™"

Nevertheless, a complete and extensive
characterization of the optical properties of
HfO, is still not reported in the literature,
especially due to its high melting point
which makes the preparation of the materi-
al as a bulk still a major issue. The develop-
ment of effective and facile wet chemical
syntheses has played a key role in increasing
the knowledge on its potential for novel
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applications.”> Monoclinic HfO, doped with several
rare earth ions has been prepared by hydrothermal and
Pechini-based sol—gel method and its optical emission
has been reported.”'* In addition, the non-hydrolithic
sol—gel method (NHSG) has already been demonstrated
to be a suitable way for the synthesis of HfO, nanopar-
ticles (NPs) with a diameter well below 5 nm.">'® Through
the appropriate choice of precursors, the effective incor-
poration of doping elements can also be easily achieved
by this technique involving a mechanism in which the
crystal growth is operated at relatively low temperatures.
The contemporary solvolysis reaction with benzyl alcohol
of both host and dopants precursors leads to the forma-
tion of the oxide."”

Since all wet methods lead to the production of
crystalline powders that are intrinsically affected by light
scattering, a further processing is required in order to
obtain transparent materials suitable for optical applica-
tions. Aiming at future exploitation, a couple of possible
strategies could be adopted. (i) On one hand, the
embedding of particles into a transparent host can be
pursued: in this case, downscaling of luminescent par-
ticles down to the nanometric size is desirable for
scattering minimization. (i) On the other hand, the
fabrication of optical ceramics by powder-sintering
can be performed, where the cubic symmetry is neces-
sary due to its isotropic optical properties, so to avoid
scattering due to abrupt refractive index changes at
grain interfaces.'® It should be noted that the interest of
the research community toward luminescent materials
in the form of transparent ceramics increased recently
owing to the prevision of a strong lowering of manu-
facturing costs, especially in the field of photonics and
laser technology.'®?° Nevertheless, a primary limitation
to the employment of HfO, powders for the latter relies
in the fact that the more stable crystal polymorph at low
temperature for hafnium dioxide is the monoclinic one,
whereas the stability of the cubic phase occurs only at
temperatures above 2500 °C2' This seems to preclude
the possibility of overcoming the issues related to the
fabrication of optical bulk materials by the ceramics
method. Taking the above into consideration, the ability
to control the material structure during the synthesis is a
tool of major importance in the design of its optical
performance and applicability. To this purpose, and
considering the similarity in the chemistry of Hf and
Zr, the stabilization at low temperature of the cubic
polymorph of several materials including zirconia and
hafnia has been already evidenced, both from theory
and from experiments, through the incorporation of
trivalent or even divalent ions into the lattice.??
However, a majority of studies dealing with the stabili-
zation of cubic hafnia were focused on its application as
a dielectric material,”® whereas only a few of them were
guided by its potential applications in the optical
field.”®?°731 Therefore, at the present stage, there is
significant room for a thorough investigation aimed at
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Figure 1. Room temperature PL excitation of the 600—620 nm
emission range, PL emission at A, =275 nm and RL of HfO,:Eu
1 mol %. The low wavelength side of the PL emission spectrum
might be distorted by the presence of a long-pass filter
employed to remove the excitation light.

controlling the structural properties while optimizing
the optical characteristics of this material.

Although the activation of luminescence in hafnia
can be achieved through the incorporation of several
rare earths, the presence of Eu®" ions manifests optical
features, which are particularly sensitive to the local
crystal field.3273° Hence, its use as a dopant seems to
be a promising tool for the fine investigation of the
host crystal structure. The basic luminescence features
of 1 mol % Eu®" doped HfO, powders obtained by
nonaqueous sol—gel route are summarized in Figure 1,
reporting photoluminescence emission (PL) and
excitation (PLE) spectra compared to its radiolumi-
nescence (RL). Both PL and RL emission spectra are
dominated by the *Do—’F, transition of Eu*>", whereas
the excitation spectrum of the most intense >Dy—’F,
line features the transitions from 7F0,1 levels and the
charge transfer (CT) band peaking at 288 nm. Moreover,
a broad composite structure below 500 nm is detected
only in the PL spectrum; emissions in a similar range
were already detected and attributed to optically active
intrinsic defects and self-trapped excitons.>**” PL and
RL measurements can be therefore employed in the
frame of a detailed study of the synthesis parameters
affecting structure and luminescence characteristics in
such nanophosphors.

Among lanthanides, lutetium, when in its trivalent
valence state, is not optically active due to its electronic
configuration, lacking unoccupied 4f electronic levels.
At the same time it is the heaviest rare earth metal, with
atomic number equal to 71, immediately preceding Hf
(Z = 72). Consequently, it can be expected that its
incorporation might lead to the stabilization of the cubic
structure with a minimum decrease of density of the
material and a minimum perturbation of the emission
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related to the incorporation of other activator ions.
This might be advantageous especially for scintillator
application demanding for an efficient absorption of
ionizing radiation (X-rays, v rays), since a high attenua-
tion coefficient of energetic photons is related to high
material density (o2 = 9.6 g/cm?) and high Zq.2">8

In this work, we present a facile synthesis approach
where hafnium dioxide nanoparticles are obtained by
non-hydrolithic sol—gel method, through a strategy
where RE dopants are employed both as luminescent
activators and as cubic structure stabilizers. Moreover,
we exploit the strong sensitivity of 4f—4f emissions of
Eu®" in order to probe its site symmetry. In addition, we
show that the incorporation in the lattice of optically
inactive lutetium ions is effective in order to operate
the structural stabilization of the cubic polymorph at
room temperature. Besides the relevance in application
related issues, the results here reported represent an
important data set for a better comprehension of the
structure—property relationship in materials confined
into nanoscale dimensions.

RESULTS AND DISCUSSION

Hf0,:Eu Nanoparticles.>® The optimization of the optical
properties of nanophosphors includes, among other
investigations, the identification of the optimal concen-
tration of activator ions that gives rise to the highest
luminescence efficiency. For this reason, we first investi-
gated the structural and optical modifications operated
by Eu** doping depending on its concentration.

Figure 2 shows the morphology of hafnia nanoparti-
cles doped with different amounts of Eu*", obtained by
nonaqueous sol—gel. TEM analyses allow to conclude
that the synthesis leads to the formation of well dispersed
nanoparticles with an elongated shape (Figure 2a—d). In
accordance with previous investigations on similar reac-
tions, due to the crystal growth mechanism where benzyl
alcohol coordinates the oxide surface, agglomeration of
nanoparticles is not observed."”

High resolution images (Figure 2b,d) show very
clear lattice fringes that evidence the high crystalline
grade of nanoparticles, despite its very small dimen-
sions, irrespective of the doping level. The electron
diffraction pattern recorded on the sample doped with
10 mol % Eu is compatible with the cubic structure
(Figure 2e). In fact, at least the four main reflections
expected from XRD are visible. This result confirms the
assumption that, similarly to the case of ZrO,, few
percent trivalent ions incorporated into the lattice are
able to stabilize the cubic polymorph.2272*%° The
average linear dimension of nanoparticles has been
measured to be ca. 3.0 & 0.4 nm (see Table S1 in
Supporting Information for size definition and deter-
mination) irrespective of the doping level, excluding a
role of particle size in the achievement of the cubic
polymorph stabilization (Figure 2f).
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Figure 2. (aand c) TEM micrographs of HfO,:Eu 1 mol % and
HfO,:Eu 10 mol % NPs, respectively; (b and d) HRTEM image
of single particles of the same samples, respectively; (e)
electron diffraction of cubic phase of HfO,:Eu 10 mol % NPs;
(f) particle size distributions of the 2 and 10 mol % Eu doped
nanopowders.

A more detailed description of the structural mod-
ifications induced by doping is depicted in Figure 3.
The expected monoclinic structure of hafnium dioxide
is observed for Eu>* concentrations up to 3 mol %, as
shown by XRD (Figure 3a) according to reference
ICDD PDF no. 00-006-0318. For RE concentrations
exceeding 5 mol %, the diffractogram is converted to
that of cubic HfO; as confirmed by its comparison with
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Figure 3. Structural parameters and optical emission properties of HfO, nanoparticles depending on the molar concentration
of Eu>" used as dopant. (a) XRD patterns (bar plots: calculated diffractrograms from reference patterns). (b) RL spectra. For
concentration of trivalent dopant higher than 5 mol %, both diffractograms and RL emissions exhibit a clear change
corresponding to the stabilization of the cubic phase. (c and d) View along the b axis of model structure of cubic (ICSD

#180833) and monoclininc (ICSD #173158) hafnia, respectively

ICDD PDF no. 00-053-0560. Broadened diffraction
peaks account for the very short range order, caused
by crystalline domain sizes of just a few nanometers,
confirming the TEM analyses. The actual concentration
of Euin the samples was measured by means of Induced
Coupled Plasma (ICP) elemental analysis, which resulted
in a value of 6.9 mol % Eu for the nominal 8 mol %
sample (Table S2 in Supporting Information). As a
consequence, the threshold value for the stabilization
of cubic hafnia at room temperature could be set above
5 mol %. In fact, the HfO,:Eu 5 mol % NPs exhibit a
diffractogram where still 011 and 102 diffractions be-
longing to the monoclinic phase are present, together
with major features ascribable to the cubic one, sug-
gesting the occurrence of both structures. Considering
the small volume of individual NPs, this fact could be
explained by the incorporation of a sufficient number of
trivalent ions inside a partial fraction of nanocrystals,
while a significant portion of them is doped by Eu below
the limit which is needed for a definitive structural
reconfiguration. The threshold in the structure determi-
nation is also reflected by the optical emission proper-
ties, monitored by analyzing the 4f—4f transition
emission in the red spectral region, stimulated by X-ray
radiation (Figure 3b). The RL spectra manifest a peculiar
change depending on Eu nominal concentration. Again,
two families of spectra could be recognized, with an exact
correlation with the crystalline structure. The same emis-
sion profile is observed in the radiative recombination of
charge carriers at Eu*" sites for all monoclinic hafnia

LAURIA ET AL.

(red and yellow spheres indicate O and Hf atoms, respectively).

nanopowders featuring a dominant >Do—’F, emission
line. Because this hypersensitive transition is strongly
forbidden, its presence proves the lack of inversion
symmetry of Eu®" sites. In contrast, samples with Eu
concentration higher than 5 mol % show a modified
emission shape, where the relative intensities of *Do—"F;
and *Dy—’F, transitions turn out to be more similar, in
accordance with the higher symmetry experienced
by Eu*" ions in cubic powders?***> Nevertheless, the
presence of the >Do—F, line and the rather large width of
all optical emissions reflects the presence of different
slightly distorted surroundings for Eu*" incorporated
inside the nanoparticles or at surface sites. These two
families of correlated XRD and RL patterns confirm the
role played by trivalent dopant ions in driving the crystal-
line structure toward the cubic symmetry.

Hf0,:Lu Nanoparticles. It can be expected that the
stabilization at room temperature of the cubic poly-
morph of HfO,, obtained with Eu doping above 5 mol %,
could in principle be reached by employing any
other rare earth with a stable trivalent or even divalent
state at a similar concentration level. Nonetheless,
when trying to utilize optically active lanthanides for
the double purpose of either phase transformation and
luminescence activation, it should be taken into ac-
count that the minimum concentration needed for the
phase transformation might significantly exceed the
concentration that is usually reported for the onset of
detrimental luminescence quenching, that is, the con-
centration above which short-range non-radiative decay
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Figure 4. TEM micrographs of Lu doped HfO, NPs: (a) 2 mol % and (c) 10 mol % doped; insets (b and d) HRTEM of highly
crystalline single particles of the same samples, respectively; (e) EDS analysis of Lu and Hf atomic concentrations depending
on nominal Lu (dashed lines represent theoretical concentrations); (f) particle size distributions of the 2 and 10 mol % Lu

doped hafnia nanopowders.

channels are likely to occur. Moreover, the nanophosphor
luminescence could be engineered by incorporating
more than one kind of dopant, in the attempt to obtain
a composite emission spectrum. From this “colour tun-
ing” perspective, it is preferable to arrange luminescent
ions concentrations according exclusively to the emission
spectrum required, while designating an optically inac-
tive ion to the structural stabilization. As mentioned
above, lutetium is a promising candidate for operating
structural modifications with a minimal lowering of HfO,
specific weight, and without a significant influence on the
optical properties, governed by the presence of addi-
tional luminescent RE. Therefore, we synthesized Lu
doped HfO, powders, co-doped by a minor amount of
Eu3T, aimed only at the activation of the luminescence
and for probing the lattice geometry through its hyper-
sensitive optical transitions.

The results of the nonaqueous synthesis of HfO,:Lu
NPs are shown in Figure 4, where morphology and
composition of the products are displayed depending
on concentration, ranging from 2 up to 10 mol % Lu. In
a way similar to the case of HfO,:Eu, TEM analysis
reveals the formation of ultrasmall isolated NPs with
a slightly elongated appearance. Energy dispersive
spectroscopy (EDS) analysis (Figure 4e) shows values
for final concentration of Lu in good agreement with
the nominal ones. The same values are replicated also
by the independent assessment by ICP elemental anal-
ysis (Table S2 in Supporting Information), confirming
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the performance of the method in obtaining doped
nanocrystals.

The average diameter was measured to be ca. 3.1 +
0.4 nm, irrespective of doping level (Figure 4f). The
morphology of NPs seems to be independent of
dopant concentration and type, highlighting the cap-
ability of the synthesis conditions to promote crystal
growth without significant perturbations from do-
pants. The materials obtained indeed manifest a quite
regular size distribution, irrespective of the Eu or Lu
doping levels. The role played by Lu in the structural
rearrangement of HfO, nanophospors is displayed in
Figure 5, by means of the comparison between the
structure, revealed by XRD measurements, and the
luminescence behavior of HfO,:Lu NPs. Data recorded
on samples prepared with additional 1 mol % Eu,
designed to activate luminescence, are also shown. Again,
two families of materials can be obtained depending on
the level of dopants inserted into the system during the
synthesis procedure. More precisely, one should first con-
sider the diffractograms measured on undoped, 2 mol %
Lu, and 2 mol % Lu + 1 mol % Eu doped HfO, powders
(Figure 5a). All these samples, containing a total level of
trivalent incorporated REs of few (from 0 to 3) mol %,
exhibit the same set of diffractions, comparable to that of
the reference pattern of pure monoclinic hafnium dioxide
(ICDD PDF no. 00-006-0318).

This fact suggests that for concentrations lower
than 5 mol %, the monoclinic lattice is able to host
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Figure 5. Structural parameters and optical emission of HfO, nanoparticles depending on the molar concentration of Lu>*
used as dopant. (a) XRD patterns (bar plots: diffractrograms from reference patterns). (b) RL spectra; the introduction of Eu**
ions activates the typical luminescence in the red region of the spectrum, absent in samples not containing Eu ions (black
curves). The simultaneous incorporation of 2 mol % Lu®" in the lattice does not affect its optical emission, which is unvaried
even after calcination (red curves). Instead, 10 mol % Lu stabilizes the cubic polymorph of HfO,, the luminescence of Eu
replicates that of samples heavily doped by Eu only, and the emission modification ascribed to the luminescent site symmetry
is enhanced after calcination. All curves are shifted over the ordinate axes for clarity.

the dopant without changing its geometry and the
expected features belonging to the same polymorph
can still be recognized. The broadening of XRD peaks
accounts for the nanosized morphology of crystallites,
well below 5 nm in linear length.

For a total doping exceeding 5 mol %, a structural
rearrangement is observed, and the cubic polymorph
features can be seen on XRD patterns of 10 mol % Lu-
doped as well as of co-doped HfO,:Lu/Eu (10, 1 mol %)
NPs. Because of the broadening of peaks, it is not trivial
to uniquely assign diffractions to the cubic phase of
hafnia. For this reason, powder samples containing RE
in a level either lower (unmodified, monoclinic) or
higher (modified, cubic) with respect to the doping
limit of 5 mol % were annealed in air up to 1000 °C and
were examined for comparison. The results show that
calcined HfO, nanophosphors do preserve the as-
signed structure on the basis of the measurements
done on very small NPs. Besides the sharpening of
peaks, which can be explained by the thermal promo-
tion of crystal growth, highly doped samples exhibit
the XRD peaks corresponding to single phase cubic
HfO,, as demonstrated by the now more reliable match
with the reference pattern (ICDD PDF no. 00-053-0560).
Figure 5b displays the optical emissions under X-ray
irradiation of 4f—4f transitions of Eu>* sites, used as probe
for the crystal symmetry level on the same set of samples.
RL spectra manifest the red luminescence corresponding
to the transitions from the °Dj to ’F, levels of europium
centers. Additionally, the spectrum modifications ascribed

LAURIA ET AL.

to the change of the activator site symmetry reflects the
shift to the cubic phase, in a way quite similar to what was
observed in 10 mol % Eu-doped nanoparticles. It has to be
pointed out that the relative intensity change between
Do—"F; and *Do—F, transitions, which reflects a higher
symmetry of the Eu*™ site, is more evident in the calcined
samples, suggesting a further lattice ordering promoted
by the annealing. Such structural ordering induced by
annealing is also evidenced by the more clear observation
of both *Dy—"F; and *Do—"F, split components.

These findings open to a novel design of lumines-
cent particles where optical activators could be incor-
porated into host matrices with important structural
transformation induced by the addition of higher
amounts of an optically inactive RE, like Lu. This strategy
increases the room for further applications of HfO,
nanoscintillators, and represents a powerful tool toward
a higher control of the overall functional and structural
properties of innovative materials.

The easy tunability of luminescence color in struc-
turally modified HfO, NPs is illustrated in Figure 6,
showing RL spectra of nanopowders and photographs
of their suspensions in ethanol under UV laser excita-
tion. Itis observed that the addition of Tb ions, together
with Eu, gives rise to a composite luminescence spectrum
featuring also the green lines at 490 and 550 nm belong-
ing to the *Dy—"Fs ¢ transitions of To®" (well separated
from Eu®" emissions). As long as the total doping is only
2 mol %, the structure is unchanged and monoclinic
hafnia nanophosphors are obtained. When adding also
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Figure 6. (a) RL of HfO,:Eu 1 mol %, HfO,:Eu/Tb (1, 1 mol %), and HfO,:Lu/Eu/Tb (10, 1, 1 mol %) NPs, from bottom to top,
respectively. Spectra are shifted over the ordinate axis for clarity. (b) Photograph of the same NPs suspended in ethanol,

recorded under 266 nm NdYAG laser illumination.

10 mol % Lu, the structural stabilization of the poly-
morph is actuated and, according to XRD measurements,
cubic hafnia nanophosphors are obtained. The emission
profile is slightly modified, since the relative ratio be-
tween Tb®>" and Eu*" emissions is increased in the cubic
structure with respect to the monoclinic one. This sug-
gests that the structural modification induces a crystal
field change which affects (increases) more significantly
the transition probabilities of Tb>* emission lines.

Size Effects in Annealed Nanocrystals. Despite the pro-
mising results mentioned above, the further applica-
tion of HfO, nanocrystals, especially as optical materials
for scintillator applications, requires additional infor-
mation. In fact, the extremely small size of these
inorganic materials should affect its properties and
represents a point of potential alteration of the optical
and physical behavior. The quantum confinement
and the role played by intrinsic defectiveness asso-
ciated with extremely high surface area are major
topics in the interpretation of data on luminescent
nanocrystals.*' ~** The special nature of the synthesis
mechanism here adopted, which differs strictly from
many other wet and vapor-based approaches (Pechini,

LAURIA ET AL.

Sol—Gel, Atomic Layer Deposition), should be taken into
account. The solvolysis of precursor molecules governed
by benzyl alcohol is expected to involve the formation of
organic species which could be coordinated to the
surface of the inorganic nanophases. This characteristic
is well documented for many metal oxides, and should
be taken into account, due to its expected impact on
surface chemistry and consequently on the solvent
compatibility, agglomeration state and phase transfor-
mations after successive thermal treatments of the
material.** Literature data for HfO, nanophosphors on
this concern are not widely reported, due to the higher
temperatures often involved in the synthesis procedures
used for its preparation.>'%'*?° Therefore, a more de-
tailed description of these materials is needed, in order
to predict the evolution of its properties during further
processing.

Figure 7a shows the typical TGA and DSC profile of
dried as prepared NPs. A weight loss of 12% at around
450 °C associated with the main exothermal events is
ascribed to the thermal decomposition of organic re-
siduals present in the system. The vibrational spectros-
copy analysis on as prepared and annealed products
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Figure 7. (a) TGA (blue line) and DSC (red line) curves of
10 mol % Lu doped HfO, nanopowders. (b) ATR-FTIR absorp-
tion of as prepared 2 mol % Lu (black line) and calcined
10 mol % Lu doped (red line) HfO, powders. (c) Raman
spectra of as prepared 2 mol % Lu (black line) and calcined
10 mol % Lu doped (red line) HfO, powders; inset shows
spectra enlarged in the low wavenumbers region (asterisks
mark Raman modes of benzoate species, vertical lines mark
Raman modes of HfO,).

allowed to better identify the nature of these species.
FTIR absorption measurements recorded on ATR con-
figuration (Figure 7b) show the presence of bands at
1598, 1497, and 1450 cm ™ assigned to phenyl ring C=C
stretch modes, while the peaks at 1545 and 1427 cm™"
could be ascribed to the asymmetric and symmetric
stretching of COO™ groups, respectively.*>4®

This evidence, together with the absence of OH
stretching bands in the 2500—3000 cm ™' range, sug-
gests the presence of benzoate groups coordinated
to the nanoparticles surface, which are absent after
annealingin airat 1000 °C, rather than the permanence
of benzyl alcohol or benzoic acid.*” The Raman inves-
tigation on the same materials (Figure 7c) exhibits
peaks at 618, 1004, and 3066 cm ™' typical of phenyl
rings of benzoate, together with signals at 377, 399,
495, 552, 586, 641, and 670 cm ™', all ascribed to HfO,
vibrational modes.*®~>° The comparison of these data
with those of pure substances, and with data collected
elsewhere on yttrium oxide nanohybrids obtained by a
similar method,>' corroborates the possible functional-
ization of nanoparticles by benzoate groups, decom-
posed as the powders are calcined above 500 °C.

LAURIA ET AL.

Besides the removal of organic residuals, the heat
treatment of the material has also a structural implica-
tion. Figure 8 describes the XRD transformation during
annealing of cubic HfO,:Lu 10 mol % NPs, and evinces
the sharpening of diffraction peaks depending on
temperature increase.

The average crystallite size is increased from 2.9 to
23.0 nm, according to values calculated from XRD
patterns by applying the Scherrer formula on the
(111) plane diffraction located at 26 = 30°. Neverthe-
less, no peak shift is observed along the 26 axis,
suggesting that the crystalline structure does not
change during this transition. HRTEM image on the
same calcined sample confirms the relevant increase of
crystalline domains, as well as the formation of poly-
crystalline larger aggregates. Also electron diffraction
accounts for a limited number of crystalline orienta-
tions, associated with much larger crystallites probed
by the electron beam. As expected, thermal treatments
have a double effect: on one hand, the removal of
organic species from the particles surfaces; on the
other hand, the nanoparticles growth and their aggre-
gation. These modifications are reflected in a change in
the luminescence properties.

The measurement of the RL efficiency was em-
ployed in order to monitor the role played on the
optical properties by the changes of morphology and
structure associated to annealing. RL data of Eu and
Eu/Lu co-doped HfO, are reported in Figure 9a, both
before and after annealing. Untreated NPs show a
monotonic increase of the RL efficiency with the Eu
concentration up to 1 mol %, followed by a nearly
constant signal for higher concentrations. After annealing,
a considerably higher RL signal is observed at low Eu
concentrations, which however does not increase signifi-
cantly by varying the Eu content in the whole concentra-
tion range from 0.01 to 10 mol %. Co-doping with Lu does
not seem to substantially modify the emission efficiencies.

The lack of RL increase above 1 mol % Eu for
untreated samples, and in the whole concentration
range for calcined samples, could suggest the pre-
sence of concentration quenching effects. For heavier
dopings, it could be in fact assumed the coexistence of
multiple luminescence sites in the same nanocrystal,
very small before annealing. On the other hand, the
calcined powders are expected to show a higher
degree of compaction, a lowered average distance
between luminescence sites, and the consequent
quenching of the luminescence by dipole interaction
even for minor Eu* dopings. However, time-resolved
photoluminescence (PL) measurements of the >Do—F,
transition, obtained on all annealed samples by exciting
at 290 nm (see Figure S4 in Supporting Information), did
not reveal any clear sign of decay acceleration or
distortion depending on the doping. On the contrary,
Figure 9c shows a decay time increase together with Eu
concentration. Such effect could be likely related to
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Figure 8. (Bottom left) XRD of 10 mol % Lu doped HfO, NPs, recorded during heating in air at successive temperatures
(asterisks mark peaks arising from corundum substrate). (Bottom right) increase of crystalline domains as measured by the
same diffractograms according to the Scherrer formula. (Top right) TEM micrograph of the powder treated at 1000 °C showing
high crystallinity, and confirming the increase of average grain size. (Top left) electron diffraction of the same sample.

structural parameters, that is the modification from the
monoclinic to the cubic lattice. The role of annealing
seems that of removing non-radiative channels, which
are responsible for a slight decay distortion in untreated
samples, as displayed in Figure 9b for the illustrative
case of the powder with 0.3 mol % Eu. Such non-
radiative channels could be caused by organic residuals
(absent after calcination) and surface defects (reduced
by crystal growth). A decay lengthening is observed at
high Eu concentrations also for untreated samples (see
Figure S3 and Table S3 in Supporting Information). We
note that some concentration quenching could possibly
occur at concentrations higher than 1 mol %, even if no
clear sign of it is revealed in time decays which are more
likely governed by structural modifications.

The picture of the luminescence efficiency versus Eu
concentration was further completed by the analysis of
the intensity of steady state PL emission measurements
using the same excitation and emission conditions
(Figure S5 in Supporting Information). Interestingly,
the comparison with RL data reveals that the PL
efficiency is not significantly modified by the anneal-
ing, contrary to expectation after removal of non-
radiative channels. However, the relevant error associated
to these steady state measurements could prevent the
clear observation of a rather weak efficiency improvement.
The striking differences between PL and RL efficiencies

LAURIA ET AL.

after annealing can be explained considering the differ-
ent excitation mechanisms operating in the two cases:
while a selective intra-center excitation is performed for
PL, free electrons and holes are the primary product of
X-ray irradiation, which cause lattice ionization. There-
fore, the radiative emission at Eu*>" centers occurs in RL
only after a fast transport stage of free carriers, which
migrate in the lattice losing their energy until they are
captured by Eu ions. In this migration stage, carriers can
also be trapped by defects which finally reduce the
efficiency of radiative recombination. Therefore, it can
be argued that the reduction of defect states after
annealing already evidenced by the straightening of
PL decays is also reflected in a much efficient carrier
transfer to Eu luminescent ions occurring during the RL
measurement. This explanation however does not justify
the lack of signal increase observed in annealed samples
when the Eu concentration increases. This finding deserves
further investigations and only hypothetical explanations
can be here proposed; for example, it could be supposed
that trivalent Eu incorporated in high concentrations in
HfO, can be the cause of additional, rare-earth driven
point defects causing self-absorption of the emitted light.

Finally, the PLE and PL data of HfO,:Lu/Eu (10, 1T mol %)
powder are reported in Figure 10. The excitation spectrum
of the *Dy—F, transition at 612 nm shows the charge
transfer (CT) band peaking at 285 and 293 nm before and
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Figure 9. (a, left) RL efficiencies of hafnia nanoparticles
co-doped with Lu (2 and 10 mol %) and Eu (1 mol %), before
and after heat treatment at 1000 °C (BGO refers to Bismuth
Germanate powder shown as reference). (a, right) RL effi-
ciencies of as prepared (dotted line) and treated (full line) Eu
doped HfO, NPs, depending on nominal Eu concentration
(values determined as integrals over the 500—750 nm range
of RL spectra recorded in the same conditions). (b) Room
temperature PL decays of 0.3 mol % Eu doped HfO,
nanoparticles before and after annealing at 1000 °C. A¢yc =
290 nm, Aem = 613 nm. (c) Room temperature PL decays
of Eu doped HfO, nanoparticles after annealing at 1000 °C.
Aexc =290 nm, lem =613 Nm.

after the thermal treatment, respectively, whereas the
Eu*" transitions from “Fq; levels are significantly in-
creased by calcination (Figure 10, top panel). The PL
emission spectrum of the untreated sample excited at
364 nm is dominated by a broad blue band, which
vanishes by exciting at 292 nm where, in turn, only
Eu®' red emission is detected (Figure 10, bottom
panel). After the thermal treatment, the PL emission
spectra are dominated by the forbidden *Dy—’F,
transition of Eu®>": a broad luminescence band cover-
ing the high energy side of the spectrum is observed
exciting at 364 nm.

Hence, the material exhibits an evident spectral
emission modification by slightly changing the excita-
tion wavelength, also depending on thermal treat-
ment. The inset in Figure 10 shows photographs of
cubic phase HfO, NPs (Eu 10 mol % and Lu/Eu (10,
1 mol %), respectively) illuminated with the two lines of
a common Wood's lamp. Here, the 365 nm line well
excites the blue emission and only partially excites the
Eu-related red emission. As a consequence, the excita-
tion with the lower energy line results in a pink
emission for the higher concentration of europium,
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Figure 10. (Top panel) PL excitation (PLE) spectra of the
600—620 nm emission range of HfO,: Lu/Eu (10, 1 mol %)
before (black line) and after (red line) treatment at 1000 °C
(spectra normalized to CT maximum). (Bottom panel) PL
emission (PL) spectra of HfO,:Lu/Eu (10, 1 mol %) before
(blue lines) and after (red lines) annealing, with 1. =
364 nm (dashed lines) and in CT (full lines) at Ao, = 292 or
305 nm (all emission spectra normalized at 612 nm, and
shifted over the ordinate axis for clarity; spectra are altered
in the higher energy region by the use of a cutoff filter at
418 nm). Inset: optical images taken on untreated powders
by exciting with the 365 or 254 nm lines of a Wood's lamp.

whereas the blue component dominates in the sample
with only 1 mol % Eu.

CONCLUSIONS

A synthesis strategy disclosing the multifunctional
role of RE doping in luminescent HfO, nanoscintilla-
tors obtained through the nonaqueous sol—gel
method was presented. The detailed study of the
structural modifications induced by the incorpora-
tion of trivalent RE reveals that a concentration of at
least 5 mol % is needed in order to stabilize the cubic
polymorph of hafnia nanoparticles at room tempera-
ture. The results demonstrate the possibility to in-
duce luminescent properties through the doping
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with one or more RE activators, while the structural
stabilization can be simultaneously carried out by co-
doping with nonluminescent Lu** ions, in higher
amounts. These findings open the way for a high
level of control on the functional/structural proper-
ties through the appropriate choice of dopants and
their concentrations in a one-pot synthesis proce-
dure. Moreover, in the perspective of its application

EXPERIMENTAL SECTION

Materials. Hafnium(lV) tert-butoxide (99.99%-+ Zr) and lutetium
acetate hydrated were purchased from Multivalent Laboratory,
Eriswell, UK. Europium(lll) acetate hydrate (99.99%), terbium(lll)
acetate hydrate (99.9%), and benzyl alcohol anhydrous (99.8%)
were purchased from Sigma-Aldrich. All precursors were used as
received.

Synthesis of Hf0, Nanopartides. Syntheses by nonaqueous
sol—gel were carried out in a glovebox (O, and H,0 < 0.1 ppm).
In a typical synthesis, hafnium(lV) t-butoxide was added to
anhydrous benzyl alcohol (BnOH) into a glass test tube. For
doped samples, the appropriate volumes of the acetates pre-
dissolved in BnOH were mixed to the solvent before addition of
Hf precursor. A total amount of 2.4 mmol of precursor and a total
volume of 20 mL mixtures were used. The reaction mixture was
transferred into a Teflon liner of 45 mL, slid into a steel autoclave
(acid digestion vessel mod. 4744 by Parr Instrument Company)
and carefully sealed. The autoclave was taken out of the glove-
box and heated in a furnace at 220 °C for 96 h. The synthesis
resulted on a milky suspension that was centrifuged; the pre-
cipitate was thoroughly washed with diethyl ether (Aldrich) and
then dried in air at 60 °C overnight.

Characterization. All X-ray diffraction (XRD) measurements
were performed in reflection mode (Cu Ka radiation at 45 kV
and 40 mA) either on a XPertPro diffractometer or on an
Empyrean diffractometer (equipped with a high tempera-
ture chamber model HTK 1200 from Anton Paar), both from
PANalytical (The Netherlands).

Differential scanning calorimetry and thermogravimetry
(TG/DSC) were performed on a Netsch STA 449C; samples were
prepared by placing nanopowders in Pt crucibles with a lid, and
measured in Ar/O, flux against empty Pt crucibles as a refer-
ence. A subsequent cycle was performed on the annealed
sample as correction measurement.

Energy Dispersive X-ray Spectroscopy (EDS) measure-
ments were measured on a Zeiss Leo Gemini 1530. Induced
Coupled Plasma (ICP) elemental analysis was achieved through
a Perkin-Elmer ICP-OES Optima 7000 DV.

TEM measurements were made on a Philips FEI Tecnai F30
microscope operated at 300 kV on samples prepared by depos-
iting onto carbon coated Cu grids 10 uL of ethanol (Aldrich)
suspension of washed NPs.

Attenuated total reflectance (ATR) measurements were
performed on a Bruker Alpha FT-IR Spectrometer equipped
with diamond ATR optics. MicroRaman spectra were collected
in backscattering configuration using the 633 nm line of a
He—Ne laser on a Labram Dilor spectrometer.

The radioluminescence (RL) measurements were carried
out at room temperature (RT) using a homemade apparatus
featuring, as detection system, a charge coupled device (CCD)
(Jobin-Yvon Spectrum One 3000) coupled to a spectrograph
operating in the 200—1100 nm range (Jobin-Yvon Triax 180).
The data were corrected for the spectral response of the
detection system. RL excitation was obtained by X-rays irradia-
tion through a Be window, using a Philips 2274 X-ray tube with
tungsten target operated at 20 kV. The data were corrected for
the spectral response of the detection system.

Time-resolved photoluminescence (PL) measurements
were performed at RT by a Varian Eclipse spectrofluorimeter.
Steady state PL spectra were measured at RT by a xenon lamp as

LAURIA ET AL.

as optical nanocomposites or ceramics, the transfor-
mations occurring during thermal treatments helped
to predict both the stability of the modified crystal-
line cubic phases and the optical performance gain.
Finally, it was possible to highlight a luminescence
color switch depending on excitation wavelength
thanks to the selective excitation of intrinsic or
activator-related emissions.

excitation source, together with a double monochromator
(Jobin-Yvon Gemini 180 with a 1200 grooves/mm grating),
and recorded through a nitrogen cooled CCD detector coupled
to a monochromator (Jobin-Yvon Micro HR).
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