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ABSTRACT

Defect engineering operated on metal oxides by chemical and structural modifications may
strongly affect properties suitable for various applications such as photoelectrochemical
behaviour, charge transport and luminescence. In this work we report the tuneable optical
features observed in undoped monoclinic HfO, nanocrystals and their dependence on the
structural properties of the material at the nanoscale. Transmission electron microscopy together
with X-ray diffraction and surface area measurements were used to determine the fine structural
modifications, in terms of crystal growth and coalescence of crystalline domains, occurring
during a calcination process in the temperature range from 400 to 1000 °C. The fit of the broad
optical emission into spectral components, together with time resolved photoluminescence,
allowed us to identify the dual nature of the emission at 2.5 eV, where an ultrafast defect-related
intrinsic luminescence (with decay time of few ns) overlaps with a slower emission (decay of
several us) due to extrinsic Ti - impurity centres. Moreover, the evolution of intrinsic visible
bands during the material transformation was monitored. The relationship between structural
parameters uniquely occurring in nanosized materials and the optical properties was investigated
and tentatively modelled. The blue emissions at 2.5 and 2.9 eV are clearly related to defects
lying at crystal boundaries, while an unprecedented emission at 2.1 eV enables, at relatively low

calcination temperatures, the white luminescence of HfO, under near-UV excitation.



Introduction

Hafnium dioxide (or hafnia) is a wide band gap material denoted by outstanding
physicochemical properties. It has been subject of intense research in the last twenty years
mainly due to its quite high dielectric constant (g, = 30), making it a suitable alternative to silicon
dioxide insulating layers for the improvement of integrated circuits.”> More recently this
material has been considered also as a luminescent material, due to its wide bang gap, high
chemical resistance and quite high density, which makes it a good candidate host for phosphor
and especially scintillator applications. In fact, the high density of the HfO, matrix ensures a
large stopping power for ionizing radiation (X-rays, y-rays), while the luminescence can be
activated by the incorporation of elements such as rare earths (RE). Due to the restrictions of the
synthesis techniques for this material, HfO, has been formerly studied mainly in the thin film
geometry, i.e. systems confined at the nanoscale in one dimension.*® Indeed the very high
melting point of this oxide strongly limits the ability to produce it in the form of bulk crystal and
from common crystal growth methods.”® The more recent advances in colloidal preparation
techniques led, in the last years, to reports concerning HfO, nanocrystals, where the three-
dimensional confinement at the nanoscale occurs.**™*®

The last years witnessed a growing interest of the research community on materials able to
express intrinsic luminescence without the employment of RE activator impurities, which

represent the current strategy for phosphor lighting,™ 2

mainly because of the recent dramatic
increase of their cost.>*? Intrinsic luminescence has been observed already in metal oxides like
HfO, and ZrO,, lying in the UV-blue region of the spectrum, that has been ascribed to the

presence of point defects, such as oxygen vacancies, in the crystal lattice. **?” The relevance of

these results lies in the opportunity to obtain new and lower cost solutions for the realization of



phosphor devices for the down-conversion of UV radiation, such as UV light emitting diodes
pumped white lighting (ultraviolet-WLED).?® Also, despite these oxides usually show
luminescence excitation at relatively high energy (UVC region, A < 280 nm),* ?*-%* % the shift of
the excitation to lower energies (UVA, 315-400 nm) could be advantageous because of cheaper
UV-LED as pumping sources, and might even extend their application as luminescent solar
concentrators operating in the otherwise ineffective near-ultraviolet portion of the sun
spectrum.®® 3 Indeed, the optical properties of metal oxides and other classes of materials can
strictly depend on peculiar structural features expressed at the nanoscale. Quantum confinement
has been observed in metal oxides like Gd,Os; and Sn0..** * Moreover the fine structural
modifications associated with changes in NPs diameter as well as with defects concentration and
ligand nature, have been proposed to be on the basis of the UV-visible tuning of the emission
properties of ZnO nanostructures.>** Accordingly, it is reasonable to expect that minor changes
in surface elemental composition, occurrence of point defects, and lattice symmetry alterations
that are typically confined at crystal interfaces, may be of major relevance in nanopowders,
where a large portion of the material is actually located in close proximity to interfaces, i.e. at
grain boundaries or at the crystal surface.®

In this work, we describe the occurrence of emission bands in the visible range not completely
reported in literature so far, which seem to be related to the structural conformation of
nanostructured crystalline HfO,, without the employment of any dopant as luminescence
activator. The dynamics of the evolution of such properties have been monitored together with
the fine structural modifications, occurring in the material during the process of calcination, in
the attempt to find a correlation between visible emission and both crystal size and grain

boundary configuration. These phenomena govern the visible emission and excitation patterns so



enabling the tuning of the emission color depending on the annealing temperature. This approach
might, in principle, represent a general strategy for the engineering of new activator-free
phosphors with white emission pivoted by the structural parameters at the nanoscale.
Results and discussion

Structure and Morphology of annealed HfO, nanocrystals.

HfO, nanocrystals were synthesized by a non aqueous solvothermal method according to our
previous work.'” Shortly, Hf t-butoxide dissolved in benzyl alcohol was heated in a steel
autoclave at 220 °C for 96 h. The obtained milky suspensions were thoroughly washed in diethyl
ether and the precipitate was dried overnight at 60 °C. The white powder obtained by this
method consists of nanoparticles (NPs) with an average diameter of 2.8 nm characterized by a
slightly elongated round shape and a quite sharp size distribution. The nanocrystals are decorated
by an organic layer of benzoate groups, resulting from the reaction of benzyl alcohol, which is
decomposed and removed from the surface at temperatures between 400 and 500 °C [see ESI
Figure S2 and S3]. For this reason the nanopowders were annealed in air at different
temperatures with a heating rate of 10 °C/min and were kept for 2 h at the final temperature.
From the in situ XRD analysis of the HfO, nanopowders (Figure 1a) the main structural effect of
the annealing seems to be a gradual sharpening of diffraction peaks, which corresponds to
increasing average crystal sizes, while the crystal geometry is monoclinic irrespective of the
annealing temperature. Despite preserving a relatively small crystal size (still few tens of nm
after annealing at 1000 °C, Figure S1 in the ESI) a considerable level of aggregation is observed
in the TEM micrographs already for powders treated at 400 °C and above (Figure 1b-e). These
complex and simultaneous phenomena of the material transformation are nevertheless associated

to a significant structural modification imparted to the material. The lattice configuration is in



fact partially distorted, leading to a certain degree of disorder, which is reflected in Raman
vibrational modes slightly broadened and shifted towards lower wavenumbers [Figure S4 in

ESI].
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Figure 1. Structural evolution of monoclinic hafnia NPs annealed at different temperatures. In-
situ XRD analysis performed on undoped HfO; reveals a significant crystalline domain growth
starting at 450 °C (the pattern of monoclinic HfO, [JCPDS: 01-078-0050] is reported for
reference) (a). HR-TEM micrographs of “as prepared” nanoparticles (b) and of powders

annealed at 400, 500, and 1000 °C (c, d and e, respectively).

Considering the above, HfO, NPs can be used as a model system where, starting from crystalline
ultra-small nanoparticles, only surface restructuring and lattice reconfiguration (i.e, crystal
growth, sintering, and rearrangement of lattice defects) are promoted by annealing, while the
monoclinic structure is kept substantially unmodified. This offers the chance to interpret the
relationship between the optical properties of the material and its structure at the nanoscale, by

analysing their evolution while morphological changes are imparted during calcination.



Intrinsic and Ti-related emission patterns.

Photoluminescence (PL) measurements were performed on thermally annealed undoped HfO,

NPs. In Figure 2 some of the PL spectra obtained under 4.4 eV (280 nm) continuous wave (CW)

excitation for low (Figure 2a and 2b) and high (Figure 2c) temperature treated samples are

shown as a function of energy.
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Figure 2. Dependence of the optical emissions of HfO, nanopowders excited at 4.4 eV (280 nm)

on the annealing temperature. a), b), c): PL spectra of samples heated at 450, 600 and 1000 °C,

respectively. Gaussian components (full lines) obtained by the numerical fit (green dashed line)

are shown together with experimental curves (circles). d): total emission intensity (black) and

intensity of the 2.5 eV component (blue) depending on the annealing temperature. e): intensity of

the thermally unstable components at 2.1, 2.9 and 3.6 eV (red, green and orange, respectively).

In panels d) and e) the full lines are guides for the eye.



The PL spectrum of the powder treated at 450 °C shows a broad composite emission ranging
from 1.5 eV to 3.9 eV. The main effect of the annealing is the narrowing of the NPs
luminescence. The intensities of all bands show clear fluctuations up to approximately 600 °C.
At higher temperatures, the emission centred at 2.5 eV (490 nm), increases with temperature and
dominates the PL spectrum when the sample is treated at 1000 °C; differently, the intensities of
the other bands peaking at 2.1, 2.9 and 3.6 eV decrease sharply until they become barely
detectable above 700 °C.

All the PL spectra were deconvolved into Gaussian components using the Levenberge -
Marquardt algorithm. The fit was performed using four bands whose energy (E) and width
(FWHM) values are reported in Table S3 (see ESI). Figure 2 reports the obtained deconvolution,
with Gaussian fits that are in very good agreement with the experimental curves. The assignment
of luminescence emissions to some specific defect centres is usually a challenging task. In the
following we focus mostly on the blue emission detected in our NPs. In fact the detailed analysis
of the 2.5 eV band and of its dependence upon thermal treatments allowed us to reveal some
aspects of its complex nature. A blue emission in metal oxide NPs, like HfO, and the structurally
equivalent ZrO,, was already observed and tentatively attributed to optically active intrinsic
defects and self-trapped excitons.*® *° Specifically, in hafnia, a band at 2.7 eV (459 nm) has been
explained in terms of the presence of oxygen vacancies.*’ On the other hand, other authors
suggested an extrinsic nature for a similar band observed in ZrO,, due to the presence of some
unintentional impurities like hafnium, iron, and titanium which act as primary activators.*?
Among the known different impurities in zirconia, Ti is the most probable candidate to show
luminescence. The Ti** (3d") ion can be easily photoexcited and, through the radiative 3d* (e; —

tyg) transition, it emits light at about 2.5 eV.* Inspired by these latter considerations, we



performed the elemental analysis on one of our samples (i.e. that annealed at 800 °C) which
revealed a Ti concentration of 0.0042 + 0.0019 at% with respect to (Hf+Zr), likely deriving from
the Hf precursor.

With the aim to disclose the nature of the 2.5 eV luminescence in our HfO, NPs, we compared
the excitation-emission features of samples calcined at increasing temperatures, with those of a
sample intentionally doped with titanium (0.75 mol% nominal concentration) and treated at 1000
°C. As representative examples, in Figure 3 the photoluminescence and photoluminescence
excitation (PL-PLE) spectra of undoped NPs annealed at the lowest and at the highest
temperatures (400 and 1000 °C respectively) are shown, together with those of HfO,:Ti.
Relevant differences are noticed. When the undoped sample is treated at low temperature (Figure
3a), the PLE shows a dominant component at 3.5 eV (350 nm) accompanied by a shoulder at
about 4.4 eV. By exciting the NPs in the dominant band at 3.5 eV, a composite spectrum is
obtained displaying the 2.5 eV emission and two additional components peaking at 2.1 (590 nm)
and 2.9 eV (430 nm). Their spectral positions and half-widths are similar to those of the bands
obtained under 280 nm excitation (Figure 2, see also Table | and Table Il of Supporting

Information).

At variance, in samples treated at 1000 °C the excitation spectrum monitored at 2.5 eV emission
reveals the presence of a dominant excitation component at almost 4.4 eV (Figure 3b).
Moreover, the excitation at this energy leads to only one emission band at 2.5 eV. Interestingly,
in this case the PL-PLE spectra are in good agreement with those of the Ti:HfO, sample (dot

lines in Figure 3b).
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Figure 3. a): PL excitation (grey line) spectrum monitored at 2.5 eV of HfO, annealed at 400 °C,
together with the PL emission (black lines) spectrum under 350 nm (3.54 eV) excitation. The
Gaussian components of the PL spectrum are also shown (red, blue, and green dash-dot lines).
The high energy side of the emission spectrum is slightly distorted by the presence of a long-pass
filter, reflected on its partial mismatch with the Gaussian fit of the spectrum. b): PLE of the blue
emission and PL spectra under 4.4 eV (280 nm) excitation (grey and black continuous lines,
respectively) for the 1000 °C annealed NPs, compared with the Ti doped (5000 ppm) HfO,

calcined at 1000 °C (grey and black dot lines). Vertical dot lines mark the 2.5 eV emission.

On the basis of the different excitation spectra reported in Figure 3a and 3b, a double origin of
the luminescence at 2.5 eV can be suggested: i) for high annealing temperature, the emission is
efficiently excited at 4.4 eV and it can be associated to a Ti-related transition; ii) at low
annealing temperature, the emission is preferentially excited at lower energy, and is possibly
associated to intrinsic defects of such ultra-small particles as it will be discussed later. We used

time resolved photoluminescence in order to confirm the double nature of the 2.5 eV band.
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Again, the fluorescence decays of annealed undoped HfO, NPs were also compared to that of a
Ti doped HfO, annealed at 1000 °C. Figure 4a shows that, if the NPs are annealed at low
temperature (450 °C), the PL under irradiation at 4.96 eV (250 nm) decays as a bi-exponential
function with characteristic lifetimes of 1;=1.7 £ 0.2 ns and t,= 7.4 £ 1.2 ns (light blue line).
Moreover, the high background signal suggests the presence of a third component with a
significantly longer decay time which cannot be appreciated in the nanosecond time range. This
evidence has been confirmed by decay profile in the ms domain (Figure 4b) showing a triple-
exponential decay with an overall half-life of 0.81 ms. Phosphorescence spectrum also suggests
that the signal monitored at 2.5 eV is likely attributable to the same emission band peaking at 2.9

eV observed in steady-state measurements (see ESI, Figure S7).

After annealing at 900 °C, the PL decay changes dramatically (Figure 4c, red circles). The
luminescence still decays as a bi-exponential function, but with decay times t;=1.3 £ 0.2 us and
T, = 6.7 = 0.2 s, three order of magnitude longer with respect to the sample treated at low
temperature. As a matter of fact, the observed decay is very similar to that of Ti doped hafnia
NPs (Figure 4c, black circles). The dominant presence of the Ti-related transition can be
explained by the reduction of non-radiative channels induced by the annealing at higher
temperatures, which are expected to increase the dimension of the nanocrystals and decrease the
concentration of defects (Figure 1). By excitation at 3.65 eV (340 nm) (Figure 4d), where Ti
centers are poorly stimulated (Figure 3b), we observe an intrinsic blue PL emission, which shows
a decay time similar to the one previously recorded for samples annealed at a lower temperature
(Figure 4a). The two luminescence components of the sample annealed at 900 °C decay with
lifetimes of t1; = 1.3 £ 0.1 ns and t, = 7.7 £ 0.8 ns; in accordance with this result, the PL of the

low temperature treated NPs decays as a bi-exponential function, with t; = 1.4 £ 0.1 ns and 1, =
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5.3 £ 0.5 ns. The discrepancy over the PL decay background of the two samples may be due to
the presence of other luminescence components, whose emission bands overlap the 2.5 eV one

and whose time decays may be longer.
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In summary, the existence of two distinct emissions at 2.5 eV in low- and high-temperature
treated samples is demonstrated by both their different excitation profiles and very different time

decays.

Near-UV intrinsic fluorescence

Based on these evidences, we performed the analysis of emission spectra while exciting at lower
UV energies, namely at 3.5 eV (350 nm). Nanophosphors absorbing in this energy region may be
in fact also considered to be implemented in ultraviolet-WLEDs. Moreover they could be
potentially suitable as downconverting materials for solar application, as the sun spectrum shows
a non negligible near-UV intensity, provided that they could reach a satisfactory efficiency.***°
The emission spectra (Figure 5a,b,c) display the same spectral components revealed under 4.4
eV (280 nm) excitation (Figure 2). However here, in accordance with the above shown results,
the band at 2.5 eV is the intrinsic fast emission and not the Ti-related one. Again, the overall
shape of the spectra is clearly dependent on the annealing temperature as shown by the changes
of the relative band intensities (Figure 5e). Indeed, the emission color turns from blue to cyan by
increasing the temperature from 400 up to 500 °C.

After heating at 600 °C we observed a nearly white emission, with internal quantum yield (QY,
i.e. number of emitted photons/number of absorbed photons) and external quantum efficiency
(QE, i.e. number of emitted photons/number of incident photons) of 7.5 % and 3.1 %,
respectively. While higher efficiencies of intrinsic emissions are reported for some other oxides
such as ZnO and Ga,03; under UVC (250 nm) excitation, no information are available on their
performance in the UVA spectral region.*”*® Significantly higher fluorescence yields in rare-
earth-free oxide phosphors are reported only for systems where the near-UV excited

luminescence is boosted by organic residuals or based on carbon-related defects.”®*® For higher
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temperatures we recorded a less intense blue emission (Figure 5d). The two higher energy
components (violet at 2.9 eV and blue at 2.5 eV, respectively) decrease with increasing
temperatures up to 700 °C (Figure 5e). The evolution of the sintering process is associated to an
increase in the crystal average size (measured by the Scherrer formula applied to ex-situ XRD),
together with the simultaneous decrease of surface specific area (obtained by Brunauer Emmett
Teller (BET) gas sorption measurements). These transformations are reported in Figure 5f, and
account for the rearrangement of the nanocrystals towards energy minima where the
discontinuities of the lattice are reduced as long as external energy is provided to the material.
The overall data displayed in Figure 5 confirm a clear dependence of the optical features upon
structural parameters. More precisely, the annealing promotes the growth of crystalline domains
and is reflected in a lower solid-solid interface at grain boundaries which is inversely dependent
on crystal size, while the coalescence of neighbor crystallites (sintering) reflects on a lowered

solid-vapor interface which was here evaluated by the measurement of specific surface area.*
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Figure 5. Evolution of visible luminescence excited at 3.5 eV (350 nm) of HfO, nanopowders
depending on the annealing temperature. a, b, c): PL spectra of NPs treated at 450, 600 and 1000
°C, respectively. d): CIE1964 chromaticity diagram reporting the coordinates of luminescent
hafnia nanopowders treated at temperatures of 400 - 500 °C (blue circles), 550 °C (white
triangle), 600 °C (yellow triangle) and 650 - 1000 °C (red squares). e): absolute intensity of
deconvolved components depending on annealing temperature. f): specific surface area and

average crystal size recorded ex-situ on annealed samples depending on final temperature.
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Correlation between intrinsic emission and structure modifications.

These measurements allowed us to suggest that different optically active defects exist in the
nano-crystals, located either at inner crystal sites or at its boundaries. In a poly-crystal, the
boundaries can be of two kinds: 1) solid-solid interfaces between two adjacent crystallites,
presenting a mismatch of the crystal lattice orientation, and ii) solid-vapor interfaces, i.e. the
surface of crystal domains in contact to the environment. We tried to quantify the area of these
interfaces under the approximation that crystallites are of spherical shape and constant density,
leading to the total specific surface, calculated as the total area per unit mass of nanocrystals
having average diameter equal to that obtained by TEM and XRD analysis. On the other hand
the BET specific surface of the nanopowders was employed to directly measure the solid-vapor
interface area. Despite this speculation is made under strong approximations about the material
morphology, the specific grain boundaries area, i.e. the solid-solid interface, can be reasonably

determined as difference between these two quantities.

In the attempt to find a correlation between the optical emissions and the structural
configuration, the results of this modeling are shown in Figure 6a, where the modifications of all
these three interface areas during the annealing, arising from crystal growth and sintering
phenomena at increasing temperatures, are schematically sketched together with the dependence
of the spectral components (excited at 350 nm where only intrinsic emissions belonging to
monoclinic HfO, are efficiently stimulated) displayed as a function of the different interface
zones. The blue components at 2.9 and 2.5 eV show a clear dependence on the material interface.
Their correlation with the total grain interface, the sum of solid-solid and solid-vapor interfaces,
shows, as expected, a similar yet inverse, i.e. ascending, trend with respect to temperature

(Figure 5e), because of the monotonic decrease of the surface of the crystallites as their average
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diameter increases during the annealing (Figure 6a). Interestingly these trends are strongly
different when the bands intensities are displayed as a function of solid-solid or solid-vapor

interfaces, separately.
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Figure 6. Dependence of the intensities of spectral components detected under 350 nm excitation
on the structural parameters derived from measured crystal average size and specific surface
area. a): Dependence on the total crystal interface. A representative scheme of the polycrystal
structural evolution during the annealing is also shown. b): dependence of the single components

either on the solid-vapor interface (measured as specific surface area by BET, right panels) or the
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solid-solid interface (determined as a difference between total and solid-vapor interface, left

panels).

The band at 2.9 eV shows a more clear linear dependence on the solid-solid interface,
suggesting that the defect sites from which this emission originates are possibly located at the
boundary between two misaligned crystallites. Inversely, its trend with respect of the solid-vapor
interface manifests a plateau for the highest interface areas, possibly suggesting the onset of its
quenching due to the interactions with species adsorbed on the outer surface of the nanocrystals.
The same consideration can be done for the band at 2.5 eV, though it shows a less linear growing
dependence also on the solid-solid interface. As already mentioned, oxygen vacancies can play a
major role as defect centers responsible for the optical emissions at 2.9 and 2.5 eV excited in the
near UV. In fact different variants of oxygen vacancies were found to be related to electronic
levels in the band gap of HfO, by Density Functional Theory (DFT) calculations.***® A link
between optical emissions excited around 350 nm and oxygen vacancies was also inferred by

252139 \with characteristics similar to those observed for

several experimental investigations,
Zr0,.2%4 The very fast ns decay time we measured for the 2.5 eV transition is similar to the
decay time values of F* centers in several oxides.**® Nevertheless, the presence of under-
coordinated ions, peculiar of nanoparticle surfaces, could also be considered as a source of
optically active defects. Indeed trapping of holes by oxygen ions at the surface of HfO, and ZrO,
was predicted by DFT calculations® while the presence of the corresponding O™ centers was
revealed in ZrO,.>® On the other hand, a role of self-trapped excitons can be reasonably ruled out
due to their expected higher excitation and emission energies.”® The band at 2.1 eV does not

show a clear dependence on any of these structural parameters, and may be more strictly related

to the annealing temperature. This fact cannot be interpreted in a conclusive way, and could be
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explained with a partial change in the material composition due to the incorporation of
contaminants, arising from the decomposed organic capping, and which are removed or
passivated for the highest annealing temperatures.*® Alternatively, it could also arise from
interface defects which are passivated, at temperatures below 500 °C, by the interaction with
species coordinated to the surface, and successively reduced by the lowering of boundaries above
650 °C. Despite the nature of this latter band is still unclear, it is worth noticing that, at
temperatures between 500 and 650 °C, its occurrence is responsible for the white emission of the

material, representing more than 50 % of the total emission (see for reference Figure S9 in ESI).

Conclusions

In conclusion, due to the quite high strength of Hf-O bonds, the structural transformations
occurring during the annealing of HfO, nanoparticles with very small initial diameter are
relatively limited. This enabled the continuous monitoring of the evolution of all the structural
transformations (organic capping decomposition, crystal growth, and coalescence) through ex
situ investigations of the material. The contemporary analysis of the optical properties of the
nanocrystals was correlated to the finely changed structural conformation occurring at the
nanoscale. Such transformations impact the nanoparticle morphology revealing a rich dynamics
of the emission spectral features depending on nanoscale structural characteristics of the
material. It was possible to distinguish the double nature of the 2.5 eV band. At this wavelength
in fact we reported the emission (best excited at 4.4 eV - 280 nm) arising from extraneous
impurities of Ti** ions, denoted by slow decays in the range of microseconds. As expected, this
emission dominates the spectrum after treatment at high temperature, its efficiency being
gradually optimized thanks to the rearrangement of the host matrix. Emitting at the same

wavelength, we recognized another optically active center (best excited in the near-UV region at
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3.5 eV - 350 nm), likely of defective nature, with ultrafast decays in the range of nanoseconds.
Its intensity decreases with the annealing, likely due to the thermally driven reduction of lattice
defects concentration. The material exhibited a tunable luminescence under near-UV 350 nm
excitation, depending on the structural configuration at the nanoscale, and not correlated to Ti
impurities. Indeed, the total light output is decreased as the crystalline grade of the material
increases, suggesting the defect-related nature of these optically active centers. On the one hand,
blue and violet components (at 2.5 and 2.9 eV) show a clear dependence on the interfaces area
and could be presumably associated to defects at crystal boundaries. On the other hand, the
emission at 2.1 eV becomes dominant (explaining more than 50% of the total luminescence)
only in a transitory configuration during the material transformation/sintering, being responsible
for the white light emission, though showing no clear dependence on the crystal interface
configuration in the material. Whatever the nature of this latter band, these results highlight the
occurrence of optical features, able to dramatically enrich the emission in the visible range, that
depend merely on the peculiar structural features expressed by materials confined at the
nanoscale. Despite this function/structure relationship needs to be further studied, it could be of a
general value and applicable also to other nanostructured metal oxides, for which defect
engineering is believed to govern basic phenomena suitable for various applications from
photocatalysis to microelectronics.””*® At the same time, the optical modifications here reported
may represent a key factor for basic research on nanomaterials and drive future design strategies

for luminescent dopant-free systems.
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