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The recent trends in scintillator technologies stimulate research efforts towards the development of 
novel materials morphologies such as nanoparticles, able to efficiently convert ionizing radiations into 
light. For example, scintillating nanoparticles attract great interest in medical oncological therapies. In 
this work, the structural and morphological properties of HfO2:Ti nanoparticles with Ti concentrations 
from 0.03 to 10 mol% and subjected to calcination up to 1000 °C are thoroughly characterized; 
moreover, X-ray photoelectron spectroscopy reveals the incorporation of Ti in both Ti (III) and Ti (IV) 
chemical states in as prepared samples, while the exclusive presence of Ti(IV) is unambiguously 
identified in calcined nanoparticles. 
The optical emission under X-ray excitation evidences an intense Ti (IV)-related luminescence at 2.5 
eV in high temperature calcined samples with a few microseconds scintillation lifetime, and efficiency 
comparable to that of Bi4Ge3O12 reference scintillator. Finally, the competitive role of defects in 
charge carriers capture is demonstrated by the monotonic increase of the 2.5 eV band during prolonged 
X-ray irradiation, more evident for nanoparticles with titanium concentration below 1 mol%. HfO2:Ti 
might also find application in X-ray triggered oncological therapies by using the Ti (IV)-related bright 
radioluminescence to excite photosensitizer molecules for singlet oxygen generation. 
 



 
1. Introduction 
Luminescent inorganic nanoparticles (NPs) of various compositions are attracting a vivid interest by 
virtue of their phase homogeneity, enhanced tunability of the physical and chemical properties, and 
suitability for the design and fabrication of nanocomposites.[1] In recent years, modern synthesis 
routes have led to the fabrication of new nanoscale materials with outstanding optical properties arising 
from their improved crystal phase and composition, narrow size distribution, and uniform shape.[2, 3] 
Luminescent NPs – metals, semiconductors, or insulators - have come to the forefront in modern solid 
state physics, lighting, next generation electronics and sensing, in the environmental and life science, 
as well as in medical and biological fields.[4-13] In particular, extensive theoretical and spectroscopic 
studies of the optical response of inorganic luminescent NPs have been proving the suitability of these 
systems in the field of phosphors and scintillators for lighting and radiation detection applications.[9, 
14-18] For instance, defect-engineering strategies can be applied in wide band gap nanomaterials. The 
tuning of their intrinsic luminescence properties, which are mostly due to optically active intrinsic 
defects 
and self-trapped excitons,[19-22] results from chemical and structural modifications, surface 
restructuring, and lattice reconfiguration (i.e, crystal growth, sintering, and rearrangement of lattice 
defects).[19, 23] In turn, other studies have revealed the possibility to modify the materials emission 
colour through doping routes. A well-known way of increasing the luminescence performance of 
nanoparticles is based on extrinsic centres consisting of the incorporation of rare earth (RE) or 
transition metal (TM) ions in the crystal lattice.[24-31] 
Regardless of the emission type – either intrinsic or extrinsic – the design of novel scintillating 
nanoparticles is mostly focused on optimizing their ability to efficiently convert the absorbed ionizing 
energy into visible (Vis) or near ultraviolet (UV) light.[32] In this framework, the research of new 
strategies for defect engineering and doping is active, coupled to the unceasing investigation directed 
to the comprehension of the physical phenomena occurring between the host lattice and optically active 
centres.[33] 
Hafnium dioxide (hafnia - HfO2) is considered a versatile nano-system by the materials science 
community.[34] Indeed, the more recent advances in colloidal preparation techniques have allowed the 
production of HfO2 crystalline nanoparticles with diameter below 5 nm, overcoming the difficulty of 
bulk growth (due to its very high melting point of over 2700 °C).[35] Hafnia presents specific features, 
such as high density (9.7 g/cm3) and high atomic number of Hf (Z= 72) ensuring high absorption 
efficiency of the ionizing radiation, and a band gap of ~ 5.6 eV, which, in turn, makes this material a 
suitable host for luminescent dopant ions.[15, 26, 36-44] In addition to the extrinsic luminescence, 
related to the dopant, previous studies found a broad emission band specific for the undoped 
monoclinic HfO2 lattice under either UV or X-ray irradiation. The presence of a fast blue 
photoluminescence (PL) and radioluminescence (RL) band has been evidenced. This emission is 
characterized by a decay time in the ns range and results from oxygen vacancy - related defects. At the 
same time, the occurrence of a quite efficient blue luminescence has been observed, with a lifetime of 
a few μs and an extrinsic origin due to titanium incidental impurities in the nano-hafnia lattice.[19, 45-
47] In the literature, the effect of the introduction of small amounts of transition metal in metal oxides 
nanomaterials and thin films, such as HfO2 and ZrO2 has been considered in order to change their 
dielectric properties.[48-53] Nevertheless, just a few works in the literature covered the PL and RL 
features of Ti - doped metal oxides. For instance, Ti - doped Zr oxide materials have been recently 
proposed as RE- free blue phosphors for industrial applications, stress indicators, damage sensors, and 
other mechano-optical devices, which take advantage of the bright mechanoluminescence of these 
systems.[29, 54, 55] Lanthanum hafnates single crystals have attracted considerable interest as 
scintillators thanks to the enhancement of their luminescence properties due to Ti incorporation.[56] 



 
Fiaczyk et al. explored the luminescent properties of HfO2:Ti sintered ceramics as a function of 
temperature.[57, 58] Despite the increasing interest, the luminescence features of Ti ion have not yet 
been fully characterized and their investigation still deserves attention, especially under ionizing 
radiation and in nanometric materials. Indeed, the blue Ti-related luminescence can be suitable to 
excite oxygen photosensitizer molecules, like porphyrins, opening application perspectives of this 
high-density nanomaterial in the field of medical therapy.[59] 
In this work, a systematic study of the structural and optical features of monoclinic Ti-doped hafnia 
nanocrystals under X-ray irradiation was performed to elucidate the dependence of RL emission on the 
calcination conditions, crystal growth, defectiveness of the NPs, as well as on the dopant concentration. 
The comprehension of the luminescence mechanisms is mandatory to pave the way for developing 
new highly efficient hafnia at the nanoscale for future applications as scintillators. 
 
2. Material composition, morphology, and structure 
HfO2 NPs were obtained by non-aqueous sol–gel synthesis and they were doped by the addition of 
dopant precursors to the reaction mixture.[26, 37, 60] The morphology, structure and composition of 
all Ti-doped nanopowders was explored through transmission electron microscopy (TEM) (Figure 1 a 
- e), laser ablation inductively coupled plasma mass spectrometry (LA-ICPMS) (Figure 1 g),[61] and 
X-ray powder diffraction (XRD) (Figure 1 f and h). 
After the reaction between Hf t-butoxide and Ti (III) chloride in benzyl alcohol, crystalline monoclinic 
NPs were obtained for different doping levels (Figure 1 a-c, f) and calcination treatment (Figure 1 d, 
e, h). The elemental analysis in Figure 1 g of pressed powder samples, confirms a good agreement of 
the experimentally measured concentrations of Ti with the nominal ones; the slightly higher values of 
the experimental data with respect to the nominal ones might be ascribed to an additional content of Ti 
ions deriving from unintentional impurities (upto hundreds of ppm) in the Hf precursor itself, as already 
reported for similar materials.[19] No additional segregated phases such as titanium oxide are visible, 
regardless of the Ti nominal content, even after calcination, confirming that Ti ions are incorporated 
in the HfO2 lattice in all samples (Figure S1). The HfO2 crystals average size, calculated by the 
Scherrer formula on the diffractogram, lies in the 3-8 nm range and is weakly dependent on the dopant 
concentration both in the as-synthesized as well as in the Ti doped NPs calcined at 500 °C (Figure 1 i, 
blue circles and green triangles, respectively). At this temperature the decomposition of the organic 
ligand shell bound to the NPs surface is usually observed.[19] Figure 1 d and e show representative 
TEM images of 0.3 mol% Ti doped HfO2 powders after calcination at 500 and 1000 °C, respectively. 
The observed clustering of the NPs (Figure 1 d), starting at a temperature of 500 °C, is due to severe 
reconfiguration of the material at the nanoscale. The degradation of the organic ligands on the surface 
certainly contributes to the agglomeration of the NPs.[19, 26] 
In turn, the role of concentration of the Ti ions and of the temperature in altering the coalescence and 
crystal reconfiguration of the NPs is mostly evident when considering the calcination at 1000 °C. As 
expected, TEM images (Figure 1 e) and XRD data (Figure 1 h and i)) evidence a crystal growth and 
coalescence of originally separated nanocrystals as a function of increasing temperature, in accordance 
with the role of the additional heat provided. However, clearly lower average crystal sizes are observed 
for doping higher than 1 mol% (Figure 1 i, pink squares). This complex picture suggests that, 
differently than for low doping levels, higher Ti loading may hinder the hafnia lattice re-crystallization 
process, leading to smaller crystalline domains in the calcined nanopowders, resulting from the less 
pronounced crystal growth. A similar behaviour has been already reported in Hf-based thin films after 
the introduction of Zr or Ti dopant ions, having smaller grain sizes at higher doping levels.[62, 63] 
The structural and spectroscopic results on Ti doped hafnia NPs are consistent with some previously 
reported experiments and theories regarding the change in structure (from monoclinic to cubic phase) 



 
of HfO2 and its isomorph ZrO2. Indeed, the crystal phase transition from their monoclinic to the cubic 
arrangement can be achieved at low temperature by doping. In the literature, the origin of the 
stabilization of high-temperature cubic phase in HfO2 is related to both the dopant ion size and to the 
oxygen vacancies concentration, depending on the valence of the dopant substituting for Hf in the 
lattice.[64] For instance, the stabilization of the cubic phase in these systems can be achieved through 
the incorporation of trivalent or divalent ions into the lattice, and the subsequent generation of oxygen 
vacancies for charge compensation.[26, 40, 47, 65, 66, 67, 68] Other papers, based on the density 
functional theory, have imputed the HfO2 transition from the monoclinic to the cubic phase to the 
incorporation of dopants (for instance Y, Eu, and Gd) with ionic radii larger than that of the Hf ion 
(0.76– 0.83 Å) and thus to an increase of the strain of the lattice.[39, 69] The lack of structural change 
evidenced in hafnia NPs after doping with Ti (Figure 1 f and h) can be mainly due either to its ionic 
radius, which is significantly smaller than that of Hf and not able to stabilize the cubic phase at the 
considered concentrations, or to its valence. In fact, tetravalent titanium can be included in HfO2 matrix 
by substituting Hf4+ ions. In this case, the replacement of isovalent cations, not requiring charge 
compensating oxygen vacancies, could be a reason preventing the stabilization of the cubic crystal 
structure even at high Ti doping levels.[70] XPS analysis was applied to monitor the Ti chemical state 
in doped hafnia NPs before and after calcination at 1000 °C (Figure 2). The titanium spectrum of the 
1% doped Ti:HfO2 NPs before calcination exhibits two components: one at 459.2 eV and another less 
intense one at 457.00 eV, assigned to Ti (IV) and Ti (III) in their corresponding oxides. These values 
are in agreement with those reported in the literature.[71, 72] It is worth noting that the peak at lower 
binding energy might be influenced by the presence of the Hf4p signal that is usually revealed at 454.3 
eV. After heat treatment at 1000 °C, the spectrum still exhibits the main component at 459.2 eV while 
the one at lower binding energy is shifted to 458.6 eV, indicating the oxidation of the Ti (III) to Ti 
(IV), as expected during calcination in air. The results suggest the incorporation of Ti ions in the HfO2 
nanocrystal lattice mainly in the form of Ti (IV), with a minor amount of Ti (III), which gets oxidized 
during the calcination process. Indeed, also the signals of O1s and Hf4f, recorded on the same samples, 
reveal a change of the peak position and of the width of these signals (Figure S5 in supporting 
information) induced after calcination. These experimental findings, in agreement with XRD and TEM 
results, can be interpreted as due to a crystal reconfiguration, which leads to the lowering of distorted 
lattice sites in calcined samples. 
 
3. Radioluminescence 
The spectrally corrected RL of the most representative Ti concentrations, recorded at room temperature 
(RT), are reported in Figure 3. The RL emission, studied by increasing the concentration of titanium 
from 0.3 mol% up to 10 mol% (Figure 3 a - d) in untreated samples and after calcination at 500 °C and 
1000 °C, evidences the role of Ti nominal amount as well as of the thermal treatments in the evolution 
of the luminescence features. The spectra of additional samples are reported in Figure S2. The untreated 
powders display a broad complex emission ranging from 1.5 to 4.0 eV. The RL emission of undoped 
HfO2 NPs was previously demonstrated to be composed of up to 4 bands in the Vis- near UV 
range,[47] and the addition of Ti dopant operated in this work leads similar RL features before thermal 
treatments (Figure 3, blue curves). RL spectra of untreated powders indeed reveal a multicomponent 
emission in the blue region, apparently peaked at 2.25 eV, together with a second near-UV emission 
centred at 3.4 eV. The intensity ratio between the Vis/UV emission bands increases with the nominal 
amount of titanium (Figure S6). Precisely, at Ti concentrations lower than 0.3 mol%, the near-UV band 
is more intense than the blue one (Figure S2a), while it decreases to zero for higher concentrations (Fig 
3, blue curves). When hafnia is treated at 500 °C, the RL spectrum is composed only of the visible 
band shifting from higher to lower energies while the dopant content increases. At Ti concentrations 



 
up to 1 mol%, the maximum of the RL spectrum is at 2.50 eV; in turn, it shifts apparently to 2.25 eV 
for titanium concentrations of 3 and 10 % mol, similarly to the untreated NPs. After calcination at 1000 
°C, the most intense band turns out to be the one peaking at 2.50 eV, which clearly dominates the 
spectrum for all titanium concentrations. 
These observations well agree with previous results, where the broad luminescence of undoped HfO2 
NPs, treated at low temperature, has revealed an intrinsic origin both under near UV excitation and 
ionizing radiation.[19, 47] Spectroscopic investigations and computational calculations by density 
functional theory (DFT) have evidenced that oxygen vacancies play a major role as defect centres 
responsible for the optical emissions in hafnia. In fact, different variants of oxygen vacancies have 
been related to additional electronic levels within the band gap of HfO2.[45, 73-84]Nevertheless, in 
nominally pure HfO2 NPs, the intrinsic defect-related band centred at around 2.50 eV overlaps with 
the blue emission due to accidental Ti impurities in the matrix. The two PL emissions at 2.50 eV are 
distinguishable by both their different excitation profiles and by their very different time decays. 
Indeed, the intrinsic one is excited by near-UV wavelengths about 340 nm and it decays in the ns time 
range, while the Ti-related luminescence becomes predominant under 250 nm excitation, only after 
calcination of the NPs at high temperature, and it features a PL time decay in the μs range.[19] By 
considering this background, RL measurements on Ti-doped HfO2 seem to display a clearer picture 
about the role of Ti and thermal evolution of the nanomaterials. Before calcination, the Ti-related 
luminescence is silent despite its presence in the lattice. The RL of untreated powders is rather intrinsic 
and caused by defect centers. This well agree with XPS evidences, pointing at the occurrence of both 
Ti (IV) and Ti (III) at the very initial stage of the structural evolution operated by the annealing (Figure 
2). Since the presence of trivalent dopant ions involves charge compensation in HfO2, Ti(III) ions can 
influence the intrinsic defectiveness of the nanoparticles, resulting in changes in the relative intensity 
of the luminescence in the visible and UV range, that are still not fully understood. At the intermediate 
calcination temperature of 500 °C, the nanoparticles preserve the small diameter close to the ones of 
untreated Ti:HfO2 (Figure 1i), suggesting a still important presence of intrinsic emissions due to 
defects, similar to what previously observed in undoped HfO2. [19] The NPs nevertheless undergo 
agglomeration, while optically active defects, such as oxygen vacancies and organic residuals on the 
surface of the NPs, start being altered or degraded by oxidation phenomena. The complex RL profiles 
result from the concomitant luminescence of intrinsic defects and Ti centers, which are only partially 
active at this stage. Indeed, this Ti-related component at higher energy, seems to be quenched for Ti 
concentration higher than 1%. As a consequence, the multicomponent RL of semi-treated powders 
mildly doped (0.3 and 1 % Ti), increases and is centred at higher energies (Figure 3, green curves and 
Figure 4, green circles). When instead the Ti emission is quenched (3 and 10 % Ti) the RL profile 
remains unchanged, as also its intensity does (Figure 4 and Figure 3 c,d). 
After annealing further up to 1000 °C, Ti-related RL at 2.5 eV becomes dominant, at all concentrations, 
and the apparent blue shift of the RL profiles reaches completion. The size of the nanocrystals and 
their crystalline degree increase with the temperature. This severe structural reconfiguration lowers the 
occurrence of defects and surface states, and the corresponding set of emissions (from 1.5 eV to 4.5 
eV), observed in untreated materials, disappear. At the same time, the charge carriers, created during 
X-ray irradiation of the nanoparticles, can migrate across the material and reach the Ti centers more 
efficiently. All these factors are responsible for the increase of its blue emission at 2.5 eV, for the 
highest thermal treatment, by 3 orders of magnitude (Figure 4), which substantially explains the whole 
RL of Ti:HfO2, for all Ti concentrations. This emission belongs to the charge transfer transition of Ti 
(IV), whose presence is unambiguously demonstrated by XPS data.[58] The internal quantum yield 
(iQY) of this transition, measured in 0.3 mol% HfO2:Ti calcined at 1000 °C by exciting at 280 nm, 
shows a value around 33 %, while the external quantum efficiency (EQE) is of about 24.0 % (see 



 
“Experimental” for definition of efficiency and measurement details). In Figure S3 the time resolved 
photoluminescence (TR-PL) decays of HfO2 NPs calcined at 500 °C and 1000 °C are also reported. In 
NPs calcined at 1000 °C (Figure S3 a), the TR-PL profile of the intense 2.50 eV peak under UV 
irradiation shows a double exponential decay with an overall half-life of 4 s, confirming the presence 
of optically active Ti centres responsible for the blue emission. In turn, hafnia NPs treated at 500 °C 
display the occurrence of the fast intrinsic luminescence (<t> = 5 ns) under excitation at 340 nm (Figure 
S3b and d), together with the existence of a slower component likely due to Ti ions when irradiating 
at 250 nm (Figure S3a). The slight discrepancy from the value found for NPs calcined at 1000 °C can 
be due to the different structural and dimensional properties of the two samples induced by different 
calcination temperatures. Figure 4 shows the RL efficiency, expressed as the integral of the RL 
composite band from 1.50 eV to 4.0 eV, as a function of the Ti concentrations. 
Bi4Ge3O12 (BGO) powder efficiency is shown as standard reference value. The sample reveals no 
significant variations up to titanium concentration of 3 mol% before the calcination process. In turn, 
all the calcined hafnia nanocrystals present a general increase of the emission intensities with 
increasing the dopant concentration. When Ti concentration reaches the value of 1 mol%, a decrease 
of light output occurs, possibly due to concentration quenching. In particular, for Ti doping content 
between 0.1 and 1 mol% in hafnia nanocrystals calcined at 1000 °C, the RL output is even higher than 
that of the BGO reference. In general, the results may underline the different origins of hafnia RL 
bands. The intrinsic ones in the untreated samples have just a weak dependence on Ti amount. 
Conversely, the RL intensity of the 2.5 eV dominant band in calcined NPs is related to the presence of 
titanium as optical centre and displays a different behaviour upon both the doping level and the 
calcination temperature. Actually, the calcination is known to induce changes in the morphological 
characteristic parameters, such as the increase of the NPs size, as shown in Figure 1, as well as the 
reduction of defects-related trapping centres. These structural and defectiveness modifications promote 
a more efficient carriers transport to the titanium centres during the RL process, thus leading to a higher 
luminescence signal. 
 
4. RL hysteresis 

A sequence of RL measurements under continuous irradiation has been conducted in order to 
provide a deeper insight on the emissions stability, which is a crucial feature for application 
performances. Figure 5 shows a complete analysis of the stability response of Ti doped hafnia 
nanocrystals under X-ray irradiation during a time range of hundreds of seconds. A total 
cumulated dose of approximately 50 Gy, evaluated on quartz powder as reference material, was 
imparted to the samples using a dose rate of 9.97 mGy/(ms*mA). The displayed results (Figure 
5a,b) show that the emission stability of untreated samples is only slightly affected by the 
irradiation time. The NPs calcined at 500 °C display a dual behaviour: no meaningful variations 
are evident for Ti concentrations higher than 3 mol%, while for lower concentrations a slight RL 
increase is detected. Results in Figure 5c clearly evidence the role of Ti concentration in affecting 
the RL intensity versus irradiation time in larger nanocrystals treated at 1000°C. The recorded 
measurements show a continuous RL increase which exceeds, in the first 3 minutes of irradiation, 
the initial intensity value by more than 10%. This effect is less pronounced as the Ti concentration 
is increased. On the contrary, at the maximum doping concentration the RL signal is even 
decreasing. The enhancement of the RL yield observed after a large amount of radiation exposure 
is called hysteresis or brightburn or memory effect.[87-89] The scintillation process requires the 
conversion of ionizing radiation into a multitude of free electrons and holes, their transfer to the 
luminescent centres, and the final radiative recombination of the excited centres to emit photons 



 
in the visible or ultraviolet range. The transfer stage, in particular, involves the migration of the 
free carriers, thus being susceptible to the presence of lattice imperfections acting as traps. In our 
experiment, the RL of untreated hafnia NPs is weakly affected by the presence of competitive 
traps, maybe due to the intrinsic nature of the luminescence. On the contrary, in calcined samples 
the progressive trap filling, due to continuous irradiation, increases the probability for free 
carriers to end on a recombination centre, here represented by titanium, and causes the observed 
RL sensitization. The competition between carrier trapping and radiative recombination on 
luminescent centres in hafnia is strongly dependent on the concentration of Ti centres, as seen in 
Figure 5c. Actually, for high concentration of dopant, the competitive role of defects acting as traps 
is reduced and the hysteresis effect is no longer observed. 

 

5. Scintillation 

One crucial feature in scintillator application is the time response of the phosphor upon irradiation 
with ionizing radiation. Scintillation decays in the hundreds of ns range or shorter are typically 
considered necessary for real-time dosimetry, PET imaging detectors, and high- energy physics. 
Longer times occurring between the ionizing radiation absorption and radiative 

recombination are, instead, suitable for X-ray screens for several diagnosis and therapy treatments, 
where a timely emission is not mandatory.[90] 

The scintillation kinetics of titanium in the HfO2 NPs is reported in Figure 6. The scintillation 
decay was obtained on 1 mol% Ti-doped NPs calcined at 500 °C and 1000 °C , where the maximum 
RL light output at 2.5 eV is evident (see Figure 4). After background removal, scintillation time 
decay data of Ti doped NPs calcined at 1000°C can be fitted by a double exponential function. In 
accordance with the TR-PL picture described above, the NPs calcined at high temperature show a 
lifetime of 〈τ〉 = 6 s, characteristic of Ti emission. The decay signal of hafnia calcined at 500 °C 
is analysed by a multi-exponential fit, composed by a very fast component of almost 1.6 ns, a 
second component of few tens of ns, and a slowest third component in the time range of hundreds 
of ns. The presence of the fast component is in good agreement with a previous investigation on 
undoped hafnia NPs.[47] The monitored band at 2.5 eV has shown a lifetime in the order of a few 
ns and has been related to intrinsic matrix defects, likely oxygen vacancies. In turn, the slower 
component can be imputed to titanium centres. The mismatch with respect to the even longer 
scintillation decay in NPs calcined at higher temperature can be imputed to different morphological 
and defectiveness properties of the two samples. 

 

6. Conclusion 

In this work HfO2 monoclinic nanoparticles have been synthesized and doped with titanium. No 
additional Ti-related crystal phases have been found for concentrations up to 10 mol%, suggesting 
its complete incorporation in the host lattice. The emission properties of titanium doped hafnia have 
been investigated by radioluminescence measurements, revealing an active role of calcination in 
increasing the intensity of the 2.5 eV Ti-related band that dominates the emission spectrum after 
calcination at 1000 °C. The XPS analysis of the chemical state of Ti in our materials hints at the 
occurrence of both Ti(IV) and Ti(III) sites in the as-prepared nanocrystals. High temperature 
calcination leads to the oxidation of Ti(III) concomitant to the rearrangement of the lattice in a less 
defective matrix, both phenomena clearly beneficial for the improvement of RL efficiency. 



 
This study has evidenced the high potential of Ti-doping ions as activators of high efficiency 
radioluminescence in HfO2 nanocrystals. The possibility of controlling the Ti-related luminescence 
output through the choice of the dopant concentrations, as well as of the calcination temperatures, 
provides a tool to obtain a reduction of non-radiative channels and an efficient charge transport to 
the optically active Ti centers, thus resulting in the improvement of the luminescence efficiency 
under X-ray irradiation. Indeed, the light output of HfO2 nanoparticles doped in the 0.3 -1 mol% 
range and calcined at 1000 °C is even higher than that of a reference BGO scintillator. Future 
applications of Ti doped hafnia nanoparticles as nanoscintillators can be foreseen and will be 
pursued especially in medical fields. 

7. Experimental Section 

Synthesis of HfO2 nanocrystals 

Hafnium(IV) tert-butoxide (99.99%+Zr), were purchased from Strem Chemicals. Titanium (III) 
chloride (TiCl3) anhydrous, and benzyl alcohol anhydrous (99.8%) have been purchased from 
Sigma-Aldrich. All precursors were used without further purification. 
Syntheses by solvothermal sol-gel were carried out in a glovebox (O2 and H2O < 0.1 ppm). In a 
typical synthesis, hafnium(IV) t-butoxide was added to anhydrous benzyl alcohol (BnOH) into a 
glass test tube. Ti doping at concentrations ranging from 0.03 up to 10 mol% with respect to Hf 
were achieved by adding appropriate amounts of TiCl3 to the solvent, before addition of the Hf 
precursor. A total amount of 2.4 mmol of precursors, and a total volume of 20 mL mixtures was 
used. The mixture was placed into a teflon liner of 45 mL, slid into a steel autoclave (acid digestion 
vessel mod. 4744 by Parr Instrument Company, USA) and sealed tightly. The autoclave was taken 
out of the glovebox and heated in a furnace (Memmert, Germany) at 220 °C for 96 hours. The 
synthesis resulted on a milky suspension that has been centrifuged; the precipitate was washed with 
diethyl ether (Aldrich), and successively dried in air at 60 °C overnight. Calcined samples were 
obtained by placing powders in quartz crucibles, heated in a muffle oven (Nabertherm) at both 500 
°C and 1000 °C in air, with a heating rate of 10 °C/min and a stasis at the final temperature of 2 
hours. 
 
Characterization 

Transmission electron micrographs (TEM) were recorded on a Philips FEI Tecnai F30 microscope 
operated at 300 kV on samples prepared by depositing 10 l of washed NPs dispersed in absolute 
ethanol (Aldrich) onto carbon coated Cu grids.X-ray diffraction (PXRD) measurements were 
performed in reflection mode (Cu Ka radiation at 45 kV and 40 mA) on a Empyrean diffractometer 
from PANalytical (Netherlands). The RL measurements were carried out at room temperature (RT) 
using a home-made 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). All spectra were recorded through a 100 line/mm grating. RL excitation 
was obtained by X- rays irradiation 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. A reference sample of Czochralski bismuth germanate (BGO) crystal, 
successively grinded into a  fine micro-powder, was used for the estimation of the RL 
efficiency. Pulsed X-ray decay measurements were obtained with a time correlated single 
photon counting (TCSPC) system composed by a fast photomultipler (SMA650) and TCSPC 



 
electronics (PicoHarp 300) both from PicoQuant. The excitation was performed with a 
Hamamatsu N5084 light-excited X-ray tube set at 30 kV as irradiation source. The optical 
excitation of the tube was done with a Hamamatsu PLP-10 picosecond light pulser. The emission 
wavelength was selected by using a Thorlabs FL400 long-pass interferential filter to eliminate 
possible interferences with the excitation laser. XPS measurements were performed on powdered 
samples deposited and pressed in small cuvettes in ambient conditions using a PHI QuanteraSXM 
(ULVAC-PHI, Chanhassen, MN, U.S.A.) spectrometer equipped with a focused and scanned 
monochromatic Al K X-ray source with beam diameter of 100 µm at 25 watt. The emitted 
electrons were collected at an emission angle, , of 45 degrees. The emission angle is defined as 
the angle between the normal to the sample surface and the axis of the lens. The spectrometer 
is also equipped with a high- performance floating-column ion gun and an electron neutralizer, 
used for charge compensation during the analysis on semiconductor/insulator materials. XPS 
spectra were acquired in fixed analyser transmission (FAT) mode, the pass energy being set to 69 
eV and the step size to 0.125 eV. The full width at half maximum (fwhm) of the Ag 3d5/2 peak 
height is 0.86 eV in this analysis conditions; in the case of the sample with only 1% Ti doping 
the pass energy was set at 112 eV for the acquisition of the narrow scans (step-size 0.1 eV). 
Survey spectra were acquired using a pass-energy of 280 eV and a step size of 1 eV. The 
residual pressure during the measurements was always below 7*10-7 Pa. The calibration was 
performed using sputter- cleaned gold, silver, and copper as reference materials according to 
ISO15472: 2014. The accuracy was found to be 0.1 eV. High-resolution spectra were processed 
using CasaXPS software (v2.3.19 dev52, Casa Software Ltd., Wilmslow, Cheshire, U.K.). The 
background subtraction was performed applying the Shirley–Sherwood iterative method. The 
product of Gaussian and Lorentzian functions was used for curve fitting the experimental spectra. 
The electron neutralizer was utilized during the analysis, in order to compensate for sample 
charging. All spectra were corrected with reference to adventitious aliphatic carbon taken at 
285.0 eV. Nanocrystalline anatase (TiO2 obtained by solvothermal sol-gel)[91] and ALD 
(amorphous) HfO2 were used as references. LA-ICPMS measurements were collected according 
to the procedure reported elsewhere.[19] The mass fraction of Ti with respect to Hf (and Zr) has 
been determined using a Geolas C 193 nm laser ablation system (Coherent, Göttingen, D) 
connected to an Element XR (Thermo Fisher, Bremen, D) sector field ICPMS. External 
calibration was carried out using SRM NIST 610. Internal quantum yields (iQY) were measured 
on a Jasco FP8500 Fluorometer, by using the methodology described in Ref.[19]. Incident light 
power RSTD was evaluated by measuring the signal, integrated in the range 250-300 nm, of a 
reference sample of MgO acting as diffuser. Then PL of the sample was collected in the same 
experimental condition and geometry. The iQY was finally calculated with the following formula  

 

iQY= 

 

where RSMPL and E are the integrated signals over the source (250-300 nm) and emission (350- 
700 nm) spectral range, respectively. External quantum efficiency (EQE) was instead calculated 
as the ratio between emitted and incident photons (EQE = E/RSTD). All spectra were corrected for 
monochromator and detector response. The relative error on QY measurement has been estimated 

𝐸 
 

 

(𝑅𝑆𝑇𝐷 − 𝑅𝑆𝑀𝑃𝐿 ) 



 
to be 25% assuming the same consideration of Ref.[19], such as reflectivity of diffuser not exactly 
equal to unity, partial reflection of the window quartz placed in front of the powdered sample 
holder, and particle size effects. 
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Figure 1. Structure and morphology of Ti-doped HfO2 NCs depending on Ti concentration and 
calcination temperature. a,b,c ): TEM of HfO2 nanocrystals doped by 0.1, 0.3, and 10 mol% Ti, 
respectively. (Insets: HR-TEM of single crystalline particles and corresponding FFT analysis). d,e): 
TEM images of 0.3 mol% Ti:HfO2, calcined at 500 and 1000 °C, respectively. f): XRD patterns of as 
synthesized nanopowders depending on Ti doping. g): residual Ti, measured by LA-ICPMS, as a 
function of nominal concentration (grey dashed line: theoretical doping). h): XRD dependence on 
the calcination temperature for 0.3 and 10 mol% Ti-doped hafnia NPs. i): dependence on the 
nominal Ti concentration of the average crystal diameter (obtained by the Scherrer analysis of 
XRD pattern) measured on untreated (blue circles) NPs, and after calcination at 500 and 1000 °C 
(green triangles and pink squares, respectively). 

 



 
 

 

 
Figure 2. XPS spectra of 1 mol% Ti:HfO2 before and after calcination. The spectrum of 
calcined TiO2 nanocrystals was recorded as a reference for Ti(IV). 

 
 



 
 

 
Figure 3. Normalized RL spectra, measured at room temperature, of HfO2:Ti nano-powders 
untreated (RT-blue dots), calcined at 500 °C (green squares), and at 1000°C (red triangles). 
Increasing Ti concentrations are here considered: a) 0.3 mol%, b) 1 mol%, c) 3 mol%, and d) 10 
mol%. All spectra are corrected for the instrumental response 
 



 
 

 

Figure 4. Dependence of the RL intensity on Ti concentration and at different calcination 
temperature. 

 

Figure 5. Time course measurements for HfO2:Ti nano-powders doped with different 
concentrations of Ti. a): as prepared powders. b): powders treated at 500 °C. c): powders treated 
at 1000 °C. The plots display the emission integrals depending on irradiation time. 

 
 
 



 
 

 

Figure 6. Pulsed X-ray decays obtained on HfO2:Ti treated at 500 and 1000 °C, full black dots and 
red circles, respectively. Full lines are fit to the experimental data. The emission wavelength has 
been selected by using a FL400 long pass edge filter. The green area in panel 

b) represents the time window recorded for the measurements in panel a). 

 
 
 
 
 
 
 
 
 
 
 
 



 
 

Bright visible luminescence in HfO2 nanocrystals is activated by the incorporation of Ti(IV), with 
high PL quantum yield (>30%) under UV excitation. Under X-ray illumination, the high RL 
efficiency and a scintillation lifetime in the s range make Ti:HfO2 a promising material for rare-
earth free nanoscintillators for X-ray detectors and medical therapy. 
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Figure S1 – Top panel: XRD of as prepared HfO2 (black line), Hf0.9997Ti0.0003O2 (blue line), Hf0.9Ti0.1O2 (red line) and pure 
TiO2 anatase (green line) nanocrystals. The reference patterns for anatase (PDF 00-21-1272) and monoclinic hafnia 
(PDF 00-006-0318) are also shown (green and red bars, respectively). Bottom panel: XRD of hafnia nanopowders doped 
by 0.3, 1, 3, and 10 mol% Ti, after calcination at 1000 °C. The reference patterns of titania anatase (PDF 00-21-1272), 



 
 

rutile (PDF 04-008-8141), and monoclinic hafnia (PDF 00-006-0318) are also reported (blue, pink, and red bars, 
respectively). 

 

 
Figure S2 - RL spectra measured at room temperature of HfO2:Ti nano-powders . In panel a) RL spectra of hafnia doped 
at 0.03 mol% and 0.1 mol% are displayed. Panel b) displays the RL of the same nanopowders after calcination at 1000°C. 
All spectra are corrected by instrumental response. 

 
Figure S3 – Decay curves of HfO2 calcined at different temperatures and at different Ti doping concentrations. The 
emission, collected at 490 nm, has been stimulated by 250 nm (a) and 340 nm (b and d) pulsed excitation. Numerical 



 
 

fit of the decays in a) and b) are presented together with the instrumental response in the time range of 50 ns (b); y0 is 
a constant parameter added in the multi-exponential fit. The parameters of numerical fits used to model the PL decay 
are reported in Table (c). 

 
 

Figure S4 - PL spectra recorded on MgO and 1 mol% HfO2:Ti calcined powders for the determination of the quantum 
efficiency under excitation at 280 nm. 

 

 
Figure S5 - Hf4f and O1s XPS spectra recorded on HfO2:Ti 1 mol% nanopowders. The signal of TiO2 calcined 
nanopowders are also shown and used as a reference for oxygen, while pure HfO2 obtained by ALD is used as reference 
for the signal of Hf4f in HfO2. 



 
 

 

 
Figure S6 – RL spectra recorded at RT on as prepared HfO2:Ti nanopowders. The complex RL profile, resulting from 
several bands related to intrinsic defects, shows a progressive increase of the visible components with increasing Ti, 
whereas the UV component at around 3.4 eV diminishes with Ti concentration. 

 
 
 


