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A B S T R A C T

Samples of crystalline cubic phased ceramics based on (Zr1-хHfх)0.82Y0.17Eu0.01O1.91 with different contents of 
hafnium (х = 0; 0.21; 0.50; 0.77; 1) were synthesized. The synthesis conditions were chosen to avoid the possible 
formation of a minor tetragonal phase. The average grain size was 2–5 microns. The structural parameters of 
ceramics, their band gap, luminescent and thermoluminescent properties were studied depending on the hafnium 
content. It was shown that single-phase sample with calculated formula ((Zr0.77Hf0.23)0.82Y0.17Eu0.1)O1.91 
demonstrated the highest cathodoluminescent intensity upon excitation by electrons. It was found that ther-
moluminescent properties of ceramics with hafnium content of х = 0.50–0.77 range are prospective for appli-
cation in thermodosimetry. The highest luminescence yield was observed in such samples.

1. Introduction

Zirconia-based materials demonstrate high mechanical, chemical 
and radiation stability. One of the unique features of zirconium oxide is 
that it has the ionic conductivity, which is associated with oxygen va-
cancies forming deep trap levels in the band gap of this material 
depending on their charge. All of these properties are related to the 
crystalline structure and chemical composition of zirconium oxide. At 
atmospheric pressure, there are three crystalline modifications of pure 
ZrO2: monoclinic M, which is thermodynamically stable at temperatures 
below 1400 K; tetragonal T – forming at temperature from 1400 to 
2570 K and cubic С – appearing above 2570 K and stable by melting 
point (2980 K) [1]. Zirconium oxide with structural modification C has 
the highest ionic conductivity and the highest oxygen vacancy content. 
In this case, Zr4+ cations form a conventional face-centered cubic lattice 
and oxygen atoms occupy tetrahedral interstices. Solid solutions of ZrO2 
with oxides of rare and alkaline earth elements (CaO, MgO, Y2O3, Sc2O3, 
etc.) may form stable cubic fluorite-type structure at room temperature. 
For the first time stable at room temperature cubic zirconia was obtained 

by Duwez et al. [2]. To stabilize the cubic phase of zirconium dioxide at 
room temperature it is necessary to add 8–20 mol% of trivalent or 
divalent ions. Single-phase cubic zirconia ceramic can be synthesized in 
the form of transparent samples.

In this regard, numerous studies are focused on cubic zirconia. Some 
investigations are devoted to the examination of luminescent properties 
of Y-stabilized zirconia ceramics (YSZ) doped with trivalent metal ox-
ides: Dy2O3 [3], Er2O3 [4], Eu2O3 [5,6]. Doping of oxide materials with 
Eu3+ ions allows obtaining materials demonstrating intensive lumines-
cence in the red optical range. In addition, the analysis of the emission 
spectra and its shape allows estimating Eu3+ local position in the ma-
terial, and, consequently, the symmetry of the its matrix. [6–8]. In [8,9]
it was demonstrated that a change in the crystal lattice affects the shape 
of Eu3+ spectrum. In [10] it was shown that Eu3+ spectra are sensitive to 
the excitation method and that luminescence bands referring to transi-
tions from higher energy levels are observed in cathodoluminescence 
spectra than in photoluminescence. There is an active discussion about 
the crystal structure features and the charge carrier traps design in these 
materials depending on doping or precursor preparation and synthesis 
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conditions [6,11–13]. Thermodynamic properties of YSZ are prospective 
for the use as thermal barrier coatings [13,14] and other high temper-
ature applications [15].

Thermoluminescent properties of YSZ doped with various trivalent 
metals: Eu [16], Er [17], etc. are also of great interest. Trivalent ions of 
rare earth elements may also stabilize cubic zirconia and increase con-
tent of oxygen vacancies. This leads to the formation of traps with an 
activation energy more than 0.5 eV at high concentration. Therefore, 
this material is promising for the use as sensors in thermoluminescent 
dosimetry. The presence of deep traps in such sensors is necessary to 
prevent the release of charge carriers at room temperature.

In papers devoted to the study of traps in zirconium and hafnium 
oxides, it is stated that oxygen vacancies act as traps. However, these 
studies propose different mechanisms of charge localization and values 
of trap activation energies. Traps in monoclinic HfO2 have been inves-
tigated in a number of works. For example, in [18–20], a trap-associated 
tunneling process with Ea ≈ 0.4 eV was discovered. In [21], it was shown 
that the thermal energy of an oxygen vacancy in monoclinic HfO2 is 
1.25 eV; in [22], it was shown that in lanthanum-doped hafnium oxide, 
the activation energy calculated using the Frenkel model is 0.8 eV, and 
the thermal energy calculated using the Nasyrov–Gritsenko model is 
1.25 eV. Traps with an activation energy of 0.22 eV were observed in 
monoclinic ZrO2 [23]. In orthorhombic Zr0.5Hf0.5O it was shown [24]
that the thermal energy of traps depends on the charge state of the ox-
ygen vacancy and varies from 0.4 eV to 1.8 eV.

Stabilization of ZrO2 and HfO2 with the addition of trivalent ions in 
cubic phase occurs, among other things, due to the formation of oxygen 
vacancies. In [25], it was shown that negatively charged oxygen va-
cancies are predominantly associated with tetravalent ions. If comparing 
the energy positions of the defect levels calculated using the Kohn-Sham 
single electron model in [26] for HfO2 and in [24] for Zr0.5Hf0.5O, it is 
evident that the presence of hafnium leads to a significant shift in the 
vacancies energy levels position in the forbidden zone. Accordingly, the 
dependence of the thermoluminescent properties of the oxides on the 
ratio of Zr4+ and Hf4+ content should be expected.

Possible application of thermoluminescent zirconia-based dosime-
ters for the use at high doses of radiation including high-energy particles 
was demonstrated before [27,28]. Zirconia irradiation by alpha particles 
causes neutron generation and part of the energy related to neutrons is 
not absorbed by zirconia matrix. In a contrast the hafnium, which has 
five stable isotopes (176Hf, 177Hf, 178Hf, 179Hf, 180Hf) absorbs neutrons 
with high efficiency. This feature of cubic hafnia ceramic is very 
important for development of dosimeters detecting high-energy fluxes of 
ionizing radiation.

Hafnium is a close chemical analogue of zirconium. Cubic hafnia is 
stabilized through doping with trivalent metals too. Hafnium dioxide 
and ceramics based on cubic stabilized hafnia (YSH) were studied in 
terms of thermal stability [28–31], scintillation [32] and thermolumi-
nescent properties [33] depending on dopants or synthesis conditions. 
Traps in thin films of HfO2 and HfxZrx-1O2 are widely studied [34–37], 
but these studies did not cover massive ceramic samples. Ceramics based 
on a mixture of hafnia-zirconia are prospective for further research. The 
effect of YSZ/YSH ratio on basic ceramic properties is under consider-
ation [38,39].

The aim of this work was to synthesize and study the structural, 
optical and thermoluminescent properties of ceramics based on single- 
phase zirconia-hafnia stabilized with yttrium and activated with Eu3+

ions.

2. Synthesis of ceramics and research methods

Starting precursors were obtained using co-precipitation technique 
from common aqueous solution. This method is the most economically 
feasible and acceptable for adoption by industry. Aqueous solutions of 
ZrO(NO3)2*2 H2O, HfClO2, Y(NO3)3, Eu(NO3)3 were prepared and 
filtered. The purity of the starting materials was 99.9 %. In order to 

make calibration 50 ml portion of each solution was used for precipi-
tation by ammonium hydroxide. The precipitates obtained were washed 
by distilled water, dried for 12 hours at 150℃ in air and then calcined 
for 80 minutes at 800℃ in air. The weight of obtained oxide powders 
were recalculated for content of Zr, Hf, Y and Eu in respective solutions.

Five different blends of ceramic (Zr1-хHfх)0.82Y0.17Eu0.01O1.91 were 
finally synthesized. In all cases the yttrium content was fixed to 0.17 
formula unit taking into account that this amount stabilizes cubic phase 
of zirconia and hafnia according to reported data [40]. The europium 
content was also fixed to 0.01 formula unit because this concentration 
does not affect stability of cubic structure, but efficient enough for 
intensive luminescence emission. The hafnium content, x were selected: 
0; 0.25; 0.50; 0.75; 1.

Precursor powders were ground in an agate mortar and pressed into 
tablets with a diameter of 8 mm under a pressure 10 MPa. Pellets ob-
tained were sintered in air at temperature 1500◦C for 3 hours. Fragments 
of ceramic samples were placed in acrylic resin, polished by 2000 grit 
SiC polish paper and coated by carbon. Similar polished samples but 
without carbon coating were used for atomic force microscopy. Ceramic 
plates with 8 mm in diameter and a thickness ≤ 1 mm were prepared in 
order to carry out thermoluminescence and photoluminescence studies.

The elemental composition of the samples was examined by electron 
probe microanalysis (EPMA) using CAMEBAX electron probe micro-
analyzer equipped with four X-ray wavelength spectrometers. The 
analysis was carried out with the following parameters of the electron 
beam: energy U = 20 keV, absorbed current I = 15 nA, beam diameter 
d = 2 µm. Analytical Lα lines for all elements were selected for analysis. 
Metallic zirconium (for Zr), metallic hafnium (for Hf), compounds of 
Y3Al5O12 (for Y) and EuPO4 (for Eu) were used as standards. Oxygen 
content was calculated according to stoichiometry. The elemental 
composition was measured in several (at least five) randomly selected 
areas of the samples. The average elemental composition of the samples 
was calculated. The error of the measurement technique was 10 % arb. 
for europium; 2 % arb. for the remaining elements [41].

Cathodoluminescence (CL) spectra, and decay kinetics for the most 
intense CL band were obtained for all synthesized ceramics on the same 
CAMEBAX electron probe microanalyzer, additionally equipped with an 
optical spectrometer. CL spectra of the samples were obtained in the 
wavelength range λ = 350–800 nm under the following conditions: 
electron beam energy U = 20 keV, absorbed current I = 50 nA, and 
electron beam diameter d = 5 µm. CL kinetics measurements were 
carried out with an electron beam diameter of 40 µm, since measure-
ments with a smaller diameter lead to a larger scatter of the determined 
parameters [42].

All samples were studied by X-ray diffraction analysis (XRD). NaCl 
powder was used as an internal standard to determine the structural 
parameters of the samples. Measurements were carried out on a D2 
diffractometer (Bruker, Germany) (λ = 1.5406 Å, 30 kV, 10 mA) 
equipped with a camera PSD detector LENXEYE.

Electron backscattered diffraction (EBSD) studies were carried out 
on a JSM 7001 F scanning electron microscope (JEOL, Japan) equipped 
with an HKL Nordlys EBSD Detector (Oxford Instruments, England). The 
sample was irradiated with an electron beam with an energy of 10 keV at 
an angle of 70◦ to the normal. When scanning with an electron beam 
along the surface of the sample, a diffraction pattern was recorded at 
each point, and based on the results of automatic decoding, the orien-
tation of the ceramic grain was determined [43]. The scanning area size 
was 200×200 µm, scanning step was 1 µm. Surface preparation was 
carried out by polishing with an argon ion beam using a 1061 SEM Mill 
(Fischione, USA). EBSD signal maps were obtained and grains in the 
region of interest were visualized.

The surface topography was studied using an NTegra-Aura atomic 
force microscope (NTMDT-SI, Moscow, Russia) using standard silicon 
probes of the NSG-11 type (stiffness ~ 4 N/m, characteristic curvature 
radius of the probe tip ~ 10 nm). The measurements were carried out in 
semi-contact mode in air.
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Optical absorption spectra were obtained for all samples using a 
Lambda 35 spectrophotometer.

The optical radiation quantum yield was measured on a Horiba 
FluoroMax Plus spectrofluorimeter with an integrating sphere. To in-
crease the surface of interaction with light, the ceramics were ground in 
an agate mortar. The resulting powder was placed between two quartz 
glasses. In all measurements, it was controlled that the area of the 
irradiated sample was no less than the area of the optical beam exciting 
the radiation. The quantum yield values for the excitation of the 7F0-5L6 
and 7F0-5D2 optical transitions were obtained for all samples.

Photoluminescence spectra and excitation spectra were obtained on 
a Horiba Fluorolog 3 spectrofluorimeter (Jobin Yvon) equipped with a 
450 W xenon lamp and a characteristic signal-to-noise ratio of more than 
20,000:1.

Thermoluminescence (TL) curves were measured in vacuum. The 
complete procedure was as follows: firstly, the sample was heated up to 
573 K to clean the surface and release the traps; secondly it was cooled 
down to 77 K, irradiated with X-rays (continuous spectrum from tung-
sten anode X-ray tube at 40 kV and 10 mA) for 5 minutes; after a 10-min-
ute pause the sample was heated at a constant rate of 0.25 K/s up to 
573 K and thermoluminescence was recorded directly by the Hama-
matsu H8259 photon counting head which has a sensitivity range from 
180 to 650 nm and a dark count rate less than 10 counts per second. For 
each sample, measurements were taken over a large area, approximately 
equal to one square centimeter. The positioning of the samples was 
identical, which ensures sufficient reproducibility of the results.

3. Results and discussion

3.1. Composition and structural parameters

The average elemental composition of the samples from EPMA is 
presented in Table 1. The measured element content corresponds to 
originally designed composition; the deviation from the planned 
composition did not exceed the error limits of the measurement method 
for all samples. The name of the samples reflects the value of hafnium 
content, x.

XRD patterns were obtained for all samples (Fig. 1). It was shown 
that in all samples the dominant phase is the cubic phase (PDF 
01–077–2286). Sample 0-Hf is monophasic and has no impurities of 
other phases, samples 0.21-Hf and 0.50-Hf have traces of the tetragonal 
phase (PDF 01–082–1245), in samples 0.77-Hf and 1-Hf a tetragonal 
phase with a content of about 1–2 % wt. is present. It was shown that 
additional annealing for 3 hours at a temperature of 1500◦C leads to the 
disappearance of the minor phase. The coherent scattering region for 
each sample was determined and its size was shown to exceed 600 nm.

The lattice constant was determined for each sample and the 
dependence of the lattice constant on the x was obtained. It was shown 
that the lattice constant changes linearly with changes in the 

composition of the ceramic according to the following law: a(x) =

5.148 − 0.0177x, (Fig. 2). These results confirm the formation of a solid 
solution.

Atomic radius of Zr4+ is larger than of Hf4+ [44] (73 pm and 72 pm, 
respectively). Solid solution single phase ceramics of mixed oxides 
composition obeys Vegard’s law, therefore the lattice constant decreases 
linearly with Hf content increase. It has been previously observed for 
other Zr-Hf single phase solid solutions [45,46].

It can be seen that the lattice constant for the 0.21-Hf sample deviates 
most from the linear approximation, which is most likely due to the 
lower Y content relative to the other samples.

Grain size distributions were studied using the combination of EBSD 
and AFM techniques. This combination was chosen due to the specific 
application of each method. Initial characterization of the surface by 
AFM showed that the surface of the samples is very rough (Fig. 3). It 
mainly consisting of large grains of 2–8 μm in size (indicated by arrows 
in Fig. 3). In addition, the space between large grains is filled with 
smaller grains with a characteristic size of 100–400 nm. The AFM 
method is poorly suited for studying such highly rough surfaces on a 
large scale. Therefore, in addition to the AFM studies, an EBSD study was 
carried out.

Using the EBSD technique, the grain size distributions were obtained 
for all samples (Fig. 4). It was shown that ceramics consists of grains 
with a size of 2–10 microns with a prevailing size of 4 microns (Fig. 4b). 
Grains with a size of 100–400 nm probably are not observed by XRD 
because they, being differently oriented, are densely located in the areas 
between the larger ones.

Thus, during the initial characterization of the samples, it was shown 

Table 1 
Elemental composition of samples measured by EPMA, atomic concentrations 
relative to metals are given.

Sample Element content, form. un

Name Hafnium 
content, x

Hf Zr Y Eu

0-Hf 0±0.01 0 0.80±0.02 0.185 
±0.004

0.012 
±0.001

0.21- 
Hf

0.21±0.02 0.18 
±0.04

0.66±0.01 0.149 
±0.004

0.010 
±0.001

0.50- 
Hf

0.50±0.01 0.40 
±0.01

0.40±0.01 0.187 
±0.004

0.013 
±0.001

0.77- 
Hf

0.77±0.01 0.61 
±0.01

0.186 
±0.004

0.194 
±0.004

0.014 
±0.001

1-Hf 1.0±0.02 0.78 
±0.02

0 0.207 
±0.004

0.012 
±0.001

Fig. 1. XRD curves obtained for all samples. The figure also shows the re-
flections corresponding to the card of cubic ZrYO (PDF 01–077–2286) (green 
circles) and tetragonal ZrYO (PDF 01–082–1245) (black circles).

Fig. 2. Lattice constant versus hafnium content, x.
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that cubic ceramics of a given composition had been synthesized. A 
combination of AFM and EBSD studies demonstrated that the ceramics 
consist of large grains with a size of 2–8 μm and the space between them 
is filled with grains with a size of 100–400 nm. The linear dependence of 
the lattice parameter on the hafnium content indicates the formation of 
a solid solution.

3.2. Optical properties

3.2.1. Reflectance
Reflectance spectra were obtained for all samples. The absorption 

coefficient was calculated according to Kumar’s model [47] using the 
formula: 

α(hν) = 1
2d

ln
Rmax − Rmin

Rhν − Rmin
(1) 

where Rmax and Rmin are maximum and minimum values of reflectance, 

d is the thickness of the absorption layer.
At the same time, the dependence of the absorption coefficient on the 

energy of the incident photons can be described by the power-law 
expression [48]: 

α(hν)⋅hν = A
(
hν − Eg

)n (2) 

where A is a constant, Eg is the energy gap, n is the exponent that de-
termines the type of interband transitions: 1/2 for direct transition and 2 
for indirect.

The materials have been shown to have an indirect band gap (n=2). 
In order to obtain the energy gap values we carried out the analysis of 
spectral dependences of absorption determined Kumar’s model in the 
coordinates of indirect optical transitions. Example of absorption spec-
trum for 1-Hf sample is shown in Fig. 5a. The optical band gap calculated 
for all samples is presented in Fig. 5b.

Fig. 5 shows the dependence of the optical band gap width on the 

Fig. 3. AFM image of the 0.50-Hf ceramics surface.

Fig. 4. a) EBSD image for the 0-Hf sample, b) histograms of grain size distribution for all samples.
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composition of the ceramic. The optical band gap depends on the ratio х 
as: Eg=4.9+0.12x+0.25x2 (Fig. 5b). This result coincides with the 
conclusions in [49]. Other works, for example [50], give a different 
value of the band gap for ZrYO films - 5.7 eV. This scatter may be due to 
the presence of shallow trap levels, which can significantly shift the 
absorption edge.

3.2.2. Cathodoluminescence
CL spectra were obtained for all synthesized ceramics (Fig. 6).
The emission bands observed in the spectra were interpreted based 

on the work of K. Binnemans [51]. All CL bands were found to be 
associated with transitions in the Eu3+ ion. In particular, transitions 
from 5D2 to 7F1 level, from 5D1 to 7F1,3 level, and from 5D0 to 7F0,1,2,3,4 
levels (see Fig. 6(b)) were observed in the CL spectra of all samples.

Analysis of the CL spectra confirmed that the ceramics were indeed 
stabilized in a cubic phase with a fluorite structure (f-ZrO2, Fm3m). This 
is evidenced by the absence of the 5D0 – 7F2 Eu3+ transition band 
splitting [8]. In this crystalline phase, Eu3+ can be found in three 
nonequivalent positions: a position with D2d symmetry, which is formed 
by an environment of 8 oxygen atoms (CN8), a position with C1 sym-
metry, which has an oxygen vacancy in the second coordination shell, 
and a position with C3v symmetry, which has one oxygen vacancy in the 
first coordination sphere [8]. However, as shown in [40,52], with 
high-energy excitation it is impossible to identify local Eu3+ positions. It 
can be seen that the hafnium content does not affect the position and 
number of observed bands.

The decay times were obtained for the most intense 5D0-7F1 transi-
tion. The obtained CL decay kinetics were approximated with good ac-
curacy by the sum of two exponents: 

I = I0 +A1exp
(

−
t

τ1

)

+A2exp
(

−
t

τ2

)

(3) 

Parameters A1 and A2 provide information about the contribution of 
each exponent to the kinetics of luminescence decay while τ1 and τ2 are 
the characteristic luminescence decay times. The obtained parameter 
values are given in Table 2. The presence of two exponentials in lumi-
nescence decay is typical for ceramics. This is due to an increase in the 
probability of nonradiative transitions of activators located near grain 
boundaries [53].

3.2.3. Quantum yield, luminescence excitation spectra, and 
photoluminescence

As can be seen in Fig. 7, the quantum yield of the samples upon 
excitation of the 7F0-5D2 transition does not depend on the hafnium 
content, and upon excitation of the 7F0-5L6 transition, the highest 
quantum yield is observed in samples with the hafnium content, x from 
0.21 to 0.77.

The excitation spectra of the 5D0-7F1 transition of Eu3+ were ob-
tained (Fig. 8). It was shown that the excitation spectra contain bands 
associated with intracenter transitions of Eu3+ and a charge transfer 
band (CTB). In contrast to cathodoluminescence spectra, transitions 
from high energy levels 5D1 and 5D2 are not observed.

The spectra were normalized to the magnitude of the 7F0-5D2 tran-
sition, since the quantum yield upon excitation of this transition is 
similar for all studied samples (Fig. 7). The broad band with a maximum 
at 264 nm is the CTB for Eu3+. It can be seen that the position of the CTB 
does not depend on the composition of the sample. The highest intensity 
of excitation of the 5D0-7F0 Eu3+ transition is observed in the 0.21-Hf 
and 0.77-Hf samples.

3.2.4. Thermoluminescence
TL curves were obtained at heating rate of 0.25 K/s. TL curves have 

several intensive bands at temperatures of 150–250 K; however, for TL 
dosimetry, traps that emit at temperatures above 300 K and have a long 
lifetime at room temperature are of interest [54,55]. In the 0.50-Hf and 
0.77-Hf samples, a separate band is observed with a maximum around 
450–480 K (Fig. 9), which can be used as a dosimetric peak. In the 1-Hf 
sample such peak has a complex structure and consists of at least two 
bands.

Fig. 5. a) Absorption spectrum of 1-Hf for indirect transitions in accordance 
with the Kumar’s model [47]. The energy gap values (Eg) for transitions with 
absorption and emission of phonons (Eph) are marked by arrows. b) Optical 
band gap dependence on hafnium content in the samples.

Fig. 6. a) CL spectra, b) scheme of Eu3+ luminescent transitions.

Table2 
CL decay times for the 5D0-7F1 Eu3+ transition and contributions of exponents 
with different τ values.

Sample А1 τ1, ms А2 τ2, ms

0-Hf 0.59± 0.06 0.21± 0.02 0.41± 0.06 1.12 ± 0.06
0.21-Hf 0.57± 0.01 0.19 ± 0.01 0.43± 0.01 1.06 ± 0.02
0.50-Hf 0.61± 0.03 0.18 ± 0.02 0.39± 0.03 1.06 ± 0.06
0.77-Hf 0.56± 0.01 0.20 ± 0.01 0.44± 0.01 1.19 ± 0.04
1-Hf 0.63± 0.07 0.19 ± 0.01 0.37± 0.07 1.10 ± 0.02
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Several methods were utilized to determine activation energies of 
deep traps in 0.50-Hf, 0.77-Hf and 1-Hf samples. The first one proposed 
in [56,57] employs the shape of thermoluminescent curves. It was 
applied to 0.50-Hf and 0.77-Hf samples due to well isolated TL bands. 
The second one was used on 1-Hf sample and is based on various heating 
rates [56,58]. In this case heating rate was varied from 0.10 to 0.25 K/s 
and following equation was used: 

ln(Im) ∼ −
Ea

kTm
,

Where Im and Tm are the intensity and temperature at peak maximum, 
and Ea is the activation energy. Both methods are generalized and do not 
require knowledge of the kinetic order [56]. The data (peak maximum 
temperature Tm and activation energies Ea) are presented in Table 3.

As can be seen from Table 3, there is no direct correlation between TL 
peak position and corresponding activation energy (Ea is higher in 0.50- 
Hf sample despite Tm being lower). This can be explained either by 
different frequency factors or by temperature lag which was unac-
counted for.

Based on the literature data, it can be assumed that oxygen vacancies 
act as traps in these materials. In this case, it can be assumed that in the 
0.50-Hf and 0.77-Hf samples, the traps are negatively charged oxygen 
vacancies V- with the fourfold and with the threefold coordination [24]. 
In the 1-Hf sample, both of them are observed. Thus, the observed dif-
ference in thermoluminescence is associated with the Zr4+ and Hf4+

ratio. Another factor may be connected with higher refractory of 
HfO2-based materials compared to ZrO2-based materials [59,60]. 
Accordingly, under the selected annealing regime defects in the 
hafnium-free sample may be annealed, while in more refractory samples 
with a high hafnium content, similar defects may be not completely 
annealed.

4. Conclusions

Ceramic samples based on cubic zirconia-hafnia were successfully 
synthesized using starting precursors obtained by co-precipitation from 
common aqueous solutions. Minor phase admixture of does not exceed 
1–2 wt%. Average grain size of zirconia-hafnia phases in ceramic matrix 
is about 4 μm but grains with an average size about 200 nm are present 
too. It was shown that a solid solution is formed over the entire range of 
compositions. The linear decrease of the lattice parameter as well as the 
dependence of the optical band gap on the composition were obtained. 
In the CL spectra, only bands associated with Eu3+ luminescence were 
observed. The number and position of bands associated with the 5D0 - 
7F1 and 5D0 - 7F2 transitions confirm that the ceramics are stabilized in 
the cubic phase. It is shown that the hafnium content does not affect the 
position of the CL bands and the decay times of the 5D0 - 7F1 transition.

A complex study of the luminescent and thermoluminescent prop-
erties of the synthesized samples show that ceramics with hafnium 
content (х) from 0.5 to 0.8 are optimal for use in thermoluminescent 
dosimetry.
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Fig. 7. Quantum yield of luminescence upon excitation of 7F0-5D2 and 7F0-5L6 
transitions.

Fig. 8. Excitation spectra of the 5D0-7F1 Eu3+ transition.

Fig. 9. Thermoluminescent curves obtained at heating rate of 0.25 K/s.

Table 3 
Activation energies of deep traps for 0.50-Hf, 0.77-Hf and 1-Hf samples.

Sample 0.50-Hf 0.77-Hf 1-Hf

Tm, K 429 486 438 500
Ea, eV 0.88±0.10 0.62±0.09 0.63±0.13 0.8±0.4
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