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Effect of Yttrium Content on Luminescent Properties of

HfO2−Y2O3−Eu2O3 Cubic Ceramics
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The luminescent properties of HfO2−Y2O3-Eu2O3 ceramics with different yttrium content, prepared by

coprecipitation from a common solution with subsequent sintering and additional annealing in an argon atmosphere,

were studied. It was shown that the ceramics have a cubic crystal structure, the average grain size is about 2−4 µm.

An increase in the yttrium content leads to an increase in the lattice constant, as well as to an increase in the number

of low-symmetry Eu3+ positions.
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Introduction

The ceramic materials are of great practical interest

and applied in various fields of science and technics.

Recently, much attention has been paid to the research of

ceramics based on cubic zirconium and hafnium oxides

stabilized with trivalent ions, for example, yttrium Y

and/or lanthanides. A number of studies have been

devoted to investigation of luminescent properties of the

Y-stabilized ceramics based on ZrO2 (YSZ), which is co-

doped by the ion oxides of trivalent metals [1–4]. Since

zirconium oxide, stabilized in the cubic phase, has a

unique chemical, thermal and radiation resistance, this

ceramics continues to be the focus of research for use

as thermal barrier coatings [5–7]. Also among possible

applications of Y-stabilized ZrO2 ceramics is the develop-

ment of ionizing radiation sensors which operate based on

the thermal luminescence effect. The thermal luminescent

properties of YSZ ceramics activated by the rare-earth

ions of Eu [8] and Er [9] are of specific interest to the

researchers.

Hafnium is a chemical analog of zirconium, but hafnium

oxide, stabilized in the cubic phase, is much less studied.

Europium will be used to activate ceramics, since Eu3+ has

a bright luminescence in the red region of the spectrum,

and its spectra are sensitive to the local symmetry [10].
The purpose of this study — to synthesize HfO2-Y2O3-

Eu2O3 ceramics with various yttrium content and define

its effect on the crystalline structure and luminescent

properties.

Sample synthesis and study methods

4 precursor of HfO2-Y2O3-Eu2O3 with various yttrium

content were obtained by method of co-precipitation. The

ceramics were synthesized for 3 h at a temperature of

1500◦C. The samples were sawn, fixed in epoxy resin, and

a carbon film was sprayed onto their surface to ensure

electron flow drain for the electron probe microanalyzer

(EPMA) and cathodoluminescence (CL) studies. Fur-

ther individual samples will be shortly designated as xY,
where x — planned contents of yttrium (form. units).

The elemental composition of the studied samples was

obtained by EPMA. The study of the composition was

carried out on a CAMEBAX electron probe microanalyzer

equipped with four X-ray spectrometers with the following

electron beam parameters: electrons energy U = 20 keV,

absorbed current I = 15 nA, beam diameter d = 2µm. For

analysis, the analytical line Lα was chosen for all elements.

The standards selected included metallic hafnium (for Hf),
Y3Al5O12 compounds (for determination of Y) and EuPO4

(for defining Eu). The oxygen content was calculated based

on stoichiometry. The elemental composition was measured

in several (minimum five) randomly selected areas of the

samples.

All samples were examined by X-ray diffraction phase

analysis (XRD). NaCl powder was used as an internal

standard for determining structural parameters. The mea-

surements were performed on diffractometer D2 (Bruker,
Germany) (λ = 1.5406 Å, 30 kV, 10mA), equipped with

PSD camera and LENXEYE detector.

The surface relief was studied using NTegra-Aura atomic-

force microscopy (NTMDT-SI, Moscow, Russia) by means

of standard silicon probes (rigidity ∼ 4N/m, typical radius

of the probe tip rounding ∼ 10 nm). The measurement were

done in a semi-contact mode in air.

The luminescent properties of the ceramics samples were

studied by cathodoluminescence (CL) method using the

same CAMEBAX setup, additionally equipped with an opti-

cal spectrometer. The spectra of CL samples were obtained
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Figure 1. XRD patterns obtained for ceramics HfO2-Y2O3-Eu2O3.
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Figure 2. Lattice constant versus yttrium content in the cubic

phase of ceramics HfO2-Y2O3−Eu2O3 .

within the wavelength range of λ = 350−800 nm: electron

beam energy U = 20 keV, absorbed current I = 20 nA and

the beam diameter d = 5µm. The CL images of the sam-

ples were obtained under the following conditions: electron

beam energy U = 20 keV, absorbed current I = 100 nA and

beam diameter d = 200µm. The decay times were obtained

for the most intense transition 5D0−
7F1. Time measure-

ments were carried out at the diameter of the electron beam

40µm, since measurements with a smaller diameter led to

a greater spread of the determined parameters [11].

Study results

The average ultimate composition of samples was ob-

tained by EPMA method (Table 1). The obtained values

of the elements content corresponded to the planned ones,

the deviation did not exceed the measurement error limits

for all samples (10% for europium, 2% for other elements

in the samples). The homogeneity of the composition

Table 1. Elemental composition of samples according to EPMA

data

Name Element content in form. units

sample Hf Y Eu

16Y 0.82±0.01 0.163±0.006 0.016±0.001

20Y 0.786±0.005 0.200±0.006 0.014±0.001

24Y 0.74±0.01 0.244±0.006 0.016±0.001

26Y 0.72±0.02 0.264±0.006 0.016±0.001

was investigated for all samples of the series, and it was

shown that yttrium is distributed uniformly in the selected

concentration range.

Fig. 1 illustrates the XRD patterns obtained for all

samples. It is demonstrated that cubic phase (PDF 01-077-

2286) was prevailing for all samples. In samples 16Y and

20Y an impurity of tetragonal phase is observed (PDF 01-

082-1245).
The lattice constant for the cubic phase was deter-

mined for all samples and its dependence on the yttrium

content was constructed (Fig. 2). The lattice constant

increases almost linearly with higher yttrium content:

a(x) = 5.108 + 0.155x . The deviation from the linear

dependence may be due to the heterogeneity of the yttrium

distribution in the sample, the value of which lies within

the measurement error of EPMA method. A monotonous

increase in the lattice constant indicates the successful

formation of a solid solution.

The AFM topography study showed that the ceramic

surface mainly consists of sintered grains with a resulting

characteristic size of about 10µm (Fig. 3, a). The presence

of grooves on the surface makes it possible to estimate the

initial grain size — 2−4µm. A more detailed study of the

surface showed that ceramic grains are based on particles

with a characteristic size 50−100 nm (Fig. 3, b).
The obtained CL-images are presented in Fig. 4. It can

be seen that all samples have a uniform red luminescence,

and the nonuniformity of luminescence is related only to

the surface relief, except for sample 16Y, in which areas

with white luminescence ranging in size from 40 to 200µm

are observed. The CL spectra of all samples contain

emission bands associated with transitions in Eu3+ ions,

including high-energy transitions (5D0−
7Fj ,

5D1−
7Fj , and

5D2−
7Fj). The intensity ratios of the bands and their

positions are characteristic of hafnium oxide with a cubic

crystal structure [12,13]. In CL spectrum of 16Y sample

there’s an additional band with an emission maximum of

615 nm. This band is associated with the splitting of
5D0−

7F2 transition levels, which occurs in lower-symmetric

phases of hafnium oxide, for example, in the tetragonal

phase [13].
The nature of the contrast in CL image for sample

16Y was investigated in detail (Fig. 5). In CL spectrum
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Figure 3. AFM images on the ceramics surface 20Y: (a) scanning field 13× 13 µm, (b) scanning field 1× 1 µm.
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Figure 4. Spectra and CL images of ceramics with various content of yttrium.

obtained in region (1) of 16Y sample, an intense wide

luminescence band is observed in the visible region (1)

of the spectrum with a maximum emission of 2.4 eV

(Fig. 5). According to the literature data [14,15], this

band is the sum of two bands with emission maximums

of 2.2 eV (YB) and 2.7 eV (BB). Based on experimental

data on the luminescence of these materials, electrophysical

studies, photoelectron spectroscopy and quantum chemical

modeling, it was found that single oxygen vacancies [14,16]

are causing formation of the band with a maximum

luminescence of 2.7 eV in HfO2, ZrO2, HfZrO. In paper [15]

it was suggested that the band with the emission maximum

of 2.2 eV is associated with the formation of oxygen poly-

vacancies, presumably di-vacancies.

5D0−
7F1 transition is magnetic dipole (MD) transition,

and its intensity weakly depends on the local ion environ-

ment Eu3+, in contrast to the electrodipole (ED) 5D0−
7F2

transition. In crystal structures with an inversion center, the

intensity of ED 5D0−
7F2 transition decreases due to the

parity prohibition, and the MD transition in the 5D0−
7F1

luminescence spectrum becomes the most intense [12]. The

relationship I((ED)/I(MD) is called an asymmetry coefficient,

and the bigger it, the lower the symmetry of the local

position occupied by Eu3+. According to the method

proposed in the paper [12], the asymmetry coefficient was

calculated for all samples (Table 2). We see that asymmetry

coefficient max I(ED)/I(MD) (ratio of maxima of intensities
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Table 2. Asymmetry coefficients and decay times of transition 5D0−
7F1

Parameters 16Y(1) 16Y(2) 20Y 24Y 26Y

of the function

max I(ED)/I(MD) 0.95 0.96 0.98 1.01 1.04

A1 0.48± 0.04 0.47± 0.06 0.48± 0.06 0.50± 0.03 0.49± 0.03

t1,],ms 0.19± 0.03 0.07± 0.02 0.28± 0.06 0.28± 0.04 0.27± 0.03

A2 0.52± 0.05 0.53± 0.01 0.52± 0.06 0.50± 0.06 0.51± 0.03

t2, ms 1.18± 0.06 1.02± 0.07 1.36± 0.06 1.34± 0.07 1.28± 0.04
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Figure 5. CL image (shown in the insert window) and spectra of

sample 16Y obtained in different areas: 1 — white luminescence

domain, 2 — red luminescence domain.

of 5D0−
7F2 and

5D0−
7F1 bands) is very sensitive to yttrium

content.

When zirconium oxide is stabilized by rare-earth ele-

ments, the Zr4+ ion is replaced in a heterovalent way by

a trivalent rare-earth ion with the formation of an oxygen

vacancy Vo. At the same time, the different location

of vacancies relative to rare earth elements in the near

coordination spheres determines the diversity of its envi-

ronment and the change in its local symmetry. According

to the studies [17,18], in zirconium oxide stabilized with

yttrium in the cubic phase and activated with Eu3+, the

Eu3+ ion can be found in several non-equivalent positions.

The most symmetrical position with D2d symmetry is

formed by an environment of 8 oxygen atoms (CN8).

As the concentration of the oxide stabilizer increases, the

concentration of oxygen vacancies increases, which leads to

the formation of various types of Eu3+ local environment.

When a vacancy appears in the second coordination sphere,

the local symmetry of the center decreases to C1 . When

a vacancy occurs in the Eu3+ first coordination sphere

the local position corresponds to C2v or less. At high

concentrations of the stabilizing oxide, 2 vacancies at a time

can be observed in the Eu3+ first coordination sphere, in

this case its local position will correspond to C2 [17,18].

In [17], it was shown that as the yttrium content increases,

the number of centers with lower symmetry goes up, and

the intensity of the electrodipole 5D0−
7F2 transition band

rises accordingly. Since hafnium is a chemical analog of

zirconium and its ionic radius does not differ significantly,

a similar behavior should be Eu3+ expected. Thus, the rise

of the asymmetry coefficient with an increase in the yttrium

content can be explained by higher number of less Eu3+

symmetrical positions.

The decay times were obtained for the most intense

transition 5D0−
7F1 (Table 2). It is shown that kinetic curves

are well approximated by the sum of two exponentials,

which is typical for ceramics:

I = I0 + A1 exp

(

−

t
τ1

)

+ A2 exp

(

−

t
τ2

)

. (1)

We associate the short component of the decay kinet-

ics with the centers located close to the grain bound-

aries [12,19]. The transition times of 5D0−
7F1 in 16Y

sample with the lowest yttrium content are noticeably

shorter than in the other samples, which indicates a higher

content of point defects in this sample. It can be seen that

the decay times and their contributions do not depend on

the yttrium content at concentrations above 0.2 form units.

Conclusions

The ceramics HfO2-Y2O3-Eu2O3 with yttrium content

from 0.16 to 0.26 form. units was synthesized. Measure-

ments using EPMA and X-ray diffraction methods showed

that a solid solution with a homogeneous composition is

formed in the selected concentration range. It is shown that,

under the selected synthesis conditions, an increase in the

yttrium content leads to the disappearance of minor phases

with the yttrium content of more than 0.2 form. units.

In a sample with yttrium content of 0.16 form. units,

the domains with an increased content of oxygen vacancies

were formed. An increase in the yttrium content leads to a

higher number of Eu3+ low-symmetry positions.
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