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Abstract
Multifunctional perovskite oxides [(Ba0.85Ca0.15)1-xEux](Ti0.9Hf0.1)O3 (Eu-BCTH) were prepared by the solid-state reaction 
method, and the effects of Eu doping on structure, density, and performance were studied. The Eu-BCTH ceramics sintered 
at 1450 °C for 3 h exhibit a near-pure perovskite structure accompanied by high relative density and densified microstructure 
morphology. The Eu-doped BCTH ceramics present complicated dielectric behaviour, that is, normal ferroelectrics accom-
panied by slight diffusive ferroelectric phase transition characteristics. Excellent ferroelectricity and piezoelectricity can be 
obtained in the Eu-doped BCTH ceramics simultaneously, which present significant dependency on the Eu doping content. 
Under 457-nm light excitation, the Eu-BCTH ceramics emit strong red fluorescence centering around 689 nm, relating to 
the 5D0 → 7F4 electron transition, accompanied by several weak fluorescence emissions. The 0.5 mol% Eu-doped BCTH 
ceramics present excellent piezoelectric and florescent properties simultaneously.

1 Introduction

Multifunctional materials and components have gathered 
focused attention in science and engineering fields to meet 
the requirements of miniaturization and intellectualization 
of high-tech electronic devices, and increase system-level 
multifunctionality and efficiency [1, 2]. Normally, multi-
functionality is stimulated by multiple driving force, includ-
ing temperature, stress, electromagnetic wave, field, et al., 

and their combination, in novel materials and structures. 
Besides generating novel multiple performances and func-
tions, which may be absent in original unifunctional materi-
als, weight, volume, connectors, production cost, etc., can 
be saved, which provide enhanced tailorable to applications 
and are very important in New Technology Age.

Among versatile multifunctional materials, rare-earth 
elements tailored ferroelectrics have attracted our attention 
since donor-doping improved piezoelectricity and remnant 
polarization enhanced fluorescence performance can be 
induced by the lanthanide element doping (i.e., typical mul-
tifunctionality) [3, 4]. The improved fluorescent and piezo-
electric properties can be attributed to the ample inner-layer 
4f and 5d electron states and donor doping characteristics of 
the rare-earth elements [1, 5, 6].

For fluorescent and piezoelectric multifunctional mate-
rials, their performances are influenced fundamentally by 
rare-earth elements species and concentrations, ferroelectric 
host materials, ceramic processing, and so on.

Compared with other rare-earth cations,  Eu3+ has abun-
dant electron levels, whose excitation spectra and lumi-
nescent spectra relating to the ground state level are non-
degenerate owing to the even number of 4f electrons  (4f6 
configuration) [7]. Furthermore, the crystal-field perturba-
tion induced by the host matrix can lift degeneracy of the 
2S+1LJ levels [7], leading to promising versatile applications 
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in the fields of display, solid-state lighting, optoelectronics, 
etc. [8].

Owing to environmental concerns and legislative restric-
tions, lead-free ferroelectrics have become topics of research 
interest as host materials since the remnant polarization [3, 
4] and random electric-field [9] can enhance the fluorescent 
performance of rare-earth luminescent materials by influenc-
ing the crystal field. The compound  (Ba1−yCay)(Ti1−xHfx)
O3 (BCTH) has potential for practical applications since it 
was reported by Zhou et al. [10], which exhibits excellent 
piezoelectricity and ferroelectricity depending on composi-
tion, and arouses research booming subsequently [11–13]. 
Piezoelectricity improvement caused by donor doping and 
photoluminescence performance enhancement induced by 
ferroelectricity coupling is anticipated in rare-earth doped 
BCTH owing to the remnant polarization, internal electric-
field, and the change in local crystal symmetry and crystal-
field [1, 3, 4, 9].

In this work, Eu-doped [(Ba0.85Ca0.15)1−xEux](Ti0.9Hf0.1)
O3 (Eu-BCTH) lead-free multifunctional ceramics were pre-
pared by conventional ceramic processing since the solid-
state sintering method is simple and low-cost, and the Eu 
concentration and sintering conditions can be tailored easily 
[10–13]. The effects of Eu doping content on crystal struc-
ture and morphology, elemental distribution, and multifunc-
tional performances were investigated, and the underlying 
mechanisms of ferroelectricity coupling and photolumines-
cence performance enhancement were identified.

2  Experimental procedures

Eu-doped  (Ba0.85Ca0.15)(Ti0.9Hf0.1)O3 (BCTH) lead-free 
multifunctional ceramics were prepared by the solid-phase 
method according to the formula [(Ba0.85Ca0.15)1−xEux]
(Ti0.9Hf0.1)O3 (Eu-BCTH) without considering charge com-
pensation using carbonates and oxides as raw materials. Sto-
ichiometric well mixed reagents of  BaCO3,  CaCO3,  Eu2O3, 
 TiO2, and  HfO2 with full drying were calcined at 1350 °C 
for 3 h with repeated grinding and calcining to ensure full 
decomposition of carbonates and solid-state reaction. The 
Eu-doped BCTH ceramics were sintered at 1450 °C for 3 h 
with a separate decarbonation process after granulation and 
cold-pressing covered with calcined powder of the same 
composition.

Rigaku D/max-2500/PC X-ray diffractometer and Rigaku 
SmartLab X-ray diffractometer (XRD), and JEOL JSM-
IT100  InTouchScopeTM scanning electron microscope 
(SEM) were used to characterize the crystal phase structure, 
and grains morphology and elementals surface distributions 
of the synthesized Eu-BCTH ceramics, respectively. Lumi-
nescent images, photoluminescence properties, and lumines-
cent lifetime were analysed using a Nikon Inverted Research 

Microscope Eclipse Ti-S, PerkinElmer LS 45 fluorescence 
spectrometer and Edinburgh FS5 fluorescence spectrometer, 
respectively, using polished ceramics [14, 15]. Dielectric, 
piezoelectric and ferroelectric measurement systems were 
used to characterize electrical properties using silver-elec-
troded ceramics after manual coating and silver-firing at 
650 °C for 30 min [16].

3  Results and discussion

Figure 1 shows XRD patterns of the Eu-BCTH ceramics. 
Minor impurities exist in most of the sintered Eu-doped 
BCTH ceramics, except for the 0.5 mol% Eu-doped BCTH 
ceramic; therefore, the phase structure of the Eu-BCTH 
ceramics deserves further optimization. Such impurities 
will influence the physical performance change character-
istics, but not significantly since the electrical and optical 
properties of the Eu-BCTH ceramics can be comparable to 
many similar ceramics reported. On the whole, a near-pure 
perovskite structure is obtained, and the ceramics seemly 
present rhombohedral or pseudo-cubic systems in the full 
XRD patterns since the {110}, {210} diffraction reflections 
exhibit rather sharp and symmetric singlet peaks. Almost 
no impurities are detectable with varying the Eu doping 
content. This composition was chosen as the matrix as it 
is located around the distinguished morphotropic phase 
boundary (MPB), which tends to present excellent physi-
cal performance [10–13]. The existence around the MPB 
region can be confirmed in magnified XRD patterns. Dou-
blet splitting of the {200} diffraction reflection and triplet 
splitting of the {310} diffraction reflection become more 
evident as the Eu doping content increases in the Eu-doped 
BCTH ceramics. The splitting in the 0.1 mol% Eu-doped 
BCTH ceramics is more clearly, which can be deconvoluted 
and indexed as the tetragonal (002)T and (200)T, the tetrago-
nal (301)T and (310)T, and the rhombohedral (310)R; that 
is, the coexistence of tetragonal and rhombohedral phases 
(or orthorhombic phase), correlating with the XRD equip-
ment used (Rigaku SmartLab X-ray Diffractometer) and the 
crystal distortion caused by Eu doping. Further structural 
refinement will provide more precise structural informa-
tion; for example, in a correlative composition system of 
 (Ba0.7Ca0.3TiO3)–(BaZr0.2Ti0.8O3) (BCZT), an intermediate 
orthorhombic ferroelectric phase with lower symmetry is 
detected by high-resolution synchrotron X-ray diffraction 
combined with Rietveld refinement, first-principles density-
functional calculations, Landau-Devonshire theory, and 
Raman spectroscopy [17–19]. The intermediate orthorhom-
bic phase converges polymorphic phase coexistence region, 
degenerates and flattens the critical free energy landscape, 
and multiplies polarization orientations, leading to enhanced 
physical properties [17–19].
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Therefore, the structure of the Eu-BCTH ceramics is 
refined as pseudo-cubic symmetry with rhombohedral dis-
tortion as shown in Table 1. Normally, the cell parameters 
a and V present a decreasing trend with increasing the 
Eu doping content until 0.1 mol%, after which there is 
an almost linear increase until the end concentration of 
the experiment, which correlates with the differences in 
valences and ionic radii of the different cations; that is, 
1.61 Å, 1.34 Å and 1.12 Å for  Ba2+,  Ca2+, and  Eu3+ in 
12-fold coordination  (Eu3+ in 9-fold coordination since it 
has no data in 12-fold coordination), and 0.51 Å, 0.71 Å 
and 0.947 Å for  Ti4+,  Hf4+, and  Eu3+ in sixfold coordina-
tion [20]. Cell distortion is induced by changes in oxygen 
vacancy concentration due to the generation of complex 
point charge defects, and the different occupation sites 
in the perovskite structure. That means that although Eu 
is designed for A-site doping in the perovskite structure, 
the real occupation location varies depending on the Eu 
content and the chemical environmental. Minor intersti-
tial occupation of the perovskite structure is also inevi-
table. A similar phenomenon is reported by Luo et al., 
who designed a systematic experimental to investigate the 
effects of Er occupying sites in  Na0.5Bi0.5TiO3 perovskite 
on the physical properties [21]. In realty, the precise occu-
pying sites of Er doping in the perovskite structure are 
difficult to control and detect [21].

Although the maximum Eu doping content is set as 
1 mol% owing to considering multifunctional physical prop-
erties, the sintering capability is improved obviously as 
shown in Table 1 (all relative densities > 93%). The varia-
tion trend of the relative density is similar to that of the cell 
parameters, partially corroborating the change of Eu occu-
pying sites in the perovskite structure. Therefore, complex 
point charge defects are produced, as shown by the Kröger-
Vink notation system; that is, Eu

2
O

3

BCTH
���������������������→ 2Eu∙

Ba∕Ca
+

V ��
Ba∕Ca

+ 3O×
O

 and 2Eu
2
O

3

BCTH

��������������������→ 4Eu�
Ti∕Hf

+ 2V ∙∙
O
+ 4O×

O
+ O

2
↑ 

[22, 23]. Furthermore, the charge balance was not consid-
ered when designing the composition formula in this work, 
and this induced perovskite cell distortion and significantly 
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Fig. 1  a XRD patterns of the Eu-BCTH ceramics; b enlarged XRD 
patterns around the {200} and {310} diffraction reflections of the Eu-
BCTH ceramics

Table 1  Cell parameters and 
density of the Eu-BCTH 
ceramics

Eu content 
(mol %)

a = b=c (Å) α = β=γ (°) Cell volume (Å3) Relative 
density 
(%)

0.01 4.00126 ± 0.001209 89.8597 ± 0.044818 64.06 95.7
0.03 4.00216 ± 0.00126 89.8548 ± 0.046507 64.1 94.8
0.05 4.00121 ± 0.000776 89.9235 ± 0.031341 64.06 94.1
0.1 3.99584 ± 0.000579 89.9355 ± 0.023528 63.8 94.4
0.5 4.00432 ± 0.001476 89.8159 ± 0.05449 64.21 93.2
1 4.00722 ± 0.000405 90.0348 ± 0.009563 64.35 94.4
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influenced the physical performance of the synthesized Eu-
BCTH ceramics.

The high densification is confirmed by SEM observa-
tions. Before SEM measurements, the Eu-BCTH ceram-
ics were thermal etched at 1350 °C for 30 min. Figs 2, 3 
show SEM images and elemental maps of the 0.5 mol% Eu-
doped BCTH ceramics as an example. Normal distribution 
of grains is observed with a grain size concentrated around 
5.8–13 μm, correlating with the inhibition of grain growth 
induced by the Eu doping as compared with the BCTH 
ceramics without rare-earth doping [10–13]. The grains 
present nearly rounded corners, although the grains shape 
is irregular, indicating the partial role of a liquid-phase sin-
tering mechanism. The compact grains morphology sup-
ports their high relative density. The clear grain boundaries, 
enlarged porosity around grains junctions, and some misty 
matter covering above the ceramics’ surface relate to the 
thermal etching process and the free surface without grind-
ing and polishing used for the SEM measurement.

For elementals surface analysis, the grain junctions of 
three grains and a large grain were measured to detect the 
distributions inside grains and around grain boundaries. 
Owing to the low doping content of Eu and its excited 
electron energy level that is overlapped by other ele-
ments, the Eu surface distribution cannot be detected by 
energy dispersive spectroscopy (EDS). Fortunately, this 
deficiency can be compensated for by using luminescent 
images detected by fluorescence microscopy as discussed 
below. Overall, the elemental distributions both inside 
grains and around grain boundaries are generally homog-
enous, especially in the image of combined distributions 
of Ba, Ca, and Ti in the large grain (Fig. 3). The strong 
contrast around grain boundaries (i.e., the light color indi-
cating lower element concentrations) correlates with the 

thermal etching process since the elements located around 
grain boundaries evaporate most easily owing to their dis-
ordered arrangement, greater number of defects, and high 
energy.

For electronic applications, high resistance is a basic 
performance requirement. As shown in Table 2, all of 
the Eu-BCTH ceramics present high insulation, normally 
larger than  1010 Ω·cm. The largest resistivity reaches 
6.850 × 1011 Ω·cm for the 0.01 mol% Eu-doped BCTH 
ceramics, and high piezoelectricity can be expected. The 
resistivity does not show simple change regularity, which 
can be attributed to the complex change of bulk density, 
microstructural morphology, cell parameters, etc., com-
plicated point defects formation mechanisms, and dif-
ferent substitutional and minor interstitial solution (i.e., 
occupying A-site or B-site, and minor interstitial site of 
the perovskite structure) in the Eu-doped BCTH ceramics 
induced by Eu doping.

Figure 4 shows dielectric-temperature spectra of the 
Eu-BCTH ceramics measured at 10 kHz. Although the Eu 
doping content is limited, the dielectric response charac-
teristics [i.e., the dielectric peaks width, the value of the 
dielectric constant maximum (εm), the temperature corre-
sponding to the εm value  (TC), and the dielectric frequency 
dispersion character] change greatly with increasing the 
Eu concentration. Although the low-temperature rhom-
bohedral-orthorhombic-tetragonal (R-O-T) phase transi-
tions is not observed in the dielectric permittivity curves 
due to the equipment limitation, the apparent decrease of 
the dielectric loss tangent around room temperature in 
the dielectric loss-temperature curves as shown in Fig. 4 
can be attributed to the O–T phase transition [12]. Com-
bined with the data in Table 3, the 0.5 mol% Eu-doped 
BCTH ceramics exhibit excellent dielectric properties 
with relatively large εm value and high  TC temperature 
simultaneously.

The frequency influence and dielectric behaviour fitting 
were considered using the 0.5 mol% Eu-doped BCTH 
ceramics as an example (Figs. 5, 6, 7). No apparent dielec-
tric frequency dispersion is observed, in which the εm 
value decreases from 11668.6 to 10862.1 between 100 Hz 
and 2 MHz, whereas the  TC temperature remains at 86 °C; 
the full-width at the half dielectric peak maxima at 10 kHz 
is 26 °C. The temperatures of the dielectric loss maxima 
are lower than their corresponding  TC temperatures, and 
the dielectric loss frequency dispersion is clear (Fig. 5). 
The abnormally rapid increase in dielectric loss above the 
 TC temperature at low frequencies confirms the formation 
of complex point charge defects of Eu∙

Ba∕Ca
 , V ��

Ba∕Ca
 , Eu�

Ti∕Hf
 , 

and V ∙∙
O

 , which present hopping-jumping type conduction 
behaviour and can be attributed to a thermally activated 
conduction mechanism [24].
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Fig. 2  SEM image of the 0.5 mol% Eu-doped BCTH ceramics. Inset 
shows histogram of grains size distribution
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Fig. 3  SEM morphology region for Energy Dispersive X-ray analysis (EDX), EDX energy spectrum and images of elementals surface analysis 
locating around grain boundary and within grains of the 0.5 mol% Eu-doped BCTH ceramics
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Curie–Weiss law fitting ε = C/(T − T0) and expo-
nent ia l  law f i t t ing  1 /ε  − 1/εmax = (T − Tm)γ/C’ 
p r o v i d e  f u r t h e r  m e t h o d  t o  a n a l y s e  t h e 

ferroelectric behaviour characteristics [25]. Both laws can fit  
the dielectric response behaviour of the 0.5  mol%  
Eu-doped BCTH ceramics, in which the fitting equations 
are ε = 1.2108 × 105/(T − 96.95) and 1/ε − 1/11331 =  
(T − 86)1.695/8.1439 × 106, respectively; however, they 
are not in complete agreement. For the former, the Curie 
constant has a magnitude of  105, indicating normal fer-
roelectric behaviour, whereas the Curie–Weiss law is 
obeyed within 126–179 °C and the  Tcw temperature (i.e., 

Table 2  Resistivity of the 
Eu-BCTH ceramics Eu content (mol %) 0.01 0.03 0.05 0.1 0.5 1

Resistivity (Ω·cm) 6.850E + 11 3.287E + 10 3.052E + 11 6.972E + 10 9.935E + 10 1.202E + 11
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Table 3  εm and  TC of the 
Eu-BCTH ceramics at 10 kHz

Eu content 
(mol %)

εm TC (°C)

0.01 9186.6 93
0.03 5902.8 87
0.05 8313.3 90
0.1 9219.4 88
0.5 11149.8 86
1 5744.1 70
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the beginning temperature that the Curie–Weiss law is 
obeyed) is significantly higher than the  TC temperature, 
presenting a deviation from the Curie–Weiss law. For the 
latter, the fitted diffuseness coefficient is only 1.695, sug-
gesting non-typical relaxor ferroelectric characteristics. 
Therefore, the Eu-doped BCTH ceramics present com-
plicated dielectric behaviour, i.e., normal ferroelectrics 
accompanied by slight diffusive ferroelectric phase tran-
sition characteristics.

Figure 8 shows polarization–electric field (P–E) hyster-
esis loops of the Eu-doped BCTH ceramics measured at 
room temperature. Owing to the formation of point defects 
in the 1 mol% Eu-doped BCTH ceramics, their P–E loop 
cannot be obtained even with a 15 kV/cm electric field. For 
the other compositions, the P–E loops are rather symmetric 
and saturate. With increasing the Eu doping content, the 
remnant polarization tends to increase and reaches maxi-
mum value at 0.1 mol% Eu, then decreases with further 
increase in the Eu doping content, accompanied by slight 
deformation of the P–E loop around the end parts. The 
coercive field presents a similar decreasing trend with an 
increase in the Eu doping content. Such phenomena relate 
to the formation of complex point charge defects induced 
by the Eu doping; that is, Eu∙

Ba∕Ca
 , V ��

Ba∕Ca
 , Eu�

Ti∕Hf
 , and V ∙∙

O
 

point defects, which present donor doping characteristics 
and enhance ferroelectricity. Leakage phenomenon appears 
in the 0.5 mol% Eu-doped BCTH ceramics as shown by the 
gap and slight asymmetry of the P-E loop, correlating with 
the formation of donor-type point defects. Moreover, 
domain mobility is increased since the free energy for 
domain rotation and switching is decreased owing to the 
distortion and relaxation of crystal lattices induced by 
vacancies, which promotes piezoelectricity [26].

The influence of the poling electric field on the piezo-
electricity of the Eu-BCTH ceramics is shown in Fig. 9. On 
the whole, the Eu-BCTH ceramics are susceptible to polar-
ization; at only 500 V/mm, the ceramics obtain relatively 
high values of the piezoelectric constant  d33, which remains 
almost unchangeable or increases slightly with increasing 
the electric field depending on the Eu doping content. Such 
a phenomenon confirms that the enhanced domain mobility 
is correlated with the point charge defects induced by the 
Eu doping, and also corresponds to the decreased coercive 
field  Ec (Fig. 8). The largest piezoelectric performance is 
obtained for the 0.5 mol% Eu-doped BCTH ceramics, with 
 d33 and  Kp being 317 pC/N and 36.2%, respectively, for 
poled under 2000 V/mm. The worst piezoelectric perfor-
mance is observed for the 1 mol% Eu-doped BCTH ceram-
ics, in which the  d33 value is 163 pC/N and  Kp is 22.8%; 
furthermore, the ceramics cannot be poled by a higher 
electric field owing to dielectric breakdown. Such phenom-
ena correlate with the change of point charge defects 
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induced by Eu doping. The Eu cation doping presents 
donor doping characteristics in the BCTH system, where 
the piezoelectric constant tends to increase with increasing 
the Eu doping content via the point defect reaction 
Eu

2
O

3

BCTH
���������������������→ 2Eu∙

Ba∕Ca
+ V ��

Ba∕Ca
+ 3O×

O
 . However, when the 

Eu content is too high, oxygen vacancy is generated via the 
point defect reaction 2Eu

2
O

3

BCTH
���������������������→ 4Eu�

Ti∕Hf
+ 2V ∙∙

O
+

4O
×
O
+ O

2
↑ , which reunites donor electrons, decreases the 

piezoelectric constant, and corresponds well with large 
dielectric loss and inferior ferroelectricity [24].

Unlike the luminescence mechanism of semiconductors, 
the photoluminescence emission induced by rare-earth dop-
ing correlates closely with the specific electron transitions of 
the 4f or 4f-5d electron layers [5]. Therefore, excitation spec-
tra were measured to determine the effective excitation light 
wavelength using the 0.5 mol% Eu-doped BCTH ceramics 
as an example (Fig. 10). Strong excitation light is centred at 
457 nm, which correlates with the electron transition of  Eu3+ 
from the ground state to the 5d electron level, indicating 
that 457 nm light can excite the Eu-BCTH ceramics effec-
tively. As compared with the  Na0.5Bi0.5−xEuxTiO3 (NBT-Eu) 
powders prepared using the hydrothermal method, a slight 
blue-shift occurs in the excitation light [27], which can be 
attributed to the differences in the microstructure morphol-
ogy caused by the different synthesis methods and internal 
bias fields induced by different ferroelectric hosts with dif-
ferent crystal fields and local symmetry [1].

The multifunctional photoluminescence emission in 
the Eu-BCTH ceramics is derived from rare-earth doping, 
with the emission intensity influenced by the concentra-
tion of Eu and the crystal-field symmetry of the ferroelec-
tric hosts [1], as shown in Fig. 11. Strong photolumines-
cence emission spectra are excited by Eu doping, and the 

electron transitions are clearly affected owing to the change 
of atomic displacement and the local lattice environment 
[1] induced by Eu substitution. Normally, four photolumi-
nescence emission peaks can be excited [5, 7], as reported 
for the NBT-Eu ceramics prepared via the hydrothermal 
method [27]; however, in this work, only two emission 
peaks are apparent for the Eu-BCTH ceramics. A weak 
emission peak centred at 606 nm (around the orange-yel-
low band) relates to the 5D0 → 7F1 electron transition, and a 
strong emission peak centred at 689 nm (around red band) 
relates to the 5D0 → 7F4 electron transition. Furthermore, 
the excitation light presents a blue-shift and the emission 
light of the 5D0 → 7F1 transition exhibits a red-shift, which 
are related to the different ceramics synthesis methods and 
ferroelectric hosts.

Insets of Fig. 11 show luminescent images of some typi-
cal compositions. Owing to limitations of excitation light 
wavelengths of the Nikon Microscope, the Eu-BCTH ceram-
ics present an orange-yellow color (i.e., weak emission light 
of 606 nm relating to the 5D0 → 7F1 transition). Overall, the 
luminous spots are homogenously distributed, compensating 
for the deficiency in the Eu surface distribution detected by 
EDS. With increasing the Eu content, the luminous intensity 
of the light spots increases obviously accompanied by an 
increase in the light points surface density and luminescence 
spot sizes. It is well known that crystal-field perturbation 
induced by different host matrices will influence the fluo-
rescent performance of the rare-earth-based phosphors. As 
compared with the matrices of the NBT powder prepared 
by the hydrothermal method and the KNN ceramics pre-
pared by the conventional solid-state method [27, 28], the 
excitation light wavelength, emission peak, and fluorescent 
lifetime change slightly for the Eu-doped BCTH ceramics; 
this change can be attributed to the perturbations of crystal-
fields of the different matrices.

The strong 689 nm emission peak was used to study the 
influence of Eu concentration on photoluminescence 
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Fig. 10  Photoluminescence excitation spectrum of the 0.5 mol % Eu-
doped BCTH ceramics under 690 nm monitoring light

Fig. 11  Photoluminescence emission spectra of the Eu-BCTH ceram-
ics excited under 457  nm light. Insets show luminescent images of 
three typical compositions
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intensity, as show in Fig. 12. Eu cation doping presents 
donor doping characteristics in the BCTH system, which 
tends to increase the  d33 value and dielectric loss tangent 
with increasing the Eu content via the point defect reaction 
Eu

2
O

3

BCTH
���������������������→ 2Eu∙

Ba∕Ca
+ V ��

Ba∕Ca
+ 3O×

O
 . However, when the 

Eu content is too high, oxygen vacancy is generated via the 
point defect reaction 2Eu

2
O

3

BCTH
���������������������→ 4Eu�

Ti∕Ef
+ 2V ∙∙

O
+

4O
×
O
+ O

2
↑ combined with the evaporation of some cations 

during the high-temperature sintering, which reunites donor 
electrons and decreases the piezoelectric constant. Such a 
change is normal in the donor doped piezoelectric materials; 
for example, it was reported in the  Y2O3-doped 
 Ba0.9Ca0.1Ti0.9Sn0.1O3 ceramics [29]. Combined with 
Fig. 11, it can be seen that the photoluminescence intensity 
increases sharply between 0.01 mol% and 0.05 mol% with 
increasing the Eu content. Another rapid increase occurs 
when the Eu doping content is above 0.5 mol%. The Eu-
BCTH ceramics exhibit comparable intensity between 
0.05 mol% and 0.5 mol% Eu. However, further increases in 
the Eu content are insignificant as the piezoelectric constant 
decreases to unacceptably low values even while the photo-
luminescence intensity continues to increase. Since piezo-
electricity and fluorescence intensity are the most important 
performances for fluorescent and piezoelectric multifunc-
tional applications, we propose a piezoluminescence figure 
of merit  (FPC−PLI = d33 × PL intensity) referred to Ref. [2] to 
evaluate the multifunctional performance induced by Eu 
doping in the BCTH ceramics. The 0.5 mol% Eu-doped 
BCTH ceramics present excellent piezoelectric and flores-
cent properties (inset of Fig. 12) and offer potential for the 
development of multifunctional lead-free piezoelectric 
ceramics.

Figure 13a shows a CIE1931 chromaticity diagram for 
the Eu-BCTH ceramics. Within the compositional vari-
ation of 0.01–1 mol%, the calculated color coordinates 

concentrate at 0.38–0.39 and 0.56–0.55, and overlap under 
the 457 nm light excitation. The color coordinates locate 
within the orange-yellow region, which agrees well with 
the weak photoluminescence emission of the 5D0 → 7F1 
transition and luminescent images. Figure 13b shows a 
diagram of the luminescence emitting process of the Eu-
BCTH ceramics. Under the 457 nm light excitation, carri-
ers obtain enough energy and are excited from the ground 
state level 7F0 to the high energy level 5D2 in the  Eu3+ cati-
ons. The excited electrons at the 5D2 level are unstable and 
relax to the low energy levels 5D1 and 5D0 via non radiative 
process. The weak orange-yellow fluorescence at 606 nm 
and strong red fluorescence at 689 nm (Fig. 11) can be 

Fig. 12  Variation of piezoelectric constant  d33 and photolumines-
cence intensity of the 689 nm emission peak with the Eu content

Fig. 13  a CIE1931 chromaticity diagram of the Eu-BCTH ceramics 
with end compositions; b schematic diagram of the photolumines-
cence emitting mechanism induced in the Eu-BCTH ceramics
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attributed to the jump from the 5D0 level to the 7F1 electron 
transition and 7F4 electron transition, respectively [7, 30].

Figure 14 shows the fluorescence decay curve of the 
0.5 mol% Eu-doped BCTH ceramics. The photolumines-
cence lifetime of the  Eu3+: 5D0 → 7F4 transition can be 
determined by fitting the exponential characteristic decay 
curve. Although luminescence lifetime with several tens 
of microseconds magnitude is obtained for all Eu-doped 
BCTH ceramics, apparent increases occur with increas-
ing the Eu content. An additional fluorescence decay 
with 1–2 hundreds of microseconds lifetime and with 
a similar increasing trend is also observed; this has not 
been detected before [30, 31]. The second fluorescence 
lifetime may be correlated with the fine 5D0 → 7F4 transi-
tions detected in the high-resolution emission spectra, as 
shown in the inset of Fig. 14, which contain two apparent 
emission peaks and one vague peak shoulder. Additional 
photoluminescence emission peaks are also detected, 
and correlate with the electron transitions of 5D1 → 7F0, 
5D0 → 7F2, and 5D0 → 7F3; the emission mechanism is also 
shown in Fig. 13b.

4  Conclusions

Near-pure perovskite Eu-BCTH lead-free multifunctional 
ceramics were prepared by the conventional ceramic pro-
cessing. The compositions were located around MPB, where 
doublet splitting of the {200} diffraction reflection and 
triplet splitting of the {310} diffraction reflection appear 
with varying Eu doping contents. The Eu-doped BCTH 
ceramics present complicated dielectric behaviour, and the 
dielectric response can be fitted by both Curie–Weiss law 
and exponential law, but all presenting apparent deviation. 
Excellent electrical and fluorescent properties are obtained 
for the 0.5 mol% Eu-doped BCTH ceramics, which exhibit 
relatively large εm values, high  TC, perfect ferroelectricity, 
large  d33 value, and large fluorescence intensity. Therefore, 
multifunctional lead-free BCTH ceramics can be developed 
via rare earth doping, in which piezoelectric and fluorescent 
properties can be tailored simultaneously.
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