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Abstract

Dy-doped (Ba0.85Ca0.15)(Zr0.1Ti0.9)O3 ([(Ba0.85Ca0.15)0.99Dy0.01](Zr0.1Ti0.9)O3, 0.01Dy-BCZT) lead-free multi-
functional ceramics were prepared by conventional solid-state sintering method, in which the effects of ce-
ramic processing conditions were studied by structural analysis and performance characterization. The sin-
tered 0.01Dy-BCZT ceramics have pure perovskite phase with composition near morphotropic phase boundary
alongside apparent tetragonal distortion, high density and densified micro-morphology obtained via tailoring
calcination and sintering temperatures. High resistivity, excellent dielectric performance and piezoelectricity
were acquired, which were affected greatly by ceramic processing conditions. All samples exhibit excellent
ferroelectric and strain properties, which approach intrinsic physical performance and have little dependency
on ceramic processing conditions. Appearance of a strong broad emission peak, centred at ∼442 nm, is re-

lated to the 4F9/2 →
6H15/2 electron transition. Strong piezoelectric-fluorescent coupling effect was produced

due to adding Dy and using BCZT piezoelectric matrix, which provides a promising choice in optoelectronic
application field.

Keywords: Dy-doped BCZT, ceramic processing condition, electrical property, fluorescence performance

I. Introduction

With the rapid development of optoelectronic sci-
ence and technology, multifunctional materials have at-
tracted worldwide research attention [1,2]. Among ver-
satile optoelectronic devices, piezoelectric-fluorescent
materials provide a prospect choice, where rare-earth
metals doped piezoelectric ceramics are the most con-
venient and feasible option. With adding appropriate
amount of rare-earth metal, electrical performance can
be improved, fluorescence can be excited by fluorescent
centre and strong piezoelectric-fluorescent coupling ef-
fect can be produced due to remnant polarization of fer-
roelectric and rare-earth doping induced photolumines-
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cence performance [3–5]. In addition, high mechanical
performance, wide band gap, low optical loss and high
chemical and thermal stability can be acquired as well.

In this subject, lead-free piezoelectric materials are
highly important for green development and environ-
mentally friendly consideration since the main raw ma-
terial, Pb-based oxide, for Pb(Zr1-xTix)O3 (PZT)-based
piezoelectric ceramics is harmful to health and environ-
ment [6]. Ba(Zr0.2Ti0.8)O3-x(Ba0.7Ca0.3)TiO3 (BCZT)
system created a significant milestone in lead-free
piezoelectric systems, and the obtained ultra-high piezo-
electric constant d33 of 620 pC/N surpassed most PZT-
based piezoelectric ceramics [7]. The large d33 value
was firstly considered as correlating with “morphotropic
phase boundary (MPB) with tricritical point”, and was
subsequently confirmed to be related to the orthogonal-
tetragonal phase coexistence [8–10], inducing amaz-
ing application potential. Therefore, BCZT was selected
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as phosphor matrix in this work, and the composition
(Ba0.85Ca0.15)(Zr0.1Ti0.9)O3 was chosen based on litera-
ture reports [7–10] and our previous research [11].

There are rich rare-earth resources, which are eas-
ily doped into ferroelectric matrix via mature ceramic
processing and provide diversified options as fluores-
cent centre [12–14]. Dy3+ has outer electron configura-
tion of 4 f 9, which emits strong yellow light, and weak
blue and red light in visible light region due to the f-f

electron transitions [15–17]. Since fluorescence emis-
sion is affected greatly by matrix coordination environ-
ment, white light fluorescence can be obtained by com-
bining Dy3+ ion doping and substrate structure [15,16].
Therefore, the highly efficient activator ion dysprosium
presents interesting applications in white light-emitting
diodes, high brightness displays, laser emitters, etc., and
was chosen as luminescence centre and generated mul-
tifunctional performance [18]. In this work Dy3+ dop-
ing concentration was maintained as 1 mol%, which
balanced piezoelectric and fluorescent performance, lo-
cated near concentration quenching amount, and aimed
to study the change of multifunctional performance
caused by varying ceramic processing conditions.

Conventional ceramic processing provides an effec-
tive and convenient method to fabricate rare-earth doped
ferroelectric ceramics. Since the four elements of mate-
rials science have intimate correlation with each other,
the study of ceramic processing condition is impor-
tant due to the great influence on physical performance
[19,20]. For the BCZT system, calcination temperature
is especially essential, which affects the decomposition
of carbonates and subsequent sintering behaviour.

In this paper, 1 mol% Dy-doped
(Ba0.85Ca0.15)(Zr0.1Ti0.9)O3 ceramics were prepared
by solid-state sintering method and detailed study
was conducted to find optimal calcination temper-
ature and subsequent sintering conditions for good
multifunctional performances. Due to the utilization
of Dy-doping and BCZT ferroelectric matrix, strong
piezoelectric-fluorescent coupling effect was produced,
which would help to develop novel multifunctional
material for optoelectronic application.

II. Experimental

High purity carbonates and oxides, BaCO3,
CaCO3, ZrO2, TiO2 and Dy2O3, were used to
prepare Dy-doped (Ba0.85Ca0.15)(Zr0.1Ti0.9)O3
ceramics according to chemical formula
[(Ba0.85Ca0.15)0.99Dy0.01](Zr0.1Ti0.9)O3 (0.01Dy-BCZT)
by conventional solid-state sintering technique. After
sufficient drying, accurately weighted raw materials
were fully ground and mixed, and then calcined at
1200 °C and 1300 °C for 4 h, separately. The calcined
powders were ground and passed through 100 mesh
sieve. Green pellets with diameter of 12 mm were
pressed by uniaxial pressing under 400 MPa after
granulation with addition of appropriate amount of the

5 wt.% polyvinyl alcohol (PVA) aqueous solution. The
PVA binder was burned out separately at 600 °C for 2 h,
then sintering was carried out at different temperatures
for 3 h (Table 1) using the calcined powder covering
pellets in sealed alumina crucible. The sintered samples
have notation 0.01Dy-BCZT-1200 and 0.01Dy-BCZT-
1300 corresponding to the calcination temperature of
1200 and 1300 °C, respectively.

Crystal structure of the well-polished sintered
0.01Dy-BCZT ceramics was characterized by Rigaku
D/max-2500/PC X-ray diffractometer and its free sur-
face morphology was observed by JEOL JSM-6510
scanning electron microscopy (SEM). Fluorescent per-
formance was measured by Edinburgh FS5 Spectrome-
ter.

Silver electrodes were printed and fired on the sur-
face of the sintered 0.01Dy-BCZT ceramics. Resistance
was measured by Agilent 4339B Meter, temperature de-
pendent dielectric performance was characterized us-
ing Partulab HDMS-1000 attached to Microtest LCR
Meter 6630-10, ferroelectric performance and strain
were detected by Radiant Precision Premier LC II com-
bined with SP-S 120 Laser interferometer, and piezo-
electric performance was measured by ZJ-6A meter and
TH2826 LCR Meter after samples were poled by MPD
PLUS Multichannel Oil-Bath High Voltage Polarization
Device [21].

III. Results and discussion

3.1. XRD analyses

Figure 1 compares influence of calcination and sin-
tering temperatures on crystal structure of the prepared
0.01Dy-BCZT ceramics. All ceramics have rather pure
perovskite structure, matching well with the standard
material (Ba0.91Ca0.09)(Zr0.05Ti0.95)O3 with PDF card
56-1033, confirming formation of solid solution. As
compared with the standard material, Ti content is de-
creased slightly and additional Dy is added, thus the
crystal structure would change accordingly. From Fig.
1 it can be seen that (001) and (100), (002) and (200)
etc. present doublet splitting XRD peaks, revealing the
existence of tetragonal phase symmetry. (211), (310)
etc. show broad singlet XRD peak, and (311) exhibits
doublet splitting trend, proving the rhombohedral phase
symmetry. Therefore, the 0.01Dy-BCZT is still located
around the well-known MPB region [7–10] and Dy dop-
ing can stabilize tetragonal symmetry. With the change
of calcination and sintering temperatures, the doublet
splitting characteristic and reflection peak intensity ra-
tio change slightly, but cannot be distinguished in the
whole XRD patterns.

Lattice parameters calculation can clearly show the
influence of calcination and sintering temperatures on
crystal structure. Based on Jade full crystal structure re-
finement, and indexed according to the tetragonal sym-
metry, cell parameters are calculated and shown in Ta-
ble 1 combined with density data obtained by water im-
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Figure 1. XRD patterns of prepared ceramics sintered at different temperatures for 3 h: a) 0.01Dy-BCZT-1200 and
b) 0.01Dy-BCZT-1300

Table 1. Lattice parameters, theoretical volume V th, bulk density ρ, theoretical density ρth, relative density ρr and resistivity of
0.01Dy-BCZT ceramics calcined and sintered at different temperatures

Calcination Sintering a = b c Vth
c/a

ρ ρth ρr Resistivity
temperature [°C] temperature [°C] [Å] [Å] [Å3] [g/cm3] [g/cm3] [%TD] [Ω·cm]

1375 3.99900 4.02030 64.29 1.0053 5.440 5.7688 94.30 6.38 × 1011

1400 3.99840 4.01770 64.23 1.0048 5.555 5.7742 96.29 2.55 × 1011

1200 1425 3.99960 4.01850 64.28 1.0047 5.559 5.7697 96.37 2.54 × 1011

1450 3.99810 4.01930 64.25 1.0053 5.457 5.7724 94.59 2.00 × 1011

1475 3.99750 4.02060 64.25 1.0058 5.467 5.7724 94.76 1.52 × 1011

1435 4.00032 4.01937 64.32 1.0048 5.280 5.5745 94.72 1.96 × 1011

1300 1450 4.00002 4.01978 64.32 1.0049 5.470 5.5745 98.13 1.79 × 1012

1465 4.00069 4.01932 64.33 1.0047 5.220 5.5737 93.65 1.51 × 1011

mersion measurement and theoretical density calcula-
tion [14]. Due to the coexistence of multiple ferroelec-
tric phases, the tetragonality c/a is small for all sam-
ples, presenting slight variation around 1.005. a and
b cell parameters are slightly larger, c cell parameter
tends to be slightly smaller, and cell volume is slightly
larger for the 0.01Dy-BCZT-1300 ceramics as com-
pared to the 0.01Dy-BCZT-1200 ceramics. Cell param-
eters change little, especially in cell volume, as sin-
tering temperature increases, whereas density presents
apparent change. Optimized sintering temperature and
sintering temperature range can be observed. For the
0.01Dy-BCZT-1200 samples, the largest relative den-
sity of 96.37% is obtained after sintering at 1425 °C;
as comparison, for the 0.01Dy-BCZT-1300 samples, the
largest relative density of 98.13% is obtained after sin-
tering at 1450 °C. Such phenomenon is related mainly
to the driving force variation provided by heating, de-
composition difference of carbonates calcined at differ-
ent temperatures and grain growth change induced by
Dy-doping [19,20,22].

3.2. Microstructure characterization

The high densification is confirmed by SEM image
shown in Fig. 2 using the 0.01Dy-BCZT-1200 sample

sintered at 1425 °C as an example. Highly densified ce-
ramics is observed clearly, where grains pack closely,
grain boundary is visible clearly and almost no enclosed
pores appear. Due to the Dy-doping, grain growth is in-
hibited to some extent, since grain size can reach dozens
micron for the undoped BCZT ceramics prepared by
solid-state method [23], whereas grain size tends to
have bimodal distribution in the BCZT ceramics pre-
pared via liquid-phase method [24]. Most grains have ir-
regular polyhedral shape, revealing that main densifica-
tion mechanism comes from solid-state sintering [7,10]
and preparation of the BaTiO3-based ceramics requires
high sintering temperature and high energy consump-
tion. The grain size distributions with good statistical
reliability were obtained from two photos containing a
large number of grains. Although it looks like bimodal
distribution of grain size, a nearly normal distribution
curve is obtained for the grain size distribution. Most
grains have grain size of 11.9–16.5µm and the average
grain size is 13.0µm. Relatively small grain sizes are
comparable with the data reported by Chandrakala et

al. [24] for 0.5Ba(Zr0.2Ti0.8)O3-0.5(Ba0.7Ca0.3)TiO3 ce-
ramics (with the same composition of the undoped ma-
trix) derived via sol-gel route and sintered at 1550 °C
for 2 h (having densification of ∼97% and grain size

412



Y. Yang et al. / Processing and Application of Ceramics 17 [4] (2023) 410–420

Figure 2. SEM image (a) and grain size distribution (b) of 0.01Dy-BCZT-1200 ceramics sintered at 1425 °C for 3 h

of ∼10 µm). In a similar system, He et al. [3] reported
the average grain size from 210 nm to 330 nm for the
[(Ba0.85Ca0.15)0.995Nd0.005](Ti0.9Hf0.1)O3 ceramics pre-
pared via hydrothermal method and sintered at 1180–
1260 °C for 2–18 h. However, the decreased grain size
would hamper piezoelectric performance as reported
before [23].

3.3. Resistance and dielectric performance

Insulation is crucial performance for any electronic-
related application field [21]. As shown in Table 1,
resistivity of the 0.01Dy-BCZT-1200 ceramics de-
creases gradually with increasing sintering tempera-
ture, whereas, resistivity increases at first and then de-
creases with increasing sintering temperature for the
0.01Dy-BCZT-1300 samples. For the ceramics sintered
at the same temperature of 1450 °C, the resistivity of
1.79 × 1012Ω·cm of the 0.01Dy-BCZT-1300 sample is
larger than that of the 0.01Dy-BCZT-1200 sample with
2.00 × 1011Ω·cm, being consistent with correspond-
ing relative density. For other samples, the resistivity is
slightly lower for the 0.01Dy-BCZT-1300 ceramics. All
ceramics have high resistivity, all larger than 1011Ω·cm,
partially related to the high density, small porosity, and

relatively homogenous microstructure [21].
Figure 3 shows temperature dependent dielectric

properties of the 0.01Dy-BCZT ceramics using 1 kHz
data to compare the effect of calcination and sinter-
ing temperatures. All samples present sole dielectric
anomaly peak, corresponding to the Curie tempera-
ture TC , related to the MPB ferroelectric phase to cu-
bic paraelectric phase transition [25]. For the 0.01Dy-
BCZT-1200 samples, besides the ceramics sintered at
1375 °C, dielectric constant and the maximum value εm

increase, TC increases, and dielectric peak becomes nar-
rower with elevating sintering temperature. As compar-
ison, for the 0.01Dy-BCZT-1300 samples, the ceram-
ics sintered at 1450 °C has the largest εm and TC val-
ues, partially correlating with the largest relative den-
sity. Overall, most 0.01Dy-BCZT ceramics exhibit ex-
cellent dielectric performance, which can be attributed
to the MPB effect due to the composition selected in this
work [26,27], and tailored ceramic processing [20].

Frequency dependent dielectric properties can be
used to determine type of ferroelectric behaviour [28].
As can be seen from Fig. 4 of two samples with maxi-
mum density in each system, both samples have rather
broad dielectric anomaly peak. The 0.01Dy-BCZT-1300

Figure 3. Dielectric performance-temperature relationship at 1 kHz upon heating of prepared ceramics sintered at different
temperatures for 3 h: a) 0.01Dy-BCZT-1200 and b) 0.01Dy-BCZT-1300
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Figure 4. Dielectric property-temperature relationship measured at several frequencies upon heating of 0.01Dy-BCZT
ceramics with maximum density: a) 0.01Dy-BCZT-1200 sintered at 1425 °C and b) 0.01Dy-BCZT-1300 sintered at 1450 °C

sample sintered at 1450 °C has apparent dielectric fre-
quency dispersion, from room temperature to tempera-
tures higher than the TC . On the other hand, frequency
dispersion is slightly visible just around the TC temper-
ature for the 0.01Dy-BCZT-1200 ceramics sintered at
1425 °C.

Figures 3 and 4 confirm that all samples have abnor-
mally large dielectric loss high above the TC temper-
ature, especially at low frequency. Such rapid increase
of loss tangent is caused by point defects conduction
[29] due to the evaporation of some metals during high-
temperature sintering and Dy substitution at the A-site
of perovskite structure, which produce oxygen vacan-
cies as shown below [30,31]:

Bax
Ba + Ox

O −−−→ Ba ↑ + 0.5 O2 ↑ + V ′′Ba + V••O (1)

Cax
Ca + Ox

O −−−→ Ca ↑ + 0.5 O2 ↑ + V ′′Ca + V••O (2)

Dy2O3
BCZT
−−−−→ 2 Dy•Ba/Ca + V ′′Ba/Ca + Ox

O (3)

Such lossy conduction belongs to the thermal activation
type and has hopping-jumping movement characteris-
tic, which induces large dielectric loss at elevated tem-
peratures and can be confirmed indirectly by impedance
conduction analysis [21,32].

The ferroelectrics type is studied further by dielectric
performance behaviour fitting using two laws [21,31,33]
Curie-Weiss law:

ε =
C

T − T0
(4)

and exponential law:

1
ε
−

1
εm

=
(T − Tm)γ

C′
(5)

The fitting results are shown in Fig. 5 for two samples
with maximum density in each system as examples. For
the 0.01Dy-BCZT-1200 ceramics sintered at 1425 °C,
the Curie-Weiss law fitting gives ε = 1.86 × 105/(T −
83.6), in which the temperature begins to obey the

Curie-Weiss law at Tcw = 115 °C. The exponential law
fitting result for the same sample is 1/ε − 1/8557.95 =
(T − 89)1.539/(2.14 × 106), in which the diffusive coef-
ficient γ = 1.539. For the 0.01Dy-BCZT-1300 ceramics
sintered at 1450 °C, the Curie-Weiss law fitting result
gives ε = 1.66× 105/(T − 90.9), in which Tcw = 127 °C.
The exponential law fitting result for the same sample is
1/ε − 1/10136 = (T − 85)1.539/(2.14 × 106), in which
γ = 1.539. Above the Tcw temperature, the ferroelec-
tric phase transition from MPB ferroelectric phase to
cubic paraelectric phase occurs completely [25]. Both
ceramics have Curie-Weiss constant C in the 105 or-
der, whereas Tcw − Tm is 26 °C and 42 °C, and tem-
perature range obeying the Curie-Weiss law is 115–
170 °C and 127–168 °C, respectively. These results con-
firm that the ferroelectric phase transition is driven by
displacement transition accompanied by apparent devia-
tion [21,31,33]. Both γ values are slightly larger than 1.5
but less than 2, indicating that both samples have obvi-
ous relaxation characteristic, but are not typical relaxor
ferroelectrics. The relaxation behaviour is normally at-
tributed to the formation of polar clusters or nanore-
gions, and the crystal cell distortion caused by multi-
ple ions substitution at A-site and/or B-site of the per-
ovskite structure [34]. Therefore, all 0.01Dy-BCZT ce-
ramics have complicate dielectric performance with be-
haviour of normal ferroelectrics accompanied by appar-
ent dispersion behaviour and relaxation characteristic.

3.4. Ferroelectric performance

Figure 6 shows polarization-electric field (P-E) hys-
teresis loops and strain-electric field (S-E) butterfly-
like loops of the 0.01Dy-BCZT ceramics prepared un-
der different conditions. All ceramics exhibit rather nar-
row, slender and easily saturated P-E loops, correspond-
ing well with the composition near the MPB region
confirmed by XRD analysis and high relaxation be-
haviour revealed by dielectric performance characteri-
zation. Calcination and sintering temperatures have lit-
tle influence on ferroelectric properties, indicating that
ferroelectricity is mainly related to chemical composi-
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Figure 5. Dielectric performance fitting (the Curie-Weiss law (a) and exponential law (b)) above TC temperature of prepared
ceramics using 1 kHz data for 0.01Dy-BCZT-1200 sintered at 1425 °C (1) and 0.01Dy-BCZT-1300 sintered at 1450 °C (2)

Figure 6. P-E and S-E curves of prepared ceramics sintered at different temperatures: a) 0.01Dy-BCZT-1200 and
b) 0.01Dy-BCZT-1300

tion and belongs to intrinsic physical performance in
this work [35]. S-E loops exhibit typical butterfly-like
shape, with maximum strain of ∼0.06% at 25 kV/cm. As
compared with the undoped BCZT ceramics, remnant
polarization Pr decreases slightly from 10.44µC/cm2

to ∼9.2 µC/cm2 [11], and coercive electric field Ec

nearly doubles from 2.768 kV/cm to ∼5.3 kV/cm. These
changes are attributed to the Dy doping and pinning-
down effect caused by metal evaporation during sinter-
ing and donor point defect due to Dy substitution at the
A-site of perovskite structure as discussed above [29–
31].
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Figure 7. Piezoelectricity-electric field curves of prepared ceramics sintered at different temperatures: a) 0.01Dy-BCZT-1200
and b) 0.01Dy-BCZT-1300

3.5. Piezoelectric performance

Figure 7 shows influence of electric field on piezo-
electric constant d33 of the 0.01Dy-BCZT ceramics pre-
pared under different conditions. Even though they are
poled at only 5 kV/cm, all samples present consider-
able piezoelectricity, especially for the 0.01Dy-BCZT-
1200 ceramics, matching well with the low Ec value
and showing soft piezoelectric material characteristics
[11,30]. With the increase of electric field, the d33 value
continues to increase slightly in almost linear trend, and
can be larger than 200 pC/N for most samples. For the
two systems calcined at different temperatures, the ce-
ramics sintered at respectively the highest temperature
present the largest d33 value, which is related to the con-
tribution of large grain size to piezoelectric performance
in the BCZT system [24]. The maximal d33 values reach
267 and 215 pC/N for the 0.01Dy-BCZT-1200 ceramics
sintered at 1475 °C and the 0.01Dy-BCZT-1300 ceram-
ics sintered at 1465 °C, respectively.

Figure 8 shows frequency dependent impedance Z∗

and phase angle θ of the 0.01Dy-BCZT ceramics with
maximum density in each system poled at 20 kV/cm.

Rather perfect resonance curves are obtained in both
samples related to good circularity of ceramics and in-
dicating high energy conversion efficiency. The θ value
varies from −89° to 76.5° for the 0.01Dy-BCZT-1200
sample sintered at 1425 °C, and from −88.8° to 57.8°
for the 0.01Dy-BCZT-1300 sample sintered at 1450 °C.
Such change of the θ value shows that the poling be-
haviour of the ceramics can be improved further via
improving ceramics’ quality and tailoring poling con-
ditions since fully poled samples typically have θ value
ranging from −90° to +90° [36,37]. Based on the above
results, electromechanical coupling factor Kp, mechani-
cal quality factor Qm and frequency constant Np are cal-
culated according to following equations:

Kp ≈

√

fp − fs

fs

· 2.33 (6)

Qm =
f 2
p

2π · fs ·CT · R( f 2
p − f 2

s )
(7)

Np = fs · d (8)

Figure 8. Change of impedance and phase angle with frequency for prepared ceramics with maximum density poled at
20 kV/cm: a) 0.01Dy-BCZT-1200 sintered at 1425 °C and b) 0.01Dy-BCZT-1300 sintered at 1450 °C
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Table 2. Lattice parameters, theoretical volume V th, bulk density ρ, theoretical density ρth, relative density ρr and resistivity of
0.01Dy-BCZT ceramics calcined and sintered at different temperatures

Calcination Sintering d33 d∗33 g33
Kp Qm

Np

temperature [°C] temperature [°C] [pC/N] [pm/V] [×10−3 V·m/N] [Hz·m]

1375 233 ± 8.3 304.8 9.79 0.278 101.6 2986.9
1400 220 ± 6.4 378.0 8.08 0.288 110.6 2980.9

1200 1425 212 ± 10.8 332.6 8.91 0.353 133.9 2947.5
1450 217 ± 9.5 373.8 9.73 0.361 138.6 2920.1
1475 267 ± 9.5 394.9 12.05 0.407 124.3 2887.0

1435 145 ± 7.6 368.0 5.69 0.325 111.4 2936.6
1300 1450 143 ± 6.4 351.4 5.01 0.251 114.2 2920.7

1465 215 ± 7.6 405.8 8.30 0.301 108.4 2934.4

The calculated data are shown in Table 2 combined
with piezoelectricity, in which converse piezoelectric
coefficient d∗33 is obtained based on the S-E curves, and
piezoelectric voltage coefficient g33 is defined by fol-
lowing equation [24]:

g33 =
ε33

ε0 · εr

(9)

Although complicated change trend appears in the
above performance, d33, d∗33 and Kp tend to present ex-
cellent performance at the respectively highest sintering
temperature.

3.6. Fluorescence performance

Due to the f-f electron transitions of Dy3+

[15–17] and ultra-high piezoelectricity of BCZT
[7–10], strong photoluminescent performance and
piezoelectric-fluorescent coupling effect are generated
in the 0.01Dy-BCZT samples. Figure 9a shows excita-
tion spectra of the 0.01Dy-BCZT ceramics with maxi-
mum density monitored at 550 nm. Both samples have
similar shape of excitation spectra, where a broad ex-
citation peak and an excitation peak shoulder centre
at ∼295 nm and ∼345 nm are related to the 6H15/2 →
6P3/2 and 6H15/2 →

4I13/2 electron transitions, respec-

Figure 9. Fluorescence related performance of 0.01Dy-BCZT-1200 sample sintered at 1425 °C and 0.01Dy-BCZT-1300 sample
sintered at 1450 °C: a) excitation spectra, b) emission spectra, c) CIE1931 chromaticity coordinate diagram and

d) figure of merit for piezoelectric-fluorescent coupling effect
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Table 3. Fluorescence performance for 0.01Dy-BCZT ceramics with maximum density

Ceramic processing condition Chromaticity coordinate CP [%] CCT [K]
0.01Dy-BCZT-1200 sintered at 1425 °C (0.2014, 0.1872) 63.36 1903
0.01Dy-BCZT-1300 sintered at 1450 °C (0.2061, 0.1946) 60.58 1851

tively [15–17]. The excitation intensity of the 0.01Dy-
BCZT-1200 sample is generally larger than that of the
0.01Dy-BCZT-1300 sample.

Figure 9b shows emission spectra the 0.01Dy BCZT
ceramics excited at 351 nm. Unlike ordinary phosphor,
a lower energy light with wavelength of 351 nm near
the excitation peak shoulder can excite the Dy-based
phosphor. Then, a strong broad emission peak ap-
pears centred at ∼442 nm, which is attributed to the
4F9/2 →

6H15/2 electron transition. Two weak emission
peaks, centred at ∼565 nm relating to 4F9/2 →

6H13/2

and at ∼720 nm related to 4F9/2 →
6H9/2, are gener-

ated, presenting great dependency on Dy doping con-
centration and ceramic processing conditions [15–17].
The 0.01Dy-BCZT-1200 sample also exhibits larger
emission intensity as compared to the 0.01Dy-BCZT-
1300 sample. The increased emission intensity indicates
greater energy absorption in certain energy band and
shows higher energy utilization efficiency.

Figure 9c shows CIE1931 chromaticity diagram of
the 0.01Dy BCZT ceramics excited at 351 nm, which
provides important parameter for colour coordinate and
colour purity, and evaluates practical application possi-
bility for phosphors [15]. The chromaticity coordinate
is (0.2014, 0.1872) for the 0.01Dy-BCZT-1200 ceram-
ics sintered at 1425 °C, and (0.2061, 0.1946) for the
0.01Dy-BCZT-1300 ceramics sintered at 1450 °C. Both
samples emit similar coloured light, located at the junc-
tion region of blue and purple light, i.e. purplish blue,
and having deviation from the standard blue light de-
fined by the National Television Standards Commit-
tee with chromaticity coordinate of (0.1400, 0.0800).
Table 3 displays fluorescence related performance of
the 0.01Dy-BCZT ceramics calculated with following
equations [15,38]:

CP =

√

(x − xi)2 + (y − yi)2

(xd − xi)2 + (yd − yi)2
· 100 (10)

CCT = − 449n3 + 3525n2 − 6823n + 5520.33 (11)

Since the emitted light exhibits purplish blue colour, the
calculated colour purity (CP) is rather low and the cor-
related colour temperature (CCT) is also not high.

For optoelectronic application, piezoelectric-
fluorescent performance coupling effect is important,
and a figure of merit, FPC·PLI = d33 · IPL, is proposed
to evaluate the piezoelectric-fluorescent coupling effect
as shown in Fig. 9d [3]. Since FPC·PLI is a product
property, it is required to balance piezoelectric constant
and photoluminescence performance via tailoring
composition and improving ceramic processing [3]. In

this work, the 0.01Dy-BCZT-1200 ceramics sintered
at 1425 °C shows relatively high FPC·PLI merit value,
presenting broad application prospect in the field of
optoelectronics.

IV. Conclusions

High density and pure perovskite phase 0.01Dy-
BCZT ceramics were prepared by conventional solid-
state sintering method, where the influence of calcina-
tion and sintering temperatures on structure and multi-
functional properties was studied in detail. The prepared
0.01Dy-BCZT ceramics are located around the MPB re-
gion with apparent tetragonal distortion, in which the ra-
tio of rhombohedral and tetragonal phases and densifi-
cation are affected by ceramic processing. The 0.01Dy-
BCZT-1200 ceramics sintered at 1425 °C has densified
microstructure with bimodal distribution of grain size
and relatively small average grain size of 13.0µm den-
sified mainly through solid-state sintering mechanism.
High insulation with resistivity larger than 1011Ω·cm
was obtained in all ceramics, where the 0.01Dy-BCZT-
1300 sample sintered at 1450 °C has the largest resis-
tivity of 1.79 × 1012Ω·cm. Most 0.01Dy-BCZT ceram-
ics exhibit excellent dielectric performance, presenting
displacive transition ferroelectric accompanied by ap-
parent dispersion behaviour and relaxation character-
istics, and εm and TC are affected greatly by ceramic
processing conditions. Slender P-E loops and butterfly-
like S-E curves are obtained in all samples, where Pr

is ∼9.2 µC/cm2, Ec is ∼5.3 kV/cm, and maximum strain
is ∼0.06% at 25 kV/cm. Rather well piezoelectric prop-
erty and fluorescence performance are achieved simul-
taneously due to the utilization of Dy doping and BCZT
ferroelectric matrix, resulting in strong piezoelectric-
fluorescent coupling effect which presents broad appli-
cation prospect in optoelectronic field.
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