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Abstract

Rare-earth (RE) dopants can not only improve the functional properties of ceramics
but also produce photoluminescence (PL) emissions. Depending on the RE dopants, up-
conversion (UC) and down-conversion (DC) PL emissions can be obtained. With the use
of external stimuli, such as electric field (E-field) and chemical reaction, tuning PL can
be achieved. Tunable PL property plays an important role in optical applications, such as
biological labeling, volumetric 3D displays and long-distance quantum communication
if rapid and reversible manipulation is realized. In this work, external E-field has been
chosen as stimulus to tune PL. Applying external E-field, phase change might result, thus
structural symmetry could be enhanced and the PL emission will be weakened. Therefore,
it is anticipated that turning PL at room temperature might be possible when the transition
temperature Tn, (i.€., the temperature at which the dielectric constant becomes maximum)
of the sample is close to room temperature. This work thus aims to develop new lead-free
RE-doped barium zirconate titanate (BZT)-based ceramics with tunable PL properties
under E-field at room temperature. Ferroelectric ceramics BZT has been chosen as the
host mainly because of their adjustable T by the Zr/Ti ratio. Three RE ions, Dy**, Er**
and Eu**, have been doped into the BZT ceramics as activators for producing PL
emissions. The PL response of the RE-doped BZT ceramics have been studied under E-
field.

BaZrxTi1xO3 (BZT-x) ceramics with x =0.15, 0.2, 0.25 and 0.3 have been fabricated
by solid-state reaction for selecting suitable host for the doping of RE ions. In consistent
with other research works, the T, of the ceramics determined based on their temperature-
dependent dielectric properties decreases with increasing Zr content. For the BZT-x

ceramics with x = 0.15 and 0.2, their T, are close to room temperature, and thus they are
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selected as the host ceramics in this work. Probably due to the decrease in T, both the
ferroelectric and piezoelectric properties of the ceramics are weakened with increasing
Zr content.

Three groups of RE-doped samples have been fabricated using solid-state reaction
method; they are: (i) BZT-x ceramics (x = 0.15 and 0.2) doped with 0.2 mol% Dy** (BZT-
x-Dy); (ii) BZT-x ceramics (x = 0.1, 0.15 and 0.2) doped with 0.2 mol% Er** (BZT-x-Er);
and (iii) BZT-x ceramics (x = 0.15, 0.175 and 0.2) doped with 0.2 mol% Eu*" (BZT-x-
Eu). All the samples are also abbreviated as BZT-x-RE. The XRD results indicate that the
three RE ions have successfully diffused into the host and no impurity phases are
observed within the detection limit. The in-situ XRD results of BZT-0.15-Er ceramic
reveals rhombohedral-to-cubic phase change and strain might be induced by external E-
field. The T of the BZT-0.15-RE and BZT-0.2-RE ceramics are found in the range of
62-67°C and 30-37°C, respectively. The doping of Er** or Eu’' ions significantly
improves the piezoelectric properties of the BZT-x ceramics while the effect of the Dy**-
doping is relatively weak. The UC PL properties of the BZT-x-Er ceramics have been
studied. Based on the power-dependent measurements, multi-photon absorption process
is confirmed in the UC emission. Typical DC PL emissions are obtained for all the BZT-
x-RE ceramics. For studying the effects of structural phase change, the UC PL emissions
of the BZT-0.15-Er ceramic and the DC PL emissions of the BZT-x-Eu (x = 0.15 and
0.175) ceramics have been measured as functions of temperature. In general, the PL
intensity decreases with increasing temperature as multiphonon relaxation rate is
enhanced. Our results also show that the thermally induced rhombohedral-to-cubic phase

change decreases the PL intensity. Moreover, the result of the BZT-0.15-Er ceramic
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reveals the occurrence of thermal agitation (TAG) between two thermally coupled
emission levels *S3» and *Hj1/.

The PL responses under E-field for the BZT-x-RE ceramics have been studied. The
observed PL intensities of all the BZT-x-RE ceramics are found diminished under a
sufficiently high E-field. Phase change induced by E-field is believed to be the major
cause for the weakening of PL intensity. Under a sufficiently high E-field, rhombohedral-
to-cubic phase change happens for all the BZT-x-RE ceramics (except BZT-0.1-Er), and
thus leading to an enhancement in structural symmetry and then a reduction in PL
intensity. For the BZT-0.1-Er ceramic, rhombohedral-to-orthorhombic as well as
orthorhombic-to-tetragonal phase changes occur under an E-field. As their effects on
structural symmetry are opposed, the overall change in PL intensity becomes insignificant.
Under an E-field of 2 kV/mm, the BZT-0.2-RE ceramics, which contain more cubic phase
at room temperature, show less change (< 10%) in PL intensity as compared to the BZT-
0.15-RE ceramics (> 20%). Among all the ceramics, the BZT-0.15-Er ceramic exhibits
the largest reduction in PL intensity (75-80%) under an E-field of 2 kV/mm. Different
from the other two dopants, Er** is reported to be more sensitive to the crystal symmetry
of the host. However, the recovery of PL intensity for all the ceramics is small, generally
less than 10% upon the removal of E-field. This suggests that the reversibility of the E-

field-induced PL response is not high.
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Chapter 1 Introduction

1.1. Ferroelectric materials

Materials with a switchable macroscopic polarization are classified as ferroelectric
materials [1]. In 1921, ferroelectricity was first discovered in Rochelle salt, a single-
crystal material [2]. During the early to mid-1940s, polycrystalline ferroelectric ceramics,
barium titanate (BaTiO3), have been developed. In 1946, Gray has discovered that the
domains within the grains can be oriented with external electric field (E-field), and
therefore ceramic materials are able to perform like single crystals possessing both
ferroelectric and piezoelectric properties [2], [3]. Ferroelectric ceramics has various
applications, such as piezoelectric sonar transducers, radio filters and stereo tweeters,
because of their high dielectric constant and electrically switchable spontaneous
polarization. Piezoelectricity was first discovered in 1880 by Jacques and Pierre Curie. It
is the effect of generating electricity by applying mechanical stress. In order to use the
piezoelectric effect in ferroelectric ceramics, poling with a sufficiently high E-field is
required. Although each of the individual crystallites of the ferroelectric ceramic is
piezoelectric, the ceramic without poling is inactive.

The relationship of piezoelectric materials and subgroups based on crystal symmetry
is shown in Figure 1-1. The seven basic crystal systems, which are triclinic, monoclinic,
orthorhombic, tetragonal, rhombohedral, hexagonal and cubic, can be divided into 32
point groups. 21 classes of the 32 point groups are non-centrosymmetric that is a
necessary condition for piezoelectric materials. However, only 20 of them are

piezoelectric, the other one is not due to other combined symmetry elements.
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FIGURE 1-1 Relationship of piezoelectric and subgroups based on crystal symmetry [2].

1.1.1. Perovskite structure
A perovskite structure has a chemical formula ABO3 with oxygen located in the face
centers. BaTiO3 (BT) is one of the well-known ferroelectric materials with the perovskite

structure. Figure 1-2 shows a unit cell of the ABOj3 structure. Using BT as an example to
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explain the figure, the blue spheres represent Ba** (A site, coordination number (CN) =

12), the red spheres represent O and the black sphere represents Ti** (B site, CN = 6).

FIGURE 1-2 Unit cell structure of a perovskite has a chemical formula ABO:s.

When an E-field is applied to the unit cell, e.g., in the upward direction, the black
spheres (B-site ions) will move along it. For ferroelectric single crystals, there are eight
possible directions which are equivalent to [111] to move in rhombohedral plane; twelve
directions which are equivalent to [101] in orthorhombic plane, and six directions which

are equivalent to [001] in the tetragonal plane [4].

1.1.2. Lead-free piezoelectric ceramics

Pb(Zr«Ti1.x)O3 (PZT) ceramics have been widely used practically due to their high
piezoelectricity [5]. The common commercial applications of PZT ceramics include
actuators, transducers and sensors. These devices require materials with high longitudinal
electromechanical coupling coefficient (ks3) and piezoelectric coefficients (ds3). Despite
of their excellent piezoelectric properties, they contain more than 60 wt% of PbO which

will evaporate lead during sintering at high temperatures [6], [7]. In addition, improper
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disposal of PZT is considered as a serious hazard to environment and human health.
Therefore, lead-free piezoelectric ceramics have been developed for replacing them.
Reported lead-free piezoelectric materials include ferroelectrics with perovskite
structure, tungsten bronze structure and bismuth layer-structure. Among them, perovskite
ferroelectrics exhibit high piezoelectric properties, for examples BiosNao.sTiO3 (BNT),
Ko.5NagsNbOs3 (KNN), BaTiO; (BT), Ba(Zr, Ti)O3 (BZT) and (Ba, Sr)TiO3 (BST). For
instance, Bao.27Sr0.7sNb205 78 [8], Bagu+x)Nag - 20Nb10030 [9], and
K(6-—)Li@+Nb10+)O30 [10] are materials with tungsten bronze structure. CaBi4Ti4015
(CBT) [11], Bi4Ti3012 (BTO) [12] and (Ca, Sr)BisTisO15 (CSBT) [13] are materials with

bismuth layer-structure.

1.1.3. Barium zirconate titanate (BZT)

BaZrTi1xO3 (abbreviated as BZT-x) is one of the lead-free piezoelectric ceramics
with perovskite structure. It is a possible alternative to BST for fabricating ceramic
capacitors as Zr*" is chemically more stable than Ti*" [14].

Figure 1-3 shows the phase diagram of BZT-x with 0 < x < 0.3 [15]. T¢ is the Curie
temperature above which the ferroelectric materials will become paraelectric (cubic
phase). Ti is the orthorhombic-tetragonal phase transition temperature and Tz is the
rhombohedral-orthorhombic phase transition temperature. As shown in Figure 1-3, the
three phase transitions combine into one, i.e., the rhombohedral-cubic phase transition at
x > 0.15. Another research shares similar results, in which the two transition temperatures
T: and T¢ become the same at x ~ 0.11 [16]. On the other hand, some researchers
suggested that the orthorhombic and tetragonal phases still exist in a narrow temperature

range below T. even at high Zr contents (i.e., x) [17]-[19]. Based on the X-ray analysis
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as well as resonance frequency studies, Kell and Hellicar [18] have identified the
orthorhombic and rhombohedra structures of BZT. Figure 1-4 shows the phase diagram
of the BZT-x solid solution with 0 < X < 0.3 proposed by them. Unlike the solutions with
less Zr content (i.e., x), the orthorhombic and tetragonal phases exist in a narrow
temperature range (~10°C) below T. for the solutions with x > 0.15 (Figure 1-4).
Hennings et al. [17] have used a hot-stage X-ray diffractometer to measure the phase
transition of ceramic samples in a temperature range of -100 to 300°C. The phases are
distinguished based on the characteristic splitting of the cubic (400) perovskite reflection
into separate peaks. It has been reported that the tetragonal and orthorhombic phases

could be detected in the rhombohedral region at 15°C and 20°C, respectively, below T..

120 ""‘A..& Tc
- "ﬂ‘-‘\
N 80 [ T, -8 IITng
I_- 40 - et /0, ‘\\Q\
— ,/ ’, T \\\
o 4 x
-40 -’,’5 Ba(Ti, Zr )0, a
i f_’ single crystals and ceramics
80 N | . 1 " 1 L 1 2 1 N 1
0 0.050.10 0.15 0.20 0.25 0.30

X

FIGURE 1-3 Phase diagram of BZT-x ceramics with 0 < x < 0.3 obtained from dielectric

spectra measured at 1 kHz [15].
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FIGURE 1-4 Phase diagram of BZT-x solid solution with 0 < x < 0.3 obtained from

resonant frequency curves and dielectric spectra [18].

Latent heats have also been measured for investigating the phase transitions of BZT.
Figure 1-5 shows the latent heats of BZT ceramics at their Tc determined using differential
thermal analysis (DTA) [17]. The latent heat decreases gradually with increasing Zr
concentration (i.e., y as used in the figure), and becomes zero at y = 0.09. Based on the
relationship between the first-order phase transition and latent heat, it is concluded that
the phase transition of BZT with high Zr contents (e.g., y > 0.09) might change from the

first-order to second-order.
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FIGURE 1-5 Latent heats at Curie point measured with DTA of BZT ceramics [17].

A diffuse phase transition has four typical characteristics. They are (1) a broadened
transition peak in the dielectric constant (&r)-temperature curve; (2) a relatively large
difference between the temperatures having the maximum é&r (i.e., em) and dielectric loss
(tan 8); (3) a deviation from the Curie-Weiss law in the vicinity of the temperature having
maximum g (i.e., Tm); and (4) a frequency dispersion for both & and tan & near the
transition region, and a frequency dependence of Tm [20]-[22]. The diffuseness of such a
phase transition can be characterized using the modified Curie-Weiss law:

1/e, —1/e,, = (T —-T,)"/C’ (1.1)
where C’ is the Curie-like constant and y is the degree of diffuseness [23], [24]. y can
have a value ranging from 1 for normal ferroelectrics obeying the Curie-Weiss law to 2
for ideal relaxor ferroelectrics exhibiting a complete diffuse phase transition. As indicated

in Table 1, the higher Zr content of the ceramic, the stronger the diffuseness of the phase
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transition is. It has also been reported that the diffuseness is affected by the grain size.
For BZT-0.2 ceramic, the diffuseness decreases with increasing grain size, i.e., a fine-

grained sample displays relaxor-like ferroelectric behavior while a coarse-grained sample

does not [25].

TABLE 1 The temperature of dielectric constant maximum (Tm), dielectric constant

maximum (em), and diffuseness constant (y) for the four samples at 10 kHz [26]

Sample | BZT-0.2 | BZT-0.25 | BZT-0.3 | BZT-0.35
Tm (K) | 297 257 198 166
em(K) | 7620 12250 5376 4343

v 1.62 1.81 1.93 2.01

A high dielectric tunability (86%) has been reported for BZT-0.2 ceramics measured
at room temperature under a bias E-field of 20 kV/cm at 10 kHz [26]. As the Zr content
(x) increases, the tunability decreases, giving a value of 54%, 26% and 19% for the
ceramics with x = 0.25, 0.3 and 0.35, respectively. This is mainly because of the close
proximity of the transition temperature of BZT-0.2 ceramics to room temperature [27].

Polar nano-region (PNR) is one of the directions in understanding the promising
properties of BZT-x ceramics. Buscaglia et al. have studied the atomic-scale structures of
BZT-x ceramics using high-energy X-ray diffraction and Raman spectroscopy [28]. For
the ceramics with x = 0.1 and 0.2, some polar bands are preserved in Raman spectra
measured at temperatures above T, indicating the presence of short-range correlated
displacements on the B-site of the ABOs structure. It is believed that the short-range
correlated displacements are attributed to Ti-rich polar clusters inside a non-polar

paraelectric matrix of average cubic type structure. Ti-rich polar clusters are responsible
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for the long-range ferroelectric order found below T, while Zr-rich clusters are non-polar
or weakly polar. Locally associated off-centre displacement of Zr/Ti cations within the
local rhombohedral symmetry are suggested as the source of polar clusters observed in
the ceramics with x =0.1, 0.2 and 0.4. Zr*" and Ti*" have a large difference in ionic radius
which leads to a reduction of local strain. The reduced local strain induces the formation
and growth of PNRs. In addition to the Raman results, BZT-0.2 ceramic contains both
rhombohedral and cubic phases at room temperature. Xu et al. have studied the dielectric
responses of fine-grained BZT-0.2 ceramics under bias E-field [29]. The ceramics have a
cubic phase and exhibit frequency-dependent dielectric loss and slim PE loop which are
suggested to be connected with PNRs in their paraelectric matrix. Their dielectric
properties have also been found to become nonlinear under bias E-field, and the
nonlinearity is dependent on the duration of the bias E-field. Based on a theoretical study
of the nonlinear dielectric constants using a multi-polarization mechanism model, it is
suggested that polarization reorientation of PNRs induced by the bias field is one of the
possible causes for the time-dependence.

Owing to the good dielectric properties, BZT ceramics have been widely used for
the fabrication of capacitors. The temperature dependence of dielectric properties, the
nature of phase transitions, as well as the relaxor characteristics have been extensively
investigated [17], [30], [31]. It is also a promising lead-free piezoelectric material because
of its good electrostrictive and piezoelectric properties [15], [32], [33]. For the BZT-x
ceramics with x in the range of 0.03-0.08, the piezoelectric strain increases from 0.18%
at 4 kV/mm to 25% at 12 kV/mm [15]. BZT ceramics can be used as actuator as they

display linear field-induced strain [34].
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1.2. Luminescence

Luminescence comes from a Latin root /umen which literally means light [35]. It is
used for all phenomena of lighting that are not resulted from heat. The modern definition
of it is “a spontaneous emission of radiation from an electronically excited species or
from a vibrationally excited species not in thermal equilibrium with its environment™ [36,
p. 367]. According to the modes of excitation, different types of luminescence are
classified. Photon (photoluminescence), high-energy electron beam
(cathodoluminescence),  electric ~ current  passed  through a  substance
(electroluminescence), chemical reaction (chemiluminescence), stress
(triboluminescence) and biochemical reaction by a living organism (bioluminescence) are
possible excitation sources of luminescence. Light-emitting diode (LED) is an example

of applications of electroluminescence.

1.3. Photoluminescence

Photoluminescence (PL) is defined as emission of light resulted from “direct
photoexcitation of the emitting species” [36, p. 393]. There are three types of PL:
fluorescence, phosphorescence and delayed fluorescence. Based on the duration of
emission after the end of excitation, fluorescence (light disappears simultaneously with
the end of excitation) and phosphorescence (light persists after the end of excitation) are
classified. Delayed fluorescence is defined as “luminescence decaying more slowly than
expected from the rate of decay of the emitting state” [36, p. 321].

Figure 1-6 shows the schematic diagram of two PL processes. As shown in Figure 1-
6 (a), the activator, which is inside the host lattice, is excited by photon and then emits

radiation and heat [37]. Another PL process involves activator and sensitizer within the
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host lattice is shown in Figure 1-6 (b). The sensitizer is excited by photon and then
transfers energy to the activator. Similar to the mentioned process, the activator emits the
“transferred” energy as radiation and heat. The first process is often in singly doped ion

system while the latter one is found in co-doped ion system.

(a) (b) Htiat Emission

g
‘
4
5

Energy
transfer

Excitation Excitation

Emission

ae,
.
.t
o
.

Host Lattice Heat 4 Host Lattice

. : Activator .: Sensitizer

FIGURE 1-6 Schematic diagram of PL processes of emission (a) by activator, (b) by

Emission

activator and sensitizer, within the host lattice.

1.4. Up-conversion process
There are five mechanisms for up-conversion (UC) process: excited state absorption
(ESA), energy transfer up-conversion (ETU), cooperative up-conversion (CUC), photon

avalanche (PA), and energy migration up-conversion (EMU) as illustrated in Figure 1-7

[38].
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FIGURE 1-7 Schematic diagram of five basic mechanisms of up-conversion process, (a)

ESA, (b) ETU, (c) CUC, (d) PA and (¢) EMU. (e) Random hopping among Type III ions

is indicated as “nx”. Line colors do not indicate wavelengths.

Excited state absorption (ESA) is a UC process in a single ion which an electron

absorbs at least two photons as shown in Figure 1-7 (a). The number of absorbed photons

is dependent on the number of excited states. Electrons initially located in the ground

state (G) is excited to a metastable excited state (E1) via absorbing a single electron with
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energy equal to the energy gap between G and E; (i.e., satisfying the resonance condition).
The absorption is called ground state absorption (GSA). The long-lived nature of E;
allows the excited electron to absorb a second photon with the same energy, and the
excited electron can be further excited to a higher energy state (E2). The transition is
called excited state absorption (ESA). The excited electron finally returns to the ground
state and emits a photon simultaneously. The emitted photon has higher energy than the
absorbed (or incident) photon. The emission process is referred as radiative relaxation.
Monochromatic excitation source can be used if the energy gaps between G and E1, and
E: and E; are same. For example, a 980-nm laser diode can be used for Er-doped
luminescent materials.

Energy transfer up-conversion (ETU) achieves UC emission with similar principles
of ESA process. An electron is excited to Ez via two absorption processes. Unlike ESA,
the excited electron in E; (i.e., after GSA) does not absorb a second photon for transiting
to E». Instead, it absorbs the energy released from another excited electron of another ion
(sensitizer) when it relaxes non-radiatively back to G (Figure 1-7 (b)). The energy transfer
process requires the energy gap between G and E; of the sensitizer to be matched with
that between E1 and E» of the activator. Phonon will be involved if there is minor energy
mismatch between the transition pairs [39]. A coulombic overlap between the two
electronic systems is required for the occurrence of non-radiative energy transfer through
dipole-dipole interactions. The UC efficiency of ETU process depends on the distance-
dependent relative overlap of the E-fields of the ion pair, and is usually around two orders
of magnitude higher than that of ESA.

Cooperative up-conversion (CUC) is similar to ETU as both sensitizers and

activators are involved (Figure 1-7 (c)) [40]. Different from ETU, the activator ion in
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CUC does not has real intermediate energy level. Via GSA, two electrons (from two
sensitizers) are excited to Ei. The excited electrons cooperatively promote to virtual
excited state (Ev), then energy transfers from Ey to activators ion and thus UC emission
happens. Yb-doped yttrium aluminum garnet (YAG, Y3AlsO3) nanophosphors and Yb**
and Er*" co-doped Al,Os thin film are examples of the materials have been reported with
CUC mechanism [41], [42].

Photon avalanche (PA) realizes UC emission by achieving a population of electrons
by ESA and ETU as shown in Figure 1-7 (d). Four energy levels, G, Ei1, E> and Es, are
involved in this process. By weak non-resonant GSA, an electron is excited from G to a
second metastable excited state (E2). Energy transfer occurs when this electron relaxes to
E1. It may excite an ground-state electron of the same ion or an adjacent ion to E; though
ion-pair relaxation energy transfer [43]. Excitation of electron from E; to E3 is achieved
by incident radiation whose energy matches with energy gap between E; and E;. When
the electron relaxes non-radiatively from E; to E1, ion-pair relaxation occurs and leads to
the excitation of two electrons from G to E;. These two electrons will be further excited
to E3 by the incident radiation. As this process occurs continuously, the population of the
E; state increases exponentially. At last, electrons relax radiatively to G and thus UC
emission is resulted. Three non-linear behaviors: transmission, emission and pump
power-dependent rise-time, can be used to identify the PA process [43], [44].

Energy migration up-conversion (EMU) can be adopted to achieve tunable UC
emissions by varying the gadolinium (Gd) content through core-shell structure [45]. As
illustrated in Figure 1-7 (e), four types of lanthanide ions are involved in the process:
sensitizer (Type I), accumulator (Type II), migrator (Type III) and activator (Type IV).

Type I and II ions locate at the core, Type III ion locates in the core and shell, while Type
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IV ion locates in the shell. Though GSA, electron of Type I ion is excited to E; state by
the incident radiation. Via energy transfer, the electron of Type Il ions is excited to high-
lying excited state (En). The metastable excited state (E;) of Type Il ion is required to be
long-lived for achieving UC emission as it needs to harvest at least two photons from
Type 1 ion. Therefore, typical RE ions such as Ho**, Tm** and Er** ions are often chosen
as Type II ion. The energy stored in Type II ion transfers to Type III ion, and then the
excitation energy migrates within the sub-lattices of Type III ions through the core-shell

interface. Finally, UC emission occurs when the energy is transferred to the Type IV ion.

1.5. Down-conversion process

Down-conversion (DC) process involves the absorption of a photon with frequency
v by a nonlinear medium and simultaneous emission of photons with frequencies vi, where
v > 2 v;. This process is also known as parametric down-conversion. The parametric gain
in the nonlinear material determines the efficiency of the DC process. Furthermore, the
parametric gain is dependent on (1) the power of incident radiation, (2) photon
frequencies, (3) radiations’ indices of refraction in the material, and (4) the nonlinear
“hyper-susceptibility” of the material. DC process with an external quantum efficiency
(EQE) less than 100% can be denoted as luminescence down-shifting (DS) [46]. EQE is
defined as the ratio between the photogenerated charges harvested at the electrodes to the

number of incident photons with a specific frequency [47].
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1.6. Rare-earth ions (RE ions)

Rare-earth (RE) elements have 17 members, which include 15 lanthanides, scandium
(Sc) and yttrium (Y) [48]. The 15 lanthanides are lanthanum (La), cerium (Ce),
praseodymium (Pr), neodymium (Nd), promethium (Pm), samarium (Sm), europium (Eu),
gadolinium (Gd), terbium (Tb), dysprosium (Dy), holmium (Ho), erbium (Er), thulium
(Tm), ytterbium (Yb) and lutetium (Lu).

The energy levels of 13 RE ions in LaF3 are shown in Figure 1-8, in which their
emitting states for visible light, near infrared (IR) and ultraviolet (UV) are marked with
red dots. All those energy levels are originated from the 4f configurations which are less
dependent on the host material as compared with those from the 5d states [49].

RE elements are often used as dopants for improving the functional properties of
ceramic hosts. For example, via substituting RE elements into the A-sites, the leakage
current of BiFeOs is reduced while its magnetoelectric effect is enhanced owing to the
suppression of the magnetic spin cycloid [50]. The doping has also led to a structural
phase transition of BFO. The doping of RE elements can effectively enhance the
microstructure and phase structure of BaxSrixTiOs-based barium boroaluminosilicate
(BST-BBAS) glass-ceramics [51]. RE-doped phosphors are widely used for optical
temperature sensing applications. Comparing with traditional sensors, RE-doped
phosphors is more sensitive, free from electromagnetic interference, compatible with
electronic device, and able to do long path monitoring [52]. The co-doping of large RE
elements (La, Nd and Sm) and small RE elements (such as Gd, Dy, Er and Y) can enhance

the thermoelectric properties of SrTiO3 [53].
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FIGURE 1-8 Energy levels of trivalent rare-earth ion in LaF3 with anticipated emitting

states in the visible, near IR and UV region marked with red dots [49].
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1.6.1. Dysprosium ion (Dy** ion)

Dy*" ion is one of the lanthanides ions, which has been widely used for optical
applications owing to its luminescent properties. Dy*" ion exhibits yellow and blue
emissions at 570-600 nm (*Fo2 — ®Hi3) and 470-500 nm (*Fo2 — ®Hisp), respectively
(Figure 1-9) [54]. The ratio of PL intensities of the two emissions is dependent on the
host composition and the concentration of Dy*" ions. It has then been used for doping
various glasses and phosphors to produce while light [54]-[56]. Owing to the lacking of
red emission, the emitted white light belongs to cold white light [57]. For decreasing the
color temperatures, Eu®* is usually co-doped with Dy>" for providing red emissions [57]—
[60].

Dy** ion can also improve the dielectric properties of BZT ceramics. e.g., BZT-0.15
and BZT-0.2 [16], [61]. Owing to the high dielectric constants, BZT ceramics are often
used to fabricate multilayer capacitors. Via substituting into the cation sites, the dielectric
properties of BZT ceramics can be improved and the lifespan of the fabricated capacitors
can be prolonged. Because of the smaller size as compared with Ba®" ion, a core-shell

structure is achieved and thus the dielectric properties are improved [62], [63]
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FIGURE 1-9 Energy levels diagram of Dy*".

1.6.2. Erbium ion (Er** ion)

Er** ion exhibits luminescence of both Stokes (down-conversion) and anti-Stokes
(up-conversion) types [64]. As shown in Figure 1-10, electrons can be excited from the
115 ground state to the *I;12 level or *Fa level via absorbing 980-nm or 488.5-nm
photons, respectively, which are commonly provided by commercially available lasers or
xenon lamps. For realizing the up-conversion emission, electrons at the *Ii1,» level are
further excited to the “F7> levels by the 980-nm photons. For both types of emissions,
electrons at the “F7, level relax non-radioactively to the 2Hii, *S3» and *Fop levels
through multiphonon relaxation (MPR); and then radioactively to the ground state *I;s.

Accordingly, the wavelength of the typical emissions of Er*" are in the range of 500-530
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nm (*Hiiz — *Lisp, green), 530-570 nm (*S3» — *I1s55, green) and 650-660 nm (*Fop —

Tisn, red).
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FIGURE 1-10 Energy levels diagram of Er*".

Because of the similar energies, the *S3/» and ?Hi12 levels are considered as a pair of
thermally coupled emission levels [64]. By thermal agitation (TAG), electrons at the *S3/
level can be excited to the ?Hii2 level. At high temperatures, more electrons are excited
and then the emission at 523 nm will become stronger and that at 547 nm becomes weaker.
As aresult, the thermally coupled emission levels allow Er-doped materials to be applied
for optical temperature sensing. Based on the fluorescence intensity ratio (FIR) of the two
green emissions, optical temperature sensors are developed. The FIR is defined as [64],

[65],

CHAN YI LOK 20



Qb Chapter 1
\(%
THE HONG KONG POLYTECHNIC UNIVERSITY
2
FIR = I5;3 _N( Hy1/2)

" Isar N(*S3p)

_ c1(v)A191hv1 By ox (—AE) — Cex (—AE12>
c;(v)A,9,hv, 5 P kT P kT

where Is23 and Is47 are the integrated fluorescence intensities, N is the population number,

(1.2)

ci(v) is the response rate, A; is the spontaneous radiative rate from the corresponding
excited level to the ground state, g; is the degeneracy, hvj is the energy of the emitted
photons, Bi is the branching ratio, AEi2 is the band gap between the two levels, k is the

Boltzman constant, and T is temperature. The sensor sensitivity is calculated as,
dR —AE
— = FIR ( 12). (1.3)

The sensors are less dependent on the measurement conditions and have better accuracy

and resolution [66], [67].

It has also been shown that the emissions of Er-doped ceramics are sensitive to the
crystal symmetry of the host [68], [69]. For Er-doped (Ko.sNaos)ixLixNbixBixO3
ceramics, the PL intensity ratio of the red and green emissions (Ired/Igreen) becomes the
highest for the ceramic having a cubic phase (i.e., at x = 0.7). For Er-doped
Pb(Mgi13Nb23)03-PbTiO; ceramics, the PL intensity ratio of the red and green emissions
Ired/Igreen 18 affected by the phase change of the ceramic host. In general, the intensity ratio

increases with higher structural symmetry.

1.6.3. Europium ion (Eu’" ion)

Eu®" ion is one of the most emissive RE ions which has an electronic configuration
of [Xe]4f® [70]. As shown in Figure 1-11, "Fy is the ground state of Eu*" and °Dy is the
long-lived excited states. The most intense emission bands located at 596 and 615 nm are

attributed to the transitions Dy — "Fy and Dy — 'Fa, respectively. The emission at 596
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nm is often used as a probe of chiral structures as it satisfies the magnetic dipole selection
rules (AJ =0, £1 except 0«>0) [71]. On the other hand, the emission at 615 nm is highly
sensitive to chemical environment so it is described as “hypersensitive”.

The co-doping of Eu** and Dy’*' ions in potassium calcium borate KCaBOs
phosphors gives intense white light emission. The emission intensity is strongly
dependent on the concentration of Dy*", which is due to the inter-ion energy transfers
from Dy** to Eu®". Moreover, the doping of Eu** in BZT-0.25 ceramics has also been
shown to exhibit thermoluminescence (TL) [72]. The TL glow-curves indicates the
activation energy is between 0.25 and 0.4 eV. Similar to other RE elements, Eu®*, as a
dopant, also has significant effects on the dielectric properties of the ceramic hosts. For
example, the Curie temperature of BZT-0.15 ceramics is reduced by 90°C while the

dielectric constant maximum is enhanced from 8300 to 15200 after the doping of 1 wt%

Er.
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FIGURE 1-11 Energy levels diagram of Eu*".
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1.7. Tunable photoluminescence properties

Tunable photoluminescence plays an important role in optical applications, such as
biological labeling, volumetric 3D displays and long-distance quantum communication
[43], [73], [74]. Using external stimuli, fields or chemical reaction, tuning PL can be
achieved [75]-[83]. However, there are little works reporting the reversible tuning of PL
by external E-field at room temperature.

Recently, it has been reported that in-situ reversible tuning of PL response can be
realized in BaggsCao.15Ti0.9Z1r0.103 ceramics doped with 0.2 mol% Pr (abbreviated as
BCTZ:Pr) using an external E-field [78]. Figure 1-12 (a) shows the XRD patterns of the
ceramics under an E-field switching between 0 and 2 kV/mm sinusoidally for three cycles.
It can be seen that the crystal phase changes under an E-field but fails to restore after the
first two cycles of E-field. As evidenced by the temperature-dependent dielectric
properties (Figure 1-13), the E-field induces an irreversible phase change from the mostly
tetragonal to rhombohedral phase, which leads to an irreversible variation of PL in the
first three cycles of E-field (Figure 1-12 (b)). The PL response under the subsequent
cycles of E-field is shown in Figure 1-14, in which the XRD patterns under the 5™ and
10% cycle of E-field are shown for illustrating the absence of phase change. It has then
been suggested that the reversible PL changes observed in the subsequent cycles of E-

field is attributed to polarization switching rather than phase change.
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FIGURE 1-12 (a) The fine scan XRD pattern and (b) PL response under of BCTZ:Pr

measured with applying the off and on-filed for three cycles [78].
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E-field-induced tuning of PL has also been reported for Eu-doped 0.94
(Nao.sBi0.5T103)-0.06(BaTiO3) (BNT-6BT) ceramics [80]. The PL spectra of an unpoled
and poled sample are shown in Figure 1-15, in which the weak Stark emissions at ~580
nm attributed to the transition Dy — ’Fo are enlarged in the insets for the ease of
observation. Distinct difference in the PL spectra arisen from the poling process (i.e. the
application of an external E-field) is observed. The Stark band attributed to the Do — "F»
transition of the unpoled one has only two emission lines at 615 and 625 nm, while the
poled sample has three emissions (together with an additional emission line at ~621 nm).
The poling process also reduces the relative intensity of the strongest line (~593 nm) of
the emission band attributed to the Dy — ’F; transition. XRD results reveal a phase
transition from the cubic to rhombohedral phase induced by the poling process. It is
suggested that the change in the observed PL responses is due to the phase transition.
Also, the depoled sample, which changes back to the paraelectric cubic phase, exhibits
almost the same PL spectrum as the unpoled one. As shown in Figure 1-16, a new Stark
line (shown by an arrow) appears under an E-field and disappear upon removal of the E-
field at 80°C. Accordingly, the E-field-induced PL response is reversible at high
temperatures close to the depolarization temperature (~85°C). It is then anticipated that
if the depolarization temperature is lowered to room temperature, the PL response can be

tuned by an E-field in a reversible manner at room temperature.
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FIGURE 1-15 PL spectra measured with (a) unpoled and (b) poled BNT-6BT: Eu

specimens. The insets are the magnified of the Dy — "F Stark line [80].
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FIGURE 1-16 PL spectrum of (a) unpoled sample, (b) sample under an E-field of 3.5

kV/mm and (c) sample after removal of field measured at 80°C [80].
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Liang et al. have also reported an E-field-induced tuning of PL response for Er-
doped 0.75Pb(Mg13Nb23)03-0.25PbTiO3 (PMN-PT) ferroelectric ceramics [81]. Unlike
other works, up-conversion PL emissions of the ceramics are studied. As shown in Figure
1-17 (a), the PL intensity increases by about 40% under an E-field of 20 kV/cm. This is
attributed to the strains induced by the E-field, which lowers the crystal symmetry and
then enhance the PL emission [84]. As shown in Figure 1-17 (b), the PL intensity
increases rapidly as the E-field increases from 4 to 21 kV/cm and then becomes saturated.
The authors claimed that the PL intensity decreases as the E-field decreases slowly to
zero, and thus the E-field-induced variation of PL is reversible. As supported by similar
behavior of the E-field-induced strain (Figure 1-18), they deduced that the strain induced
by E-field leads to the deformation of crystal structure and then enhances the emission

intensity.
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FIGURE 1-17 (a) Emission spectrum of Er-doped PMN-PT ceramics under different
strengths of E-field and inserted photo of actual fluorescence; (b) the integrated intensity

of emission against the bias E-field graph [81].
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FIGURE 1-18 Monopolar E-field-induced strain (SE) loop of Er-doped PMN-PT

ceramics measured at room temperature [81].

1.8. Motivation of research

Tunable PL property allows numerous optical applications and application of E-field
has been reported as possible way to tune PL properties. It is assumed that turning PL at
room temperature by E-field might be possible when the transition temperature T, (i.€.,
the temperature at which the dielectric constant becomes maximum) of the sample is close
to room temperature. Therefore, the present work aims at developing new lead-free RE-
doped BZT-based ceramics with tunable PL properties under E-field at room temperature
by reducing their Tm. BZT is a lead-free ferroelectric ceramic with high tunability, great
dielectric, ferroelectric and piezoelectric properties. Moreover, its T, depends on the Zr
content. Therefore, BZT ceramics with different Zr contents will be first fabricated by
solid-state reaction for choosing the suitable host to achieve the objective. Then, three RE
ions, Dy*", Er’* and Eu**, will be doped into the BZT ceramics and act as activators.
Transparent electrode will be deposited on the RE-doped BZT ceramics for observing the
PL responses under E-field. Also, the effect of RE dopants on the dielectric, ferroelectric

and piezoelectric properties will be investigated.
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1.9. Scope of work

The main objective of the project is to develop lead-free ferroelectric ceramics with
tunable PL response under dc E-field at room temperature. This report contains six
chapters.

Chapter 1 gives a brief overview of ferroelectric materials, luminescence, RE ions,
tunable PL properties and objectives of the project.

Chapter 2 presents the fabrication procedures, which include the conventional solid-
state reaction and preparation of transparent electrode. Also, it contains characterization
procedures such as XRD, SEM, dielectric, ferroelectric, piezoelectric and PL
measurements.

Chapter 3 reports the characterization and discussion of BZT ceramics.

Chapter 4 includes the characterization and discussion of RE-doped BZT ceramics.

Chapter 5 presents and discusses PL responses under E-field of RE-doped BZT
ceramics.

Chapter 6 gives the conclusions.
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Chapter 2 Sample Fabrication and Characterization

2.1. Fabrication procedure of the ceramics

BaZrT1xiO0; (abbreviated as BZT-x) and BaZrT140; + 0.2 mol% RE*"
(abbreviated as BZT-x-RE) ceramics were prepared by a conventional solid-state reaction
method using high-purity metal oxides or carbonate powders: BaCOs (99.5%), ZrO»
(99.9%), TiO2 (99.9%), Dy203 (99.99%), Er203 (99.99%) and Eu203 (99.99%). BZT-x
ceramics with x =0.15, 0.2, 0.25 and 0.3 were prepared. Three RE ions have been chosen
as dopants, which are Dy**, Er** and Eu*". BZT-x-Dy ceramics with x = 0.15 and 0.2,
BZT-x-Er ceramics with x = 0.1, 0.15 and 0.2, BZT-x-Eu ceramics with x = 0.15, 0.175
and 0.2 were prepared. The powders in the stoichiometric ratio of the compositions were
mixed thoroughly in ethanol using zirconia balls for 8 h, and then dried and calcined at
1150-1200°C for 4 h. After the calcination, the mixture was ball-milled again for 8 h.
After drying, it was mixed thoroughly with a 5-wt% poly(vinyl alcohol) binder solution
and then uniaxially pressed into disc samples with an area of 1.13 cm? under ~300 MPa
of pressure. After burning out the binder at 800°C for 2 h, the disk samples were sintered
at 1470-1580°C for 4 to 15 h in air. Figure 2-1 displays the flow diagram of the fabrication

procedure.
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FIGURE 2-1 Flow diagram of the fabrication procedure.

2.2. Characterization procedure
2.2.1. Crystalline structure

X-ray diffraction (XRD) was used to identify the crystalline structure of the samples.
In this study, the ceramics powders were examined using XRD analysis with CuKa (A =
0.154 nm) radiation (SmartLab; Rigaku Co., Japan).

As shown in Figure 2-2, the X-ray interacts with the crystal lattices of the samples
and so scattering happens. The X-rays scattered from each crystalline plane interfere with
each other, resulting in constructive or destructive interferences and thus a variation of
intensity called XRD pattern. According to Bragg’s Law, the intensity (of the scattered
X-rays) reaches a maximum when the incident (or diffraction) angle 6 satisfies:

2dp; sin@ = kA (2.1)
where h, k, 1 are the Miller indices, dn is the interplanar spacing of {hkl} set of lattice

planes, k is the order of diffraction, and A is the wavelength of the X-ray.
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FIGURE 2-2 The schematic diagram of X-ray diffraction in crystal.

The in-situ XRD pattern of ceramic was also observed under an external electric
field (E-field). This measurement can verify the effect of E-field on the lattice and phase
of the ceramic. A voltage sourcemeter (Model 2410; Keithley Instruments Inc., USA) was
used to apply E-fields. The ceramic sample was deposited with transparent electrode and

the detailed procedures of deposition will be revealed in the later section (Section 2.2.6.2).

2.2.2. Microstructure

The microstructures of the ceramic samples were examined using a field-emission
scanning electron microscope (FE-SEM) (JSM-6335F, JEOL Ltd., Japan). Before the
examination, the sample surfaces were coated with platinum for conducting away the
incident electrons and thus forming the FE-SEM images. A coating system (Model 682,
Gatan Inc., USA) was used for depositing a thin layer of platinum on the sample surfaces
in argon atmosphere at high vacuum (10 Pa).

The FE-SEM is operated at a high vacuum. For imaging, a beam of accelerated
electrons is emitted from an electron gun, passes through a series of lens, and then scans

across the surface of the samples by means of scan coils. A high voltage is applied for
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accelerating the electrons. The electrons lose energy when they are incident on the
samples due to random scattering and absorption. This energy exchange causes the
reflection of high-energy electrons by elastic scattering, the emission of secondary
electrons by inelastic scattering, and the emission of characteristic X-rays. The secondary
electrons can be detected by a suitably-positioned detector for imaging. Figure 2-3 shows

the schematic diagram of a FE-SEM.

Electron gun
Limitin
Condenser lens g
aperture
Scanning coils
X-ray
Objective lens detector
Backscatter
electron detector
Sample
Secondary electron
Vacuum pump detector

FIGURE 2-3 The schematic diagram of a FE-SEM.

2.2.3. Dielectric properties
The ceramic samples were grinded to obtain a flat surface. Subsequently, silver
electrodes were fired on both surfaces at 750°C for 30 min for the measurements of

dielectric constant and dielectric loss.
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2.2.3.1.Dielectric constant and dielectric loss

Dielectric properties of the samples were measured using an impedance analyzer
(HP 4294A; Agilent Technologies Inc., USA). Both dielectric constant and dielectric loss
were measured at 1 kHz at room temperature. The dielectric constant (&), which is also

known as relative permittivity, was calculated from:

o&rA
= 2.2
C=— 2.2)

where C is the capacitance, g is the permittivity of vacuum, A is the electrode area of the
sample, and d is the thickness of sample. €. canbe expressed as &, = &' + ie'’, where
¢’ and ie'" are the real and imaginary part of €. respectively. Dielectric loss (tan 8) can
indicate the quality of the ceramics for practical use. The dielectric loss is calculated as

follows:

&
tand = - (23)

2.2.3.2. Temperature dependence of dielectric properties

For investigating the temperature dependence of dielectric properties, the ceramic
samples connected to the impedance analyzer (HP 4194A; Agilent Technologies Inc.,
USA) was placed inside a tube furnace, in which the temperature was varied from 25 to
120°C at a rate of 0.5°C/min. A thermocouple, connected to a multimeter (Model 2000,
Keithley Instruments Inc., USA), was used to measure the temperature close to the sample.
The temperature, dielectric loss and capacitance were collected and analyzed by a

computer. The schematic diagram of the setup is illustrated in Figure 2-4.
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FIGURE 2-4 The schematic diagram of temperature dependence dielectric measurement

setup.

2.2.4. Ferroelectric properties

Polarization-electric field (PE) hysteresis loops were measured to verify the
relationship between the applied E-field and net polarization. As-prepared ceramic
samples with silver electrodes were used for the PE loop measurement. Ferroelectric
parameters such as saturation polarization (Psa), remnant polarization (Pr) and electric

coercive field (Ec) as illustrated in Figure 2-5 were determined from the PE loop.

1 P (uC/cm?)

@
Pr Psat

E. E (kv/mm)

FIGURE 2-5 PE loop with ferroelectric parameters marked on it.
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The PE loops were measured with a modified Sawyer-Tower circuit at 50 Hz. As
shown in Figure 2-6, the setup included a digital oscilloscope (DSO) (HP 54645A,
Agilent Technologies Inc., USA), an amplifier (Model 609D-6, Trek Inc, USA), a
function generator (HP 8116A, Agilent Technologies Inc., USA), a computer and a
modified Sawyer-Tower circuit. The Sawyer-Tower circuit contained two capacitors:
ferroelectric capacitor (Cr) of the ceramics sample and reference capacitor (Cr = 10 pF).
For the ease of calculation, the value of Cr was required to be over 1000 times larger than
that of Cr such that the voltage drop across Cr could be neglected. The sample was
immersed in a silicone oil bath for preventing electrical breakdown. An AC voltage signal
was produced by the function generator and then amplified 2000 times by the high voltage
amplifier before applying on the sample. The input voltage (V;) applied to the sample and
the output voltage (Vo) across Cr were measured with the digital oscilloscope. The data

were recorded by a computer, and the polarization (P) was given as:

_ GV

P
A

(2.4)

where A is the area of electrode.

Computer Controlled

HP54645ADSO D -~ Computer
CH1 2 EXT Trigger

HP 8116A
Function Generator

__________________ Trek 609D-6
'~ N High Voltage
' Ve "‘E“* Vi : Amplifier (x2000)
I
I i I
I I
Cr |
: Sample |
I
l /

FIGURE 2-6 The schematic diagram of PE loop measurement setup.
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2.2.5. Piezoelectric properties

Before the measurements, the ceramic samples with silver electrodes on both the top
and bottom surfaces were poled under a dc E-field of 2 kV/mm at room temperature in a
silicone oil bath for 30 min. The schematic diagram of the poling setup is shown in Figure
2-7. A high voltage amplifier (Model P0621, Trek Inc, USA) was used to amplify the
voltage provided by the DC voltage source by 3000 times. Longitudinal piezoelectric
coefficient (d33) was measured using a piezo ds33 meter (ZJ-3B, Institute of Acoustic
Academia Sinica, China). The sample was hold between the two probes of the meter,
which generated 50-Hz vibrations to trigger the piezoelectric effect. The resulting surface

charges were collected and used for determining the ds3 value by the meter.

‘ DC Voltage Source ‘
High Voltage
— Amplifier (x3000)
|
Sample

, Temperature

1 Controller
Heater

FIGURE 2-7 The schematic diagram of poling setup.

2.2.6. Photoluminescence properties

Photoluminescence (PL) properties were measured by a PL spectrometer (FLSP920,
Edinburgh Instruments, UK). A xenon arc lamp (Xe900), at 450-W steady state, was used
as an excitation source for investigating visible down-conversion emissions. For
measuring visible up-conversion emissions, a continuous 980-nm diode laser (MDL-III,
CNI Optoelectronics Tech. Co., China) with a maximum power output of 2W was used

as an excitation source. The PL spectrum was measured in the range of 200 to 900 nm
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using a red sensitive photomultiplier tubes (PMT). For reducing dark noise during the
measurement, a Peltier-cooled housing was used to keep the temperature of the PMT at -
20°C. For the lifetime measurements, a microsecond (xenon) flashlamp was used as an
excitation source. The 980-nm diode laser was connected with a PM-1 modulator which
can provide pulsed excitation for the lifetime measurements. A voltage sourcemeter
(Model 2410; Keithley Instruments Inc., USA) was used to apply E-fields in observing
in-situ PL responses. The sample chamber of the spectrometer is illustrated in Figure 2-
8. The excitation beam on the top left corner was from the xenon lamp while the excitation
beam on the bottom right corner was from the laser. The sample holder was then required
to rotate when using different light sources. Long-pass filters were inserted in the

emission light path for improving the signal to noise ratio.

excitation beam \ emission beam
attenuator

excitation ; N emission
polarniser o} ' polariser
3

) reference
. detector
k.
9

cable and tube 4
feed-through 4

sample holder

p .Ir

holes

FIGURE 2-8 Sample chamber with optional polarizers and laser coupling flange [85].
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2.2.6.1. Temperature dependence of PL properties

The temperature dependence of PL properties was conducted at the Functional
Materials Research Laboratory of Tongji University. The PL spectra were measured with
a fluorescence spectrometer (F-7000, Hitachi, Japan). The ceramics samples were heated
from room temperature to ~200°C on a heating stage which was controlled by a TP 94
temperature controller (Linkam Scientific Instruments Ltd., Surrey, UK) and was

monitored with a Pt-100 thermocouple.

2.2.6.2.Preparation of transparent electrode

In order to conduct the PL measurement under an applied E-field, a transparent
electrode was deposited on the front surface of the ceramic samples. The transparent
electrode allows light incident on the sample for excitation as well as emitting from the
samples for detection. The disc sample with the bottom surface coated with silver
electrode was first grinded and polished into a thickness of 0.25 mm. An indium tin oxide
(ITO) transparent electrode was then deposited on the front surface using a physical vapor
deposition method named magnetron sputtering. The sample was heated up to 300°C for
better crystallization of ITO. With a gas mixture of oxygen and argon (O2:Ar = 1:60), the
sputtering was carried out at a pressure of 5 mTorr. Ar plasma was generated by a radio
frequency (RF) power supply, and the ITO target was bombarded by the Ar ions. ITO
ions were knocked off and attracted to deposit on the sample surface for 40 min. The
samples were annealed at 300°C for 1 h and then cooled down to room temperature before

the chamber was opened.
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Chapter 3 BZT Ceramics

3.1. Introduction

Application of external electric field (E-field) may lead to phase change and then
enhance the structural symmetry. Photoluminescence (PL) response has been reported
vary with change in structural symmetry [84]. Therefore, tuning PL might be achieved if
the transition temperature Tr, (temperature having the dielectric constant maximum) is
close to room temperature. This work then aims to develop new lead-free RE-doped
barium zirconate titanate (BZT)-based ceramics with tunable PL properties under electric
field (E-field) at room temperature via lowering their Tr. As discussed in Chapter 1, BZT
is a lead-free ferroelectric ceramic with high tunability, good dielectric, ferroelectric and
piezoelectric properties. In addition, Tm of BZT is dependent on the Zr content. Therefore,
BaZrxTi1x03 (BZT-x) ferroelectric ceramics with x = 0.15, 0.2, 0.25 and 0.3 have been
fabricated in this work for determining the suitable host for achieving tuning of PL
response. In this chapter, the crystalline structure, microstructure, dielectric, ferroelectric

and piezoelectric properties of the BZT-x ceramics have been investigated.

3.2. Crystalline structure

The XRD patterns of the BZT-x ceramic powders measured from 20° to 80° are
shown in Figure 3-1 (a). All the ceramics have been crystallized in a perovskite structure.
The absence of impurity phases (within the resolution limit of XRD equipment) indicates
the successfully doping of Zr*" ions in the B site of the lattices. The peak position of the
BZT-0.25 ceramic mostly agrees with JCPDS 36-0019 (BZT-0.25, cubic). However, two
diffraction peaks are found at 45°, 55°, 65° and 75° which indicates the sample do not

contain cubic phase only. As evidenced by the two diffraction peaks located at 44-46°, all
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the ceramics might contain both the cubic and rhombohedral phase (Figure 3-1 (b)). The
phase diagram of BZT-x ceramics indicates that the four samples should contain
rhombohedral phase and their rhombohedral-cubic transition temperatures are close to
room temperature [ 15]. As also shown in Figure 3-1(b), the diffraction peaks have shifted
to small angles with increasing Zr content. It should be due to the larger ionic radius of
Zr* ion (0.72 A, coordination number (CN) = 6) as compared to Ti*" ion (0.605 A ionic

radius, CN = 6) and then the expansion of the lattices.

(a) (110) (b)
o o BZT-0.3
210
(100) | (l?l) ‘4\ (210) ‘t‘ (22,0) (221)(31m0) (311) [\
= - B e [ A N : 74 &
—_ BZT-0.25
3 i _
: ) N N
: - JLEZ;O&
2
5 BZT-0.2 /\\
5 0. /1
E | | T L BzTO2
BZT-0.15 JL
W TR S B S e ZARES
20 3‘0 ' 4‘0 ' 5‘0 ' 6‘0 ' 7‘0 ' 80 44.0 ' 44‘.5 ' 45‘.0 ' 45‘.5 ' 46.0
26 (°) 20 ()

FIGURE 3-1 The XRD patterns of the BZT-x ceramic powders in the range of (a) 20-

80° and (b) 44-46°.
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3.3. Microstructure

The FE-SEM micrographs of the BZT-x ceramics are shown in Figure 3-2. All the
ceramics are dense and have irregular-shaped grains. As illustrated in Table 2, the average
grain size of the BZT-0.25 ceramic is about 2.3 um while the others are much larger,
varying in between 30 and 51 pm. This may probably be due to the merging (or melting)
of the grains together in those ceramics. Similar morphologies have been observed for
the ceramics sintered at lower temperatures. Grain size of BZT-0.2 ceramic has been
reported increased from less than 1 pm to 4-6 pm when sintering temperature rise from

1400°C to 1450°C [34].

FE_SEM g 5.0kV X500 WD 7.2
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.

FE_SEM

FIGURE 3-2 FE-SEM micrograph of BZT-x ceramics. (a) x = 0.15, (b) x = 0.2, (c) and

(d)yx=0.25, (e) x=0.3.

TABLE 2 Average grain sizes of the BZT-x ceramics

BZT-x 0.15 0.2 0.25 0.3
Sintering temperature (°C) | 1570 1470 1520 1500
Grain size (pm) 51.0 45.7 2.3 30.8

3.4. Dielectric properties
3.4.1. Dielectric constant and dielectric loss

The observed dielectric constant (&) and dielectric loss (tan 8) of the BZT-x ceramics
measured at room temperature and 1 kHz are listed in Table 3. Apparently, both the
observed & and tan 6 increase and then decrease with increasing x (the Zr content), giving
maximum values of 12700 and 2.1%, respectively at x = 0.2. However, the observed
variations of g and tan & at room temperature should be mainly affected by the phase
transitions, which will be discussed in the following section. Nevertheless, all the
ceramics have a low dielectric loss (< 3%), corroborating the observed dense structure as

shown in Figure 3-2.
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TABLE 3 The diclectric constant (&) and dielectric loss (tan 8) of BZT-x ceramics

measured at room temperature and 1 kHz

BZT-x &r tan d (%)
0.15 3000 1.8
0.2 12700 2.1
0.25 10400 0.7
0.3 4300 0.4

3.4.2. Temperature dependence of dielectric properties

The temperature dependences of &r and tan & for the BZT-x ceramics measured at 1
kHz, 10 kHz, 100 kHz and 1 MHz are shown in Figure 3-3. A slightly broadened and
frequency-dependent phase transition peak is observed at 64°C for the BZT-0.15 ceramic,
confirming its relaxor-like characteristics. At x = 0.2, the transition peak shifts towards
room temperature (Tm = 37°C) with slightly increases in the width and the frequency-
dependence of the peak. Although no transition peaks have been observed for the
ceramics with x = 0.25 and 0.3 owing to the limitation of our measurements, they should
most likely locate below room temperature as indicated by the decreasing trend of ¢ at
high temperatures. This is consistent with the previous results that the Tm of BZT
decreases with increasing Zr content [15]—[18]. As shown in Figure 3-3, the values of the
room-temperature & and tan & are strongly dependent on their positions at the transition

peak. The closer to the transition peak, the higher value they will have.
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FIGURE 3-3 Temperature dependence of dielectric properties of BZT-x ceramics (a) x

=0.15,(b)x=0.2, (¢) x=0.25 and (d) x = 0.3.
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The modified Curie-Weiss law (Eq. 1.1) has been used to describe the diffuseness of

the phase transition. The plots of In (1/¢; - 1/em) against In (T - Tm) for the BZT-x ceramics

are shown in Figure 3-4. The diffuseness constants (y) can be obtained with the slope of

the linear fitting curve. The calculated values y for the ceramics with x = 0.15 and 0.2 are

1.75 and 1.78 respectively. As y = 1 obeys a normal Curie-Weiss law and y = 2 defines a

complete diffuse phase transition, the two samples can be considered as relaxor-like

ferroelectrics [24]. In addition, BZT ceramics with x > 0.25 are considered as relaxor

ferroelectrics [26], [86]. Table 4 lists the T, dielectric constant maximum (€m) and y for

the ceramics with x = 0.15 and 0.2. Both &, and y increase with higher Zr content.

/e - 1le )

In (

® BZT-0.15
® BZT-0.2

T
2

In(T-T )

T
4

FIGURE 3-4 Plot of In (1/&; - 1/em) against In (T - Tm) for the BZT-0.15 and BZT-0.2

ceramics at 10 kHz.

TABLE 4 Ty, em and y of the BZT-0.15 and BZT-0.2 ceramics at 10 kHz

BZT-x 0.15 0.2

Tm (°C) 64 38
&m 18000 | 19700
Y 175 | 178
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3.5. Ferroelectric properties

The PE loops of the BZT-x ceramics measured under an E-field of 2 kV/mm at 50
Hz are shown in Figure 3-5. The observed remnant polarization (P;) decreases with
increasing Zr content (Table 5). For the ceramics with x > (.2, the observed P, decreases
significantly to almost zero. These should be due to the increase in amount of the
paraelectric cubic phase arisen from the lowering of T to room temperature as shown in
Figure 3-3. Also, the measured PE loops for the ceramics with x < 0.2 are slim, which
may be attributed to the presence of nano-sized polar domains [87]. A large polarization
can be obtained when the E-field is sufficiently high to switch the nano-domains. A
significant difference between the saturation polarization (Psa) and P will be resulted due

to the restoration of the randomly oriented nano-domains after the removal of E-field.

20

{At 2 kV/mm at 50 Hz

|——BZT-0.15

|——BZT-0.2

——BZT-0.25
— BZT-0.3

P (uC/cm?)

-10

15

-20 T T T T f T T T T
-2 -1 0 1 2

E (kvV/mm)

FIGURE 3-5 PE loops of BZT-x ceramics.
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TABLE 5 P; and Py of the BZT-x ceramics

BZT-x 0.15 0.2 0.25 0.3
Pr (uClem?) | 3.4 2.0 0.2 0.2
Pot (nC/em?) | 16.8 15.2 8.5 6.3

3.6. Piezoelectric properties

The piezoelectric coefficients (ds3) of the BZT-x ceramics are listed in Table 6. The
observed ds3 greatly decreases with increasing Zr content. In consistent with the
observation for the PE loops and Py, this should probably be due to increase in amount of

the paraelectric cubic phase.

TABLE 6 The piezoelectric coefficient (ds3) of BZT-x ceramics

BZT-x 0.15 0.2 0.25 0.3
dss (pC/N) | 73 68 1 8

3.7. Conclusions

BZT-x ceramics have been successfully prepared by a solid-state reaction method
and their dielectric, piezoelectric and ferroelectric properties have been studied. XRD
results indicate that the ceramics have crystallized in a perovskite structure with
rhombohedral and cubic phase. The BZT-x ceramics are dense and have irregular-shaped
grains. As evidenced by the temperature dependence of dielectric properties, the observed
Tm decreases with increasing Zr. Because of the larger amount of cubic phase, the room-
temperature ferroelectric and piezoelectric properties of the ceramics with larger x are
weakened. As the BZT-0.15 and BZT-0.2 ceramics have a Tm very close to room

temperature, they have been selected for the hosts in achieving tuning of PL response.
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Chapter 4 RE-Doped BZT Ceramics

4.1. Introduction

As discussed in Chapter 1, rare earth (RE) ions can act as not only dopants for
improving the functional properties of ceramic host but also activators for effectively
producing photoluminescence (PL) emission [16], [50], [61], [72]. Three RE ions: Dy*",
Er** and Eu** have been selected as dopants in this work. Dy** and Eu*" ions can enhance
dielectric properties of barium zirconate titanate (BZT)-based ceramics [16], [61]. The
PL emissions of Er-doped ceramics have been reported to be sensitive to the crystal
symmetry of the host and thus to be tunable via electric field-induced phase change [68],
[69]. As mentioned in Chapter 3, both the BaZrTii1xO3 (BZT-x) ferroelectric ceramics
with x = 0.15 and 0.2 possess the transition temperature Tm (temperature having the
dielectric constant maximum) close to room temperature. Therefore, they have been
chosen as the host of luminescent materials for achieving tuning of PL under electric field
(E-field). Three series of luminescent samples have been fabricated using the solid-state
reaction method in this work; they are: (i) BZT-x ceramics (x = 0.15 and 0.2) doped with
0.2 mol% Dy** (BZT-x-Dy); (ii) BZT-x ceramics (x = 0.1, 0.15 and 0.2) doped with 0.2
mol% Er’** (BZT-x-Er); and (iii) BZT-x ceramics (x = 0.15, 0.175 and 0.2) doped with
0.2 mol% Eu*" (BZT-x-Eu). All the samples are also abbreviated as BZT-x-RE. In this
chapter, their crystalline structure, microstructure as well as dielectric, ferroelectric,

piezoelectric and PL properties have been investigated.
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4.2. Crystalline structure

The XRD patterns of the BZT-x-RE ceramics, in powder form, measured in the
range of 20° to 80° are shown in Figures 4-1 to 4-3, respectively. The XRD pattern of the
BZT-0.15 ceramic is also included in the figures for comparison purpose. All the ceramics
have been crystallized in a perovskite structure. No impurity phases are observed within
detection limit of XRD, suggesting that the RE ions should have diffused in the BZT-x
lattices. The enlarged XRD patterns of the ceramics in the range of 44° to 46° are also
given in the figures. Similar to the results discussed in Chapter 3, a shifting of diffraction
peaks toward small angles due to the lattice expansion is found with increasing Zr content.
By comparing between the BZT-0.15 and BZT-0.15-RE ceramics, no significant shifting
of the diffraction peaks is found. This should be due to the small amount (0.2 mol%) of
RE dopant that might not be sufficient for inducing a significant change in lattice volume.
Two diffraction peaks (located near 45°) are found for all the ceramics except BZT-0.15-
Dy and BZT-0.15-Eu, of which the peak is broadened. This might indicate that most of
them (except BZT-0.1-Er) contain both rhombohedral and cubic phases as their
rhombohedral-cubic transition temperatures are close to room temperature [15]. With
reference to the phase diagram of BZT-x ceramics [15], the BZT-0.1-Er ceramic should
possess a rhombohedral-orthorhombic transition temperature very close to room
temperature and then contain both rhombohedral and orthorhombic phases at room

temperature, and thus two diffraction peaks are found as shown in Figure 4-2 (b).
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FIGURE 4-1 The XRD patterns of the BZT-0.15 and BZT-x-Dy ceramics powders in the

range of (a) 20-80° and (b) 44-46°.
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FIGURE 4-2 The XRD patterns of the BZT-0.15 and BZT-x-Er ceramics powders in the

range of (a) 20-80° and (b) 44-46°.
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FIGURE 4-3 The XRD patterns of the BZT-0.15 and BZT-x-Eu ceramics powders in the

range of (a) 20-80° and (b) 44-46°.

The in-situ XRD patterns of BZT-0.15-Er ceramic in the range of 44-45.5° and 55-
56.5° under an external E-field of 0-2000 V/mm are shown in Figure 4-4 (a) and (b)
respectively. As shown in Figure 4-4 (a), a broad peak is found rather than two peaks,
when comparing with the one measured with powder (Figure 4-2 (b)). This may be due
to the signal intensity of ceramic is weaker than the one of powder. The ceramic should
still contain both rhombohedral and cubic phase as the powder one. However, the JCPDS
of rhombohedral phase of BZT ceramic is lacked. Therefore, the JCPDS of rhombohedral
(R) (85-0368) and cubic (C) phase (31-0174) of BaTiO3 are used as reference. Both
phases contain one diffraction peak in the range of 44-46°. Diffraction peak (002)® is
located at 45.3° and peak (200)° is located at 44.9°. With reference to BaTiOs, the peak
has decomposed into two peaks which are indicated by green and red line for

rhombohedral and cubic phase respectively. The diffraction peaks have shifted towards

CHAN YI LOK 53



&

Chapter 4

& THE HONG KONG POLYTECHNIC UNIVERSITY

small angles with increasing E-field. The shifting indicates the occurrence of lattice

expansion, which may be the result of strain induced by E-field. The shifting is reversible

as the peaks have almost shifted back to initial position after removal of field. An

additional peak is found after application of E-field as shown in Figure 4-4 (b). According

to the two JCPDS of BaTiOs, rhombohedral phase contains two peaks located at 56.1°

and 56.4°, and cubic phase contains one peak located at 55.9° in the range of 55-56.5°.

Therefore, the additional peak should be related to cubic phase, which also persists after

removal of field, and thus it might be associated with irreversible phase change induced

by E-field. This can also reveal the increase of cubic phase content. Moreover, the

diffraction peaks have slightly shifted towards small angles due to strain as observed in

the range of 44-45.5° (Figure 4-4 (a)).

(a)
— Off C :-NR
s N i jont “.‘. " 3 I 1 i T Wi
— 2 kV/mm .
- ——2kV/mm| k,:.\""'%
=
L
Pury
5 [ L T ——
E — 600 V/imm
44.0 445 45.0

45.5

(b)

Intensity (a.u.)

T = T

Moo | —— 800 V/imm

FIGURE 4-4 The XRD patterns of the BZT-0.15-Er ceramics in the range of (a) 44-45.5°

and (b) 55-56.5° under an external E-field of 0-2000 V/mm.

CHAN YI LOK

54



Qb Chapter 4
\(%
THE HONG KONG POLYTECHNIC UNIVERSITY

4.3. Microstructure

The FE-SEM micrographs of the BZT-x-RE ceramics are shown in Figure 4-5 to 4-
7 respectively. All the ceramics are dense and have irregular-shaped grains. As compared
with BZT-x-Dy and BZT-x-Er, the grains of BZT-x-Eu ceramics are uniform and fine. As
shown in Table 7 to 9, the average grain sizes for the BZT-x-Dy, BZT-x-Er and BZT-x-
Eu ceramics are 11-26 um, 43-57 um and 5-7 um, respectively. Comparing with the BZT-
x ceramics, the doping of Dy** and Eu®" ions can reduce the grain size while the Er**-
doping does not lead to significant change. As discussed in Chapter 3, the average grain
sizes for the BZT-0.15 and BZT-0.2 ceramics are 51 pum and 45.7 pm, respectively. Grain
sizes have been reported reduced with the increasing ionic radius of dopants as dopants
with larger ionic radii are hard to enter the unit cell of crystal lattice, and then are able to
efficiently suppress the grain growth [88]. Among the three dopants, Eu®" ion has the
largest ionic radius and Er** has the smallest one. Therefore, Er’**-doping does not lead to

significant change when comparing with the other two dopants.

FE_SEM SE 5.0kV X1,000 WD 7.5mm

FIGURE 4-5 FE-SEM micrographs of BZT-x-Dy ceramics, (a) x = 0.15 and (b) x =0.2.
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FE_SEM SE 5 X500 WD 7.7mm 10pm FE_SEM SE 0k X500 WD 7.6mm 10pm

FIGURE 4-6 FE-SEM micrographs of BZT-x-Er ceramics, (a) x = 0.1, (b) x =0.15 and

(c)x=0.2.

oo T DeES e

X1.500 WD 7.5mm 10pm SE 5.0kV X1.500 WD 7.5mm 10pm
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FIGURE 4-7 FE-SEM micrographs of BZT-x-Eu ceramics, (a) x = 0.15, (b) x = 0.175

and (c) x =0.2.

TABLE 7 Average grain sizes of the BZT-x-Dy ceramics

BZT-x-Dy 0.15 0.2
Sintering temperature (°C) 1580 1470
Grain size (pm) 11.1 25.6
TABLE 8 Average grain sizes of the BZT-x-Er ceramics
BZT-x-Er 0.1 0.15 0.2
Sintering temperature (°C) 1450 1560 1550
Grain size (pm) 43.4 55.3 57.1
TABLE 9 Average grain sizes of the BZT-x-Eu ceramics
BZT-x-Eu 0.15 0.175 0.2
Sintering temperature (°C) 1550 1580 1570
Grain size (pm) 4.8 6.2 6.6
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4.4. Dielectric properties
4.4.1. Dielectric constant and dielectric loss

The observed dielectric constant (gr) and dielectric loss (tan 8) of the BZT-x-RE
ceramics measured at room temperature and 1 kHz are shown in Table 10. Apparently,
the doping of Dy>" and Eu®" can enhance the dielectric constant of the ceramics with x =
0.15 from 3000 (BZT-0.15) to 3500, but the Eu**-doping reduces it slightly to 2700. On
the other hand, the dielectric constant for the ceramics with x = 0.2 are enhanced from
12700 (BZT-0.2) to 15000 and 14500 after the doping of Er*" and Eu*", respectively, but
it is decreased to 9000 by the Dy**-doping. Moreover, the observed & for the ceramics
increases with increasing Zr content. Similar to the discussion in Chapter 3, all the
observed variations of & at room temperature should be mainly affected by the phase
transitions, which will be discussed in the following section. Nevertheless, all the
ceramics have a low dielectric loss (< 5%), which confirms the dense structures observed
with FE-SEM.
TABLE 10 The dielectric constant (&r) and dielectric loss (tan 8) of BZT-x-RE ceramics

measured at room temperature and 1 kHz

BZT-x-Dy &r tan 3 (%)
0.15 3500 2.4
0.2 9000 1.5

BZT-x-Er &r tan & (%)
0.1 1900 3.6
0.15 2700 3.8
0.2 15000 3.6

BZT-x-Eu &r tan 3 (%)
0.15 3500 3.2
0.175 5900 4.3
0.2 14500 3.9
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4.4.2. Temperature dependence of dielectric properties

The temperature dependences of & and tan o for the BZT-x-RE ceramics measured
at 1 kHz, 10 kHz, 100 kHz and 1 MHz are shown in Figure 4-8 to 4-10 respectively.
Although a complete transition peak has not been observed for some of them, e.g., BZT-
0.2-Dy, because of the limitation of our measurements, it can generally affirm that all the
BZT-x-RE ceramics exhibit a slightly broadened and frequency-dispersive transition peak
at various temperatures, and thus confirming the diffuse nature of their phase transition.
Similar to the BZT-x ceramics, the width of the peak and then the diffuseness of the
transition increase slightly with increasing Zr content [26]. In addition to the frequency
dispersion of & and tan J, another characteristic of a diffuse phase transition, i.e., a
relatively large difference between temperatures having the maximum ¢ (i.e., €ém) and tan
d is also observed. For example, the observed temperatures for em and maximum tan & of
the BZT-0.175-Eu ceramic are 60°C and 70°C, respectively (Figure 4-10 (b)). As shown
in Figure 4-9 (a), two more (local) maxima are observed in the tan & curve and weak
shoulders are observed in the &r curve before the main transition peak (i.e., at temperatures
below Tm) for the BZT-0.1-Er ceramic. These should be attributed to the rhombohedral-
orthorhombic and orthorhombic-tetragonal phase transitions of the ceramic [15].
According to the modified Curie-Weiss law (Eq. 1.1), the plots of In(1/&; - 1/em) against
In(T - Tw) for the BZT-x-RE ceramics at 10 kHz are shown in Figure 4-11 to 4-13
respectively. The diffuseness constants (y) are determined from the slopes of the linear
fitting curves. The calculated y for most of the BZT-x-RE ceramics (except BZT-0.1-Er)
is close to 2, indicating their relaxor-like characteristics [24]. The calculated y for BZT-
0.1-Er is 1.44, which is close to 1 so its property should be more close to normal

ferroelectric. The observed Tm, eém and y for the BZT-x-RE ceramics are summarized in
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Table 11 to 13, respectively. For each series of the ceramics, both the observed T and em
decrease with increasing Zr content (i.e., x). Unlike T and em, the y increases with
increasing Zr content. As compared with BZT-x, the doping of Dy** and Er** has reduced
Tm slightly while the Eu**-doping does not have significant effect on Tm. As discussed in
Chapter 3, the observed Tr, for the BZT-0.15 and BZT-0.2 ceramics are 64°C and 38°C,
respectively. Dopants with large ionic radii are found having a stronger reducing effect
on Ty, as they are more likely to induces distortion of crystal lattice than the one with
small ionic radius [88]. However, the doping amount in this work is just 0.2 mol%, and

thus the reducing effect on Tr, is minor.

(a) (b)
25000 BZT-0.15-Dy 10 BZT-0.2-Dy 10
—— 1kHz — 1kHz
——10kHz | 10000 - —10kHz |
—— 100 kHz —— 100 kHz
20000 —1MHz | ¢ : —1MHz | 4
8000 |
€ S € 3
£ 15000 - Le = s Le =
5 g S 6000 - a
o o o o
Q0 L2 g i)
5 10000 - L4 B B L4 3
3 @ 3 4000 o
Q0 L o Q0
a QO A a
5000 - -2 2000 4 -2
0 — 1 r T T T T T 7 0 0 — 1 r 1 r 1 T T 7 0
20 40 60 80 100 120 20 40 60 80 100 120
Temperature (°C) Temperature (°C)

FIGURE 4-8 Temperature dependence of dielectric properties of BZT-x-Dy ceramics,

(a@)x=0.15and (b) x=0.2.
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FIGURE 4-9 Temperature dependence of dielectric properties of BZT-x-Er ceramics, (a)

x=0.1,(b)x=0.15and (c) x =0.2.
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FIGURE 4-10 Temperature dependence of dielectric properties of BZT-x-Eu ceramics,

(a) x=0.15,(b) x=0.175 and (c) x = 0.2.
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FIGURE 4-11 Plot of In (1/&; - 1/em) against In (T - Tr) for the BZT-x-Dy ceramics at 10

kHz.
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FIGURE 4-12 Plot of In (1/¢; - 1/em) against In (T - Tm) for the BZT-x-Er ceramics at 10

kHz.
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FIGURE 4-13 Plot of In (1/&; - 1/em) against In (T - Tr) for the BZT-x-Eu ceramics at 10

kHz.

TABLE 11 Tu, em and y of the BZT-x-Dy ceramics at 10 kHz

BZT-x-Dy

0.15

0.2

Tm (°C)
€m

Y

21400
1.80

30
9000
1.81

TABLE 12 Tn, em and y of the BZT-x-Er ceramics at 10 kHz

BZT-x-Er 0.1 0.15 0.2
Tm (°C) 88 62 33
€m 29500 | 28800 | 22800
y 144 | 169 | 1.80
TABLE 13 Tn, &m and y of the BZT-x-Eu ceramics at 10 kHz
BZT-x-Eu 0.15 0.175 0.2
Tm (°C) 67 52 37
€m 25300 | 21700 | 18800
Y 1.74 1.77 1.85
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4.5. Ferroelectric properties

The PE loops of the BZT-x-RE ceramics measured under an E-field of 2 kV/mm at
50 Hz are shown in Figures 4-14 to 4-16, respectively. Similar to BZT-x, the observed P;
(remnant polarization) and Psa (saturation polarization) decrease with increasing Zr
content (Table 14). As compared with BZT-0.15, the doping of Er** and Eu®" enhances P;
slightly while the Dy*"-doping reduces Pr marginally. Comparing with BZT-0.2, both the
Dy**- and Er’**-doping reduce P: significantly while the Eu**-doping does not have
significant effect on P;. As discussed in Chapter 3, the observed P; and Psa; of the BZT-
0.15 ceramic are 3.4 uC/cm? and 16.8 uC/cm?, while those of the BZT-0.2 ceramic are

2.0 pC/cm? and 15.2 uC/cm? respectively.

20

|—— BZT-0.15-Dy
15 /— BZT-0.2-Dy
{At 2 kV/mm at 50 Hz

10

Polarization (uC/cm?)

-10

-15 -

-20 T T T T T T T T T
-2 -1 0 1 2

E-field (kV/mm)

FIGURE 4-14 PE loops of BZT-x-Dy ceramics.
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FIGURE 4-15 PE loops of BZT-x-Er ceramics.
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FIGURE 4-16 PE loop of BZT-x-Eu ceramics.
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TABLE 14 P; and Ps, of the BZT-x-RE ceramics

BZT-x-Dy | Pr(nC/cm?) | Psac(unC/cm?)
0.15 3.0 154
0.2 0.4 10.9

BZT-x-Er | Pr (uC/cm?) | Psac(nC/cm?)
0.1 6.5 18.2
0.15 4.2 16.2
0.2 1.7 13.8

BZT-x-Eu | Pr (uC/cm?) | Psac(uC/cm?)
0.15 5.1 17.7
0.175 3.6 16.5
0.2 0.8 15.3

4.6. Piezoelectric properties

The piezoelectric coefficients (ds3) of the BZT-x-RE ceramics are listed in Table 15.
For each series of the ceramics, the observed di; decreases with increasing Zr content,
which is consistent with the results of the BZT-x ceramics. Among all the ceramics, the
BZT-0.1-Er ceramic has the largest d33 (170 pC/N). This should be attributed to the high
Tm (87°C) and then the absence of the paraelectric cubic phase, which are different from
the other BZT-x-RE ceramics. Unlike Dy**, the doping of Er** and Eu®* increase the ds3
of'the BZT-0.15 ceramic from 73 pC/N to 92 pC/N and 120 pC/N, respectively. However,
all the three dopants decrease the ds3 of the BZT-0.2 ceramic significantly from 68 pC/N
to 43 - 19 pC/N. This should be attributed to the simultaneous decrease in T, and then an

increase in the content of the cubic phase.
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TABLE 15 The piezoelectric coefficient (d33) of BZT-x-RE ceramics

BZT-x-Dy | d33 (pC/N)
0.15 72
0.2 19

BZT-x-Er | ds33 (pC/N)
0.1 170
0.15 92
0.2 43

BZT-x-Eu | d33 (pC/N)
0.15 120
0.175 70
0.2 30

4.7. Photoluminescence properties

4.7.1. Up-conversion PL properties

As discussed in Chapter 1, Er’* ion exhibits luminescence of both Stokes (down-
conversion) and anti-Stokes (up-conversion) types. Therefore, it is of great interest to
study the effects of external E-field on the up-conversion (UC) PL emissions of the BZT-
x-Er ceramics. The UC PL emission spectra for the BZT-0.15-Er ceramic under a 980-
nm excitation have first been measured, giving the results as shown in Figure 4-17. The
BZT-0.15-Er ceramic is of thickness 0.25 mm and deposited with indium tin oxide (ITO)
transparent electrode on the top surface. In order to confirm the occurrence of two-photon
absorption processes in producing the observed UC PL emissions, various pumping
power densities have been used for the measurements. According to the theoretical
consideration of multi-photon absorption processes, the relationship between the
observed PL intensity (I) and pumping power density (Ppump) could be represented by the

following power law with the exponent n equal to 2:
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I ¢ (Pyymp)™ (4.1)
n is the number of photons required for the UC process. As shown in Figure 4-17 (a),
three emission bands are generally observed: two strong green emissions at 500-530 nm
(*Huiz — *lisp) and 530-570 nm (*Ss2 — *I1512), and a very weak red emission at 650-
660 nm (*Fo, — *I1512). The red emission has been enlarged and is shown in the inset of
Figure 4-17 (a). All the three emission bands have split into numerous peaks due to the
Stark effect induced by the crystal field in the BZT host [81]. The PL spectra remains
almost unchanged in shape at each pumping power density. Figure 4-17 (b) shows the
variations of the PL intensities of the three emission peaks with the pumping power
density as well as a straight line with a slope of 2 for the ease of inspection. It can be seen
that the observed PL intensities start to deviate from the reference straight line at Ppymp >
1.02 W/cm?. This apparently suggests that the PL emissions at high pumping power
densities are no longer arisen from a two-photon absorption process. However, it is
suggested that even at high pumping power densities, the UC PL emissions should be
stemmed from two-photon absorption processes, and the deviation from the power law
should be caused by other factors, e.g., the phase change induced by the laser heating. As
the ceramic sample is thin (0.25 mm) and small (0.45 cm?), and is thermally isolated from
the sample holder, it may be heated up by the high-power pumping laser. As a result, a
rhombohedral-to-cubic phase change and then an increases in structural symmetry may
occur, and thus leading to weakening of the PL emissions and then is deviated from the
power law. The relation between temperature and PL emission will be revealed in the
following section. In order to study UC PL response under E-field, an excitation power
that produces stable PL emissions over time is required. The emissions under a low

pumping power density of 0.278 W/cm? have been recorded for 30 min (Figure 4-17 (c)).
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The changes in the PL intensities of the three emission peaks are less than 5%, suggesting
that the excitation power is suitable for observing PL responses.

The UC PL emissions of thick and large BZT-x-Er ceramics (0.6 mm and 0.90 cm?)
have then been evaluated for verifying the suggestion as well as the two-photon
absorption process. As shown in Figures 4-18 (a)-(c), UC PL emissions spectra similar to
those of the thin BZT-0.15-Er ceramic sample (Figure 4-17 (a)) are observed for the thick
ceramics with x = 0.1, 0.15 and 0.2. In general, three emission bands are observed for
each ceramic; and the PL spectra for each ceramic remains almost unchanged in shape
but increases in intensity with increasing pumping power density. The variations of the
PL intensities of the three emission peaks with the pumping power density for each
ceramic are shown in Figures 4-19 (a)-(c). It can be seen that the observed PL intensities
for each emission band of each ceramic can be well fitted to a straight line with a slope
(i.e.,n) very close 2 (1.74 - 2.0). This suggests that two photons are involved in producing

the observed UC PL emissions even though at high pumping power densities [39].
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b
(b) 6.0 BZT-0.15-Er, ITO thin
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FIGURE 4-17 (a) UC PL emission spectra under 980-nm laser excitation with power
densities ranging from 0.278 to 1.705 W/cm? and the inset shows the red emission located
between 640 and 680 nm, (b) emission intensities against laser power densities and (c)
normalized intensities against time measured under 0.278 W/cm? excitation of BZT-0.15-

Er thin ceramics sample with ITO electrode.
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FIGURE 4-18 UC PL emission spectra under 980-nm laser excitation with power

densities ranging from 0.278 to 1.705 W/cm? of BZT-x-Er thick ceramics samples. The

inset shows the red emission located between 640 and 680 nm, (a) x = 0.1, (b) x =0.15

and (¢c) x =0.2.

BZT-0.1-Er, Thick

(a)
5.0
4.5
4.0
3.5

3.0 1

Log (Intensity)

2.5 1

2.0

15

n=1.91+0.04

n=2.00+0.03

n=1.81+0.02

m 523nm(H,_ ')

1172 15/2-

® 545nm ('S, )

312 15/2:

A 670nm ('F, > _)

92 15/2:

-0.6

T T T
-0.4 -0.2

T
0.0 0.2

Log (Power density (W/cm?))

CHAN YI LOK

73



Qb Chapter 4
A%
THE HONG KONG POLYTECHNIC UNIVERSITY

BZT-0.15-Er, Thick

(b) 6.0 n=1.78+0.07
557 n=1.84+0.04
5.0 -
=
@ 45 -
[J)
E
2 4.0 n=1.83+0.04
-
3.5
® 523nm (2H11/24)4|15/2)
3.04 ® s545tm (‘s )
A 670 nm ('F ")
25 T T T T T T T T T
-0.6 0.4 0.2 0.0 0.2
Log (Power density (W/cm?))
(c) _ . _BZT-02:Er, Thick
o n=1.91+0.04
5.0 4
4.5 -
] n=1.96+0.04
4.0 4
5 351 n=1.88+0.08
£ ]
S 3.04
= |
o 251
3 4
2.0 1
1.5 1 m 523 nm (H, -, )
10 ] ® 545nm('s,, ")
] A 670 nm (‘F,,",,,)
0.5 T T T T T T

. T .
-0.6 -0.4 -0.2 0.0 0.2

Log (Power density (W/cm?))

FIGURE 4-19 UC emission intensities against laser power densities of BZT-x-Er thick

ceramic samples. (a) x =0.1, (b) x =0.15 and (c) x =0.2.

4.7.2. Down-conversion PL properties

4.7.2.1. BZT-x-Dy ceramics

The down-conversion (DC) PL properties of BZT-x-RE ceramics have been studied

in order to choose suitable excitation and emission peak for the study of PL response
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under E-field. In general, Dy*" ion exhibits a blue emission at 470-500 nm and a yellow
emission at 570-600 nm, which are attributed to the transition *Fo» — *Hjs and *Fon —
®Hy3p, respectively. The photoluminescence excitation (PLE) spectra of the BZT-x-Dy
ceramics monitoring at 475 nm and 574 nm have been measured, giving the results as
shown in Figure 4-20 (a) and (b) respectively. The peaks attribute to the excitation of
Dy**ion from the ®His/» ground state to the *F712, *Gii2, *Iis2 and *Foy, levels are observed
at 388.5 nm, 428.5 nm, 454 nm and 475 nm, respectively, for each ceramic. Owing to the
high intensities, 388.5 nm, 428.5 nm and 454 nm are efficient excitation wavelengths for
the ceramics. The PL DC emission spectra of the BZT-x-Dy ceramics under these
excitation wavelengths are shown in Figure 4-20 (c)-(e) respectively, in which the spectra
of a 0.94(NaosBiosTi03)-0.06(BaTiO3) (BNT-6BT) ceramics are also given for
comparison purpose. Under the 388.5-nm excitation, blue and yellow emission peaks are
found at 476 nm and 574 nm, respectively (Figure 4-20 (c)). It should be noted that the
“weak” emissions observed for the 454-nm excitation (Figure 4-20 (e)) should be due to
the overwhelming by the excitation source resulted from the use of an “inappropriate”
filter. In general, a long-pass filter with wavelength far longer than the excitation
wavelength is used for improving the signal to noise ratio. Because of our limitation, a
455-nm long-pass filter has been used for the measurement under the 454-nm excitation.
Obviously, a large amount of 460-nm waves, for example, will be detected and, thus
overwhelming the emissions at longer wavelengths. It has been noted that emissions in
the range of 450-500 nm are commonly observed from other non-Dy-doped luminescent
materials as well as non-luminescent materials such as BNT-6BT as shown in the Figures
4-20 (c) and (d). Similar results have also been obtained for the experiments using filters

of different wavelengths (Table 16). It is then believed that the emissions observed in the
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the samples. Based on the results, the 428.5-nm excitation has been used for studying PL

responses under E-field.

(2)

Intensity (a.u.)

(b)

Intensity (a.u.)

Excitation spectrum, %_ = 475 nm

—— BZT-0.15-Dy
—— BZT-0.2-Dy

T T T T T T T T T T
300 350 400 450

Wavelength (nm)

Excitation spectrum, % =574 nm

—— BZT-0.15-Dy 454
—— BZT-0.2-Dy

——
400 450 500
Wavelength (nm)

350

CHAN YI LOK

76



Chapter 4

&

& THE HONG KONG POLYTECHNIC UNIVERSITY

Emission spectrum, A, =388.5nm

(©)
—— BZT-0.15-Dy
—— BZT-0.2-Dy o4
— BNT-6BT
B
8
P
‘@
o
Q
=
T T T T T T T T T T T T T
460 480 500 520 540 560 580 600 620
Wavelength (nm)
(d) Emission spectrum, »_=428.5 nm
—— BZT-0.15-Dy
—— BZT-0.2-Dy
— BNT-6BT
E
8
2
‘@
o
Q
=

T T T T T T T T T T T T
500 550 600
Wavelength (nm)

450

CHAN YI LOK



&

Chapter 4

(e) Emission spectrum, 2_ = 454 nm

Intensity (a.u.)

—— BZT-0.15-Dy
—— BZT-0.2-Dy
—— BNT-6BT

T T — T
460 480 500

T
520

T
540

T
560

Wavelength (nm)

T
580

T .
600

620

& THE HONG KONG POLYTECHNIC UNIVERSITY

FIGURE 4-20 DC PLE spectra of BZT-x-Dy ceramics monitored at (a) 475 nm and (b)

574 nm, and DC PL emission spectra of BZT-x-Dy and BNT-6BT ceramics under (c)

388.5-nm, (d) 428.5-nm and (e) 454-nm excitation.

TABLE 16 Positions of the non Dy** emission peaks found under different measuring

conditions (filter and excitation wavelength)

Long-pass Excitation .. L.
Positions of non-Dy3* emission peaks (nm)
filter wavelength (nm)
388.5 463 | 468 | 473 | 481 | 492 | 564
399.5 463 | 468 | 473 | 481 | 492
455-nm
428.5 458 | 462.5|467.5|473.5| 481 | 4925
454 467 | 473.5| 481 565
395-nm 388.5 456 | 463 | 468 | 473 | 482 | 493 | 565
None 428.5 468 | 474 | 480 563
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4.7.2.2.BZT-x-Er ceramics

With reference to the observed UC PL emissions discussed before (Section 4.7.1) as
well as the typical DC emissions of other Er-doped luminescent materials, the DC PLE
spectra of the BZT-x-Er ceramics monitoring at 523.5 nm, 545 nm and 670 nm have been
measured and the results are shown in Figures 4-21 (a)-(c). Similar PLE spectra are
observed for each ceramic sample at each monitoring wavelength. Three main excitation
peaks attributed to the excitation of Er** ions from the *I;s/2 ground state to the *Hoy2, “Fs
and *F7/, levels are observed at ~407.5 nm, 450.5 nm and 488.5 nm, respectively. Because
of the strongest intensity, 488.5 nm is chosen as the excitation wavelength for evaluating
the DC PL emissions of the ceramics. As shown in Figure 4-21 (d), all the ceramics
exhibit similar DC PL emissions, i.e., two strong green emissions at 500-530 nm (*Hii.2
— “I151) and 530-570 nm (*S32 — “I1512), and a very weak red emission at 650-660 nm
(*Fo. — *11512). The inset of Figure 4-21 (d) shows the enlarged spectra for the red
emission. Similar to the UC PL emission spectra (Figure 4-18 (a)-(c)), Stark splitting

arisen from the interaction between Er’" ions and the host is observed.
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FIGURE 4-21 DC PLE spectra of emission peaks at (a) 532.5, (b) 545 and (c) 670 nm,
(d) emission spectra under 488.5-nm excitation of BZT-x-Er ceramics and the inset is the

red emission.

4.7.2.3.BZT-x-Eu ceramics

Based on the DC emissions of other Eu-doped luminescent material, the DC PLE
spectra of the BZT-x-Eu ceramics monitoring at 596 nm and 615 nm have been measured
and the results are shown in Figure 4-22 (a) and (b). The two PLE spectra monitored at
different emission wavelengths are almost the same for each ceramic sample. The
excitation peaks attributed to the excitation of Eu** ion from the "Fo ground state to the
SLe, °D2, °Dy levels are observed at ~397 nm, 466 nm and 530.5 nm respectively. Both
466 nm and 530 nm are suitable excitation wavelengths for studying the DC PL emissions
of the ceramics. As shown in Figure 4-22 (c), the emission at 615 nm is stronger under
466-nm excitation than 530-nm excitation. Therefore, 466-nm is used as excitation

wavelength to study the DC PL response under E-field. Under 466-nm excitation, there
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are three red emission peaks for the ceramics: 584 nm (°Dg — 'Fo), 596 nm (°Dg — Fy)
and 615 nm (°Dy — "F2) (Figure 4-22 (d)). The emission peaks at 596 nm and 615 nm are

more intense than the one at 584 nm, which is consistent with the reported findings [70].
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FIGURE 4-22 DC PLE spectra of emission at (a) 596 nm and (b) 615 nm of BZT-x-Eu
ceramics, (¢c) DC PL emission spectra under 466-nm and 530-nm excitation of BZT-

0.175-Eu ceramics, (d) DC PL emission spectra under 466-nm excitation of BZT-x-Eu

ceramics.
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4.7.3. Temperature dependence of PL properties
4.7.3.1.BZT-x-Er ceramics

The UC PL properties of the BZT-x-Er (x = 0.15) ceramics at various temperatures
have been investigated. Though these measurements, the effect of phase change (induced
by temperature) on PL emissions can be revealed. The UC PL emission of the BZT-0.15-
Er ceramic under 980-nm excitation are measured in the temperature range of 22-242°C.
Figure 4-23 (a) shows the PL spectra from 22 to 102°C. The two green emissions at 523
nm (*Hyiz — “lLisp) and 547 nm (*Ssn — “Iisp) reduce gradually with increasing
temperature (T). Owing to the similar energies, the two emission levels are considered as
a pair of thermally coupled emission levels [64]. As the red emission (650-660 nm) is
rather weak and thus its change with T has not been observed. The PL intensities of the
two green emissions are plotted against temperature (22-242°C) as shown in Figure 4-23
(b). The PL intensity at 523 nm first increases and then starts to decrease at T = 64°C.
Conversely, the PL intensity at 547 nm decreases steadily with increasing temperature.
These should be attributed to thermal agitation (TAG) which excites electrons at the *S3»
level to the *Hi1/2 level, and thus leading to an enhancement of PL emissions at 523 nm
at the expense of the emissions at 547 nm. At T = 64°C that is the T of BZT-0.15-Er, the
rhombohedral-to-cubic phase change occurs. The structural symmetry is increased, and
the PL emissions are then weakened at T > 64°C [84]. Moreover, the multiphonon
relaxation (non-radiative emission) rate is reported to be temperature-dependent which
the rate increases with increasing temperature [89]—[91]. Therefore, the PL emissions are

further weakened when the temperature rises.
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FIGURE 4-23 (a) 3D plot of temperature dependent UC PL emission spectra and (b)

normalized intensities of two green emission peaks versus temperature of BZT-0.15-Er

ceramic.
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4.7.3.2.BZT-x-Eu ceramics

The DC PL emissions of the BZT-x-Eu (x =0.15 and 0.175) ceramics under 396-nm
excitation are measured in the temperature of 18-208°C. Figure 4-24 (a) and (b) show the
PL spectra from 18 to 108°C for the x = 0.15 and 0.175 ceramics, respectively. As
compared with the DC PL emission spectra shown in Figure 4-22 (d), a large background
signal is observed, in particular in the range of 500-620 nm, which should be attributed
to the different equipment, fluorescence spectrometer (F-7000, Hitachi, Japan), used for
the measurement. Nevertheless, it can be seen that for both ceramics, the two red
emissions at 596 nm (°Dy — ’Fi) and 615 nm (°Dg — 'F») reduce gradually with
increasing temperature (T). The PL intensities of the two red emissions (with background
subtracted) are plotted against temperature as shown in Figure 4-24 (c¢) and (d). For both
the x = 0.15 and 0.175 ceramics, the PL intensities decrease significantly near their Tm
(66°C and 52°C, respectively). The PL intensities of x = 0.15 ceramic reduces to almost
zero when T > 108°C. When T > 98°C, the PL intensity of emission at 596 nm of x =
0.175 ceramic are ~10% but the one at 615 nm seems to persist with ~20%. The two
emission should be almost faded but the signal to noise ratio at 615 nm is relatively low
and thus leading to the inconsistent observation. Similarly, the reduction in PL intensities
should be attributed to the increase in structural symmetry arisen from the rhombohedral-
to-cubic phase change, and enhanced multiphonon relaxation rate due to increasing

temperature.
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FIGURE 4-24 3D plots of temperature dependent DC PL emission spectra BZT-x-Eu
ceramics, (a) x = 0.15 and (b) x = 0.175. Normalized intensities of two green emission

peaks versus temperature of BZT-x-Eu ceramics (with background subtracted), (c) x =

0.15and (d) x=0.175.
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4.8. Conclusions

BZT-x-RE ceramics have been successfully fabricated by solid-state reaction method
and their dielectric, ferroelectric, piezoelectric and PL properties have been studied. XRD
results reveals that all the BZT-x-RE ceramics (except BZT-0.1-Er) have been
crystallized in a perovskite structure with rhombohedral and cubic phase. The BZT-0.1-
Er ceramic is in a perovskite structure with both rhombohedral and orthorhombic phase.
The XRD pattern of BZT-0.15-Er ceramic has been observed under external E-field.
Shifting towards small angle and additional peak are found when E-field is applied.
Therefore, applying E-field might induce strain and rhombohedral-to-cubic phase change.
As evidenced by FE-SEM micrographs, all the ceramics are dense and have irregular-
shaped grains. According to the results of temperature-dependent dielectric properties,
the Tm of all the series of ceramics decreases with increasing Zr content. Comparing with
BZT-x, the observed em of all BZT-x-RE ceramics are also enhanced. Similar to the BZT-
X ceramics, the room-temperature ferroelectric and piezoelectric properties of the BZT-
x-RE ceramics are weakened with increasing x due to the increase in the cubic phase
content. Both the doping of Er’" and Eu’" enhance considerably the piezoelectric
properties of the BZT-x ceramics, but the effect of Dy** is relatively minor.

The UC PL properties of the BZT-x-Er ceramics have been investigated using the
power dependent measurements for verifying the multi-photon absorption process.
Moreover, the DC PL properties of the BZT-x-RE ceramics have been studied. Due to the
Stark effect, both the UC and DC emission spectra of the BZT-x-Er ceramics are found
with split peaks. In addition, the UC PL emission of BZT-0.15-Er and DC PL emission
of BZT-x-Eu (x = 0.15 and 0.175) ceramics are observed with increasing temperature.

Phase change and enhanced multiphonon relaxation is found to be the main reasons for
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the diminishing of the PL intensities with growing temperature. The results of the BZT-
0.15-Er ceramic also shows the characteristic of the pair of thermally coupled emission

levels *S3» and Hi12 as TAG occurs between the two levels.
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Chapter 5 Electric Field-Induced PL Response of
RE-Doped BZT Ceramics

5.1. Introduction

As discussed in Chapter 1, the photoluminescence (PL) property can be manipulated
with external electric field (E-field) [78], [81]. Also, tunable PL property allows
numerous optical applications, such as biological labeling, volumetric 3D displays and
long-distance quantum communication if rapid and reversible manipulation is realized
[43], [73], [74]. In this work, ferroelectric ceramic barium zirconate titanate (BZT) has
been chosen as the host and three rare earth (RE) ions: Dy*", Er*" and Eu®" have been
selected as dopants in order to achieve tuning of PL emissions under E-field. Three groups
of RE-doped samples have been studied; they are: (i) BaZrxTi1.xO3 (BZT-x) ceramics (x
=0.15 and 0.2) doped with 0.2 mol% Dy*" (BZT-x-Dy); (ii) BZT-x ceramics (x = 0.1,
0.15 and 0.2) doped with 0.2 mol% Er** (BZT-x-Er); and (iii) BZT-x ceramics (x = 0.15,
0.175 and 0.2) doped with 0.2 mol% Eu®" (BZT-x-Eu). All the samples are also
abbreviated as BZT-x-RE. Results in Chapter 4 indicate that the three ions can not only
enhance the functional properties of host but also act as activator for PL emission.
Suitable excitation wavelengths have been chosen for each of the dopants based on the
PL measurements. Moreover, the in-situ XRD result of BZT-0.15-Er ceramic shows
rhombohedral-to-cubic phase change and strain might be induced by E-field. In this
chapter, PL responses of the BZT-x-RE ceramics under external E-field have been
investigated. Indium tin oxide (ITO) transparent electrodes have been deposited on the

sample surfaces using magneton sputtering for the application of E-field.
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5.2. BZT-x-Dy ceramics

The down-conversion (DC) PL responses of the BZT-0.15-Dy ceramics under an E-
field of 0-2000 V/mm have been measured; from which the observed PL intensities at
476.5 nm (*Fo. — ®His2) and 573.5 nm (*Foz — ®Hi3) are determined and plotted as a
function of E-field as shown in Figure 5-1 (a). Both the observed PL intensities remain
almost unchanged with increasing E-field, and then start to decrease gradually when the
E-field becomes higher than 600 V/mm. Under an E-field of 2 kV/mm, the PL intensity
of the blue emission (476.5 nm) reduces to 90% and that of the yellow emission (573.5
nm) reduces to 80%. Moreover, it has been noted that the PL emissions continue to
weaken under the E-field. After 40 min under 2 kV/mm, the observed PL intensity of the
blue emission reduces significantly to 60% (with reference to the initial value), while that
of the yellow emission reduces to 45% (Figure 5-1 (b)). After the removal of the E-field,
both the emissions become slightly stronger, showing a recovery in PL intensity of 8%
and 12%, respectively, in 60 min. Unlike BZT-0.15-Dy, there are no significant changes
(< 10%) in the PL emissions of the BZT-0.2-Dy ceramic under various E-fields as shown
in Figure 5-1 (c). The reductions in PL emissions are assumed to be mainly due to the
phase change of the ceramic host induced by the E-field. As in-situ XRD pattern of BZT-
0.15-Er ceramic observed under E-field indicated, applying E-field might induce
rhombohedral-to-cubic phase change and strain (Section 4.2). Moreover, Ti-rich and Zr-
rich cluster retaining their individuality have been observed in BZT ceramics, which
might thus be considered as a mixture of BaTiO3 and BaZrO3 [28]. In addition, it has been
reported that the phase transition temperature of BaTiO3 could be reduced by high E-
fields [92], [93]. As a result, the application of the high E-field (2 kV/mm) may lead to a

rhombohedral-to-cubic phase change and thus an increase in structural symmetry in the
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BZT-0.15-Dy ceramic. It has been reported that an increase in structural symmetry will
weaken PL emissions [84]. Owing to the low transition temperature Tm (i.e., the
temperature at which the dielectric constant becomes maximum, 30°C), the rhombohedral
phase content of the BZT-0.2-Dy ceramic (at room temperature) should be low, and thus
the relative change in cubic phase content arisen from the E-field should not be high
enough to induce a significant change in PL emissions. Another factor might lead to
changes in structural symmetry and then PL emissions is the alignment of the spontaneous
polarization [78]. As evidenced by the limited recovery in PL intensity after the removal
of the E-field (Figure 5-1 (b)), the effects of polarization alignment and strain should be

minor for the BZT-x-Dy ceramics.
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FIGURE 5-1 (a) DC PL response under different E-fields of BZT-0.15-Dy, DC PL
response of BZT-x-Dy ceramics under E-field and removal of field (b) x =0.15 and (¢) x

=0.2.
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5.3. BZT-x-Er ceramics

The up-conversion (UC) and DC PL responses of the BZT-x-Er ceramics under
external E-fields have been studied. The variations of the observed UC PL intensities at
523.5 nm (*Hi12 — “lisp) and 548 nm (*S32 — “I152) with E-field in the range of 0-2000
V/mm for the BZT-0.1-Er ceramic are shown in Figure 5-2 (a). Both the PL intensities
change slightly (< 5%) with increasing E-field. Although a higher E-field (3 kV/mm) has
been applied for 10 min, they only reduce to 94% (Figure 5-2 (b)). After the removal of
the E-field, a recovery of about 2% is observed for both the PL intensities in 30 min.
Figure 5-3 (a) shows the variations of the observed DC PL intensities at 523.5 nm and
548 nm with E-field in the range of 0-2000 V/mm. Similarly, a slight reduction (< 10%)
in both the PL intensities are observed. However, as shown in Figure 5-3 (b), after
applying a higher E-field of 3 kV/mm for 10 min, the reductions of the PL intensities at
523.5 nm and 548 nm increase to 15% and 13%, respectively. After the removal of E-
field (Figure 5-3 (b)), the recoveries in PL intensities are slight, < 5% in 30 min. As
discussed in Chapter 4, the BZT-0.1-Er ceramic has three phase transitions:
rhombohedral-orthorhombic, orthorhombic-tetragonal and tetragonal-cubic. The
observed T of the BZT-0.1-Er ceramic, which is 88°C and refers to the tetragonal-cubic
transition, is far above room temperature. Therefore, the rhombohedral-orthorhombic and
orthorhombic-tetragonal transitions (with corresponding temperatures 65°C and 74°C,
respectively) are more likely to be induced by the external E-field. The two transitions
have opposite effects on PL emissions. The rhombohedral-orthorhombic phase transition
will reduce the crystal symmetry and then enhance the PL intensities. On the other hand,
the orthorhombic-tetragonal phase transition will increase the crystal symmetry and

weaken the PL emissions. Accordingly, if both occur simultaneously, their effects on PL
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intensity will be neutralized, and thus leading to a minor change in PL intensities.

Moreover, the minor recovery may indicate that the effect of polarization alignment on

PL intensity for the BZT-0.1-Er ceramic is small.

BZT-0.1-Er, & =980 nm, P=0.278 wicm?
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(b) BZT-0.1-Er, & =980 nm, P=0.278 wicm?

FIGURE 5-2 UC PL response under (a) different E-fields, and (b) under E-field and

removal of field of BZT-0.1-Er ceramic.
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FIGURE 5-3 DC PL response under (a) different E-fields, and (b) under E-field and

removal of field of BZT-0.1-Er ceramic.
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Figure 5-4 (a) shows the variations of the observed UC PL intensities at 523.5 nm
and 548 nm with E-field for the BZT-0.15-Er ceramic. The observed PL intensities
decrease with increasing E-field, giving a significant decrease of 80% when the E-field
reaches 2 kV/mm. Similar to BZT-0.15-Dy, the PL emissions continue to diminish under
the E-field. After 55 min under 2 kV/mm, a further decrease of 10% is observed (Figure
5-4 (b)). Only a minor recovery of ~5% is observed in 30 min after the removal of the E-
field. As shown in Figure 5-4 (c¢), an additional PL emission at 567.5 nm appears when
the E-field increases to 2 kV/mm. The peak becomes weaker after the field has been
applied for 55 min. This may be due to the Stark effect induced by the external E-field as
reported by similar works on Eu-doped ceramics [80]. The DC PL emissions exhibit
similar dependence on E-field. As shown in Figure 5-5 (a), the observed PL intensities of
the two green emissions gradually decrease with increasing E-field. Under an E-field of
2 kV/mm, the PL intensities of two green emissions reduce to 30%. After 20 min under 2
kV/mm, they reduce further to 15% (Figure 5-5 (b)). Similarly, the recovery in PL
intensities is only 5% after the removal of E-field for 30 min. As shown in Figure 5-5 (c),
the PL intensities recover further to 30% (of the initial values) after 23 h. Thereafter,
under an E-field of 2 kV/mm, the PL intensities decrease again to 20% and then to 15%
after 20 min. Upon the removal of the E-field, the emissions become somewhat stronger
immediately. A recovery of 5% in PL intensities is observed after the field has been
removed for 60 min. In general, the reductions in UC and DC PL intensities of the BZT-
0.15-Er ceramic are much larger than those for the BZT-0.1-Er ceramic (70% vs 10%).
This should be due to its lower Tr, (62°C vs 82°C) and thus a larger increase in the amount
of cubic phase resulted from the E-field-induced phase change. When an E-field of 2

kV/mm is applied, the PL intensities of the two green emissions for the BZT-0.15-Er

CHAN YI LOK 98



Qb Chapter 5
\(%
THE HONG KONG POLYTECHNIC UNIVERSITY

ceramic reduce to 20% and 30% for UC and DC respectively, while the DC PL intensities
of the blue and yellow emission for the BZT-0.15-Dy ceramic reduce to 60% and 45%
respectively. The larger reductions in PL intensity for the Er-doped ceramics should be
attributed to the higher sensitivity of Er** to the crystal symmetry of the host [68], [69].
Also, the limited recovery in PL intensity after the removal of E-field indicates that the

effects of polarization alignment and strain are minor for the BZT-0.15-Er ceramic.
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FIGURE 5-4 UC PL response under (a) different E-fields, (b) E-field and removal of
field, and (c) UC emission spectra with an additional peak found at 567.5 nm when an E-

field of 2 kV/mm is applied, of BZT-0.15-Er ceramic.
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FIGURE 5-5 DC PL response under (a) different E-fields, (b) and (c) under E-field and

removal of field of BZT-0.15-Er ceramic.
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The reversibility of the E-field-induced DC PL response for the BZT-0.15-Er
ceramic has been studied. As shown in Figure 5-6 (a), an E-field switching between 0 and
1 kV/mm for five cycles has been applied to the ceramic. The E-field at each level, i.e., 0
or 1 kV/mm, is kept for 5 min. The observed PL intensities at 523.5 nm and 548 nm are
shown in Figure 5-6 (b). In the 1* cycle, the observed PL intensities reduce significantly
to ~25% upon the application of the E-field. However, almost no recovery is observed
after the E-field is removed for 5 min. A further decrease of PL intensity to 16% is
observed in the 2™ cycle, and similarly the PL intensity remains almost unchanged after
the removal of the E-field. Figure 5-7 shows the variations of the normalized PL
intensities at 0 and 1 kV/mm in ten E-field cycles, while the inset enlarges the plot in the
2m_ 10™ cycles for the ease of examination. It can be seen that the variation between the
PL intensities at 0 V/mm and 1 kV/mm becomes less than 10% since the 2™ cycle. For
the 5 - 10" cycles, the variation is just ~1%. As discussed, the reduction in PL intensity
is attributed to the change in structural symmetry arisen from the E-field-induced
rhombohedral-to-cubic phase change. The low reversibility of the PL response should

thus indicate that the phase change is irreversible.
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FIGURE 5-6 (a) Variation of applied E-field and (b) the two observed DC PL

intensities of BZT-0.15-Er ceramic.
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FIGURE 5-7 DC PL response (at 548 nm) of BZT-0.15-Er ceramic at 0 V/mm and 1

kV/mm in the 10 consecutive E-field cycles. The inset is the magnified 2™ - 10" cycles.
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The UC and DC PL responses of the BZT-0.2-Er ceramic under an E-field in the
range of 0-2000 V/mm have been measured. Figures 5-8 (a)-(b) show the variations of
the observed PL intensities at 523 nm and 548 nm, respectively, with E-field. The changes
of both the observed UC and DC PL intensities are minor (< 10%). This is similar to the
BZT-0.2-Dy ceramic that also exhibits a minor change (< 10%) in PL intensities under E-
field. As discussed, it is believed that the reduction in PL emission is mainly related to
the phase change induced by E-field. The observed T, of the BZT-0.2-Er ceramic (33°C)
is close to room temperature, so its rhombohedral phase content (at room temperature)
should be lesser than those in the BZT-0.1-Er and BZT-0.15-Er ceramics. Therefore, the
relative change in cubic phase content induced by E-field is not sufficient to trigger a

considerable reduction in PL emissions.
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FIGURE 5-8 (a) UC and (b) DC PL response under different E-fields of BZT-0.2-Er

ceramic.

5.4. BZT-x-Eu ceramics

The DC PL responses of the BZT-x-Eu ceramics under an E-field have been studied.
The observed DC PL intensities of the two red emissions at 596 nm (°Do — 'F;) and 615
nm (°Do — F,) for the BZT-0.15-Eu ceramic under an E-field in the range of 0-2000
V/mm are shown in Figure 5-9 (a). The PL intensities are almost unchanged under an E-
field lower than 1 kV/mm, and then decrease slightly by 5% when the E-field reaches 2
kV/mm. Similar to other series of ceramics, the observed PL intensities further decrease
to 82% after 30 min under 2 kV/mm (Figure 5-9 (b)). They recover by 8% after the
removal of E-field for 30 min. Although the reduction (< 20%) is much lesser than those
of the BZT-0.15-Dy (> 40%) and BZT-0.15-Er ceramics (> 75%), it should still be mainly
related to the phase change induced by E-field. When the structural symmetry increases

due to the phase change from rhombohedral to cubic, the PL emissions are weakened.
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The minor reduction may be due to the high Tr, of the BZT-0.15-Eu ceramic (67°C) and

the lesser sensitivity of Eu** to the crystal symmetry of the host. The slight recovery (8%)

may suggest that the effect of polarization alignment and strain are also not significant

for the BZT-0.15-Eu ceramic.
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FIGURE 5-9 DC PL response under (a) different E-fields, (b) under E-field and removal

of field of BZT-0.15-Eu ceramic.
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The observed DC PL intensities at 596 nm and 615 nm for the BZT-0.175-Eu
ceramic under an E-field in the range of 0-2000 V/mm are shown in Figure 5-10 (a). The
PL intensities gradually decrease with increasing E-field. Under an E-field of 2 kV/mm,
the observed PL intensities at 596 nm and 615 nm decrease to 82% and 81%, respectively.
However, unlike BZT-0.15-Eu, the PL intensities remain almost unchanged under the E-
field, only further decreasing about 4 and 2%, respectively, in 30 min (Figure 5-10 (b)).
Therefore, increasing the holding time of the E-field does not considerably weaken the
PL emissions. The Ty, of the BZT-0.175-Eu ceramic (52°C) is closer to room temperature
as compared to BZT-0.15-Eu (67°C), and thus it may response to the E-field faster. It also
has lesser rhombohedral content and most of the rhombohedral content has been
transformed into cubic phase upon the application of the E-field. The recovery is
relatively slight (< 5%), which implies that the effect of polarization alignment and strain

are also not significant for the BZT-0.175-Eu ceramic.
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FIGURE 5-10 DC PL response under (a) different E-fields, (b) under E-field and removal

of field of BZT-0.175-Eu ceramic.

The observed DC PL intensities of the two red emissions under an E-field in the
range of 0-2000 V/mm for the BZT-0.2-Eu ceramic are shown in Figure 5-11 (a). The
observed PL intensities decrease gradually to 94% as the E-field increases from 0 to 2
kV/mm. As shown in Figure 5-11 (b), the PL intensities remain almost unchanged under
a higher E-field of 3 kV/mm for 10 min, the PL intensities at 596 nm and 615 nm reduce
to 93% and 92% respectively. The reductions in PL intensities are still less than 10%. The
recovery after removal of field for 30 min is almost negligible (~1%). The founding is
consistent with the one of BZT-0.2-Dy and BZT-0.2-Er as no significant change in PL
intensity is observed. Similarly, this may be due to low rhombohedral content of BZT-
0.2-Eu so the reduction in PL intensity induced by rhombohedral-to-cubic phase change

is limited.
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FIGURE 5-11 DC PL response under (a) different E-fields, (b) under E-field and removal

of field of BZT-0.2-Eu ceramic.
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5.5. Conclusions

PL responses under E-field for the BZT-x-RE ceramics have been studied. All the
observed PL intensities of the BZT-x-RE ceramics reduce when a sufficiently high E-
field is applied. Phase change induced by E-field is proposed as the main reason for the
weakened PL emissions. For the BZT-x-RE ceramics (except BZT-0.1-Er), after the phase
changes from rhombohedral to cubic (induced by E-field), the structural symmetry
increases and thus the PL intensity diminishes. No significant change in PL intensity is
found in the BZT-0.1-Er ceramic as the effects of the two transitions rhombohedral-
orthorhombic and orthorhombic-tetragonal on structural symmetry are opposite and thus
may cancel each other. As compared with BZT-0.15-RE, the BZT-0.2-RE ceramic
contains more cubic phase at room temperature and thus shows less change in PL intensity
(10% vs > 20%). Among the three dopants, Er’** is the most sensitive one to the crystal
symmetry of the host, as evidenced by the largest reduction of PL intensity (75-80%) in
the BZT-0.15-Er ceramic induced by an E-field of 2 kV/mm. The recovery in PL intensity
for all the samples is found to be time-dependent and limited. Another factors that may
lead to the changes in PL emission is the spontaneous polarization and strain, and the
corresponding effects are believed to be minor as little recovery is found after the removal
of E-field. The reversibility of E-field-induced PL response has been studied with BZT-

0.15-Er ceramic and is found to be low.
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Chapter 6 Conclusions

The present work aims to develop new lead-free rare earth (RE)-doped barium
zirconate titanate (BZT)-based ceramics with tunable PL responses under electric field
(E-field) at room temperature. Three RE ions, Dy*", Er** and Eu®*, have been used as
luminescent activators, and the ceramics have fabricated by the conventional solid-state
reaction method. The PL responses of the RE-doped ceramics under E-field have been
studied. Moreover, the effects of the three dopants on the dielectric, ferroelectric and
piezoelectric properties of BZT ceramics have also been investigated.

BaZrTi1xO3 (BZT-x) ferroelectric ceramics with x = 0.15, 0.2, 0.25 and 0.3 have
been fabricated in this work for determining the suitable host. Similar to other research
works, the transition temperature Tm of the ceramics determined based on their
temperature-dependent dielectric properties decreases with increasing Zr content. As their
Tm are close to room temperature, the BZT-0.15 and BZT-0.2 ceramics have been selected
as the hosts for the RE-doping. Moreover, all the ceramics are well densified to a
perovskite structure. They are dense and have irregular-shaped grains. Their ferroelectric
and piezoelectric properties are weakened with increasing Zr content.

Three series of luminescent samples have been prepared in this work; they are: (i)
BZT-x ceramics (x = 0.15 and 0.2) doped with 0.2 mol% Dy*" (BZT-x-Dy); (ii) BZT-x
ceramics (x = 0.1, 0.15 and 0.2) doped with 0.2 mol% Er** (BZT-x-Er); and (iii) BZT-x
ceramics (x = 0.15, 0.175 and 0.2) doped with 0.2 mol% Eu*" (BZT-x-Eu). All the
samples are also abbreviated as BZT-x-RE. Except BZT-0.1-Er ceramic that contains both
rhombohedral and orthorhombic phase, all the BZT-x-RE ceramics have crystallized in a
perovskite structure with both rhombohedral and cubic phase. Through observing the

XRD pattern of BZT-0.15-Er ceramic, applying E-field is found may induce
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rhombohedral-to-cubic phase change and strain. Both the doping of Er*" and Eu®* ions
have improved the piezoelectric properties of the BZT ceramics. The UC PL properties
of the BZT-x-Er ceramics have been studied. Based on the power-dependent
measurements, multi-photon absorption process is confirmed in the UC emission. Typical
DC PL emissions are obtained for all the BZT-x-RE ceramics. For studying the effects of
structural phase change, the UC PL emissions of the BZT-0.15-Er ceramic and the DC
PL emissions of the BZT-x-Eu (x = 0.15 and 0.175) ceramics have been measured at
functions of temperature. Due to the increase in structural symmetry resulted from the
thermally induced rhombohedral-to-cubic phase change, the PL intensity decreases with
increasing temperature. Moreover, the result of the BZT-0.15-Er ceramic reveals the
occurrence of thermal agitation (TAG) between two thermally coupled emission levels
*S32 and *Hui.

The PL responses under E-field for the BZT-x-RE ceramics have been studied. The
observed PL intensities of all the BZT-x-RE ceramics are found diminished under a
sufficiently high E-field. Phase change induced by E-field is believed to be the major
cause for the weakening of PL intensity. Under a sufficiently high E-field, rhombohedral-
to-cubic phase change happens for all the BZT-x-RE ceramics (except BZT-0.1-Er), and
thus leading to an enhancement in structural symmetry and then a reduction in PL
intensity. For the BZT-0.1-Er ceramic, rhombohedral-to-orthorhombic as well as
orthorhombic-to-tetragonal phase changes occur under an E-field. As their effects on
structural symmetry are opposed, the overall change in PL intensity becomes insignificant.
Under an E-field of 2 kV/mm, the BZT-0.2-RE ceramics, which contain more cubic phase
at room temperature, show less change (< 10%) in PL intensity as compared to the BZT-

0.15-RE ceramics (> 20%). Owing the higher sensitivity to the host crystal symmetry, the
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BZT-0.15-Er ceramic exhibits the largest reduction in PL intensity (75-80%) under an E-
field of 2 kV/mm. After the removal of E-field, the recovery in PL intensity is found to
be time-dependent and limited (< 10%) for all the ceramics. This indicates that the E-
field-induced rhombohedral-to-cubic phase change is irreversible and the effect of
polarization switching, which is another factor that leading to changes in PL emissions,

is small.
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