Journal of Advanced Ceramics
2018, 7(2): 109-116 ISSN 2226-4108
https://doi.org/10.1007/s40145-018-0262-8 CN 10-1154/TQ

Research Article

Photoluminescence characteristics of soft PZT 53/47
ceramic doped at A and/or B sites

M. D. DURRUTHY-RODRIGUEZ*?, J. J. GERVACIO-ARCINIEGA®,
M. HERNANDEZ-GARCIA*?, J. M. YANEZ-LIMON*"

“Universidad Nacional Evangélica, Calle Libertador No. 18, San Carlos,
Santo Domingo, Distrito Nacional, CP 10203, Republica Dominicana
®Departamento de Fisica Aplicada, Instituto de Cibernética, Matemdtica y Fisica,
CITMA, 15 # 551, Vedado, La Habana, CP 10400, Cuba
“Catedrdtico CONACYT-Facultad de Ciencias Fisico Matemdticas, Benemérita
Universidad Autonoma de Puebla, AP 1152, Puebla, Pue., 72000, México
YCINVESTAV-Unidad Querétaro del IPN, Libramiento Norponiente 2000, Fracc.
Real de Juriquilla, CP 76230, Santiago de Querétaro, Querétaro, México

Received: October 12, 2017; Revised: January 18, 2018; Accepted: January 29, 2018
© The Author(s) 2018. This article is published with open access at Springerlink.com

Abstract: This study presents the photoluminescence characteristics of the PZT 53/47 system doped at
A and/or B sites, with Nb (PZTN), La (PLZT), and Nb—La (PLZTN) in the concentration range from 0.2
to 1.0 molar fraction. The intensity of the emission bands of the system PZTN is two orders higher than
the intensity of the emission bands of the systems PLZT and PLZTN, and these emission bands are
located at 1.73 eV (718 nm), 2.56 eV (485 nm), and 2.93 eV (424 nm). The origin of the luminescence
in these systems is associated with lead and oxygen vacancies produced during the sintering process.
The results from X-ray diffraction (XRD) show a mixture of rhombohedral and tetragonal phases. The
system PZTN shows a higher tetragonal phase concentration, while PLZT and PLZTN systems show a
higher rhombohedral phase concentration. The cell volume shows an increase with dopant
concentration only in the case of the PLZTN system. The band gap energy shows a small variation in
the PZTN and PLZTN cases around 3.0 eV, a close value to the band gap energy of the pure PZT 53/47
sample. The system PLZT shows an increasing behavior until 4.41 eV for the higher dopant
concentration.
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devices. The PZT family as BaTiO; and its solid solution
with other perovskite ABO; exhibit high dielectric
constant and other advantageous properties. Lanthanide
doped ABO; gains great interest on searching new

1 Introduction

Pb(Zr, Ti)O; (PZT) is the most important piezoelectric

material, which has been used in various electronic . > . . s -
ferroelectric thin films with fatigue-free polarization

properties for nonvolatile random access memories. La
and Nb doped ABO; can give place to excellent electrical
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properties such as high fatigue resistance, good remnant
polarization, fast switching speed, high Curie temperature,
large spontaneous polarization, and small coercive field.
These properties are desirable to reach in lead-free
systems like bismuth titanate [1-3].

Although some lead-free ferroelectric systems have
begun to show properties equivalent to those shown by
PZT, it exhibits even higher values in important
multifunctional electrical properties such as ferroelectric,
dielectric, piezoelectric, pyroelectric, and electrooptic
properties. It can be used to fabricate various
microelectronic and optoelectric devices including
nonvolatile ferroelectric random access memories,
microsensors and microactuators, integrated capacitors,
and electrooptic modulators [1,2,4]. Recently, photo-
luminescence (PL) properties originated from defects in
perovskite structure in PZT materials are attractive due
to their potential integrated photoluminescent ferroelectric
device applications [5—10]. This work studies the
photoluminescence in PZT ceramics near morphotropic
phase boundary doped with Nb, La, and Nb-La.

2 Experimental procedure

The general formula of the materials studied was
Pb1,3X/2Lax(Zr53Ti47)1,beyO3 (x, y = 0, 0002, 0004,
0.006, 0.008, 0.01); in particular for double substitution
X =y, it can be abbreviated, as shown in Table 1.

The samples were prepared by conventional processing
method using mixed oxide and carbonate powders
PbCOs5 (98%, BDH), ZrO, (99%, Merck), TiO; (99%,
Riedel de Haén), Nb,Os (spectroscopy purity, IMC),
and La,O; (spectroscopy purity, Merck). The mixture
of constituent powders in stoichiometric form was
milled in ethanol with an agate mortar for 90 min,
dried at 100 C; calcination was made at 950 ‘C for
90 min. Subsequently the samples were milled and
conformed in discs measuring 20 mm in diameter
pressed at approximately 250 MPa, and then sintered at
1250 C for 100 min.

Table 1 Stoichiometric composition for each PZT
system studied

Pb,_3xnLa,(Zrs3Tisr)1,Nb,Os

y=0 x=0 x=y=0,0.002,
x=0,0.002,0.004, y=0,0.002,0.004, 0.004, 0.006, 0.008,
0.006, 0.008, 0.01 0.006, 0.008, 0.01 0.01

PLZT 53/47/0.2 PZTN 53/47/0.8 PLZTN 53/47/0.4
for x =0.002 for y =0.008 forx =y =0.004

The crystalline structure of the samples was analyzed
using a Rigaku DMax-2100 diffractometer with Cu Ka
radiation (1 = 1.5418 A) and 26 range from 15° to 60°,
working at 30 kV and 16 mA.

Photoluminescence (PL) was measured with a Jobin
Yvon Horiba Fluoromax-3 spectrometer using the
excitation bands at 273, 373, and 457 nm. The absorption
spectra were obtained with a spectrometer UV—Vis Ocean
Optics QE65000 using diffuse reflectance measurements;
the data was processed by the Kubelka—Munk function:

1-R.)
F(R;)=%=% (1)
, _ R, (sample) @)

© R (standard)

where R, =1/1, is the diffuse reflectance at one
wavelength from an opaque sample with infinite
thickness (> 2 um), 0 < R <1, «a is the absorbance
(em™), and S is the scattering factor which is assumed
to be independent of the wavelength for grain size
greater than the wavelength of the light [11-13]. The
square of the product of Kubelka—Munk function
F(R) and energy photon (/4v) as a function of photon
energy (hv ) permits the experimental determination of
the band gap energy E, , with the assumption that the
samples have direct band gap [13—15]. All characteri-
zations were performed at room temperature.

3 Results and discussion

3.1 Structure analysis

The phase identification was performed with X-ray
powder diffraction (XRD) technique. The calculation
of the reticular parameters was obtained with a precision
of 0.001 A. The XRD patterns of the crystalline powders
show the tetragonal and rhombohedral PZT phases.
Small concentration of spurious phase (pyrochlore) is
detected, which shows a small diffraction peak at 28°.
XRD results for all compositions are shown in Fig. 1.
The results obtained agree with those reported for
the PZT system at the morphotropic phase boundary
[16], where the rhombohedral and tetragonal phases
coexist; a similar composition was analyzed in this
work. In all compositions, the mixture of phases is present,
varying the concentration thereof. The system PZTN
shows an increasing tetragonal phase concentration with
increasing niobium concentration, while PLZT and
PLZTN systems show an increased concentration of
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Fig. 1 XRD patterns of PLZTN, PLZT, and PZTN samples at room temperature.

the rhombohedral phase when lanthanum concentration
is increased.

The data in Fig. 1 shows the tetragonal phase peaks
(100), (001), (200), and (002) and the rhombohedral
phase peaks (010) and (020). These figures suggest that
PLZT and PLZTN samples show higher concentration
of thombohedral phase.

The determination of cell parameters was performed
manually using the peaks corresponding to (200) and
(002) for the tetragonal phase and (020) and (120) for
the rhombohedral phase. The method used was to perform
a deconvolution of the corresponding experimental
diffraction peaks and adjust them using Gaussian
functions. The c¢/a ratio of unit cell shows a maximum
for the dopant molar fraction 0.6; this result is different
from the classical behavior, in which some authors
have reported a decreasing behavior with dopant
concentration [16—18].

The change of lattice parameters with the dopant
concentration is shown in Fig. 2. For samples doped
with niobium (PZTN and PLZTN), the lattice parameter
of the rhombohedral phase is between a and c lattice
parameters of tetragonal phase; however, for PLZT, the
lattice parameter of rhombohedral phase is bigger than
a and c lattice parameters of the tetragonal phase.

Figure 3 shows the evolution of cell volume as a
function of the dopant concentration. In general, the
rhombohedral phase shows a higher volume, and the
PLZT system shows an increasing behavior with
dopant concentration. The volume of system PLZT is
around 14% higher than those of systems PZTN and

PLZTN.
Table 2 shows the cell volume, lattice parameter,

and the tetragonality degree of the samples for each
molar concentration of dopant.

PZTN PLZT PLZTN
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Fig. 2 Lattice parameters for different type of substitution.
Note the major influence of lanthanum rather than niobium
in the lattice parameter variations.
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Fig. 3 Crystallographic cell volume considering both
crystalline structures present, Vy (tetragonal volume) and
Vr (thombohedral volume) for analyzed samples.
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Table 2 Lattice parameters and cell volume for the PZT 53/47 doped at different concentration of La** and Nb**, at

room temperature

) Molar fraction Cell volume (A%) Lattice parameter
Ceramic type (mol%)

° Tetragonal Rhombohedral ag (A) cr (A) ar (A) cla
0.0 67.93 68.72 4.096 (o = 89.94°) 4.125 4.058 1.017
0.2 67.77 68.09 4.084 (o = 89.49°) 4.122 4.055 1.017
0.4 67.38 68.53 4.092 (o =90.44°) 4.121 4.044 1.030

PZTN
0.6 66.20 68.56 4.093 (o =89.83°) 4.135 4.001 1.034
0.8 66.04 68.61 4.094 (o = 89.12°) 4.125 4.001 1.031
1.0 67.54 68.38 4.089 (. =89.71°) 4.124 4.047 1.019
0.4 67.70 69.82 4.118 (o = 89.48°) 4.128 4.050 1.019
0.6 67.01 71.92 4.159 (o = 89.43°) 4.103 4.041 1.015
PLZT
0.8 67.77 73.07 4.181 (o = 89.45°) 4.132 4.050 1.020
1.0 67.53 70.80 4.137 (o = 89.46°) 4.123 4.047 1.019
0.4 68.11 67.89 4.080 (o = 89.41°) 4.121 4.066 1.0136
0.6 68.37 67.84 4.078 (o =89.39°) 4.128 4.070 1.0141
PLZTN

0.8 68.23 67.78 4.077 (o = 89.38°) 4.125 4.067 1.0141
1.0 68.52 67.84 4.078 (o = 89.34°) 4.125 4.076 1.0120

3.2 Optical properties, PL emission, and forbidden
gap

Figures 4-6 show the PL spectra of systems PZTN,
PLZT, and PLZTN, when fixing the excitation bands
(EB) at 457 nm (2.74 V), 373 nm (3.36 eV), and 273
nm (4.59 eV), respectively. These figures show the PL
spectra of the system PZTN in the inset, for each
excitation band. For PLZT and PLZTN, four emission
bands are observed; however, for PZTN, only three
very well defined bands appear. While for PLZT and
PLZTN, the emission bands are broad and their
intensity is one or two orders smaller than PZTN [11].
These important differences in the emission spectra
suggest that recombination mechanisms in these sets of
samples are different.

For PZTN, the emission bands are around 1.73 eV
(718 nm, lowest energy region, inset in Fig. 5) when
excited by 373 nm. The second is around 2.55 eV
(486 nm, inset in Fig. 4) excited by 457 nm which shows
a higher intensity, and the third is around 2.93 eV
(424 nm, highest energy region, inset in Fig. 6) excited
by 273 nm.

Samples PLZT and PLZTN show the next emission
bands: the first appears at around 1.76-1.87 eV
(706664 nm, lowest energy region) excited by 457
and 373 nm (Figs. 4 and 5), and this band shows the
lowest intensity; the second band is around 2.32-2.55 eV
(486-534 nm) excited by 457 nm, and this band shows

the highest intensity. The third band is broadened from
2.5 to 3.2 eV with a maximum around 3 eV, excited by
373 nm (Fig. 5). When exited with 273 nm, two
emission bands are observed (Fig. 6), one at 2.9 eV
whose intensity is lower than excitation at 373 nm (for
doped PZT) and the other emission band at around
3.94 ¢V (315 nm) only for doped PZT.

The bands do not show any notable shift in the

PZTN 53/47/x
2.55

Aoy =457nm

Xx=1.0
Xx=0.0

N

24 25 26
- PLZT 53/47/x

PZTN 53/47/1.0

PL intensity (a.u.)

PLZT 53/47/1.0

1.8 2.0 22 2.4
Photon energy (eV)

PLZTN 53/47/1.0

Fig. 4 PL spectra for Pb;_3,,La(Zrs3Tiss),-,Nb,O; for x,
y =0, 0.01, excited at 457 nm. The inset shows the spectra
of PZTN system [11].
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Fig. 5 PL spectra for PLZT, PLZTN, and PZTN 53/47
systems for different dopant concentration excited at
373 nm.
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Fig. 6 PL spectra for the same samples in Fig. 4 but
exited at 273 nm.

maximum position for increased dopant concentration;
however, the emission intensity shows a decreasing
behavior with it.

It is important to note that in the PZT polycrystalline
samples without dopant, the three or four well-resolved
emission bands are also shown. This does not agree
with other reports [5,6,8,19], where the emission for
polycrystalline PZT is very low and broad or absent,
except where the concentration of disordered structure
clusters of type TiOs increases in the samples, prompting
broad emission band composed by three emission bands
centered at 430, 600, and 730 nm, when the samples
were excited with 355 nm [5]. As other authors have

pointed out the photoluminescence is strongly affected
by the distortion of crystal structure. In this case,
perovskite structure is deformed by substituting both A
and B sites. Although the three groups of samples
show similar structures, the existence of higher
concentration of tetragonal phase in PZTN seems to
favor the selective photoluminescence effect that
happens in these samples, being higher than the one
reported for La doped PZT [8].

In this work, the experimental band gap was estimated
through the absorption spectra that were obtained by
diffuse reflectance using the Kubelka—Munk equation.
The experimental band gap values show some variation
for the reported values, from 3.16 to 3.2 eV for
polycrystalline samples and 2.90 to 3.07 eV for
amorphous samples [5,20].

Table 3 shows the E, values for the systems as
follows: the values for PLZT are located between 2.75
and 4.41 eV, and the values for PLZTN and PZTN are
located between 2.75 and 3.13 eV, so the most
remarkable difference in E, values is for the PLZT
series.

The curves (F(R)* hz))2 vs. photon energy are
presented for the PLZT, PLZTN, and PZTN in Fig. 7.
The experimental results show that the incorporation of
La in PZT increases its band gap [20] and results in
better transparency for electrooptic applications, which
is comparable with previous experimental results [21].

The increase of the band gap depends on the number
of symmetry elements and the change in the structure.
The results show that dopants La’" and Nb*" favor the
presence of rhombohedral and tetragonal structures,
respectively. The number of symmetry elements changes
from 6 to 8, and the energy of the band gap diminishes
for tetragonal structure [20], like in our system. In
accordance with theoretical results [20,22,23], the

Table 3 Experimental optical band gap energy at
room temperature for the PZT 53/47 doped with La®*
and Nb**

Dopant concentration E,y(eV)
(mol%) PLZT 53/47 PLZTN 53/47 PZTN 53/47
0.0 275 275 2.75
0.2 3.14 3.13 3.10
0.4 327 3.07 311
0.6 3.04 2.95 2.76
0.8 425 3.11 2.88
1.0 441 2.94 2.69
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Fig. 7 Tauc plot for PZTN, PLZT, and PLZTN systems
with different dopant concentration, assuming direct band

gap.

density of states above Fermi level has a strong
contribution from La-4f orbital, and then the increase
of the band gap energy with an increased concentration
of La 1is influenced by La-4f and O-2p orbital
hybridization [22].

According to Eyraud et al. [24,25], singly and
doubly ionized vacancies of lead and oxygen coexist in
the PZT ceramic, thus they may constitute donor and
acceptor sites which are able to exchange electrons
according to the following reactions:

Vpp, = Vpp, +¢

’ ”
Vp, = Vpy, +¢€

Vo = V5 +e
Vo> Vs +e

In accordance with these results, it is possible that at
least three types of defects coexist in PZTN Vp, ,
Vp,» and V{y, and all types of defects coexist in
PLZT and PLZTN Vg, Vpy, V{, and Vj, whose
contribution to PL depends on the defect concentration
and the energy level in the band gap.

In both thermal processes during ceramic synthesis,
calcination and sintering stages, lead can be lost from
the ceramic material, due to its high volatility, which
provides both fully-ionized cationic lead Vp vacancies
and anionic oxygen vacancies V(. On the other hand,
following Eyraud’s model [25], the valences of the
niobium and lanthanum are assumed as donor dopants,
which have a strong influence in the ionization state of
extrinsic lead and oxygen vacancies in PZT. The
emission intensity of this band also shows a strong
dependence on dopant concentration, but is present in
all compositions indicating different defect types
related to a deep level inside the band gap. In general,
the incorporation of Nb>" increases the PL intensity in
this region due to the compensation of charge and
induced defects ( Vp, and Vp, ). However, the
incorporation of La®" decreases the PL intensity of the
band but increases the width due to the compensation
of charge and induced defects (Vp,, Vpy, V() , and
V§), as it was already seen previously.

For PZTN, the higher intensity observed for band at
2.56 eV rather than band around 1.73 eV is an
indication that the oxygen vacancy concentration is
higher than lead vacancies. However, the peak at 1.73
eV for PLZT and PLZTN is smaller than the peak for
PZTN; this indicates that the concentration of lead
vacancies in PLZT and PLZTN is higher than for
PZTN. In principle, the incorporation of La’” and Nb™*
in PZT samples would produce more lead vacancies
than oxygen vacancies; this does not happen when the
sample is doped alone with Nb. The simultaneous
disorder of lead and oxygen vacancies should be
created during the sintering process [26]. Table 4 shows
the emission power in the studied samples when they
are excited with 273, 373, and 457 nm.

The results of the band gap energy agree with the
results presented in previous experimental and
theoretical results [5,6,27].

In these samples, the PZTN and PLZTN systems
show a variation around 0.38 and 0.42 eV respectively
with dopant concentration; nevertheless, the PLZT
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Table 4 Emission power in each PZT system with
dopant concentration of 1.0 mol%, excited with 273,
373, and 457 nm; for each excitation band the power
incident is also measured. The power shown is the sum
of all powers present with that excitation because the
detector is not selective in wavelength

Power emission (mW)

Aexc (nM)
PZT PLZT PZTN  PLZTN  Lamp
273 0.03x107°  0.04x107 0.02x107 0.01x107 0.49x107°
373 245 3.69 1.08 1.24 29.7
457 5.60 8.01 2.76 321 75.7

shows a great variation in the band gap with dopant
concentration (see Table 3). The effect of lanthanum
incorporation increases the band gap energy from 2.75 eV
for pure PZT until 4.41 eV for higher concentration. It
is known that ABO; perovskite structure presents a
mixture of chemical type bonds, and the sequence
0O-B-0 has a covalent character and gives place to the
anion [BOg]*". On the other hand, there is an ionic
character between this anion and the cation A*". The
incorporation of La®" increases the ionic character among
their neighbor atoms and also increases the covalent
character bond of the perovskite structure [28].

4 Conclusions

A narrow relationship between the structural phase and
PL intensity is observed. For the samples doped with
Nb>* prevalence of tetragonal phase, PL emission
bands are obtained with intensities one or two orders
superior to samples doped with La®" where the
rhombohedral phase prevails. PL spectra suggest that
PZTN samples have higher concentration of oxygen
and lead vacancies than other samples, which accentuate
the decrease of the band gap. The main PL emissions
are observed around 1.76-1.87 eV and 2.5-2.66 eV
excited with 457, 373, and 273 nm.

PZTN and PLZTN show a variation of 0.38 and
0.42 eV respectively in the band gap energy E, , with
dopant concentration, while PLZT shows a great
variation in E, with La*" concentration. The local
minimum in E, coincides in the three group samples
for 0.6 mol% dopant concentration. The emission
results suggest that the PZTN ceramic is a potential
material for applications in optoelectronic devices.
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